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1 Abstract 

 

Chimeric antigen receptor T cells (CAR T cells) are a promising therapeutic approach to 

treat systemic malignancies. The most successful CAR targets CD19, a pan-B cell antigen 

present in most B cell malignancies, including primary CNS lymphoma (PCNSL). Whether 

anti-CD19 CAR T cells are able to control PCNSL growth is currently unknown.  

In cancer therapy, better understanding of the cellular microenvironment and tumor 

development is of great interest. Currently, no animal model exists to repeatedly assess 

orthotopic PCNSL growth and possible anti-tumor effects of CAR T cell therapy in vivo at 

cellular resolution. To date, most studies have relied on immunohistochemical, 

bioluminescent or flow cytometry based analysis of single time points, precluding in-depth 

analysis of the exact intratumoral CAR T cell behavior, such as their interactions with 

tumor cells, their migratory patterns, proliferation and persistence. Additionally, 

intraindividual changes of these factors over time currently cannot be assessed. 

To address these issues, we injected red fluorescent lymphoma cells and longitudinally 

visualized orthotopically growing PCNSL lymphoma in vivo using a chronic cranial window 

and two-photon microscopy. After establishment of a large intracortical tumor, green 

fluorescent anti-CD19 (h1928z) CAR T cells were stereotactically injected. Combining 

these methods, we were able to disentangle the essential steps for successful eradication 

of large, established intracranial lymphomas. This novel mouse model allows repeated, 

durable analysis of CAR T cell behavior at single-cell level, providing evidence that 

intracortical injection of h1928z CAR T cells successfully inhibits PCNSL growth in situ. 

Importantly, intratumoral infiltration, movement patterns, proliferation rates, CAR T cell 

persistence and tumor regression can be analyzed over the course of several weeks, 

providing valuable information about this highly successful novel therapy.  

In light of recent successful clinical trials in the treatment of other B cell malignancies, 

including diffuse large B cell lymphoma, our preclinical data indicate that anti-CD19 CAR 

T cells warrant further investigation in the treatment of patients with refractory or relapsed 

PCNSL. 
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2 Introduction 

 

 

2.1 Primary CNS lymphoma (PCNSL) 

Primary central nervous system lymphoma (PCNSL) is a malignant brain tumor. It is a 

specific type of extranodal non-Hodgkin lymphoma (NHL), which manifests exclusively in 

the brain, spinal cord, leptomeninges or eyes without systemic affection. PCNSL currently 

comprises approximately 2-4% of all primary cerebral tumors (Villano et al. 2011; Ostrom 

et al. 2015). PCNSL affects males and females equally, and has an incidence of 0.4 per 

100,000. The median age at presentation is between 50 and 60 years of age. The most 

important risk factor is immunodeficiency (Schabet 1999), illustrating the importance of the 

immune system in this disease. About 90-95% of PCNSL are of the diffuse large B cell 

lymphoma (DLBCL) subtype (Braaten et al. 2003; Rubenstein, Treseler, and O'Brien 

2005), and hence express the B cell markers CD19 and CD20 (Cordone et al. 2016).   

Symptoms at presentation depend mostly on the location of the lesion, including focal 

neurological deficits, neuropsychiatric symptoms, and signs of raised intracranial pressure 

(Bataille et al. 2000). In 24-78% of patients, unspecific symptoms such as behavioral 

changes predominate, complicating definite diagnosis and thereby protracting time to 

treatment (Herrlinger et al. 1999; Batchelor and Loeffler 2006). If untreated, patients 

succumb to this disease within a few months after diagnosis. Therefore, early diagnosis of 

PCNSL is crucial. Although on computer tomography (CT) and magnetic resonance (MR) 

imaging these lesions may have characteristic findings, none of these findings is 

pathognomonic for PCNSL. Histologic proof via stereotactic biopsy is warranted to firmly 

establish the diagnosis. 

In immunocompetent patients, 62-66% of patients present with a singular intracerebral 

PCNSL lesion on initial MR imaging (Bataille et al. 2000; Buhring et al. 2001; Kuker et al. 

2005). Due to its high cellularity and its accompanying blood-brain barrier disruption, most 

lesions show T1-weighted hypo- to isointense, T2-weighted iso- to hyperintense signal 

with restricted intratumoral water diffusion (hyperintense diffusion-weighted images (DWI) 

and low signal intensity in apparent diffusion coefficient (ADC) maps) and marked 

enhancement after intravenous (i.v.) application of contrast agent (Figure 1) (Haldorsen, 

Espeland, and Larsson 2011; Fitzsimmons, Upchurch, and Batchelor 2005). Often, these 

lesions are in direct contact with the subarachnoid space. For example, in one study 

evaluating 100 patients with biopsy-proven PCNSL, 95% had at least one lesion adjacent 
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to the subarachnoid space (Kuker et al. 2005). However, MRI often underestimates tumor 

burden, as diffuse tumor cell infiltration can often be found throughout the brain (Lai, 

Rosenblum, and DeAngelis 2002). 

 

 

Figure 1 – Magnetic resonance images of PCNSL. 

Coronal (A, C) and axial images (B, D) of 4 patients after administration of contrast agent reveal superficial or 

periventricular PCNSL. Lesions located in the basal ganglia (A), ventricles (B), frontal lobes (C), and 

cerebellum (D). Adapted from (Haldorsen, Espeland, and Larsson 2011). 

 

Due to the low incidence of PNSL, randomized treatment trials are rare. Therefore, most 

treatment algorithms have been based on retrospective analyses and open label, single-

arm trials. Generally, surgical resection is discouraged because of the infiltrative growth 

pattern. Accordingly, early trials showed no benefit for overall survival of patients after 

total or subtotal surgical PCNSL resection (DeAngelis et al. 1990; Bataille et al. 2000; 
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Bellinzona et al. 2005). Recently, this view has been challenged by one retrospective 

analysis of 526 patients, which resulted in improved progression-free and overall survival 

after total or subtotal resection compared to biopsy (Weller et al. 2012). However, after 

adjusting for lesion number, overall survival did not significantly differ. Therefore, surgical 

resection only provides limited benefit in PCNSL, and should only be considered for 

patients with easily accessible, single lesions with significant mass effect and low 

perioperative risks (Rubenstein, Gupta, et al. 2013; Korfel and Schlegel 2013; Fraser, 

Gruenberg, and Rubenstein 2015). 

Initially, PCNSL was treated with radiotherapy alone. Although up to 90% of patients 

showed tumor regression after radiotherapy, relapses were inevitable and median overall 

survival ranged from 10 to 18 months (Jellinger, Radaskiewicz, and Slowik 1975; 

Sagerman, Collier, and King 1983; Murray, Kun, and Cox 1986). Therefore, combined 

radiochemotherapy including methotrexate was applied to increase tumor control, and 

median survival was increased to more than 30 months (DeAngelis et al. 1990; Ferreri et 

al. 2002; DeAngelis et al. 2002; Omuro, DeAngelis, et al. 2005). However, combined 

treatment led to severe neurotoxicity in up to 70% of patients with a mortality of up to 30% 

(Omuro, Ben-Porat, et al. 2005; Gavrilovic et al. 2006; Thiel et al. 2010). Furthermore, a 

randomized phase III trial showed that in patients treated with methotrexate-based 

polychemotherapy, additional radiotherapy does not result in a survival benefit (Thiel et al. 

2010; Korfel et al. 2015). Nowadays, methotrexate has become the mainstay of current 

treatment algorithms. Although the 5-year survival rates increased considerably even 

outside clinical trials (from 19.1% in the 1990’s to more than 30% in the 2000’s) (Shiels et 

al. 2016), there is currently no international consensus regarding the optimal treatment 

regimen for individual PCNSL patients. Rituximab, a monoclonal anti-CD20 antibody, is 

usually added to current treatment regimens in patients with CD20+ PCNSL (Batchelor et 

al. 2011; Fritsch et al. 2011; Birnbaum et al. 2012; Ferreri et al. 2016). Additionally, 

methotrexate is often combined with other agents able to cross the blood brain barrier, 

such as temozolomide (Rubenstein, Hsi, et al. 2013), procarbazine and vincristine (Shah 

et al. 2007; Morris et al. 2013), cytarabine (Ferreri et al. 2009), thiotepa (Soussain et al. 

2012), or ifosfamid (Fischer et al. 2009). 

For young and fit patients, intensification of therapy (consisting of high-dose, 

myeloablative chemotherapy followed by autologous hematopoietic stem cell 

transplantation (HSCT)) has resulted in 5-year survival of up to 79% of patients (Illerhaus 

et al. 2006; Kasenda et al. 2012; Schorb et al. 2013). However, this is associated with 

considerable treatment related toxicity (including a transplantation-associated mortality of 

2.8%), and its efficacy remains to be confirmed in prospective, controlled clinical trials. 
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Despite aggressive therapy, up to 30% of patients do not respond to therapy, and more 

than 50% of patients relapse, the majority of them within the first two years after diagnosis 

(Nicolas-Virelizier et al. 2013). Close follow-up and monitoring is mandatory, screening for 

relapse as well as for treatment-associated, delayed CNS toxicity.  

Therefore, new therapeutic strategies for this highly malignant disease are urgently 

needed. 

 

 

2.2 Chimeric antigen receptor (CAR) T cells 

The potential benefits of cancer immunotherapy have been observed even well before the 

specific components of the immune system have been characterized. Already more than 

100 years ago, repeated injection of bacterial toxins into patients suffering from late stage 

sarcoma has led to tumor regressions (Coley 1898). Since then, knowledge about the 

interaction between the immune system and cancer has expanded dramatically. In 2013, 

cancer immunotherapy was chosen as Science’s breakthrough of the year (Couzin-

Frankel 2013), and numerous encouraging results have emerged for several 

immunotherapeutic approaches, including immune checkpoint inhibitors (Page et al. 2014; 

Rizvi et al. 2015), adoptive cell therapy with autologous tumor-infiltrating lymphocytes 

(Dudley et al. 2013), and cancer vaccines (Walter et al. 2012). Similarly, treatment with 

therapeutic monoclonal antibodies against selected cancer cell surface antigens (CD20, 

CD52, ERBB2, EGFR) have led to survival benefit for patients with hematological 

malignancies and solid tumors alike (Scott, Wolchok, and Old 2012). 

However, one of the most successful breakthroughs in cancer immunotherapy during the 

last decade has been the development of chimeric antigen receptor (CAR) T cells (Figure 

2) (Maus et al. 2014; Yeku, Li, and Brentjens 2017; Fesnak, June, and Levine 2016; 

Sadelain, Brentjens, and Riviere 2013).  

Chimeric antigen receptors are genetically engineered proteins that, once expressed, 

enable T cells to selectively target tumor-specific surface antigens independent of major 

histocompatibility complex (MHC) presentation. Tumor-specific antigen recognition via 

CAR leads to T cell activation, proliferation and tumor cell lysis, overcoming limitations of 

T cell receptor (TCR)-based adoptive cell therapy such as self-antigen tolerance and MHC 

downregulation. 
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CARs typically consist of two parts: an extracellular domain, usually an antibody-derived 

or ligand-derived domain specifically targeting a cell surface antigen, fused to an 

intracellular domain, responsible for T cell activation, proliferation and cytotoxicity. 

Kuwana and colleagues first reported the expression of antibody single-chain variable 

fragments (scFv) fused to intracellular signaling domains derived from the T cell receptor 

(TCR) (Kuwana et al. 1987). Soon thereafter, reports provided evidence that CAR 

expression leads to IL-2 secretion and cell lysis upon encounter of the target-specific 

antigen in vitro (Eshhar et al. 1993). In vivo, these CAR T cells have shown some 

therapeutic success in controlling tumor xenografts (Hwu et al. 1995). However, anti-

tumor responses of these “first-generation” CAR T cells were limited, as T cell activation 

signaling through the CD3ζ chain alone was not enough to activate resting T cells 

(Brocker and Karjalainen 1995). Furthermore, repeated exposure to antigen led to a 

condition called T cell anergy, during which T cells fail to elicit a robust cytokine response 

(Gong et al. 1999). 

 

    

Figure 2 – Illustration of the T cell receptor (TCR) and the chimeric antigen receptor (CAR). 

The TCR is dependent on antigen presentation of intracellularly processed antigens, presented on major 
histocompatibility complexes (MHC). In cancer, tumor cells frequently downregulate MHC expression as an 
immune escape mechanism. The CAR’s extracellular ligand binding domain often consists of single-chain 
variable fragments derived from immunoglobulin domains. Thereby, CAR activation is independent of major 
histocompatibility complex (MHC) presentation. Via connection by a hinge and a transmembrane domain, 
these extracellular domains are fused to an intracellular CD3ζ chain domain. In second-generation CAR T 
cells, this intracellular domain is combined with a second, costimulatory signalling domain. Adapted from 
(Fesnak, June, and Levine 2016). 
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Addition of a second costimulatory signaling domain, CD28, helped overcome T cell 

anergy, as T cells expressing these (eventually termed “second-generation”) CARs were 

able to retain their cytolytic properties after repeated antigen exposure for a duration of 

several weeks (Maher et al. 2002). 

Since then, several costimulatory domains have been evaluated (including CD27, CD28, 

OX40, ICOS, 4-1BB), and their superiority compared to first-generation CAR T cells has 

been verified in several preclinical trials (Maher et al. 2002; Brentjens et al. 2007). Taken 

together, costimulatory signaling of this second-generation CAR design substantially 

increases CAR T cell expansion, tumor infiltration, and persistence in these mouse 

models. 

The enormous potential of CAR T cells has also been proven in numerous clinical trials 

against therapy refractory cancers. Its most successful example to date is the anti-CD19 

CAR, targeting CD19-positive B cell malignancies (Porter et al. 2011; Kochenderfer et al. 

2012; Brentjens et al. 2013; Grupp et al. 2013; Davila et al. 2014; Lee et al. 2015; Savoldo 

et al. 2011). For example, in one of these trials, 5 of 5 patients with relapsed or refractory 

acute lymphoblastic leukemia (ALL) achieved complete remission after injection of 

second-generation 19-28z CAR T cells. These results have later been corroborated in 

another trial, where 14 of 16 patients with relapsed or refractory ALL achieved complete 

remission (Davila et al. 2014). Similarly astonishing results, albeit at lower rates of 

complete remission, have been shown for diffuse large B cell lymphoma (DLBCL), a solid 

CD19+ tumor (Kochenderfer et al. 2015). Several factors have been hypothesized for the 

limited success of CAR T cell  therapy in solid tumors compared to their semiliquid 

hematological counterparts, including physical barriers, a hostile tumor microenvironment 

(depleted of oxygen and nutrients, with lower pH and high levels of oxidative stress) and 

immunosuppressive cytokines and immune cells (Newick et al. 2017; Yong et al. 2017). 

However, the exact infiltration patterns of CAR T cells in solid tumors have never been 

analyzed in detail. 

Even in patients after allogeneic hematopoietic stem-cell transplantation, allogeneic CAR 

T cells have successfully been generated and used in patients suffering from progressive 

CD19+ relapses – importantly, without the development of graft-versus-host disease, a 

potentially fatal side effect of allogeneic cell transplantation (Brudno et al. 2016).  

In spite of these magnificent clinical successes of CAR T cells in systemic, therapy-

refractory B cell malignancies, the effect of CAR T cell therapy has never been evaluated 

for CD19+ PCNSL, neither in humans nor in preclinical animal models. 
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Furthermore, many important questions regarding CAR T cell biology remain unanswered, 

especially in immune privileged organs like the brain (Engelhardt, Vajkoczy, and Weller 

2017). Until now, most preclinical data on tumor infiltration patterns, local proliferation, and 

intratumoral migration of CAR T cells are based on flow cytometry, bioluminescence 

signals, autopsy studies and in vitro experiments (Santos et al. 2009; Bai et al. 2015; 

Kochenderfer et al. 2010; Roybal et al. 2016), and not able to repeatedly visualize 

cerebral CAR T cell behavior in detail. Therefore, how these important cell patterns 

change over time is not yet completely understood. Similarly, current data does not offer 

conclusive answers about long-term in situ persistence, especially regarding the spatial 

(i.e. which compartment) and temporal (i.e. the maximum duration) characteristics of 

intracerebral CAR T cell persistence. 

 

 

2.3 Two-photon laser scanning microscopy (TPLSM) 

For several decades, researchers have sought to understand the exact cellular 

interactions of immune cells with tumor cells. One particular technology, in vivo 

fluorescence microscopy, has revolutionized our understanding of these complex 

interactions.  

When fluorophores absorb enough energy via electromagnetic radiation (“excitation“ 

light), these fluorophores are thereby excited to a higher singlet energy state. After 

internal conversion, most fluorophores are relaxed to the lowest excited singlet state. 

Upon relaxation from this excited singlet state, these excited fluorophores are able to emit 

light, usually at a longer wavelength than the absorbed light. Detection of this emitted light 

(“emission“ light) can be used to locate fluorescently labelled structures like cells, 

organelles, or macromolecules in space and time, conferring information about their 

position and behavior. 

In conventional wide-field fluorescence microscopy, the wavelength of excitation light is 

lower than the wavelength of emission light. As the energy of light is inversely 

proportionate to its wavelength (c / λ), photons at lower wavelengths transmit more 

energy. Hence, long and intense application of low wavelength / high energy light can lead 

to the production of reactive oxygen species (ROS) (Dixit and Cyr 2003). ROS can react 

with a range of oxidizable components, including proteins, lipids, nucleic acids and 

fluorophores. This can damage biological samples, a process called phototoxicity, or lead 

to loss of fluorescence signal, called photobleaching. Apart from phototoxicity and 
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photobleaching, light scattering prevents image acquisition through thick layers of 

biological specimens. Light at wavelengths in the visible spectrum (corresponding to 

electromagnetic radiation at a wavelength of approximately 400 – 700 nm) results in high 

scattering in these tissues, leading to lower signal-to-background ratio and hence lower 

image quality. Therefore, wide-field fluorescence microscopy of biological samples is 

mostly restricted to thin or superficial structures, due to phototoxicity, photobleaching and 

high scattering. Additionally, wide-field fluorescence microscopy is limited by its low axial 

resolution (i.e., the ability to distinguish detail in the z-dimension) due to background noise 

above and below the focal plane, thus inhibiting three-dimensional reconstruction in high 

quality. 

In contrast, two-photon laser scanning microscopy (TPLSM) uses excitation light at a 

wavelength approximately twice the wavelength used by single-photon fluorescence 

microscopy (usually in the near-infrared range, at approximately 700 – 1200 nm). Photons 

at higher wavelengths carry less energy than photons emitted at a lower wavelength. 

Hence, to successfully excite fluorophores commonly used in fluorescence microscopy, 

the absorption of two photons at the exact same time (in the range of a few femtoseconds, 

i.e. 1/1,000,000,000,000,000 of seconds) is necessary. Therefore, excitation light needs a density 

of photons high enough to excite these fluorophores. This is only possible with the use of 

high powered mode-locked lasers with a pulse width of usually less than <100fs, 

temporally concentrating photons at an extremely high density.  

In a laser scanning microscope, excitation is furthermore limited to the focal point of a 

diffraction-limited microscope (e.g. exciting only a fraction of a µm3). Rapidly moving 

mirrors connected to a microscope can raster-scan a specimen in a focal plane (Figure 3). 

Organs like the brain can then be scanned sequentially at imaging depths of up to 1 mm 

beneath the surface, creating high-resolution three-dimensional images, limiting light 

pulses (as well as adverse effects like photobleaching and phototoxicity) to just one focal 

plane. TPLSM is combining these advantages with high-wavelength inherent reduction of 

tissue absorption and scattering. Therefore, it is often the method of choice for 

fluorescence microscopy of thick biological samples, including living tissues (Helmchen 

and Denk 2005; Kobat et al. 2009; Horton et al. 2013; Denk, Strickler, and Webb 1990; 

Misgeld and Kerschensteiner 2006).  
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Since its inception, this technique has been used to 

disentangle many aspects of immune cell interaction with 

cancer cells in vivo (Ellenbroek and van Rheenen 2014; Zal 

and Chodaczek 2010; Ramamonjisoa and Ackerstaff 2017; 

Torcellan, Stolp, and Chtanova 2017; Breart et al. 2008; 

Deguine et al. 2010).  

Most of these studies have relied on in vivo microscopy at 

single time points, as experimental setups seldom allow for 

repeated imaging of the same position. However, several 

groups have shown that repeated, intravital microscopy 

through a chronic cranial window is possible in individual 

mice over time, enabling repeated visualization of biological 

processes during a time frame of several weeks to months 

(Kienast et al. 2010; von Baumgarten et al. 2011; Osswald 

et al. 2015). Specifically in neuro-oncological research, this 

method has enabled researchers to analyze many important 

aspects of intracranial cell migration, metastasis formation, 

tumor growth patterns, and therapeutic effects of several 

CNS malignancies in detail. 

  Figure 3 – Illustration of a 

TPLSM. 

Adapted from (Ji, Freeman, 

and Smith 2016) 
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2.4 Aims of this thesis 

Despite the magnificent preclinical and clinical results in B cell malignancies, the 

therapeutic efficacy of anti-CD19 CAR T cells has never been evaluated for their effect in 

PCNSL, a highly malignant, CD19+ CNS tumor with poor prognosis. Besides, many 

important aspects of CAR T cell biology remain unclear, including tumor infiltration 

patterns, intratumoral and intracerebral motility, CAR T cell behavior after tumor 

regression, and long-term persistence in the brain. 

 

Therefore, the objectives of this thesis were:  

- to create a novel animal model of PCNSL, 

- to combine this animal model with a chronic cranial window and repeated TPLSM 

to follow in vivo development of orthotopic PCNSL growth, 

- to evaluate the effect of activated, second-generation anti-CD19 CAR T cells on 

PCNSL, and 

- to answer essential questions of intracerebral CAR T cell biology, including tumor 

infiltration patterns, migration, proliferation and long-term persistence, evaluating 

changes over time. 
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3 Materials and methods 

 

 

3.1 Cell culture 

OCI-LY10, OCI-LY3, U-2932, three human diffuse large B cell lymphoma (DLBCL) cell 

lines, as well as the human Burkitt lymphoma cell line Raji, were kindly provided by Prof. 

Dreyling (LMU Munich, Germany). HKBML, a cell line generated from a human primary 

CNS lymphoma, was purchased from RIKEN BioResource Center (Tsukuba, Japan). OCI-

LY3 and OCI-LY10 cells were cultured in Iscove's Modified Dulbecco's medium (IMDM, 

Life Technologies, Darmstadt, Germany) supplemented with 20% human plasma, 0.4% 

heparin (Ratiopharm, Ulm, Germany) and 0.1% beta-mercaptoethanol (Sigma-Aldrich, 

Missouri, USA). HKBML cells were cultured in Ham’s F12 Nutrient Mixture (Life 

Technologies, Darmstadt, Germany) supplemented with 15% fetal bovine serum (FBS, 

from Biochrom GmbH, Berlin, Germany and Thermo Fisher Scientific, Wilmington, USA). 

U-2932 and Raji cells were cultured in RPMI (Life Technologies) supplemented with 10% 

FBS. All cells were regularly tested for mycoplasma infection using the PCR Mycoplasma 

Test Kit (PanReac AppliChem GmbH, Darmstadt, Germany). To keep genetic drift to a 

minimum, cells were maintained in culture for a maximum duration of 2-3 months before 

replacing them. 

 

 

3.2 Bacterial plasmid replication 

For plasmid replication, XL2-Blue Ultracompetent cells (Stratagene, La Jolla, USA) were 

used, kindly provided by Prof. Dreyling (LMU Munich, Germany). These bacteria were 

chosen because of their high transformation efficiency. Their exact genotype is endA1 

supE44 thi-1 hsdR17 recA1 gyrA96 relA1 lac [F´ proAB laclqZΔM15 Tn10 (Tetr) Amy 

Camr] (the listed alleles represent the mutant alleles increasing transformation efficiency, 

plasmid yield, and stability of the cloned plasmid). 

To manufacture CaCl2 competent bacteria, the XL2-Blue cells were grown in 10 ml of 

lysogeny broth (LB) medium overnight at 37°C at a platform shaker with 130 rpm. On day 

two, 1ml of bacteria suspension was added to 100 ml of LB medium (100 ml double 

deionized water, 2.5 g LB (Carl Roth GmbH, Karlsruhe, Germany)) at 37°C with 130 rpm, 
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until the optical density at a wavelength of 600 nm (OD600) reached 0.7 - 0.8 

(approximately after 2.5-4 h). Immediately afterwards, the liquid was cooled on ice for 30 

minutes. Then, the liquid was centrifuged in 2 Falcon tubes (50 ml) for 15 minutes at 4°C 

with 4500 rpm. Next, the pellets were resuspended with 25 ml of 0.1M CaCl2 solution 

(freshly prepared at 4°C). After another 30 minutes on ice, the solutions were centrifuged 

for 15 minutes at 4°C with 4500 rpm. The resulting pellets were resuspended in 2.5 ml 

0.1M CaCl2/10% glycerol solution (freshly prepared at 4°C). This solution was portioned to 

100 µl aliquots and shock frozen in liquid nitrogen. Afterwards, these aliquots were stored 

at -80°C. 

To transform these CaCl2 competent bacteria, an aliquot was thawed on ice and split into 

two aliquots with 50 µl. To each of these samples, 1-100 ng of plasmid was added. Next, 

the samples were incubated on ice for 30 minutes. Afterwards, they were exposed to 1 

minute of heat-shock at 42°C. Subsequently, they were returned to ice for 3 minutes. 

Then, 500 µl of LB medium were added. After one hour of shaking at 37°C (130 rpm), 

100-200 µl of each sample was plated onto LB-Amp agar plates (100 ml double deionized 

water, 2.5 g LB, 1.5 g agar (Sigma-Aldrich, St. Louis, USA), and ampicillin (Ratiopharm) at 

a target concentration of 100 µg/ml). Next, they were grown overnight at 37°C (5% CO2). 

The next day, single colonies were isolated and inoculated into 5 ml of LB-Amp medium 

each (LB medium with ampicillin at a target concentration of 100 µg/ml). These solutions 

were shaken at 37°C for 8 hours. One of these was selected, 500 µl of it were added to 

250 ml of LB-Amp medium and shaken at 37°C overnight (250 rpm) before plasmid 

isolation.  

 

 

3.3 Plasmid isolation 

Isolation of plasmid DNA was performed according to the manufacturer’s instructions of 

the Qiagen MaxiKit (Qiagen, Hilden, Germany). Briefly, the cells were lysed with an 

alkaline solution, genomic DNA and proteins were precipitated, and the remaining plasmid 

DNA was further purified and isolated. To determine purity and yield, a spectrophotometer 

was used according to the manufacturer’s instructions (Nanodrop 2000, Thermo Fisher 

Scientific) (Desjardins and Conklin 2010). To determine DNA purity, the ratio of 

absorbance at wavelengths of 260 nm and 280 nm was measured (A260/280). A ratio of 

more than 1.8 was considered pure, a ratio of less than 1.8 was considered to indicate 

protein contamination. After calibration of the instrument, the quantity of DNA was 
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measured based on the Lambert-Beer law by absorbance at 260 nm. Plasmid samples 

were stored in TE buffer at -80°C until further use. 

 

 

3.4 TdTomato Vector 

Genetically engineered cells tend to downregulate transgene expression over time, often 

facilitated via epigenetic silencing of the transgene promoter (Kaufman et al. 2008). This 

mechanism can lead to mosaic expression and/or reduced fluorescence, hindering 

efficient tumor cell visualization. To inhibit epigenetic silencing, thereby generating stable 

fluorescent cells, we created a vector expressing both the resistance protein and the 

fluorescent protein under the control of the same promoter. Therefore, we made use of 

the internal ribosome entry site (IRES), first described by Pelletier and Sonenberg 

(Pelletier and Sonenberg 1988). This noncoding RNA element, originally found in 

eukaryotic viruses, allows for translation of two different proteins from the same mRNA. 

Translation of these mRNAs occurs at the 5’ end of the mRNA as well as at the IRES, 

thereby enabling initiation of translation of two proteins from the same mRNA. However, 

expression of the downstream protein occurs at significantly lower numbers compared to 

the upstream protein, as translation initiation mid-mRNA is generally less efficient 

(Mizuguchi et al. 2000). Thus, placing the neomycin resistance protein downstream of the 

IRES, the ratio of fluorescent protein to neomycin resistance protein is expected to be 

shifted towards the fluorescent protein, enhancing imaging quality. 

Therefore, we combined tdTomato with an IRES linked to neomycine resistance: To this 

aim, a PCR product containing the coding sequence of tdTomato (vector ptdTomato, 

catalog No. 632531, TaKaRa Clontech, Mountain View, USA) was cloned into the 

lentiviral expression vector pLVX-IRES-neoR (content of the Lenti X Bicistronic 

Expression System, Catalog No. 632181, TaKaRa Clontech). The resulting construct 

pLVX-tdTomato-IRES-Neo (Figure 4) was verified by restriction enzyme digest and by 

direct sequencing. 
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Figure 4 – pLVX-tdTomato-IRES-Neo
r
 plasmid. 

 

 

3.5 Electroporation 

To stably transfect tumor cells, the pLVX-tdTomato-IRES-Neo vector was electroporated 

into U-2932 or OCI-LY10 cells. Briefly, 20 µg of supercoiled vector in TE buffer was added 

to 3x107 lymphoma cells in 500 µl of respective cell medium and the solution was gently 

mixed. Electroporation was performed using the Gene Pulser Xcell system (Bio-Rad 

Laboratories, Hercules, USA) with 200 V, 1200 µF, unlimited resistance and exponential 

decay. Immediately after electroporation, cells were carefully resuspended in pre-warmed 

CO2-equilibrated medium (37°C). 24 hours after electroporation, G418 was added at the 

appropriate concentration, determined beforehand in G418 cytotoxicity assays (800 µg/ml 

for U-2932, 600 µg/ml for OCI-LY10, 400 µg/ml for HKBML and OCI-LY3).  

 

 

3.6 Fluorescence-activated cell sorting (FACS) 

Selection of fluorescent cells by antibiotic selection often leads to variable transgene 

expression. To achieve homogeneous and intense expression of tdTomato, cell sorting is 

more reliable than antibiotic selection alone (Kaufman et al. 2008). 

Flow cytometry and cell sorting was performed on a MoFlo Astrios Cell Sorter (Beckman 

Coulter, Munich, Germany). Briefly, single cell suspensions of lymphoma cells were 

measured for tdTomato expression by flow cytometry. 1-5% of the cells with the highest 
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level of tdTomato expression were sorted and cultured for approximately two weeks until 

sufficient cell numbers were attained. This process was repeated until tdTomato 

expression was high enough for TPLSM. Cells with sufficient levels of tdTomato 

expression were frozen in culture medium with 10% DMSO (v/v) and kept at -80°C until 

use.  

 

 

3.7 CAR vectors 

CAR vector cloning and CAR T cell generation were conducted at the TUM (Munich, 

Germany) in cooperation with Simon Fräßle and Dirk Busch (Institute for Medical 

Microbiology, Immunology and Hygiene, TUM, Munich, Germany). For the in vitro LDH 

assay, the second-generation anti-murine CD19 CAR vector m1928z was used as 

described (Paszkiewicz et al. 2016). For in vivo experiments, the second-generation 

murine m1928z CAR vector was modified to contain a murine anti-human CD19 single 

chain variable fragment (scFv, derived from clone FMC63 (Nicholson et al. 1997)), fused 

via CD8 derived extracellular domain and transmembrane domain to the intracellular 

CD28 costimulatory domain and the CD3ζ signaling domain into the retroviral pMP71 

vector. By a P2A linker, this gene construct is connected to a truncated, functionally inert 

version of the epidermal growth factor receptor (EGFRt) (Wang et al. 2011), resulting in 

the h1928z vector (Figure 5). 

 

  

Figure 5 – Vectors for h1928z CAR (A) and mock CAR (B) transduction. 

(A) The anti-human CD19 scFv is fused to the CD8 derived hinge and transmembrane domains, the CD28 

costimulatory domain and the CD3ζ intracellular signaling domain. For cell isolation and assessment of 

transduction efficacy, the truncated, inert version of the epidermal growth factor receptor is added. (B) The 

mock CAR transduction vector has no extracellular domain (scFv), thereby serving as the control group for in 

vivo experiments to exclude spontaneous CAR activation.  

 

A 

B 
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For eGFP transfection, the pMP71 retroviral vector containing the sequence for eGFP 

(Engels et al. 2003) was used, kindly provided by Stanley Riddell, Fred Hutchinson 

Cancer Research Center (Wang et al. 2011). 

 

 

3.8 Retroviral T cell transduction 

Primary NMRI Foxn1 nu/+ T cells or beta-actin-eGFP T cells were isolated and 

transduced as described (Paszkiewicz et al. 2016).  

Briefly, two days before T cell transduction, the retroviral packaging cell line Platinum-E 

(PlatE, Cell Biolabs, San Diego, USA) was plated out at a density of 5x105 cells per 6-well 

plate and cultivated overnight in cDMEM medium (complete DMEM (Gibco, Waltham, 

USA), containing 10% (v/v) FCS, 0.025% (w/v) L-glutamine, 0.1% (w/v) HEPES, 0.001% 

(w/v) gentamicin, 0.002% (w/v) streptomycin). On the next day, PlatE cells were 

transfected using calcium chloride precipitation. Briefly, 18 µg of purified DNA (in ddH2O) 

was mixed with 15 µl CaCl2 (2.5 M), and diluted in sterile ddH2O to a total volume of 150 

µl. 150 µl of 2x HBSS buffer (pH 6.74) were added and the resulting solution incubated at 

room temperature for 30 min to form DNA precipitates. The precipitates were added to the 

PlatE cells and incubated for 6h at 37°C, 5% CO2, followed by medium replacement with 

cDMEM. The supernatant containing the retroviral particles was collected 48 h and 72 h 

after CaCl2 addition, filtered through a 0.45µm filter and either directly used or stored 

at -80°C for transduction of primary mouse T cells. 

Murine splenocytes were isolated from spleens of beta-actin eGFP mice (allogeneic) or 

heterozygous NMRI Foxn1nu/+ mice (syngeneic). Spleens were dissected, minced and 

filtered through a 70 µm cell strainer into a single cell solution. After centrifugation, 

ammonium chloride-Tris (ACT) buffer (0.17 M NH4Cl, and 0.17 Tris-HCl, pH 7.5, mixed at 

a ratio of 9:1) was added for erythrocyte lysis. Remaining splenocytes were cultured in 

cRPMI (complete RPMI 1640 (Gibco), containing 10% FCS (v/v), 0.025% L-glutamine 

(w/v), 0.1% HEPES (w/v), 0.001% gentamicin (w/v), 0.002% streptomycin (w/v)), 

supplemented with 25 U/ml of IL-2 (Proleukin, Novartis, Basel, Switzerland) and 

stimulated overnight with anti-mouse CD3 antibodies (1:1000, clone 145-2C11, BD 

Pharmingen, San Diego, USA) and anti-mouse CD28 antibodies (1:5,000, clone 37.51, 

BD Pharmingen). 

One day before transduction, 24-well plates were coated with retronectin (1:160, Takara 

Clontech), anti-mouse CD3 (1:1000) and anti-mouse CD28 (1:5000) in sterile PBS (Sigma 
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Aldrich) by addition of 300 µl per well and centrifugation at 2000 g, 32°C for 90 minutes. 

On the day of transduction, 500 µl of virus (h1928z CAR, m2918z CAR or mock CAR, 

together with the eGFP vector) were added per well, and the 24-well plates were 

centrifuged at 3000 g, 32°C for 2 hours. Virus-containing supernatant was removed and 

the murine splenocytes were resuspended in cRPMI supplemented with 25 U/ml of IL-2, 

counted and seeded into the virus-coated 24-wells at a concentration of 5x105 cells/ml. 

Cells were transduced during centrifugation (800 g, 32°C) for 90 minutes. After 

transduction, cells were expanded for 48 h (37°C, 5% CO2). Transduced T cells were 

sorted using a MoFlo Astrios Cell Sorter (Beckman Coulter) or FACSAria (BD 

Biosciences, San Jose, USA). Cells were sorted on double positivity (eGFP and EGFRt 

positivity, by addition of biotinylated cetuximab, kindly provided by Stanley Riddell, Fred 

Hutchinson Cancer Research Center (Wang et al. 2011), and streptavidin-APC) after 

excluding CD19+ B cells (aCD19mAB, clone 1D3, PECF594, BD Pharmingen) and dead 

cells (propidium iodide, Invitrogen). 

 

 

3.9 Cytotoxicity assay 

To determine cell-mediated cytotoxicity, a Lactate dehydrogenase (LDH)-based 

cytotoxicity assay was performed. LDH is an enzyme present in all eukaryotic cells. Cell 

damage releases LDH into the surrounding supernatant (Legrand et al. 1992). 

Quantitative measurement of this enzyme’s activity enables calculation of the number of 

lysed cells.  

To assess the level of CD19-specific CAR-mediated cytotoxicity on human lymphoma 

cells, we co-cultured 7,500 OCI-LY10tdt cells with serial dilutions of murine anti-human 

CD19 CAR T cells, or murine anti-mouse CD19 CAR T cells as controls in 96 well V-

bottom plates in triplicate. LDH assay was performed according to the manufacturer’s 

instructions of the Cytotox 96 Non-Radioactive Cytotoxicity Assay (Promega, Madison, 

Wisconsin, USA). Briefly, after 4 hours of co-incubation in a humidified chamber at 37°C 

with 5% CO2, the 96 well plate was centrifuged at 250 g for 4 minutes. 50 µl aliquots of 

supernatants were transferred to a fresh 96-well flat-bottom plate. 50 µl of Cytotox 96 

Reagent were added to each well. The plate was protected from light and incubated for 30 

minutes at room temperature. 50 µl of Stop Solution were added to each well, and 

absorbance of each well was measured at a wavelength of 490 nm using a microplate 

reader (Victor X3, Perkin Elmer, Waltham, USA).  
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Tumor cell control (OCI-LY10tdt cells only, LDHtarget spontaneous), CAR T cell control (CAR T 

cells only, LDHeffector spontaneous), and maximum LDH release control (OCI-LY10tdt cells 

treated with Lysis Solution, LDHmaximum), were measured. From all values, no-cell control 

(culture medium background, LDHmedium, normalized to volume) values were subtracted. 

Cytotoxicity was calculated as follows: 

% Cytotoxicity = LDHsample - LDHeffector spontaneous - LDHtarget spontaneous / LDHmaximum x 100  

 

 

3.10 Mice 

All animal experiments were conducted in accordance with the animal welfare act and the 

Bavarian state regulations for animal experimentation. Protocols were approved by the 

state authorities (Regierung von Oberbayern, Munich, Germany).  

NMRI Foxn1nu/nu mice are an outbred albino mouse strain harboring a mutation in the 

Foxn1 gene, a transcription factor necessary for the development and function of epithelial 

cells in the thymus, skin, hair and nails. In homozygotes (Foxn1nu/nu), this mutation leads 

to universal alopecia (hence the term “nude” mice) (Flanagan 1966) and absence of 

thymus (Pantelouris 1968), the primary organ of T cell development. Similarly to human 

patients harboring a mutation in FOXN1 first described thirty years later (Frank et al. 

1999), these mice are devoid of functional T cells (Zuklys et al. 2016). As xenografts of 

human cancer cells are not rejected in these mice (Fogh, Fogh, and Orfeo 1977), 

Foxn1nu/nu mice are often used in preclinical cancer xenograft models. Still, nude mice 

retain complement function and have robust B cell and NK cell responses. Due to the 

outbred background, NMRI Foxn1nu/nu mice may show higher variation in tumor growth 

compared to inbred mice. However, they are more robust and therefore more likely to 

sustain invasive experimental procedures than inbred mice.  

Foxn1nu/+ mice, heterozygous for the Foxn1 mutation, express reduced mRNA levels of 

Foxn1 (Zuklys et al. 2016), and show a partially rescued phenotype with normal hair 

growth and a functional thymus, albeit at a reduced size compared to wildtype mice 

(Holub 1992; Scheiff, Cordier, and Haumont 1978). However, functional T cells develop in 

heterozygous Foxn1nu/+ mice (Hunig and Bevan 1980). 

C57BL/6J Beta-actin-eGFP mice are expressing “enhanced” GFP (eGFP, a mutated 

version of GFP with 35 times brighter fluorescence compared to wildtype GFP, (Zhang, 

Gurtu, and Kain 1996)) under the control of a chicken beta-actin promotor (Okabe et al. 
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1997). Except hair and erythrocytes, all cells thereby stably express intracellular eGFP, 

enabling fluorescence microscopy of these cells. 

NMRI Foxn1nu/nu mice, NMRI Foxn1nu/+ mice, C57BL/6J beta-actin-eGFP mice and 

C57BL/6J wild-type mice were purchased from The Jackson Laboratory via their 

distributor, Charles River Germany (Sulzfeld, Germany), and maintained at our facility 

according to Federation of European Laboratory Animal Associations (FELASA) 

guidelines. Experiments were started at the age of 8-14 weeks. For experiments with 

cranial window implantation or T cell injection, only male mice were used.  

 

 

3.11 Anesthesia and postoperative care 

For surgical procedures, mice were anesthetized by intraperitoneal (i.p.) injection of MMF 

(a combination of medetomidine (0.5 mg/kg, Ratiopharm), midazolam (5 mg/kg, Pfizer, 

Karlsruhe, Germany) and fentanyl (0.05 mg/kg, CuraMed Pharma GmbH, Karlsruhe, 

Germany) mixed in 0.9% sodium chloride solution (Fresenius Kabi Deutschland, Bad 

Homburg, Germany)), leading to safe and reliable anesthesia, sedation and relaxation. 

After injection, mice were returned to their home cages until they became motionless, 

usually within 10 minutes after injection, followed by application of eye ointment. During 

surgery, depth of anesthesia was regularly monitored by testing the pedal withdrawal 

reflex and by verifying respiratory frequency. 30 minutes before the end of the surgery, 

0.1mg/kg buprenorphine (Essex Pharma, Munich, Germany) was administered 

subcutaneously (s.c.). After completion of the surgery, anesthesia was antagonized with 

s.c. injection of atipamezole (0.75 mg/kg, Pfizer), flumazenil (0.2 mg/kg, Roche, Basel, 

Switzerland) and naloxone (0.12mg/kg, Delta-Select, Dreiech, Germany), and mice were 

kept on a heating mat until fully awake. Postoperative analgesia was maintained by 

regular s.c. injections of buprenorphine every 8 hours for three days (after cranial window 

implantation or tumor implantation) or one day (after stereotactic T cell injection). After 

surgeries, mice were inspected and evaluated for development of symptoms at least three 

times per week using a standardized test for neurological symptoms considering body 

weight, spontaneous movement, reaction to blunt touch, and balance testing. Mice were 

euthanized if predefined symptoms occurred or weight loss exceeded more than 20%. 
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3.12 Chronic cranial window implantation 

Implantation of a chronic cranial window was performed as previously described (Kienast 

et al. 2010; von Baumgarten et al. 2011). Briefly, after induction of a sufficient level of 

anesthesia, mice were immobilized in a stereotactic frame (David Kopf Instruments, 

Tujunga, USA) on a heating mat. Cefotaxime (250 mg/kg, Fresenius Kabi Deutschland, 

Bad Homburg, Germany) and dexamethasone (2mg/kg, Ratiopharm) were s.c. injected. 

Disinfection of the cranial skin was performed using povidone-iodine solution (Braunol, B. 

Braun Melsungen AG). Subsequently, a small incision along the sagittal suture was made. 

After removal of the skin and the epicranial aponeurosis, a circular part of the cranium 

with a diameter of 5,5mm was carefully drilled away using a dental drill equipped with a 

sterile carbon steel micro drill (tip diameter: 0.5mm, Fine Science Tools Germany, 

Heidelberg, Germany) under constant saline flush to prevent heat damage to underlying 

structures. Thereafter, the circular bone was cautiously removed while separating the 

endosteal layer of the dura mater from the bone using a blunt forceps to preclude injury of 

the sagittal sinus. If vessels were damaged, bleeding was stopped by short application of 

sterile sponges coated with fibrinogen and thrombin (TachoSil, Takeda Austria, Linz, 

Austria). The brain surface was constantly kept moist using 0.9% saline chloride solution. 

To inhibit late dural fibrosis from restricting microscopy quality, the meningeal layer of the 

dura mater was separated from the leptomeninges and removed (except in the region 

demarcating the sagittal sinus). After removal of the dura, the bone surrounding the 

opening was completely dried using sterile absorbent swabs (Sugi Eyespear, Kettenbach 

GmbH, Eschenburg, Germany) while the brain surface remained soaked with saline 

chloride solution. An autoclaved round cover glass with a diameter of 6mm was placed on 

top. Any incidental air bubbles were carefully removed using saline chloride solution. The 

outer rim of the cover slip was attached to the dry bone by circular application of a mixture 

of liquid ethylcyanoacrylate with methylacrylate powder (Cyano veneer, Hager Werken, 

Duisburg, Germany). While the cyanoacrylate glue was still semiliquid, an autoclaved, 

custom made ring consisting of polyether ether ketone (PEEK) was firmly attached to the 

cranial bone around the cover slip (Figure 6).  
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Figure 6 – Illustration of the chronic cranial window and the PEEK ring. 

After fixation of the coverslip (diameter: 6mm), the PEEK ring (green, inner diameter: 8mm) is firmly attached 

onto the cranial bone surrounding the glass cover. European 1 cent coin (diameter: 16.25 mm) for scale. 

Adapted from (Alieva et al. 2014). 

 

 

3.13 Stereotactic injection of tumor cells and  CAR T cells 

For establishment of the PCNSL animal model, no cranial windows were implanted. After 

induction of anesthesia and application of eye ointment, cefotaxime (250 mg/kg, 

Fresenius Kabi, Bad Homburg, Germany) was s.c. injected. Dexamethasone injection was 

omitted during tumor cell injection or T cell injection, as corticosteroid treatment impairs 

PCNSL growth (DeAngelis et al. 1990). Mice were immobilized in a stereotactic frame 

(David Kopf Instruments, Tujunga, USA) on a heating mat. Disinfection of the cranial skin 

was carried out using povidone-iodine solution (Braunol, B. Braun Melsungen AG). 

Subsequently, a small paramedian incision above the stereotactic coordinates (1 mm 

lateral and 2 mm posterior to the bregma) was made. After removal of the skin and the 

epicranial aponeurosis, a small part of the cranium with a diameter of 0.5 mm was 

carefully drilled away using a dental drill equipped with a sterile carbon steel micro drill (tip 

diameter: 0.5mm, Fine Science Tools Germany). Before tumor cell injection, cells were 

repeatedly washed and resuspended in DPBS. Cell viability and concentration was 

measured using trypan blue exclusion test. Raji, U-2932, OCI-LY3, OCI-LY10, and 

HKBML cells, at a viability of more than 95%, were filtered to a single cell solution in 1-2 µl 
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of DPBS and stereotactically injected using a modified Koch stereotactic adapter and a 10 

µl Hamilton gas-tight microsyringe (Hamilton, Reno, USA) with a 32 gauge needle (45° 

bevel degree, Hamilton, Reno, USA) at an intraparenchymal depth of 2 mm. To determine 

optimal number of injected cells, 2.5 x 104 to 2.5 x 105 tumor cells were injected at varying 

numbers (n = 36 in total). After tumor cell injection, the skin was closed using simple 

interrupted stitches with non-absorbable 5-0 sutures. 

To follow intracranial tumor growth with intravital TPLSM, fluorescent lymphoma cells 

were implanted into mice equipped with chronic cranial windows. To prevent postsurgical 

astroglial or microglial activation affecting tumor growth, stereotactic tumor implantation 

was performed at least two weeks after cranial window implantation. After induction of 

anesthesia and application of eye ointment, cefotaxime (250 mg/kg, Fresenius Kabi 

Germany) was s.c. injected. Mice were immobilized in a stereotactic frame (David Kopf 

Instruments) on a heating mat. Disinfection of the cranial skin was carried out by applying 

povidone-iodine solution (Braunol), followed by careful removal of the cover glass. 

Fluorescent lymphoma cells (U-2932tdt or OCI-LY10tdt, as indicated) were washed and 

resuspended in sterile DPBS and filtered to a single cell solution in 1-2 µl of DPBS. 2.5 x 

105 lymphoma cells were stereotactically injected 1 mm lateral and 2 mm posterior to the 

bregma at an intraparenchymal depth of 1 mm (Figure 7). After injection, a new, sterile 

cranial window was attached. TPLSM was performed at regular intervals to analyze 

intracranial PCNSL growth pattern. 

To evaluate CAR T cell effects on intracranial PCNSL growth, cranial window and tumor 

cell implantation was done as described before. For CAR T cell injection, mice were 

randomized to treatment groups 14 days after tumor implantation. One day before CAR T 

cell injection (day 13), tumor presence was confirmed via epifluorescence microscopy. 

After induction of anesthesia, application of eye ointment and cefotaxime, mice were 

immobilized as above. Disinfection of the cranial skin was carried out by applying 

povidone-iodine solution (Braunol), followed by careful removal of the cover glass. 5x104 

h1928z CAR T cells or mock CAR T cells were injected 1 mm posterior to the tumor 

injection point at an intraparenchymal depth of 1 mm. After T cell injection, a cranial 

window was attached. TPLSM was performed at days 1, 4, 8, 14, 21, 28 and thereafter at 

biweekly intervals. 

For validation experiments, mice without cranial windows were used. Briefly, 2.5 x 105 

tumor cells were injected as described. 14 days thereafter, 2 x 104 h1928z CAR T cells or 

mock CAR T cells were injected at an intraparenchymal depth of 2 mm. After injection, the 

skin was closed using simple interrupted stitches with non-absorbable 5-0 sutures. At day 

5, 10 and 25 after T cell injection, CAR T cells were quantified by blood sampling of the 
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facial vein. 28 days after T cell injection, mice were perfused and brain and lymph nodes 

extracted. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.14 Two-photon laser scanning microscopy 

For TPLSM, we used a Multiphoton TrimScope I system (LaVision BioTec, Bielefeld, 

Germany) connected to an upright Olympus microscope (Olympus, Tokyo, Japan), 

equipped with a MaiTai Laser (690-1040 nm, Spectra Physics, Santa Clara, USA) and 

either a 20x water immersion objective (numerical aperture 0.95, Olympus XLUMPlanFl, 

Olympus) with double distilled water as immersion medium, or a 4x objective (numerical 

aperture 0.28, Olympus XLFluor 4x/340). Signals were collected with three non-

descanned PMTs (G6780-20, Hamamatsu). The following filter combination was used: 

second harmonic generation (SHG) signals were collected with reflection of two longpass 

dichroic mirrors (560 nm and 495 nm). eGFP signal was collected with the same longpass 

dichroic mirrors (560 nm and 495 nm) and a band-pass filter (525/50). TdTomato signal 

was collected with two longpass dichroic mirrors (560 nm and 615 nm) and a band-pass 

filter (593/40). To visualize FITC-dextran and tdTomato simultaneously, the MaiTai laser 

Figure 7 – Injection sites for stereotactic tumor cell and CAR T cell 

injection. 

Brain surface photography through a cranial window (left) and 3D model 

of mouse brain (right) illustrating sites of stereotactic tumor cell (red) and 

CAR T cell (green) injection. Scale bars, 1 mm (left), 2 mm (right). Right: 

adapted from (Bakker, Tiesinga, and Kotter 2015). 
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was tuned to 775 nm. To visualize eGFP, tdTomato and the SHG signal simultaneously, 

an excitation wavelength of 920 nm was used. Except when stated otherwise, z-stacks 

acquired had dimensions of 450x450 µm with 400 µm depth, a z-interval of 5 µm and a 

resolution of 1024x1024 pixels or 512x512 pixels. Except when stated otherwise, time 

lapse movies were acquired at dimensions of 450x450 µm with 65 µm depth with a z-

interval of 5 µm at a resolution of 1024x1024 pixels with 1 stack acquired every 30 

seconds. Imspector (LaVision Biotec, Bielefeld, Germany) software was used for image 

acquisition. During microscopy, mice were anesthetized using isoflurane in oxygen at a 

constant concentration of 1.0 to 2.0%, adjusted according to breathing rate. Body 

temperature was kept constant by fixation of the mouse on top of a heating pad with 

temperature tester. During imaging, the PEEK ring was tightly secured into a custom built 

fixation device (Figure 8). For visualization of cerebral vessels, 0.1 ml of FITC-dextran (2 

MDa molecular weight, Sigma-Aldrich) were injected i.v. at a concentration of 10 mg/ml. 

Each microscopy session was limited to a maximum of 2 hours. 

 

3.15 Image analysis 

For image analysis, ImageJ/Fiji (National Institutes of Health, Bethesda, USA) and Imaris 

(Bitplane AG, Zurich, Switzerland) were used. For mosaic creation, maximum intensity 

projections of three-dimensional stacks were created using the Z-Project plugin of 

ImageJ/Fiji, followed by manual alignment using the MosaicJ function and use of the 

despeckle function for noise reduction (median filter; each pixel is replaced by the median 

value in its 3x3 neighborhood). 

 

Figure 8 – Setup for intravital microscopy. 

Left: Photography of the setup for epifluorescence and two-photon laser scanning microscopy 

demonstrating fixation of the anesthetized mouse on a heating mat. Right: Illustration, adapted from 

(Perez-Alvarez, Araque, and Martin 2013). 
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3.16 Semi-automatic T cell quantification  

Quantification of intratumoral and intracerebral T cells was done using Imaris (Bitplane 

AG). Briefly, the three-dimensional image stack (450 x 450 x 400 µm, x/y/z) was loaded 

and the “cells” function was used to identify CAR T cells (source channel: GFP, smoothing 

filter width: 0.88µm without background subtraction). Cell threshold (absolute intensity) 

and number of voxels were manually adjusted to identify cells, (usually >180 and >160, 

respectively). Z-position was saved for each cell (Figure 9). For cell migration, the same 

settings were used, and cell velocity was saved for each individual cell track using Imaris 

software (Figure 20). 

 

Figure 9 – Semi-automatic quantification of CAR T cell z-position. 

Left: Three-dimensional visualization of TPLSM images showing intratumoral CAR T cells (green) and tumor 

cells (red). Right: Computer generated cell visualization. The top of the picture represents the cranial window, 

i.e. a z-position of 0 µm. Z-position was color-coded (dark green = 0 µm beneath the window, yellow = 400 µm 

below the window). Scale bar, 100 µm. 

 

3.17 Tumor volume calculation via epifluorescence microscopy 

To estimate tumor size using intravital microscopy, a spherical volume was assumed 

based on the two-dimensional diameters (anterior-posterior and left-right) during 

epifluorescence microscopy according to the following formula, modified after (Tomayko 

and Reynolds 1989): 

Volume = 4/3 x pi x r3 

r = (length/2 + width/2)/2 

If more than one tumor was visible, individual volumes were added. 
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3.18 Immunofluorescence 

After anesthesia with MMF, intracardiac injection of 20 ml of saline chloride solution 

(0.9%), followed by intracardiac injection of freshly prepared 4% paraformaldehyde (PFA) 

in Dulbecco’s phosphate-buffered saline (DPBS, v/v) was performed. Brain and lymph 

nodes were extracted and kept overnight in 4% PFA at 4°C for fixation. Afterwards, the 

organs were immersed in increasing sucrose solutions (10%, 20%, 30% sucrose in DPBS 

(w/v)) and kept overnight at 4°C until equilibrated. After equilibration in 30% sucrose 

solution, brains were frozen in the gas phase of liquid nitrogen and kept at -80°C until 

cryosectioning. Tissues were cut into 15 µm cryosections using a cryostat (Leica CM 

1950, Leica, Wetzlar, Germany). The sections were kept in the dark at -20°C until 

staining.   

 

 

3.19 Antibodies and reagents 

After thawing at room temperature, cryosections were incubated for 10 minutes at 37°C 

and washed twice in TNT washing buffer (containing 0.1M Tris-HCl, 0.15M NaCl, 0.05% 

Tween 20, Perkin Elmer, Waltham, USA). Afterwards, cryosections were kept in 0.3% 

H2O2 in methanol (v/v), washed three times and blocked using TNB blocking buffer 

(containing 0.1M Tris-HCl, 0.15M NaCl, 0.5% blocking reagent (w/v), Perkin Elmer). Next, 

samples were incubated with primary antibodies at 4°C in TNB blocking buffer overnight, 

washed three times and incubated with the appropriate fluorophore-conjugated secondary 

antibodies in TNB blocking buffer. After three times washing with TNT washing buffer, the 

sections were stained with 4’,6-Diamidino-2-phenylindole (DAPI), washed and mounted 

with Dako fluorescence mounting medium (Dako, Glostrup, Denmark). The following 

primary antibodies were used: goat anti-human CD20 (4 µg/ml or 3 µg/ml, ab194970, 

abcam, Cambridge, UK), rat anti-mouse CD3 (15 µg/ml, MAP4841, R&D Systems, 

Minnesota, USA). The following secondary antibody conjugates were used: donkey anti-

goat Alexa Fluor (AF) 594 (1:200, A11D58, Thermo Fisher Scientific), donkey anti-rat 

AF594 (1:200, A21203, Thermo Fisher Scientific), or donkey anti-rat AF488 (1:200, 

A21208, Thermo Fisher Scientific). 

 

 



 3 | Materials and methods 

 

  
33 

 
  

3.20 Tumor volume and intratumoral CAR T cell measurement via 

immunofluorescence 

After cranial window implantation, the intracranial volume is artificially expanded by the 

partial removal of cranial bone. Therefore, to measure the exact tumor volume, only mice 

without prior cranial window implantation were used. After anti-CD20 staining of 15 µm 

cryosections spaced 495 µm apart, immunofluorescent pictures were created for each 

slice on a BX60 upright microscope (Olympus). Tumor areas were manually delineated 

and measured using Axiovision software (Carl Zeiss Microscopy GmbH, Jena, Germany) 

If multiple tumors were present on one slice, individual tumor areas were added. Total 

tumor area per slice was multiplied with 0.495. Addition of all values yielded total tumor 

volume. 

To determine intratumoral CAR T cell density, mosaics of these immunofluorescently 

stained cryosections were created on a Zeiss AxioImager.M2 upright microscope (Carl 

Zeiss Microscopy GmbH) using Axiovision software (Carl Zeiss Microscopy). Briefly, all 

intratumoral CAR T cells were counted manually and divided by the total volume of tumor 

in this cryosection (two-dimensional tumor area multiplied by cryosection thickness, i.e. 

0.015). 

 

 

3.21 Blood sampling 

30 minutes before blood sampling, mice were s.c. injected with 0.1 mg/kg buprenorphine. 

Anesthesia was induced with 5% isoflurane in oxygen. As soon as the righting reflex was 

absent (indicating deep anesthesia), the facial vein was punctured using a small lancet 

(Solofix, B. Braun Melsungen AG). Blood drops were collected in EDTA coated capillary 

tubes (Microvette, Sarstedt AG & Co., Nümbrecht, Germany). eGFP+ cells were quantified 

on a FACSAria (BD Biosciences, San Jose, USA) flow cytometer. 

 

 

3.22 Statistical analysis 

Data are expressed as mean +/- standard deviation, mean +/- s.e.m., or median 

+/- interquartile range, as indicated. For comparison of groups, the Mann-Whitney U test 

or Wilcoxon test was used, as indicated. A level of p < 0.05 was considered significant. 
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Calculations were performed using Graphpad Prism 7.02 for Windows (GraphPad 

Software, Inc., San Diego, USA). 

 

 

3.23 Treatment allocation and blinding 

Mice were randomized to treatment groups via coin toss. In accordance with guidelines for 

the design of animal experiments (Festing and Altman 2002), the author was blinded for 

treatment group allocation until data analysis was completed. 
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4 Results 

 

 

4.1 Establishment of the PCNSL animal model 

To establish a mouse model closely resembling human PCNSL growth, we compared five 

different human B-cell lymphoma cell lines regarding their histopathological and clinical 

growth patterns: 

 

- Raji, derived from a patient with Burkitt’s lymphoma 

- U-2932, derived from a patient with DLBCL 

- OCI-LY10, derived from a patient with DLBCL 

- OCI-LY3, derived from a patient with DLBCL 

- HKBML, derived from a patient with primary CNS lymphoma  

 

After intracerebral, stereotactic implantation of these tumor cell lines at different 

concentrations (at least n = 3 per group), large, well-established intracerebral tumors were 

found in all groups. Histopathological comparison of these intracerebral tumors was 

performed to identify the cell line with highest accordance with human PCNSL. For further 

investigations, we decided to use the cell lines U-2932 and OCI-LY10 for the following 

reasons: 

 

- Both are derived from a DLBCL primary tumor, similar to 90-95% of PCNSL 

lesions (Braaten et al. 2003; Rubenstein, Treseler, and O'Brien 2005) 

- They form a solitary lesion with meningeal dissemination and perivascular growth 

(Figure 10), similar to human PCNSL (Kuker et al. 2005; Haldorsen, Espeland, and 

Larsson 2011; He et al. 2013) 
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- After stereotactic injection of 2.5 x105 cells, mice had a symptom-free survival of at 

least 40 days, therefore forming an ideal model to evaluate treatment effects of 

late treatment initiation, i.e. two weeks after tumor implantation.  

 

The last point is of particular importance for the following two reasons: First, tumor growth 

for a prolonged duration leads to a tumor microenvironment different to the tumor 

microenvironment present immediately after implantation. These factors include changes 

in the cellular and humoral microenvironment and, in intracerebral tumors, include an 

impaired blood brain barrier. Many of these relevant features become present at least 14 

days after orthotopic tumor implantation (Yu et al. 2006), when tumors become 

exceptionally difficult to eradicate in mice. Second, to reliably visualize intracerebral tumor 

growth during treatment using TPLSM, tumor size must exceed a certain threshold 

diameter to enable visualization of tumor cells within the most superficial 500µm of the 

cerebral cortex, a size more reliably achievable after two weeks of intracerebral tumor 

growth.  
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Figure 10 – Immunofluorescence of the mouse brain 49 days after stereotactic lymphoma 

implantation. 

Stereotactic, intracerebral injection of 2.5x10
5
 OCI-LY10 cells (circle) led to growth of a big, solitary cerebral 

lymphoma with several satellite lesions present at superficial, intraparenchymal and periventricular regions. 

The solid tumor invades big parts of the brain parenchyma, including the superficial and hippocampal 

structures in the contralateral brain hemisphere. (A and B) Perivascular lymphoma growth (pink) can be seen 

surrounding small (A) and big (B) intracerebral blood vessels. (C) Meningeal dissemination can be found at 

several regions. (D) Periventricular growth involves the subependymal structures and the choroid plexus. 

Representative immunofluorescence of OCI-LY10 cells with CD20 immunostaining (pink), erythrocytes 

autofluorescence (yellow) and 4’,6-diamidino-2-phenylindole (DAPI) nuclear staining (blue). Scale bars, 1 mm 

(big panel) or 100 µm (A, B, C, D). 

 

 

 

To summarize, stereotactic intracranial injection of 2.5 x 105 U-2932 or OCI-LY10 cells led 

to reliable intracerebral lymphoma growth, closely mimicking the neuropathological 

characteristics of human PCNSL. 
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Histopathological analysis of intracranial tumors enables analysis of the whole mouse 

brain, including the cellular tumor architecture and microenvironment, at a single time 

point. However, the growth of these tumors and their individual development over time 

cannot be followed via histopathological analysis alone. Furthermore, dynamic processes 

such as changes in vessel architecture, formation of secondary lesions, and treatment 

effects are impossible to analyze histopathologically at several time points in the same 

mouse. Thus, to analyze tumor growth repeatedly in the same animal, we next aimed to 

perform TPLSM through a chronic cranial window to repeatedly visualize tumor growth. 

 

 

4.2 Stable transfection of lymphoma cell lines 

To reliably follow intracranial lymphoma growth over a period of several weeks, lymphoma 

cells need to stably express a fluorescent protein. Therefore, our next step was to 

transfect these lymphoma cells with a fluorescent protein. 

TdTomato is a well-established, non-toxic tandem dimer of a red fluorescent protein. 

Additionally to its non-toxic properties, it is known for its advantageous fluorescence 

properties compared to older examples such as DsRed2, especially regarding 

fluorescence intensity and light absorption (Drobizhev et al. 2011). 

Electroporation of the pLVX-tdTomato-IRES-Neo plasmid yielded transfection efficiency 

rates of about 10% for both lymphoma cell lines, U-2932 and OCI-LY10. Repeated FACS 

sorting was performed to obtain the cells with highest fluorescence intensity. After five 

times of FACS sorting the 5% of cells with highest fluorescence intensity, all cells showed 

high fluorescence. Importantly, fluorescence intensity of these cells remained stable for 

several weeks during in vitro subculturing; no cells showed loss of intrinsic red 

fluorescence. In vitro growth rates did not significantly differ between tdTomato+ and wild-

type lymphoma cells. To simulate in vivo conditions, where selection agents are not 

present, we tested fluorescence intensity after 4 weeks of culture in the absence of the 

selection compound G418. Interestingly, under G418-free conditions, fluorescence 

intensity further increased, possibly improving imaging quality in vivo. 

All in all, these experiments ensured stable expression of tdTomato in both lymphoma cell 

lines: tdTomato+ U-2932 (U-2932tdt) and tdTomato+ OCI-LY10 (OCI-LY10tdt). 
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4.3 Visualization of PCNSL growth in vivo 

TPLSM enables users to create high quality three-dimensional image stacks with 

single-cell resolution and very low phototoxicity. Combining TPLSM with a chronic cranial 

window allows for long-term follow up of individual tumor cells inside the mouse cortex 

(Kienast et al. 2010; von Baumgarten et al. 2011). Therefore, our next aim was to analyze 

the development and growth characteristics of primary CNS lymphoma in vivo. 

After implantation of a cranial window, the leptomeninges and the cortex could be 

visualized up to a depth of 500 µm. Two weeks after implantation of a cranial window, we 

injected 2.5 x 105 U-2932tdt or OCI-LY10tdt into the mouse cortex 1 mm lateral, 2 mm 

posterior to the bregma, at an intraparenchymal depth of 1 mm. Over time, PCNSL growth 

and the intracerebral vasculature, visualized with i.v. FITC-dextran injection, were followed 

repeatedly (Figure 11). To the best of our knowledge, these are the first experiments 

illustrating in vivo PCNSL growth in detail.  

During the first days after stereotactic tumor cell implantation, a small cluster of lymphoma 

cells were found at the injection site. These cells formed a solitary lesion with close cell-

cell contacts and a close association with preexisting intracerebral blood vessels. A few 

cells were seen infiltrating into the intraparenchymal peritumoral vicinity. Over the course 

of several weeks, tumor growth led to enlargement of the visible part of the tumor. 43 days 

after tumor implantation, single cortical tumor cells were found at distant sites such as the 

contralateral brain hemisphere, reflecting the histopathological growth pattern of advanced 

human PCNSL, often being considered a whole brain disease (Lai, Rosenblum, and 

DeAngelis 2002).  

Following tumor growth over time, numerous satellite cells became visible. These cells, 

visible at a distance of more than 100 µm to solid tumors, often showed close contact with 

blood vessels. Some of these satellite cells were found at the same position over several 

weeks, resembling dormant tumor cells, i.e. quiescent cells with no apparent mitotic 

activity (Aguirre-Ghiso 2007). In time lapse analyses, these satellite cells, similar to tumor 

cells inside the solid tumor, showed no relevant migratory behavior over a time frame of 

one hour. 
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Figure 11 – Two-photon microscopy of cortical PCNSL growth in vivo. 

Representative TPLSM images of PCNSL growth for 51 days after stereotactic intracortical implantation of 2.5 

x 10
5
 tdTomato

+
 U-2932 (U-2932tdt) cells. Mosaics of maximum intensity projections with dimensions of 555 x 

555 x 400 µm (x/y/z) per region of interest (ROI). Blood vessels were visualized after i.v. injection of FITC 

dextran in green, with tdTomato
+
 lymphoma cells (U-2932tdt) in red. Scale bar, 100 µm. 

 

 

Thus, combining a chronic cranial window, stereotactic intracerebral implantation of stably 

fluorescent lymphoma cells and regular TPLSM enables repeated analysis of in vivo 

PCNSL growth in unprecedented detail. 
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4.4 In vitro analysis of h1928zCAR T cell cytotoxicity 

The most successful CARs to date are second-generation anti-human CARs targeting 

CD19, a surface antigen specifically expressed by cells of the B cell lineage (Sadelain 

2015). Recently, it has been reported that the widely used U-2932 cell line is comprised of 

two different subclones of cells, representing two phenotypically stable subpopulations 

with double peaks of individual CD markers, including CD19 (Quentmeier et al. 2013). 

Therefore, to verify that anti-CD19 CAR T cell effects on lymphoma cells are specifically 

based on CAR function rather than on varying antigen expression on tumor cells, we 

restricted the following in vitro and in vivo experiments using CAR T cells to the human 

CD19+ DLBCL cell line OCI-LY10tdt.  

In our experiments, we used the h1928z anti-human CD19 CAR (consisting of a murine 

anti-human CD19 scFv, a murine CD28 costimulatory domain, and the murine CD3zeta 

intracellular signaling domain), modified from (Paszkiewicz et al. 2016). To evaluate the 

therapeutic efficacy of h1928z CAR T cells in the treatment of orthotopic PCNSL, we 

decided to first test their cytotoxic capabilities in vitro. 

h1928z CAR T cells are produced by transduction of in vitro activated murine T cells using 

CD3 and CD28 antibodies in IL-2 containing cell medium. In addition to the chimeric 

antigen receptor, these activated T cells are equipped with functional T cell receptors 

(TCR). Therefore, murine CAR T cells theoretically possess two independent mechanisms 

of killing human lymphoma cells: via TCR-signaling or via CAR-signaling. Hence, 

comparison to similarly activated murine T cells is necessary to delineate CAR-specific 

cytotoxicity. To further control for potential effects of the transduction procedure on T cell 

cytotoxicity, we decided to compare the functional h1928z CAR T cells to T cells 

transduced with m1928z, a CAR construct specifically binding to murine CD19, an antigen 

not present on human lymphoma cells. 

Therefore, we compared the in vitro cytotoxicity of two different second-generation CAR 

constructs:  

 

- The anti-human CD19 (h1928z) CAR, targeting human CD19 present on the 

surface of OCI-LY10tdt cells 

- The anti-mouse CD19 (m1928z) CAR, targeting murine CD19 not present on the 

surface of OCI-LY10tdt cells. 
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To further determine the most effective effector cell / target cell (E / T) ratio, we cultured 

7,500 OCI-LY10tdt cells together with CAR T cells at CAR T cell / OCI-LY10tdt cell ratios 

ranging from 1:128 to 2:1. After 4 hours of co-culture, h1928z CD19 CAR T cells showed 

ratio-dependent cytotoxicity, with up to 60% of OCI-LY10tdt cells dead after co-incubation 

at an E / T ratio of 2:1 (Figure 12). Surprisingly, in the control group using m1928z CAR T 

cells, less than 3 percent of lymphoma cells were killed, suggesting that irrespective of 

chimeric antigen receptor, murine T cells show no significant contribution of TCR signaling 

to tumor cytotoxicity during 4 h of in vitro co-culture. 

 

 

 

Figure 12 – In vitro cytotoxicity of h1928z CAR T cells and m1928z CAR T cells.  

h1928z CAR T cells exhibit a ratio-dependent cytotoxicity against human OCI-LY10tdt cells, while m1928z 

CAR T cells do not lead to tumor cell lysis. In vitro LDH assay, measuring cellular cytotoxicity of h2918z CAR 

T cells and m1928z CAR T cells against human CD19
+
 OCI-LY10tdt cells across a range of different effector / 

target cell ratios after 4 hours of co-incubation. Mean +/- standard deviation of triplicate wells. 
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4.5 Allogeneic CAR T cells control PCNSL growth, but persist for 

less than 3 weeks 

Next, we aimed to assess the therapeutic utility of h1928z CAR T cells in PCNSL in vivo. 

Establishment of a big, solid tumor with at least 500 µm in visible, superficial diameter 

usually occured 10-14 days after tumor implantation. Accordingly, 14 days after tumor 

implantation, allogeneic green fluorescent h1928z CAR T cells (derived from C57BL/6J 

beta-actin eGFP+ mice) were stereotactically injected into the mouse cortex 1 mm 

posterior of the tumor injection site, at a depth of 500 µm (day 1). 

4 days after CAR T cell injection, T cells were found inside the tumor and the tumor 

periphery in high numbers (Figure 13). The number of visible T cells further increased 

over the following days, while the visible tumor size kept growing very slowly (at a much 

slower rate compared to tumor growth without CAR T cell therapy). At day 15, CAR T cells 

were still visible intra- and peritumorally in high numbers. Surprisingly, on day 21 after T 

cell injection, CAR T cell number dropped dramatically intratumorally (Figure 13) as well 

as extratumorally (n = 3 mice). 
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Figure 13 – Two-photon microscopy of tumor growth after allogeneic h1928z CAR T cell injection. 

Stereotactic injection of allogeneic h1928z CAR T cells impedes tumor growth, but CAR T cells persist for less 

than three weeks. (A) Two weeks after intracortical tumor implantation, 5x10
4
 allogeneic h1928z CAR T cells 

were stereotactically injected at a distance of 1 mm posterior to the tumor. Four days after CAR T cell 

injection, intra- and peritumoral CAR T cell accumulation becomes visible. On day 7 after CAR T cell injection, 

intratumoral T cells reach their peak density, while on day 15 still many intratumoral CAR T cells are found. On 

day 21, nearly no intratumoral CAR T cells remain visible, with exponential tumor growth taking place 

thereafter. Rectangle depicting the same ROI over time, details in (B). Intratumoral tdTomato
+
 OCI-LY10 cells 

in red, beta-actin-eGFP
+
 h1928z CAR T cells in green. Mosaic of maximum intensity projections with 

dimensions of 450 x 450 x 400 µm (x/y/z) per ROI. Representative cellular dynamics of three mice. Scale 

bars, 100 µm. 
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These results suggest that intracranial injection of allogeneic h1928z CAR T cells can 

control tumor growth, but do not lead to tumor regression, possibly due to their limited 

intratumoral and intracerebral persistence.  

After intravenous injection of murine CAR T cells into allogeneic recipients, CAR T cell 

number has been reported to similarly diminish dramatically following day 15 after 

injection, consistent with rapid deletion in the context of graft-versus-host disease (Jacoby 

et al. 2016). Although our mice did not develop any symptoms suggestive of graft-versus-

host disease, it seems conceivable that the limited persistence of the h1928z CAR T cells 

is due to the allogeneic background. Similar results have been described in irradiated 

mice receiving bone marrow transplantation, where rapidly proliferating T cells underwent 

peripheral apoptosis in allogeneic recipients, peaking between day 14 and day 21 after 

injection (Alpdogan et al. 2008). Therefore, we next aimed to assess the persistence of 

syngeneic h1928z CAR T cells compared to syngeneic mock CAR T cells after 

stereotactic, intracortical injection. The following experiments have been conducted with T 

cells isolated from syngeneic, heterozygous Foxn1nu/+ mice retaining functional T cells. 

 

 

4.6 Syngeneic CAR T cells eradicate PCNSL and persist for more 

than 4 weeks 

For successful CAR T cell therapy, four steps are necessary for complete remission with 

sustained anti-tumor immunity: 

1) CAR T cell trafficking into the solid tumor 

2) CAR T cell activation and proliferation 

3) Anti-tumor cytotoxicity, leading to tumor regression 

4) Long term persistence of CAR T cells  

 

None of these features has so far been visualized in vivo.  

To address these four characteristics of successful CAR T cell therapy in an established 

cerebral tumor microenvironment in detail, we compared syngeneic eGFP transduced 

h1928z CAR T cells to mock CAR T cells, missing the obligate extracellular scFv domain. 
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14 days after intratumoral implantation, we injected 5x104 CAR T cells into the cortex of 

mice bearing large, established PCNSL with a visible diameter of >500 µm.  

During the 4 weeks following intracortical T cell injection, we performed regular TPLSM 

(Figure 14). Here, mock CAR T cells were present inside the cerebral tumor starting at 

day 4 after injection. While after 14 days, intratumoral T cells could still be seen, T cell 

numbers were significantly diminishing afterwards. Tumor growth was seemingly 

unimpeded during these four weeks, culminating in the development of a massive tumor 

with more than 3000 µm diameter at day 28, extending onto the contralateral brain 

hemisphere (Figure 14. The vertical gap in red fluorescence on the left side of the big 

panel (black) represents the superior sagittal sinus separating both brain hemispheres). 

 

 

Figure 14 – Serial TPLSM of the interaction between mock CAR T cells and PCNSL. 

Stereotactic injection of syngeneic mock CAR T cells (green) do not control orthotopic OCI-LY10tdt (red) 

growth and mock CAR T cells persist for less than three weeks. TPLSM images of intracranial PCNL growth 

for 28 days after intracortical mock CAR T cell injection. Four days after injection, mock CAR T cells 

accumulated intra- and peritumorally. At day 14, slightly less intratumoral mock CAR T cells were seen, while 

tumor size increased. Starting from day 21, only singular mock CAR T cells remained intratumorally. At day 

28, the intracerebral tumor reached a diameter of more than 3000 µm, with less than 5 T cells present 

intratumorally. Mosaic of maximum intensity projections with dimensions of 450 x 450 x 400 µm (x/y/z) per 

ROI. Representative images of 4 mice. Scale bars, 100 µm. 

 

In contrast, stereotactic injection of syngeneic h1928z CAR T cells led to a high 

intratumoral T cell density already at day 4 (Figure 15). Interestingly, intratumoral h1928z 

CAR T cell number further increased until day 14, and reached peak density at day 21 
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after T cell injection, while tumor size did not increase. 4 weeks after T cell injection, 

similar high T cell numbers were seen, while the tumor regressed with only two single 

tumor cells remaining visible (big panel, tumor cells indicated with a circle). 

 

Figure 15 – Serial TPLSM of the interaction between h1928z CAR T cells and PCNSL. 

Injection of syngeneic h1928z CAR T cells (green) leads to tumor regression and T cell persistence in high 

numbers for more than four weeks. TPLSM images of intracranial OCI-LY10tdt growth and tumor regression 

for 28 days after intracortical h1928z CAR T cell injection. 4 days after intracortical injection, syngeneic 

h1928z CAR T cells accumulated intra- and peritumorally. During the following weeks, CAR T cell number 

increased until intratumoral CAR T cell number reached its peak number on day 21. On day 28, the solid 

intracerebral lymphoma completely regressed (with only two tumor cells remaining visible, indicated with a 

circle in the big panel), while h1928z CAR T cells persisted in high numbers around the tumor injection site. 

Mosaics of maximum intensity projections with dimensions of 450 x 450 x 400 µm (x/y/z) per ROI. Scale bars, 

100 µm. 

 

 

4.6.1 CAR T cell trafficking into solid tumor 

Next, we aimed to validate our observations by quantifying intratumoral CAR T cell density 

for h1928z CAR T cells and mock CAR T cells. 
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Directly after stereotactic T cell injection (day 0), mock CAR T cells as well as h1928z 

CAR T cells were present in the area surrounding T cell injection, but not inside the solid 

tumor (data not shown), providing evidence that intratumoral T cell numbers are the result 

of active T cell migration. As expected, on day 4 after T cell implantation, h1928z CAR T 

cells from both groups were found inside the tumor (Figure 16A). Already on day 4, 

intratumoral h1928z CAR T cells accumulated in higher numbers compared to mock CAR 

T cells. On day 8, intratumoral CAR T cell number further increased in both groups, 

reaching its peak density in the mock CAR T cell group. In the following weeks, mock 

CAR T cell numbers consistently decreased; at day 21 and 28, only low numbers of 

intratumoral mock CAR T cells were found. h1928z CAR T cells, on the other hand, 

showed a larger increase in number and reached their maximum intratumoral number at 

day 21 after T cell injection. At all time points after T cell injection, intratumoral h1928z 

CAR T cells exceeded the number of intratumoral mock CAR T cells (Figure 16A). 

As PCNSL is a “whole brain disease” with infiltrative growth throughout the whole CNS 

(Lai, Rosenblum, and DeAngelis 2002), contralateral migration of CAR T cells would be 

suggestive of active CAR T cell surveillance of areas distant to the main tumor, potentially 

increasing the chance of immunotherapy to reach satellite lesions necessary for complete 

tumor eradication. Therefore, we determined to quantify the intracortical CAR T cell 

density in the contralateral brain hemisphere. To inhibit selection bias of areas showing 

higher T cell densities, we specifically measured the ROI directly opposite of the tumor 

injection site (i.e. in the contralateral brain hemisphere). 

In the contralateral brain hemisphere, cellular kinetics are similar to intratumoral T cell 

numbers, although at lower numbers (Figure 16B). On day 4 after T cell injection, T cells 

of both groups have migrated to the region contralateral to the tumor injection site. On day 

8, contralateral T cell number increases in both groups, showing no difference between 

groups. On day 14, mock CAR T cell number decreases, while h1928z CAR T cell number 

increases. On day 21 after T cell injection, mock CAR T cells are depleted, while h1928z 

CAR T cells can still be seen in high numbers (albeit in lower numbers compared to 

intratumoral h1928z CAR T cells). On day 28, h1928z CAR T cells are still present 

contralaterally, while the region contralateral to tumor injection was overgrown by tumor in 

3 of 4 mice, precluding valid determination of contralateral mock CAR T cell number. 
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Figure 16 – Intratumoral and contralateral CAR T cell density. 

h1928z CAR T cells show higher intratumoral numbers and persistence compared to mock CAR T cells (A). In 

the contralateral hemisphere, h1928z CAR T cells persist longer and at higher densities than mock CAR T 

cells (B). A) Intratumoral h1928z CAR T cell density increased until day 21 and h1928z CAR T cells stayed 

present in high numbers for at least 28 days. Intratumoral mock CAR T cells increased in number until day 8. 

14 days after injection, intratumoral mock CAR T cells are less frequent and only exceptionally visible 

thereafter. T cell numbers quantified of 2 three-dimensional ROIs from 4 mice per group per time point. Pooled 

data from 4 independent experiments. Mean +/- s.e.m. Comparisons were made using the Mann-Whitney U 

test. *p < 0.05, **p < 0.01, ***p < 0.001. B) Both h1928z CAR T cells as well as mock CAR T cells migrated 

into the contralateral brain hemisphere, where they became visible already four days after injection, albeit at 

lower numbers compared to intratumoral T cells. Contralateral h1928z CAR T cells further increased in 

number over the following days and weeks, whereas contralateral mock CAR T cells were diminished in 

numbers until day 21. On day 28, in 3 of 4 mock CAR T cell mice, the tumors extended into the region 

contralateral to the tumor injection site, precluding quantification of contralateral mock CAR T cell number. In 

the h1928z CAR T cell group, T cells are still present in high numbers contralaterally for 28 days after 

injection. CAR T cell density of the ROI exactly contralateral to tumor injection site from 4 mice per group per 

time point. Pooled data from 4 independent experiments. Mean +/- s.e.m. Comparisons were made using the 

Mann-Whitney U test. ns = not significant, *p < 0.05. 

 

 

To summarize, h1928z CAR T cells invaded the tumor in higher numbers, increased in 

number during a larger period, and persisted longer compared to mock CAR T cells. In the 

A 

B 
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contralateral brain hemisphere, h1928z CAR T cells and mock CAR T cells were initially 

found in similar numbers, but h1928z CAR T cells increased in number and persisted for 

more than 28 days, whereas mock CAR T cells were depleted at day 21 both 

intratumorally and contralaterally. 

 

 

4.6.2 Intratumoral and intracortical CAR T cell distribution 

Not only the intratumoral density of T cells, but also their intratumoral distribution plays a 

major role in anti-tumor efficacy. Especially in solid tumors, several physical and 

immunological barriers exist, potentially limiting CAR T cell penetration into the tumor core 

(Yong et al. 2017; Newick et al. 2017). Therefore, we determined the intratumoral and 

intracortical T cell z-position, i.e. the distance measured to the brain surface (0 µm = 

superficial, 400 µm = 400µm beneath the surface, Figure 9). 

Interestingly, at all time points, T cells of the mock CAR group were predominantly 

accumulating at the most superficial intracerebral position (Figure 17A, B). This 

corresponds to the meningeal and subarachnoid space, where T cell immune surveillance 

is physiologically located in the healthy brain (Kivisakk et al. 2009; Ousman and Kubes 

2012). Deep inside the tumor (i.e. more than 100 µm below the brain surface), more 

h1928z CAR T cells were found at all time points. (Figure 17C). 
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Figure 17 – Intratumoral distribution of h1928z CAR T cells and mock CAR T cells. 
h1928z CAR T cells migrate deeper into the tumor compared to mock CAR T cells, who remain located at the 

tumor border. A, B) Examples of maximum intensity projections of intratumoral TPLSM images visualized in 

parallel (xy) or perpendicular (xz) to the cranial window 14 days after T cell injection. Intracerebral OCI-

LY10tdt cells in red, mock CAR T cells (A) and h1928z CAR T cells (B) in green. Scale bars, 100 µm. C) 

Quantification of intratumoral T cell depth as shown in (A, B). Intracerebral depth below meningeal surface of 

individual intratumoral T cells. Already at day 4 after T cell injection, h1928z CAR T cells accumulated at a 

deeper intratumoral position compared to mock CAR T cells, the majority of which remained at the 

subarachnoid space during the whole observation period. After tumor regression (at day 28, 2 of 4 mice in the 

h1928z CAR group, 0 of 4 mice in the mock CAR group), T cell position at the tumor injection site has not 

been included in this analysis. Results combined from two three-dimensional regions of interest of 4 mice per 

group per time point. Pooled data from 4 independent experiments. Median +/- interquartile range. 

Comparisons were made using the Mann-Whitney U test. *p < 0.05, ****p < 0.0001. 

C 
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As mock CAR T cells were restricted to the tumor border at the superficial, subarachnoid 

portion of the tumor, we next assessed the “lateral” (x/y) tumor borders, more than 100µm 

beneath the most superficial tumor compartment. Indeed, also at the lateral borders of the 

tumor located in deeper areas, mock CAR T cells accumulated in higher numbers at the 

borders compared to the tumor core (Figure 18). h1928z CAR T cells, on the other hand 

showed a homogenous distribution throughout the tumor, with no preferred accumulation 

at the tumor border or the subarachnoid space (Figure 17, Figure 18).  

 

 

Figure 18 – TPLSM of deeper tumor regions illustrating T cell numbers at the tumor border. 

Mock CAR T cells accumulate at the tumor border, whereas h1928z CAR T cells accumulate at the tumor 

core. Representative TPLSM images showing the border of the solid, intracerebral lymphoma 14 days after T 

cell injection. Maximum intensity projections of 450 x 450 x 55 µm (x/y/z), 100 µm below the most superficial 

tumor portion. OCI-LY10tdt cells in red, mock CAR T cells (A) or h1928z CAR T cells (B) in green. Scale bar, 

100 µm. 

 

 

As we have shown that mock CAR T cells accumulated at the tumor border, the question 

remained if h1928z CAR T cells similarly accumulated below the subarachnoid (i.e. at the  

intraparenchymal) compartment in the healthy, contralateral brain hemisphere, which 

would suggest increased intraparenchymal CAR T cell surveillance without localized 

inflammatory, chemotactic stimuli.  

As expected, also in the contralateral brain hemisphere, mock CAR T cells and h1928z 

CAR T cells both initially accumulated in equal numbers in the subarachnoid compartment 

of the brain (Figure 19). Also here, until day 21 after T cell injection, mock CAR T cell 

number decreased, with only two mock CAR T cells present in the contralateral 
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subarachnoid space (results pooled from four mice). Conversely, h1928z CAR T cells 

remained present at a higher density in the subarachnoid space for at least 28 days after 

T cell injection. Additionally, h1928z CAR T cells migrated into the brain parenchyma in 

high numbers starting at day 14, suggesting a higher intraparenchymal h1928z CAR T cell 

immune surveillance compared to mock CAR T cells. 

 

 

Figure 19 – Contralateral distribution of h1928z CAR T cells and mock CAR T cells. 
Contralateral to the tumor injection site, T cells accumulated in the subarachnoid compartment, visualized by 

second harmonic generation (SHG) signal generated by collagenous arachnoid trabeculae. Also 

contralaterally, only h1928z CAR T cells persisted for more than three weeks. A, B) Examples of cortical 

three-dimensional two-photon microscopy images visualized in parallel (xy) or perpendicular (xz) to the cranial 

C 
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window. Mock CAR (A) or h1928z CAR T cells (B) in green, second harmonic generation (SHG) signal of 

arachnoid trabeculae (collagen) in blue. Scale bars, 100 µm. C) Quantification of intratumoral T cell depth as 

shown in A, B. Cortical depth below meningeal surface of individual T cells. Contralateral to the tumor injection 

site, both h1928z CAR T cells and mock CAR T cells were visible in the subarachnoid space, where they 

stayed present during the whole observation period. Starting at day 14, h1928z CAR T cells were also found 

in the brain parenchyma (below the subarachnoid space, i.e. at least 100 µm below the meningeal surface), 

while intraparenchymal mock CAR T cells were not visible. On day 28, in 3 of 4 mock CAR T cell mice, the 

tumors extended into the region contralateral to the tumor injection site, precluding quantification of 

contralateral mock CAR T cell z-position. Results from the ROI contralateral to tumor injection site of 4 mice 

per group per time point. Pooled data from 4 independent experiments. Median +/- interquartile range. 

 

 

To summarize, h1928z CAR T cells invaded the tumor in higher numbers and distributed 

evenly inside the tumor, where they also persisted for more than 28 days. Also in the brain 

hemisphere contralateral to the tumor injection site, more h1928z CAR T cells are present 

inside the brain parenchyma (>100 µm below the meningeal surface). In contrast, mock 

CAR T cells accumulated at the tumor border in low numbers, persisting for less than 21 

days. In the contralateral brain hemisphere, mock CAR T cells were found in the 

subarachnoid space for less than 21 days, and did not invade the brain parenchyma in 

significant numbers.  

 

 

4.6.3 CAR T cell activation and proliferation 

So far, we have used TPLSM to delineate intratumoral and contralateral CAR T cell 

numbers and their distribution over the course of several weeks. Additionally, TPLSM 

offers the possibility of three-dimensional time lapse movies to analyze individual T cell 

behavior over time. Analyzing these cell movements at each time point, we sought to 

compare intratumoral and contralateral T cell velocities. Therefore, we evaluated eventual 

differences between mock CAR T cell and h1928z CAR T cell migration during tumor 

growth and regression (Figure 20).  

Four days after T cell injection, intratumoral h1928z CAR T cells migrated at a lower 

velocity compared to intratumoral mock CAR T cells. Also on day 8 after T cell injection, 

intratumoral h1928z CAR T cell velocity was slower than mock CAR T cell velocity. 

Interestingly, starting at day 14, median velocity of intratumoral h1928z CAR T cells 

increased over the following weeks, whereas intratumoral mock CAR T cell velocity 

stayed low (at very low intratumoral T cell numbers).  
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Figure 20 – Intratumoral CAR T cell velocity. 
During the first 8 days after injection, h1928z CAR T cells migrated at lower velocities than mock CAR T cells. 

Starting at day 14, intratumoral h1928z CAR T cell velocity increased, while the absolute number of stationary 

CAR T cells remained high. Intratumoral mock CAR T cells remained slow (at low numbers). A, B) Examples 

of (A) TPLSM images of OCI-LY10tdt cells (red), h1928z CAR T cells (green) and (B) three-dimensional 

reconstruction of h1928z CAR T cells (green) with intratumoral migration tracks in white. Time lapse movie of 

30 minutes duration, four days after T cell injection. C) Quantification of individual, intratumoral T cell velocity 

of migration tracks as shown in (B). Each dot represents one CAR T cell track. Results from pooled time lapse 

microscopy movies of at least 30 minutes duration (recording every 30 seconds) per time point, ROI of 450 x 

450 x 66 µm (x/y/z) starting at least 100 µm underneath the most superficial tumor compartment. Pooled data 

from 4 independent experiments. Median +/- interquartile range. Time points with less than 50 intratumoral T 

cells after pooling were not compared. Comparisons were made using the Mann-Whitney U test. *p < 0.05, 

****p < 0.0001. 

 

In the contralateral hemisphere, h1928z CAR T cells and mock CAR T cells migrate at a 

similar velocity (Figure 21), indicating that CAR expression does not influence migratory 

velocity in the absence of the scFv-specific tumor antigen. After regression of all tumor 

C 
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cells at the tumor injection site at day 28 and 42 after T cell injection, h1928z CAR T cells 

resumed migratory velocities similar to contralateral h1928z CAR T cell velocities. 

 

 

Figure 21 – Contralateral and cortical CAR T cell velocities after tumor regression. 

In the contralateral hemisphere, h1928z CAR T cells and mock CAR T cells migrated at similar velocities. 

After tumor regression, h1928z CAR T cells at the tumor injection site resumed velocities similar to 

contralateral velocities. Individual extratumoral T cell velocity. Results from pooled time lapse microscopy data 

of at least 30 minutes per time point. Pooled data from 4 independent experiments. Median +/- interquartile 

range. Comparisons were made using the Mann-Whitney U test. ns = not significant. 

 

 

Intratumoral CAR T cell number could theoretically be increased by increased migration, 

longerer persistence, or by increased CAR T cell proliferation. To evaluate intratumoral 

proliferation rates, time lapse movies were manually analyzed for mitotic cell divisions. 

Interestingly, in the h1928z CAR T cell group, several intratumoral mitoses were visible 

(Figure 22). In contrast, during all time lapse videos analyzed, no tumor cell mitosis was 

visible, suggesting that intratumoral CAR T cell proliferation rates exceeded the 

proliferation rate of the intracranial PCNSL cells. 
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Figure 22 – Example of intratumoral h1928z CAR T cell mitosis in vivo. 

TPLSM time lapse movie of 30 minutes duration. Maximum intensity projections of 450 x 450 x 66 µm (x/y/z), 

image acquisition every 30 seconds. Scale bars, 50 µm. 

 

4.6.4 Anti-tumor cytotoxicity, leading to tumor regression 

Intracerebral tumor volume can be approximated by calculation of a sphere using the 

tumor diameters visible through the cranial window via epifluorescence microscopy. 

Following stereotactic injection of CAR T cells, the tumor volume of the mock CAR T cell 

group increased significantly compared to the h1928z CAR T cell group during an 

observation period of 42 days after tumor implantation (Figure 23). 

 

 

Figure 23 – Intracranial PCNSL growth after injection of CAR T cells. 

Mice receiving mock CAR T cells showed increased tumor volume at all time points compared to mice after 

h1928z CAR T cell injection. 14 days after PCNSL implantation, 5x10
4
 h1928z CAR T cells or mock CAR T 

cells were injected at a distance of 1 mm posterior to the tumor. Mean +/- s.e.m. Comparisons were made 

using the Mann-Whitney U test. *p < 0.05, **p < 0.01, n = 5 mice (mock CAR group) or 6 mice (h1928z CAR 

group).  
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Furthermore, after injection of h1928z CAR T cells, 4 of 6 mice (66,7%) showed complete 

regression of these large, established PCNSL, while one mouse developed symptoms 

albeit a very small sized tumor (due to intraventricular tumor growth; Figure 24). Only 1 of 

these 6 mice had progressive tumor growth despite numerous intratumoral h1928z CAR T 

cells. After injection of mock CAR T cells, 4 of 5 mice (80%) developed large, intracerebral 

PCNSL (Figure 24). Interestingly, injection of mock CAR T cells led to complete 

regression of large established PCNSL in 1 out of 5 mice (20%), suggesting potential anti-

tumor activity of activated mock CAR T cells.  

 

 

Figure 24 – Individual intracerebral tumor volume after mock CAR / h1928z CAR T cell injection. 

Tumor volume of the same mice seen in Figure 23. In the mock CAR T cell group (n = 5, tumor volume in 

blue), tumors continued to grow in 4 of 5 mice. In 1 mouse, the tumor completely regressed with no visible 

tumor cells for more than 100 days, indicating potential antitumor activity of murine mock CAR T cells against 

human OCI-LY10-tdt cells in vivo. After h1928z CAR T cell injection (n = 6, tumor volume in green), 4 of 6 

tumors completely regressed for the observation period, one tumor stayed at a small size, while only one 

tumor progressed. Data pooled from 6 independent experiments. 

 

 

 

4.6.5 Long term persistence of CAR T cells 

Successful anti-tumor immunotherapy with CAR T cells not only leads to complete tumor 

regression, but ideally also results in long term persistence of tumor-specific CAR T cells, 

indicating higher therapeutic potential. Indeed, intracerebral h1928z CAR T cells remained 

visible for up to 159 days after h1928z CAR T cell injection, without recurrence of visible 

tumor cells (Figure 25, Figure 26).  
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Figure 25 – TPSLM of intracranial h1928z CAR T cell persistence. 

h1928z CAR T cells persisted intracranially for more than 98 days after tumor regression. 10 weeks after 

tumor regression (same mouse as in figure 15), no tumor cells were visible, while h1928z CAR T cells (in 

green) were visible across the whole brain surface. Scale bar, 100 µm. 

 

To increase therapeutic efficacy, long-term persistence of intracerebral CAR T cells would 

also lead to systemic presence of these cells, thereby extending the immunosurveillence 

against distant metastases or newly arising tumor cells otherwise escaping the 

intracerebral CAR T cell induced immune response. 28 days after stereotactic h1928z 

CAR T cell injection, numerous CAR T cells became visible inravascularly during intravital 

epifluorescence imaging. Importantly, the number of intravascular h1928z CAR T cells, as 

well as the fraction of mice showing intravascular presence of h1928z CAR T cells further 

increased over the following days & weeks. These intravascular T cells remained visible, 
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similar to intracerebral CAR T cells, for up to 159 days after intracranial h1928z CAR T 

cell injection (Figure 26).  

 

 

Figure 26 – Epifluorescent imaging of intravascular and intracerebral h1928z CAR T cells. 

159 days after intracranial h1928z CAR T cell injection, intravascular h1928z CAR T cell were seen 

intravascularly (one example indicated with a circle) as well as intracerebrally. 3 consecutive frames acquired 

with a CCD camera and epifluorescent illumination. 25ms between each frame. Scale bar, 50 µm. Same 

mouse as in figure 15 and 25. 

 

 

4.7 Histopathological validation 

Although the surgical removal of the dura mater during implantation of the cranial window 

was done four weeks before CAR T cell injection, procedure-related effects on 

intracerebral CAR T cell behavior cannot be completely ruled out, especially concerning 

the leptomeningeal position of injected CAR T cells. Therefore, we wanted to validate our 

results, in another experiment without implantation of a chronic cranial window. Again, 14 

days after stereotactic tumor implantation CAR T cells were injected at a distance of 1 mm 

posterior to the tumor injection site. Although this time, we restricted the therapeutic dose 

to only 2x104 h1928z CAR T cells or mock CAR T cells (compared to 5x104 in the 

experiments above). 28 days after T cell injection, the mice were perfused and the brains 

were analyzed for tumor size and T cell density by immunofluorescence. Similar to the 

results obtained by TPLSM, immunofluorescence showed development of big PCNSL in 

mice treated with mock CAR T cells (Figure 27). These tumors show intraventricular 

dissemination (A, B), contact to the subarachnoid compartment (C), and very low 

intratumoral mock CAR T cell density (C, D), corroborating the results obtained by 

TPLSM.  
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Figure 27 – Immunofluorescence of PCNSL 28 days after mock CAR T cell injection. 

Intracortical injection of mock CAR T cells led to development of a big, intraparenchymal PCNSL with 

intraventricular tumor dissemination and low intratumoral T cell density. 14 days after stereotactic intracortical 

implantation of 2.5 x 10
5
 OCI-LY10tdt cells, mock CAR T cells were injected at a distance of 1 mm posterior to

the tumor injection site. 28 days after T cell injection (42 days after tumor injection), a big cortical tumor with 

intraventricular growth (A) and ventricular dissemination (B) developed with absent (C) or low (D) intratumoral 

mock CAR T cell numbers. Representative immunofluorescence of OCI-LY10tdt cells with CD20 

immunostaining (red), eGFP signal (green) and DAPI nuclear staining (blue). Scale bars, 1 mm (big panel) or 

200 µm (A, B, C, D). 
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In contrast, 28 days after injection of h1928z CAR T cells, PCNSL size was smaller 

(Figure 28), showing dense tumor infiltration by h1928z CAR T cells (B). Interestingly, 

h1928z CAR T cells additionally showed intraventricular and subependymal dissemination 

(A, C), another important compartment for cerebral immune surveillance. Also, numerous 

h1928z CAR T cells were found along the leptomeninges (D), further corroborating the 

results obtained by TPLSM, where numerous 1928z CAR T cells were found within the 

subarachnoid space. This extent of h1928z CAR T cell dissemination was quite surprising, 

considering the thickness of the cryosections of only 15 µm. 
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Figure 28 – Immunofluorescence of PCNSL 28 days after h1928z CAR T cell injection. 

Intracortical injection of h1928z CAR T cells led to regression of PCNSL with high intratumoral h1928z CAR T 

cell numbers. 14 days after stereotactic intracortical implantation of 2.5x 10
5
 OCI-LY10tdt cells, h1928z CAR T

cells were injected at a distance of 1 mm posterior to the tumor injection site. 28 days after T cell injection (42 

days after tumor injection), only a small, subcortical tumor developed with a high intraventricular (A, C) and 

intratumoral h1928z CAR T cell density (B). Note the subependymal (A, C) and meningeal (D) position of 

patrolling h1928z CAR T cells. Representative immunofluorescence of OCI-LY10tdt cells with CD20 

immunostaining (red), eGFP signal (green) and DAPI nuclear staining (blue). Scale bars, 1 mm (big panel) or 

200 µm (A, B, C, D). 
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To quantify tumor volume, we delineated the tumor area for each 15 µm thick cryosection 

every 495 µm throughout the whole brain. In the mock CAR T cell group, 5 out of 7 mice 

developed big, cerebral lymphomas, while 2 out of 7 mice had no cerebral tumors (Figure 

29, blue). In the h1928z CAR T cell group, only 1 out of 7 mice showed big cerebral 

lymphoma growth, while 2 of 7 mice showed very small tumors, and 4 of 7 mice showed 

no intracerebral lymphoma growth (Figure 29, green).   

 

 

 

Figure 29 – Tumor volume measured via immunofluorescence. 

Treatment with intracranial h1928z CAR T cells reduced intracerebral tumor volume. 14 days after intracranial 

tumor injection, h1928z CAR T cells or mock CAR T cells were stereotactically injected at a distance of 1 mm 

posterior to the tumor. 28 days after T cell injection (42 days after tumor implantation), 15 µm thick 

cryosections every 495µm were immunofluorescently analyzed for tumor area and tumor volume calculated 

accordingly. Wilcoxon test. *p < 0.05. n = 7 mice per group. 

 

 

Comparing intratumoral CAR T cell numbers in all mice with intracranial PCNSL still 

present, mice treated with h1928z CAR T showed consistently higher intratumoral CAR T 

cell density compared to mice treated with mock CAR T cells (Figure 30).  
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Figure 30 – Intratumoral T cell number. 

Intratumoral CAR T cell number was higher in mice treated with h1928z CAR T cells compared to mice treated 

with mock CAR T cells. All mice with visible intracranial tumor cells (mock CAR T cells, in blue, n = 5 of 7, 

h1928z CAR T cells in green: n = 3 of 7) were included. Comparison was made using the Mann-Whitney U 

test. *p < 0.05.  

 

 

In mice, tumor growth eventually led to body weight loss, which is a sensitive marker for 

neurological symptoms in animal models of cerebral cancer. Stereotactic T cell or tumor 

cell implantation under general anesthesia leads to initial body weight loss, which is 

usually regained during postoperative reconvalescence. Decreased regain of body weight 

can therefore be used as a sensitive marker for impaired neurological wellbeing due to 

tumor growth or due to neurotoxic side effects of adoptive cell therapy. 

In our experiment, in which the experimental end point (42 days after tumor implantation) 

was chosen before the development of neurological symptoms due to tumor growth was 

expected, body weight of both groups was compared (Figure 31). There was no difference 

in body weight change after CAR T cell therapy, suggesting that neither tumor growth nor 

CAR T cell therapy led to the development of neurological symptoms.  
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Figure 31 – Body weight after intracranial CAR T cell injection. 

Initially after stereotactic CAR T cell injection, mice of both groups had slightly decreased body weight. During 

28 days after CAR T cell treatment, no difference in body weight was seen between groups. Mann-Whitney U 

test of body weight at day 28 after T cell injection, normalized to day 0. n = 7 mice per group. 

 

 

 

To validate the observation that CAR T cells were able to enter the blood circulation 

(Figure 26), we sequentially performed blood sampling to quantify intravascular CAR T 

cells. Already 5 days after stereotactic CAR T cell injection, h1928z CAR T cells were 

visible in the blood circulation, albeit at low numbers, whereas no mock CAR T cells were 

found intravascularly (Figure 32). At day 10 after injection, 4 of 5 mice had h1928z CAR T 

cells present intravascularly, compared to 0 of 5 mock CAR T cells. At day 25, in both 

groups receiving h1928z CAR T cells and mock CAR T cells intravascular CAR T cells 

were present. Therefore, h1928z CAR T cells were able to intravasate faster compared to 

mock CAR T cells. 
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Figure 32 – Flow cytometry of intravascular CAR T cells. 

Already 5 days after intracranial CAR T cell injection, intravascular h1928z CAR T cells were present in low 

numbers. During the next 5 days, this number further increases, and at day 25 also intravascular mock CAR T 

cells became visible. eGFP
+
 CAR T cells as a proportion of total blood cells after exclusion of dead cells and 

CD19
+
 cells. h1928z CAR T cells and mock CAR T cells: n = 7 per group, untreated: n = 5. Comparison was 

made using the Mann-Whitney U test. *p < 0.05, ***p < 0.001. ns = not significant. 

 

 

As CAR T cells were able to enter into and persist inside the blood stream, one open 

question remained regarding if these circulating CAR T cells are able to infiltrate and 

surveil secondary lymphoid organs (e.g. lymph nodes), similar to physiological T cells. 

Intriguingly, in brain-draining superficial cervical lymph nodes, h1928z CAR T cells were 

found numerously. Additionally, even in non-draining lymph nodes (inguinal lymph nodes, 

Figure 33), h1928z CAR T cells were found in high numbers, confirming that h1928z CAR 

T cells are able to reach distant secondary lymph organs via the blood stream. Mock CAR 

T cells were present at lower numbers in non-draining lymph nodes, suggesting that 

lymph node entry is limited without CAR activity. 
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Figure 33 – h1928z CAR T cells invade lymph nodes in high numbers. 

28 days after CAR T cell injection, h1928z CAR T cells were found numerously inside the non-draining 

inguinal lymph nodes. Conversely, mock CAR T cells were only sparsely seen in the non-draining lymph 

nodes. Representative cryosection after DAPI staining (blue), eGFP
+
 signal (green). n = 7 per group. 
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5 Discussion 

 

 

5.1 Mouse model 

Most novel cancer treatments have been developed with the help of preclinical cancer 

models. Already more than 100 years ago, animal models of cancer and other diseases 

have successfully been used to deepen our understanding of cancer (Paget 1889; Power 

1895), and have since become a mainstay of oncological research. Many cancer 

treatments in use today are the result of rigorous preclinical in vivo experiments. 

Translating insights and therapeutic successes from preclinical trials to human patients 

remains challenging (Hackam and Redelmeier 2006; Kaelin 2017), but valid animal 

models often remain the best chance to improve medical care, especially for rare tumors 

like PCNSL. 

Here, we created a novel mouse model of PCNSL, closely mimicking human PCNSL 

growth. Human PCNSL shows a highly infiltrative growth pattern, usually characterized as 

a „whole brain disease“ (Lai, Rosenblum, and DeAngelis 2002). On magnetic resonance 

imaging (MRI), these lesions typically show close contact to the subarachnoid space 

(Haldorsen, Espeland, and Larsson 2011; Kuker et al. 2005). Besides this infiltrative 

growth pattern, perivascular growth of lymphoma cells around preexisting blood vessels is 

another characteristic feature of this disease, present in 87% of patients (He et al. 2013). 

In our animal model, stereotactic implantation of human DLBCL cells into the cortex of 

nude mice leads to the development of intracerebral lesions with infiltrative growth pattern, 

meningeal dissemination and perivascular growth, similar to human PCNSL (Figure 10). 

This finding is in line with reports of other rodent models of PCNSL after intracerebral 

implantation of human lymphoma cells (Kadoch et al. 2009; Montesinos-Rongen et al. 

2013). However, our model presents three main advantages compared to already existing 

animal models of PCNSL. 

First, patients with PCNSL most often present with lesions after they become 

symptomatic, when these tumors already have a diameter of several mm. Lesions of this 

size already exhibit a peculiar stromal microenvironment, including changes in the 

expression of immunosuppressive cytokines, lower pH and oxygen pressures, and an 

impaired blood brain barrier. In preclinical tumor models, many of these features become 

present only two weeks after orthotopic tumor implantation (Yu et al. 2006), when tumors 

become exceptionally difficult to eradicate in mice. Therefore, an ideal animal model not 
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only incorporates histopathological characteristics of human PCSNL, but additionally 

shows a time window long enough to allow for establishment of big tumors with 

accordingly altered microenvironment before therapy effects are being validated. 

In most preclinical models evaluating therapeutic effects on PCNSL, beneficial results 

were obtained in experiments starting therapy between 1 (Mineo et al. 2008) and 4 days 

after tumor implantation (Kadoch et al. 2009). To the best of our knowledge, only two 

studies exist, in which treatment of PCNSL was beginning more than 14 days after tumor 

implantation (Jahnke et al. 2009; Muldoon et al. 2011), and these have been conducted in 

rats. However, only one of them was able to report complete remission of established 

intracerebral tumors with long term survival of some mice (of more than 60 days). This 

trial evaluated the effect of the anti-CD20 antibody rituximab, a monoclonal antibody often 

added to current PCNSL treatment regimens (Batchelor et al. 2011; Fritsch et al. 2011; 

Birnbaum et al. 2012; Ferreri et al. 2016), illustrating the translational relevance of 

successful preclinical cancer models.  

To the best of our knowledge, this is the first study conducted in mice, in which therapy 

started 14 days after intracerebral tumor implantation was able to show complete 

regression of large, established PCNSL.  

Second, animal models often use highly immunodeficient non-obese diabetic (NOD) / 

severe combined immunodeficiency (SCID) models, in which mature T cells, B cells are 

missing, and NK cell function is impaired, or an even more immunodeficient mouse model, 

NOD/SCID gamma (NSG) mice. In these mice, mature T cells and B cells are missing, 

with absent NK cell function and additional deficiencies exist in macrophage/monocyte 

and dendritic cell function, multiple cytokine signaling pathways and an absent 

complement cascade (Ishikawa et al. 2005). Obviously, in an animal model mimicking a 

disease as complex as cancer, the absence of any part of the complex immune 

environment can have large effects on immunotherapy. For example, parts of the 

complement cascade have been reported as a contributor to immunotherapy in PCNSL 

(Kadoch et al. 2014), implicated in CXCL12-induced chemotaxis (Honczarenko et al. 

2005) and described as a modulator of the anti-tumor response by suppressing T cell 

function (Markiewski et al. 2008). Although highly immunodeficient mice like the 

NOD/SCID or the NSG mouse models usually show more consistent engraftment of 

human tumors, the high immunodeficiency has a potential impact on immunotherapeutic 

responses. In our Foxn1nu/nu mouse model, the absence of a functional thymus epithelium 

leads to the lack of mature, functional T cells, with the remaining functions of B cells and 

the innate immune system, NK cells, and the complement cascade intact. As there is 

currently no murine B cell lymphoma cell line available commercially, the Foxn1nu/nu 
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mouse is the least immunodeficient mouse model available to specifically evaluate the 

function of murine, anti-human CD19 CAR T cells in lymphoma xenografts. 

Third, combination of this animal model with a well-tolerated chronic cranial window and 

TPLSM enabled us to analyze tumor growth repeatedly and in unprecedented detail. 

Using this model, we were able to analyze CAR T cell function during the initial and later 

stages of PCNSL regression in the same mice. Herein, we showed the enormous 

potential of h1928z CAR T cells against PCNSL in vitro, ex vivo and in vivo. 

 

 

5.2 Tumor infiltration and distribution 

In adoptive cell therapy, the first step towards tumor eradication is tumor infiltration, 

overcoming a multitude of physical and immunological barriers. So far, the most 

remarkable success of CAR T cells has been achieved in semiliquid hematological 

malignancies residing in the bone marrow, a niche easily accessible for intravascular T 

cells. For infiltration of solid tumors, CAR T cells face three additional barriers: migration 

towards the tumor, penetration into the tumor and combatting the immunosuppressive 

tumor microenvironment (Yong et al. 2017; Newick et al. 2017; Newick, Moon, and 

Albelda 2016). Until now, no in vivo visualization exists on how CAR T cells enter and 

overcome these barriers within solid tumors. 

T cells are equipped with motility patterns optimized to enhance the probability of finding 

their cognate antigen. These patterns combine random movement (Brownian-like and 

Levy-like random walks) with chemotaxis (Krummel, Bartumeus, and Gerard 2016). Upon 

initial activation in the lymph nodes, T cells upregulate chemokine receptors to scan 

peripheral tissues to find their antigen, a process at least partly regulated by IL-2 (Boyman 

and Sprent 2012). In our study, similar to most CAR T cell trials, we pre-activated all CAR 

T cells in vitro with IL-2 before injection. This pre-activation explains the fast migration of 

allogeneic h1928z CAR T cells, syngeneic h1928z CAR T cells, and mock CAR T cells 

towards the inflammatory milieu of established intracranial tumors. 

In our study, infiltration into the tumor core in high numbers is restricted to functional 

h1928z CAR T cells, as mock CAR T cells accumulated at the tumor borders and in the 

subarachnoid space bordering the intracranial PCNSL, underlining the effect of second-

generation h1928z CARs on tumor infiltration.  
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In large, established tumors, immunosuppressive myeloid cells and tumor fibroblasts can 

contribute to deposition of a fibrotic extracellular matrix, hindering T cell function (Tumeh 

et al. 2014). Intravital microscopy has recently identified another immunosupressive 

barrier for successful tumor infiltration, as regulatory T cells (Tregs) were able to form an 

“immunosuppressive ring” around solid tumor xenografts (Qi et al. 2016). Although we did 

not analyze the individual contribution of specific immune cell subsets for CAR T cell 

treatment by TPLSM, other groups have shown that even six-color TPLSM is possible, 

theoretically enabling discrimination of multiple intratumoral cell types simultaneously 

(Ricard and Debarbieux 2014). It would be interesting to see future studies unravelling the 

individual cellular components of the tumor microenvironment, and correlating these with 

successful tumor regression or therapeutic resistance during CAR T cell therapy. 

 

 

5.3 Intratumoral T cell velocity 

TPLSM has already been used to delineate interactions of immune cells with cancer cells 

during tumor regression. For example, Boissonnas and colleagues have shown that 

tumor-antigen specific, CD8+ cytotoxic T lymphocytes (CTLs) are able to infiltrate 

subcutaneous thymoma in high numbers, leading to elimination of this antigen expressing, 

solid tumor (Boissonnas et al. 2007). Interestingly, they show that during the early stages 

of tumor cell killing, infiltrating CTLs have a lower intratumoral velocity. Conversely, in 

tumors not expressing the cognate antigen, antigen-specific CTLs show higher migratory 

velocity and neither stop moving nor kill tumor cells, suggesting that lower intratumoral 

velocity is associated with TCR-mediated tumor cell killing. These findings have later been 

corroborated by Breart et al. (Breart et al. 2008), who confirmed that tumor apoptosis is 

primarily initiated through direct, stable contacts between CTLs and tumor cells with 

minimal bystander effect. But intratumoral velocity during anti-tumor responses is not 

universally lower across all leukocytes. Deguine and colleagues showed that NK cells are 

similarly able to accumulate in tumors expressing an NK cell activating ligand (Deguine et 

al. 2010). However, a striking contrast exists regarding contact stability and intratumoral 

NK cell velocity compared to intratumoral T cells. Intratumoral NK cells had also higher 

intratumoral velocity compared to intratumoral NK cells in tumors devoid of this NK-

activating ligand, meaning that NK cells become faster during the initial stages of 

successful tumor eradication, forming dynamic contacts to tumor cells rather than stable 

contacts as seen in TCR-mediated tumor cell killing. 
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As illustrating as these experiments have been for analysis of intratumoral cell 

movements, all of them were limited in one important dimension: in time. In each 

individual mouse, analysis was restricted to a single time point, as the setup of these 

experiments was not suitable to keep the mouse alive after imaging.  

In our chronic cranial window model, we were able to analyze changes of intratumoral 

CAR T cell velocity in the same mouse over the course of more than 4 weeks. Indeed, the 

velocity of intratumoral CAR T cells changed significantly over time. During the first week 

after injection, CAR T cells showed decreased intratumoral velocities, consistent with the 

hypothesized function of a CAR: after contact with the tumor surface antigen and the 

resulting downstream signaling, CAR T cells should become activated and should 

therefore stop migration to proliferate and exert cytotoxic effects (by releasing cytotoxic 

molecules, such as perforin and granzyme B (Darcy et al. 2000)), similar to TCR based 

activation. However, we have shown that in the later periods of tumor growth, h1928z 

CAR T cells resume higher intratumoral velocities, reaching a similar velocity as 

contralateral h1928z CAR T cells not in contact with tumor cells. CAR T cells are able to 

sequentially contact and kill several tumor cells, with more rapid detachment of tumor cells 

compared to TCR-mediated cytotoxicity (Davenport et al. 2015). Therefore, the increased 

intratumoral h1928z CAR T cell velocity seen at later time points could be a CAR specific 

effect, suggesting that CAR T cells form rather short-lived synapses with their target 

antigen, similar to NK cells (Deguine et al. 2010).  

Conversely, another potential reason for higher intratumoral velocities could be loss or 

mutation of the CAR specific antigen during CAR T cell therapy. CD19-negative relapses 

after successful anti-CD19 CAR T cell therapy have been described in 10-30% of B-ALL 

patients, resulting from immune editing leading to downregulation, alternative splicing, or 

mutation of tumor surface CD19 (Ruella and Maus 2016; Ruella et al. 2016; Sotillo et al. 

2015).  

Therefore, no conclusion can be drawn if this increase in intratumoral velocity over the 

first weeks after CAR T cell injection is correlated to enhanced cytotoxic activity, or rather 

indicative of changes in antigen expression and possible treatment failure. Comparison of 

different CARs, such as different scFvs or different costimulatory domains (such as 1928z 

with 1941BBz CARs) could help to validate the role of intratumoral velocity, a property 

depending on multiple factors, including tumor antigen expression, CAR expression, scFv 

affinity, downstream signaling, costimulatory signaling as well as tumor-derived 

immunosuppressive factors. 
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Mock CAR T cells did not enter the tumor in high numbers, but the few cells that were 

able to infiltrate the tumor moved faster than h1928z CAR T cells at initial time points, and 

remained near-stationary at later time points. As these T cells completely depend on their 

TCR-mediated signaling, this reduced velocity could be due to limited anti-tumor efficacy 

at early time points after mock CAR T cell injection. The low number of intratumoral T cells 

and also the slow velocity of mock CAR T cells at later time points could be the result of 

the immunosuppressive PCNSL microenvironment. Induced by xenoimmunity, also an 

anergic phenotype could be assumed by these T cells, leading to T cell exhaustion due to 

tonic TCR signaling (Schmid et al. 2010).  

 

 

5.4 Persistence 

Intratumoral as well as extratumoral persistence has been correlated with favorable 

outcome after CAR T cell therapy (Porter et al. 2015). Here, we corroborate these results 

and furthermore show that intracranial as well as intravascular persistence of h1928z CAR 

T cells is possible for more than 159 days following intracranial injection. 

Mock CAR T cells reached their highest intratumoral and intracerebral number at day 8 

after injection, and T cell number decreased thereafter. Also allogeneic CAR T cells did 

not persist for three weeks in situ. Therefore, it seems conclusive that therapeutic efficacy 

is directly correlated to CAR T cell persistence. 

Furthermore, we demonstrated that h1928z CAR T cells and mock CAR T cells are able 

to intravasate into the blood stream, however, h1928z CAR T cells entered the blood 

circulation at earlier time point than mock CAR T cellss. How T cells leave the brain to 

enter the vascular circulation is still up to debate. Recently, dural lymphatic vessels have 

been identified, able to drain interstitial fluid and macromolecules (Aspelund et al. 2015; 

Louveau et al. 2015). Interestingly, Louveau and colleagues have shown that T cells are 

able to invade into these Lyve-1+ vessels and that these vessels drain into the deep and 

superficial cervical lymph nodes, where we also found CAR T cells at high numbers. 

Although we haven’t visualized CAR T cell movement along these lymphatic vessels 

directly, future studies should evaluate the effect of the CNS lymphatic system on the long 

term persistence and systemic circulation of these cells. 

Another important finding is that after intracerebral h1928z CAR T cell injection, these 

cells are able to invade even non-draining lymph nodes in high numbers, a feature that 

has not been described for CAR T cells yet (Doyle 2015). In adaptive immunity, lymph 
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nodes are the primary organ where naïve T cells survey dendritic cells (DCs) for their 

cognate antigen (Bousso 2008). Here, T cell-DC interaction involves several receptor-

ligand interactions necessary for sustained T cell response. If these immunologically 

indispensable lymph nodes are similarly active modulators shaping the systemic CAR T 

cell response is currently unknown. Therefore, the question whether infiltration of 

secondary lymphoid organs is a necessary step for successful tumor eradication, or just a 

byproduct of mere intravascular presence of CAR T cells, remains to be determined in 

future studies. 

 

 

5.5 Limitations 

One limitation of this Foxn1nu/nu model is the possible contribution of xenoimmunity to 

adoptive cell therapy. This process, also termed the graft-versus-lymphoma effect in 

humans, describes a process during which allogeneic T cells are able to exert cytotoxic 

effects on tumor cells after allogeneic marrow transplantation (Jones et al. 1991) or donor 

lymphocyte infusions (Mandigers et al. 2003). In mice, this effect has already been 

reported more than 40 years ago (Bortin, Rimm, and Saltzstein 1973). In this famous 

experiment, irradiated mice were inoculated with lymphoma cells and treated with 

immunocompetent cells from allogeneic (MHC mismatched) donors, which were able to 

kill leukemia cells.  

To control for this effect, we compared double transduced h1928z CAR T cells (eGFP and 

an anti-CD19 CAR) with double transduced mock CAR T cells (eGFP and a dysfunctional 

CAR lacking the extracellular scFv domain). Although we showed that in vitro, mock CAR 

T cells did not exert a cytotoxic effect on human lymphoma cells (Figure 12), this 

possibility can still play a significant role in vivo. Indeed, also mock CAR T cells showed 

some effect on tumor growth (Figure 24). However, the rate of complete remissions in 

mice with cranial windows treated with mock transduced CAR T cells (1/5) was rather low 

compared to the number of complete remissions in the h1928z CAR T cell group (4/6).  

By transplanting mature T cells, the defect in T cell mediated immunity of nude mice can 

be corrected (Wortis, Nehlsen, and Owen 1971), and IL-2 injection can induce cytotoxicity 

of T cell precursors in athymic mice (Hunig and Bevan 1980). Therefore, both injection of 

mock transduced T cells and injection of small amounts of IL-2 possibly still present in the 

cell injection medium could explain the rare tumor regressions in mice treated with mock 

CAR T cells. 
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5.6 Clinical relevance 

Clinical evidence for the efficacy of intracranial CAR T cell delivery comes from a recently 

published case report about a patient with recurrent multifocal glioblastoma (Brown et al. 

2016), a disease among the most lethal of human cancers. Brown and colleagues have 

not only shown that repeated, intracranial (i.e. intratumoral and intraventricular) injection 

of interleukin-13 receptor alpha 2 (IL13Rα2)-specific CAR T cells is feasible, with no 

apparent high grade toxicity. Most importantly, this route of application led to regression of 

all intracranial tumor manifestations, including intraspinal lesions, for more than seven 

months, a result inconceivable with current treatment options. Although intratumoral 

presence of CAR T cells has also been described in glioblastoma after i.v. administration, 

so far this intracerebral presence has only been accomplished after administration of 

extremely high numbers of cells (1-5x108), possibly increasing the risk of severe side 

effects like the cytokine release syndrome (CRS) (O'Rourke et al. 2016). CRS is one of 

the most severe side effects of this highly potent immunotherapy (Lee et al. 2014; Brudno 

and Kochenderfer 2016). As CAR T cells are infused into the patient, they infiltrate the 

tumor in high numbers, where they become activated. Upon activation, these T cells 

proliferate and, while killing tumor cells, release inflammatory cytokines. In the serum of 

patients with CRS, higher levels of IL-6, interferon-gamma, tumor necrosis factor, IL-2, IL-

2-receptor-alpha, IL-8, and IL-10 have been identified (Brudno and Kochenderfer 2016). 

The resulting CRS is characterized by fever, pulmonary edema and shock. Importantly, 

also neurologic toxicity has been described as a potential consequence of anti-CD19 CAR 

T cell therapy, ranging from mild delirium to seizures, aphasia, tremors, ataxia, or cerebral 

edema. Several groups have detected CAR T cells in the cerebrospinal fluid after 

intravenous application (Grupp et al. 2013; Davila et al. 2014; Maude et al. 2014; Lee et 

al. 2015). Importantly, in patients with neurologic symptoms, the number of intracranial 

anti-CD19 CAR T cells was elevated compared to patients without neurologic symptoms 

(Lee et al. 2015). However, the presence of leukemic cells in the CNS has not been 

identified as a risk factor for the development of neurological symptoms (Maude et al. 

2014; Lee et al. 2015). The exact pathophysiology for CAR T cell associated neurotoxicity 

is still debated, and hypothesized to be related to intracerebral IL-6-levels (Lee et al. 

2014).  

In our mouse model, we have not seen cytokine release syndrome after intracranial 

application of h1928z CAR T cells. At a first glance, this finding might seem indicative of 

the relative safety of this approach. However, mouse models recapitulating CRS have 

only been seen in mice also expressing the tumor antigen on healthy cells (van der 

Stegen et al. 2013). Hence, the absence of CRS during anti-human CD19 CAR T cell 
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therapy has to be rated with caution, as most cancer xenograft models did not anticipate 

the incidence of this potentially severe side effect in patients. 

Another relevant topic for treatment of PCNSL is the route of delivery. T cell entry into the 

CNS is a tightly regulated process (Engelhardt and Ransohoff 2012). Although low 

numbers of T cells are known to patrol the CSF and meninges in the healthy CNS, in the 

absence of inflammation these cells are retained in these CSF drained spaces (e.g. the 

subarachnoid space), separated from the CNS parenchyma by the glia limitans. In the 

subarachnoid space, T cells interact with antigen presenting cells (APCs) in search for 

their cognate antigen. If T cells fail to recognize their antigen presented by APCs, these T 

cells do not enter the parenchyma, as has been shown in animal models of experimental 

autoimmune encephalomyelitis (Bartholomaus et al. 2009; Schlager et al. 2016). As CAR 

T cells exert their function independently of MHC presentation, the proportion of CAR T 

cells migrating deep into the core of CNS malignancies after i.v. application is expected to 

be rather low. Furthermore, Adusumilli and colleagues have shown that the regional 

delivery of tumor-specific CAR T cells to the tumor (in this case, mesothelioma) generates 

more potent and durable tumor responses compared to i.v. injection, underlining the 

importance of early CAR T cell tumor infiltration for successful therapy (Adusumilli et al. 

2014).  

Taken together, these experiments led us to believe that in a mouse model of PCNSL, 

intracranial injection of CAR T cells would lead to improved tumor infiltration compared to 

i.v. application. As expected, this approach was successful to delineate tumor specific 

anti-CD19 CAR T cell behavior inside the brain and PCNSL, allowing us to characterize its 

therapeutic effects. Another advantage of this route of CAR T cell administration is the 

lower number needed for successful treatment, thereby possibly limiting the risk for CRS 

development (O'Rourke et al. 2016; Lee et al. 2014). 

In animal models, often high numbers (5-20x106) of CAR T cells are injected i.v. to 

successfully inhibit tumor growth (Brentjens et al. 2003; Kowolik et al. 2006; Brentjens et 

al. 2007; Tsukahara et al. 2013). At such high numbers of injected CAR T cells, 

differences between distinct CAR constructs become undistinguishable, as most CAR 

constructs lead to tumor eradication. Zhao and colleagues have consequently lowered i.v. 

treatment dose to 1x105 cells, thereby reducing efficacy of tumor eradication. This way, 

comparison of several highly potent CAR constructs became possible (Zhao et al. 2015). 

Interestingly, in our xenograft model of PCNSL with tumor growth of 14 days before 

application of h1928z CAR T cells, we see a potent, durable effect after intracranial 

injection of only 5x104 cells. Even more surprising was the fact that also intracranial 
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injection of 2x104 1928z CAR T cells led to a sustained anti-tumor response, with 

intravascular h1928z CAR T cells present in high numbers. 

One reason for this high potency could be due to the high efficacy of the 1928z CAR 

construct. Zhao et al. have shown that 1928z CAR T cells exhibit more potent anti-tumor 

cytotoxicity, resulting in more rapid tumor cell killing. The 19BBz CAR on the other hand, 

where the CD28 costimulatory domain is exchanged with the 4-1BB costimulatory domain, 

show slower tumor elimination, but increased persistence compared to 1928z CARs 

(Zhao et al. 2015). The reasons for this are still debated, but experiments comparing 

these two CAR constructs using intravital microscopy could shed light onto this otherwise 

difficult-to-assess immune response. 

Another reason for this high potency could be the regional delivery of CAR T cells 

compared to the often used intravenous route of application. Adusumilli and colleagues 

have first shown that intrapleural delivery of mesothelioma-specific CAR T cells vastly 

outperforms intravenous delivery, requiring 30-fold higher cellular doses for intravenous 

application to achieve similar therapeutic activity (Adusumilli et al. 2014). This way, even 

intrapleurally injected CAR T cell dosages of 3x104 cells could control mesothelioma 

growth. 

Based on our results as well as on clinical trials evaluating the safety of intracranially 

injected CAR T cells (Jackson, Rafiq, and Brentjens 2016), we propose that in future 

clinical trials evaluating this highly successful second generation anti-CD19 CAR, 

intracranial, intraventricular, or even intratumoral route of delivery should be preferred. 
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6 Conclusion 

 

Surprisingly, despite the proven efficacy of CAR T cell therapy in numerous malignancies, 

many questions regarding the exact dynamics of this highly potent immunotherapy remain 

unanswered. So far, no study has been able to analyze intratumoral or intracerebral CAR 

T cell behavior in the brain in detail, including tumor infiltration, tumor cell killing, 

persistence and proliferation at single-cell resolution.  

Here, we have created a novel animal model of PCNSL recapitulating many 

characteristics of human PCNSL growth. Combining this model with a chronic cranial 

window, we were able to repeatedly visualize intracranial PCNSL growth over several 

weeks. Furthermore, we demonstrated that intracranial injection of low numbers of h1928z 

CAR T cells can lead to complete regression of large, established intracranial tumors. By 

using in vivo and ex vivo fluorescence microscopy, we showed that h1928z CAR T cells 

invaded the solid tumor in high numbers, whereas mock CAR T cells only accumulated at 

the tumor margin, leading to reduced intratumoral T cell numbers. During the first week 

after CAR T cell injection, intratumoral h1928z CAR T cells migrated at a lower velocity 

than mock CAR T cells and stopped tumor progression, suggesting anti-tumor cytotoxicity. 

In the contralateral brain hemisphere, CAR T cells of both groups moved at a similar 

velocity. At later time points, h1928z CAR T cells further increased in number, with in situ 

proliferation being visible, whereas intratumoral and contralateral mock CAR T cell 

numbers decreased continuously. Complete regression of large, established PCNSL was 

seen in 4 of 6 mice (66.7%). Even after complete regression of tumor cells, h1928z CAR T 

cells persisted in situ for more than 150 days in high numbers. Already 5 days after 

intracranial injection, h1928z CAR T cells intravasated into the blood circulation and even 

infiltrated distant, non-draining lymph nodes in high numbers. 

These results illustrate the high potential of second generation anti-CD19 CAR T cell 

therapy in PCNSL. Currently, several trials are recruiting glioblastoma patients to evaluate 

the efficacy of intracranial CAR T cell application. As toxic side effects of CAR T cell 

therapy are dose-related and anti-CD19 CAR T cells are the most successfully studied 

CAR to date, clinical trials evaluating the response to intracranial injection of low numbers 

of anti-CD19 CAR T cells are highly warranted. 
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7 Abbreviations 

 

 

ACT  - Ammonium chloride-Tris 

ADC  - Apparent diffusion coefficient 

AF  - Alexa Fluor 

ALL  - Acute lymphoblastic leukemia 

BBB  - Blood brain barrier 

CAR  - Chimeric Antigen Receptor 

CCD  - Charge-coupled device 

CLL  - Chronic lymphocytic leukemia 

CNS  - Central nervous system 

CRS  - Cytokine release syndrome 

CSF  - Cerebrospinal fluid 

CTL  - Cytotoxic T lymphocytes 

DAPI   - 4’,6-Diamidino-2-phenylindole 

DC  - Dendritic cells 

DLBCL - Diffuse large B cell lymphoma 

DNA  - Deoxyribonucleic acid 

DPBS  - Dulbecco’s phosphate-buffered saline 

DsRed2 - A red fluorescent protein, derived from Discosoma sp. 

DWI  - Diffusion-weighted images 

FACS  - Fluorescence-activated cell sorting 

FBS  - Fetal bovine serum 
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FELASA - Federation of European Laboratory Animal Associations 

G418  - Geneticin 

GEM  - Genetically engineered model 

eGFP  - Enhanced green fluorescent protein 

HSCT  - Hematopoietic stem cell transplantation 

i.p.  - Intraperitoneal 

IRES  - Internal ribosome entry site 

i.v.  - Intravenous 

LB  - Lysogeny broth 

LDH  - Lactate dehydrogenase 

MHC  - Major histocompatibility complex 

MMF  - Medetomidine / midazolam / fentanyl 

MRI  - Magnetic resonance imaging 

mRNA  - Messenger ribonucleic acid 

NaCl  - Sodium chloride solution 

NDD  - Non descanned detector 

NHL  - Non-Hodgkin lymphoma 

NOD  - Non-obese diabetic 

OD600  - Optical density at a wavelength of 600 nm 

PCNSL - Primary CNS lymphoma 

PFA  - Paraformaldehyde 

PlatE  - Platinum E, a retroviral packaging cell line 

PMT  - Photo multiplier tube 

RFP  - Red fluorescent protein 

ROI  - Region of interest 
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ROS  - Reactive oxygen species 

rpm  - Rounds per minute 

s.c.  - Subcutaneous 

scFv  - Single chain variable fragment 

SCID  - Severe combined immunodeficiency 

s.e.m.  - Standard error of the mean 

SHG  - Second harmonic generation 

tdTomato - Tandem dimer tomato, a red fluorescent protein derived from a  

   monomeric mutant of DsRed 

TCR  - T cell receptor 

TILs  - Tumor infiltrating lymphocytes 

TPLSM - Two-photon laser scanning microscopy 

Treg  - Regulatory T cells 
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