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Zusammenfassung 

Patienten mit Bronchialkarzinom weisen ein hohes Risiko auf im Verlauf ihrer Erkrankung 

Hirnmetastasen zu entwickeln. Dies ist mit einer nach wie vor infausten Prognose assoziiert. 

Daher ist es entscheidend, neue Therapiestrategien in der Behandlung von Hirnmetastasen zu 

identifizieren.  

Chimäre Antigenrezeptor (CAR) T Zellen stellen einen Durchbruch in der zellbasierten 

Immuntherapie hämatologischer Malignome dar. Ihre therapeutische Wirksamkeit in der 

Behandlung von soliden Tumoren, insbesondere von Hirnmetastasen, bleibt jedoch unklar. 

Bislang war es nicht möglich, die therapeutische Wirksamkeit sowie biologische 

Charakteristika (Infiltration in Hirnmetastasen, zelluläre Interaktionen und Persistenz) im 

Zeitverlauf zu analysieren. 

Um die therapeutische Effektivität einer Therapie mit CAR T Zellen in der Behandlung von 

Hirnmetastasen des Bronchialkarzinoms zu untersuchen, wurde im Rahmen der vorliegenden 

Arbeit daher ein syngenes, orthotopes, zerebrales Mausmodell zur in vivo Mikroskopie von 

Hirnmetastasen entwickelt. Durch die Kombination eines chronischen kranialen Fensters mit 

repetitiver in vivo Zwei-Photonen-Laser-Scanning-Mikroskopie wurde in diesem Mausmodell 

die therapeutische Effektivität sowie die Biologie von CAR T Zellen in der Behandlung von 

Hirnmetastasen des Bronchialkarzinoms auf zelluläre Ebene untersucht.  

In einem ersten Schritt wurde ein syngenes, orthotopes Mausmodell etabliert. Hierfür wurde 

mittels Transfektion auf murinen Lewis-Lungenkarzinomzellen (LLC1) das epitheliale 

Zelladhäsionsmolekül (EpCAM) und ein rot fluoreszierendes Protein (tdTomato, tdT) stabil 
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exprimiert (EpCAM-LLC1-tdT). Nach mikrochirurgischer Präparation eines chronischen 

kraniellen Fensters wurden EpCAM-LLC1-tdT stereotaktisch in den Kortex von 

C57Bl6-Mäusen injiziert. Das Tumorwachstum wurde mittels repetitiver in vivo 

Zwei-Photonen-Laser-Scanning-Mikroskopie und post mortem immunhistochemisch 

charakterisiert.  

In einem nächsten Schritt wurden gegen EpCAM gerichtete, grün fluoreszierende CAR T 

Zellen der zweiten Generation generiert und in vitro validiert. Zur Beurteilung ihrer 

therapeutischen Wirksamkeit und ihres biologischen Verhaltens in vivo wurden CAR T Zellen 

bzw. untransduzierte T Zellen in das angrenzende Hirnparenchym injiziert, nachdem sich 

solide EpCAM-LLC1-tdT Hirnmetastasen gebildet hatten. 

Die Therapie mit CAR T Zellen führte in der Behandlungsgruppe zu einer Hemmung des 

Tumorwachstums und zu einem verbesserten Überleben. Bei 4 von 10 Mäusen (40 %) konnte 

eine vollständige Rückbildung etablierter Tumore beobachtet werden, während 6 von 10 

Mäusen (60 %) eine deutliche Wachstumshemmung im Vergleich zu Tieren zeigten, die 

untransduzierte T Zellen erhielten. 1 von 8 Mäusen (12,5 %), denen die Injektion verabreicht 

wurde, zeigte jedoch auch eine Regression der etablierten Hirnmetastasen, was nahelegt, dass 

auch untransduzierte T Zellen eine anti-Tumor Aktivität aufweisen. Im Vergleich zu 

Kontrolltieren beobachteten wir eine erhebliche Anhäufung CAR T Zellen innerhalb des 

Tumors. Allerdings nahm die Zahl der CAR T Zellen im Tumor während des 

Beobachtungszeitraums deutlich ab, was auf eine unzureichende Persistenz hinweist. 

Insgesamt, zeigen unsere Ergebnisse dass intrakraniell injizierte CAR T Zellen relevante 
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Antitumorwirkungen bei Hirnmetastasen des Bronchialkarzinoms hervorrufen können. Es 

scheint allerdings sinnvoll Strategien zur Verbesserung der intratumoralen Persistenz von 

CAR T Zellen in Hirnmetastasen zu identifizieren, um den Erfolg einer solchen Therapie 

weiter zu optimieren. 
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Abstract  

Lung cancer patients have a high risk for the development of brain metastases, which still 

have a dismal prognosis. Chimeric antigen receptor (CAR) T cells are a powerful class of 

cell-based immunotherapy for hematological malignancies. However, their therapeutic 

efficacy in the treatment of solid tumors, especially in brain metastasis remains unclear. In 

particular, the detailed cell dynamics of CAR T cell infiltration into brain metastasis, their 

intratumoral persistence as well as their therapeutic efficacy have not been studied in detail.  

To address these aspects, we developed a syngeneic orthotopic cerebral metastasis model in 

mice. By combining a chronic cranial window with repetitive intracerebral two-photon laser 

scanning microscopy we aimed to characterize the treatment response as well as the biological 

behavior of CAR T in the treatment of lung cancer brain metastasis on a cellular level. 

In a first step, a syngeneic orthotopic mouse model of large intracerebral lung cancer brain 

metastasis (LCBM) was established. Lewis lung carcinoma cells (LLC1) were transfected to 

express the epithelial cell adhesion molecule (EpCAM) and a red fluorescent protein 

(tdTomato, tdT). After microsurgical preparation of a cranial window preparation, 

EpCAM-LLC1-tdT were stereotactically injected into the cortex of C57Bl6 mice. Tumor 

growth was analyzed using repetitive TPLSM, furthermore, tumor growth was assessed by 

immunohistochemistry of excised brains. Tumor cells initially grew along preexisting 

intracerebral brain vessels which was then followed by the induction of extensive tumor 

angiogenesis. 11-17 days after tumor cell injection, we observed large LCBM with extensive 

pathologic vascularization, reflective of human brain metastasis of lung cancer.  
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In a next step, green fluorescent second-generation CAR T cells directed against EpCAM 

were generated and validated in vitro. To assess their therapeutic efficacy and biological 

behavior in vivo CAR T cells were injected into the adjacent brain parenchyma after solid 

brain metastasis of EpCAM-LLC1-tdT had formed.   

Therapy with EpCAM-directed CAR T cells led to the inhibition of tumor growth in the 

treatment group and translated into an improved survival. Complete regression of established 

tumors could be observed in 4 of 10 mice (40%), while 6 of 10 mice (60%) showed a marked 

growth inhibition compared to animals receiving untransduced T cells. However, 1 of 8 mice 

(12.5%) injected also showed regression of established LCBM, suggesting potential 

anti-tumor activity of activated mock CAR T cells. Compared to controls treated with mock 

CAR T cells, we observed a substantial accumulation of CAR T cells within the tumor. 

However, the number of CAR T cells within the tumor markedly decreased during the 

observation period, pointing towards insufficient persistence of CAR T cells. 

Collectively, our results demonstrate that CAR T cells injected into the cerebral parenchyma 

may induce relevant anti-tumor effects in LCBM. Strategies improving the intratumoral 

persistence of CAR T cells in brain metastases are warranted to further boost the success of 

such therapy. 
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1. Introduction 

1.1 Lung cancer brain metastasis (LCBM) 

Lung cancer is the second most common cancer and the leading cause of cancer death (Bray 

et al., 2018, Ferlay et al., 2019, Siegel et al., 2020, Sung et al., 2021) with an overall 5-year 

survival rate of 20.5% (Ramirez and Trapido, 2020). Lung Cancer is the most common source 

of brain metastasis (Pechoux et al., 2016, Vargo, 2017, Valiente et al., 2018, Boire et al., 

2020), and 50% of lung cancer patients develop brain metastasis over the course of the 

disease (Figure 1). At present, the treatment of patients with brain metastases from lung 

cancer should be based on surgery, whole brain radiotherapy (WBRT), stereotactic 

radiotherapy (SRT), chemotherapy and molecular therapy for brain metastases (Rusthoven et 

al., 2020, Page et al., 2020). However, median survival of lung cancer patients who develop 

brain metastasis ranges from 2.3-13.5 months (Yousefi et al., 2017). Given that therapeutic 

advances for lung cancer involving immunotherapeutic or targeted agents have resulted in 

prolonged disease courses, this number might increase in the next decades (Fox et al., 2011, 

Kalkanis and Linskey, 2010). Although control of extracranial disease can often be achieved 

using such agents, a considerable number of patients succumb to their intracranial tumor.  
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Figure 1 | Computed tomography and magnetic resonance images of lung cancer brain 

metastasis (Yun et al., 2020) 

Axial image of computed tomography scanning (left) displays a lesion of a primary lung 

cancer and axial image of magnetic resonance images (right) shows few lesions of lung 

cancer brain metastasis.  

 

1.2 Chimeric antigen receptor (CAR) T cells 

Chimeric antigen receptor (CAR) T cells are considered as one of the most successful 

breakthroughs in the area of tumor immunotherapy during the last decade (Fesnak et al., 2016, 

Yeku et al., 2017, Bachanova et al., 2020, Gauthier and Turtle, 2021) Chimeric antigen 

receptors are genetically engineered proteins expressed on T cells. CARs typically include an 

extracellular domain and intracellular domain. The extracellular domain usually harbors a 

single-chain variable fragment as an extracellular ligand recognition domain providing tumor 

antigen specificity. The intracellular T cell activating domain includes a CD3 zeta chain, and, 

to ensure a more persistent CAR T cell activity, a co-stimulatory domain such as CD28 or 

4-1BB (Cheadle et al., 2014, Toth et al., 2020, Iragavarapu and Hildebrandt, 2021).  

Compared to traditional T cell receptor-based adoptive cell therapy, CAR T cells target 

tumor-specific surface antigens independent of major histocompatibility complex (MHC) 
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presentation (Hartmann et al., 2017), and have no limitation of self-antigen tolerance during 

the traditional T cell receptor-based adoptive cell therapy (Figure 2). 

         

Figure 2 | Illustration of the T cell receptor (TCR) and the second-generation chimeric 

antigen receptor (Hartmann et al., 2017) 

The left picture displays T cell receptor. It depends on the antigen presentation of major 

histocompatibility complexes (MHC). In cancer, tumor cells frequently downregulate MHC 

expression as an immune escape mechanism. However, the chimeric antigen receptor (right 

picture) has an extracellular ligand binding domain, and it consists of single-chain variable 

fragments derived from immunoglobulin domains. Therefore, chimeric antigen receptor 

activation does not depend on MHC presentation and CAR T cells can perform its 

cytotoxicity function against tumor cells (Adopted from Jessica Hartmann, 2017). 

 

CAR T Cells mediate tumor killing via three axes in solid tumors (Benmebarek et al., 2019, 

Upadhyay et al., 2021). First, CAR T cells utilize the granzyme and perforin axis for effective 

and specific lysis of the antigen positive tumor cells. Second, CAR T cell derived cytokines 

can sensitize the tumor stroma. Driving IFN-γ receptor up-regulation, thereby facilitating 
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stromal cell targeting by IFN-γ. Third, within an antigen positive milieu, the antigen negative 

fraction can be targeted by CAR T cells via Fas and Fas L axis. Fas L is a member of the 

tumor necrosis factor family. The combination of Fas L on CAR T cells and Fas on tumor 

cells induces apoptosis of Fas positive tumor cells (Figure 3). 

 

Figure 3 | The ways of CAR T cells killing tumors (Benmebarek et al., 2019) 

The schematic diagram respectively introduces three axes of CAR T cells mediating tumor 

killing in solid tumor (Adopted from Benmebarek MR. 2019). 

 

Due to the high response rate, CAR T cells directed against the pan B cell antigen CD19 were 

approved by FDA and EMA for treating patients with refractory B cell malignancies like 

acute lymphoid leukemia (B-ALL) and diffuse large B cell lymphoma (DLBCL) in 2017 and 

2018 respectively (Jorgensen et al, 2020). Substantial efforts to translate such therapy into 

therapy for solid tumors, including primary as well as secondary brain tumors have been 

made. First preclinical and also clinical data show, that CAR T cells may hold therapeutic 
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efficacy for the treatment of lung cancer (Li et al., 2018, Wallstabe et al., 2019, Feng et al., 

2016, Reppel et al., 2022). However, it remains elusive, whether CAR T cells can be used to 

treat LCBM.  

 

1.3 Epithelial cell adhesion molecules (EpCAM) 

The epithelial cell adhesion molecule is located at the cell surface (Figure 4). It is a 

transmembrane glycoprotein which can mediate epithelial specific intercellular adhesion 

(Moldenhauer et al., 2012, Kim et al., 2019, Moin et al., 2021). It is overexpressed on 

multiple types of lung cancer cells (Patriarca et al., 2012, Iyer et al., 2013, Miao et al., 2022). 

It is involved in cell signaling, proliferation, adhesion and migration properties of cancer cells 

(Trzpis et al., 2007, Simon et al., 2013, Yang et al., 2020, Williams et al., 2021). EpCAM is 

overexpressed in about 50% of non-small cell lung cancer (Kim et al., 2009). Its 

overexpression is typically also conserved in metastatic disease (Spizzo et al., 2011)  

and in some cancers even upregulated in metastases compared to primary tumors (Li 

et al., 2021). 
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Figure 4 | The schematic diagram of epithelial cell adhesion molecule located at the cell 

surface (Patriarca et al., 2012) 

 

1.4 Two-photon laser scanning microscopy (TPLSM) 

Both fluorescent microscopy and two-photon laser scanning microscopy (TPLSM) can image 

brain in living animals directly and repeatedly (Hong et al., 2014). During TPLSM two 

photons are absorbed into an excited state by a single fluorophore molecule. Compared to 

conventional fluorescent microscopy, two-photon laser scanning microscope has the 

advantage of a lower phototoxicity and photobleaching (Nguyen et al., 2001, Reshak, 2008). 

TPLSM can be used to image the mouse brain for a long period of time than confocal 

fluorescent microscope. In addition, TPLSM is characterized by a deep tissue penetration 

(Reshak, 2009). TPLSM can be used to perform time lapse and 3D deep tissue imaging which 

can be reconstructed by computer and help researcher better understand the kinetic 

characteristics of CAR T cells at a cellular and even subcellular resolution (Grimm et al., 

2015, Zipfel et al., 2003). TPLSM allows to analyze complex interactions between tumor cells 
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and immune cells inside the living mouse brain (Misgeld and Kerschensteiner, 2006, Kobat et 

al., 2009, Horton and Dworkin, 2013).  

 

1.5 Aims of this project 

Although the FDA has approved CAR T cells for clinical hematological tumors, it is still in 

the research stage for solid tumors. For patients with highly malignant lung cancer brain 

metastases who have lost the chance of surgical resection, CAR T cells may be a promising 

and novel treatment.  

Therefore, the aims of this thesis are: 

a) to create a mouse animal model of lung cancer brain metastasis, 

b) to combine the mouse implanted chronic cranial window and long term in vivo 

TPLSM to track the in situ growth of lung cancer brain metastasis, 

c) to test the therapeutic efficacy of CAR T cells in a clinically relevant mouse model of 

lung cancer brain metastasis, 

d) to analyze CAR T cells recruitment, migration and persistence on a cellular resolution 

over time. 
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2. Materials and methods 

2.1 Cell culture 

Lewis lung carcinoma (LLC1) cells were purchased from ECACC (European Collection of 

Authenticated Cell Cultures, Catalog No. 90020104). The cells were grown in complete 

growth medium including Dulbecco’s Modified Eagle’ Medium (DMEM, Gibco, Catalog No. 

41965-039) and Fetal Bovine Serum (FBS, Biochrom GmbH, Catalog No. S 0615) with a final 

10% concentration. A PCR product containing the sequence of tdTomato (vector ptdTomato; 

#63-2531, TaKaRa Clontech) was cloned into the lentiviral expression vector 

pLVX-IRES-neo (LentiX-Bicistronic Expression System; #63-2181, TaKaRa Clontech) to 

generate a pLVX-tdTomato-IRES-Neo construct (Figure 5) (Zhang et al., 2021). Notably, a 

resistance-sequence for G418-sulfate is contained in the lentiviral expression vector. The 

resulting nucleotide pLVX-tdTomato-IRES-Neo was verified by Sanger sequencing and 

restriction enzyme digestion. LLC1 were transfected with pLVX-tdTomato-IRES-Neo using 

Lipofectamine (Lipofectamine 2000; Thermo Fisher Scientific). LLC1-tdT were enriched by 

cultivation in selection medium containing G418-sulfate (#A2912; Biochrom), and by 

repetitive FACS sorting. As previously described in detail (Karches et al., 2019), LLC1-tdT 

cells were stably transduced with a pMXs vector containing the full-length murine EpCAM 

(UNIPROT entry: #Q99JW5) cDNA to generate the EpCAM overexpressing cell line 

EpCAM-LLC1-tdT (Figure 6). Before transfecting LLC1, both of pLVX-tdTomato-IRES-Neo 

plasmid and pMX-EpCAM plasmid were sequenced to confirm. LLC1-tdT cells and 

EpCAM-LLC1-tdT cells were cultured in DMEM, 10% FBS and G418 (an aminoglycoside 

antibiotic, Biochrom GmbH, Catalog No. A 2912) with a 1000 µg/ml final concentration. 
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Subculture the cells at a ratio of 1:8 to 1: 10 every 3-4 days. Cells were resuspended by 2 ml 

of Trypsin (Biochrom GmbH, Catalog No. L 2123) during subculture. Cells were frozen in the 

medium containing 90% FBS, supplemented with 10% Dimethyl Sulfoxide (DMSO, SIGMA, 

Catalog No. D 2650). Long time storage was performed by keeping cells in liquid nitrogen 

vapor phase. PCR Mycoplasma Test Kit (PanReac AppliChem GmbH, Darmstadt, Germany) 

were regularly used to judge whether the cells are healthy. We culture the cells for a 

maximum period of 1 month to control the genetic drift to minimum. 

 

Figure 5 | pLVX-tdTomato-IRES-Neo plasmid 

tdTomato sequence was cloned into a plasmid under CMV/IE/Promoter as described 

previously (Zhang et al., 2021) 
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Figure 6 | Murine EpCAM sequence was cloned into pMX plasmid (Cadilha et al., 2021)  

 

2.2 Fluorescence activated cell sorting (FACS) and flow cytometry 

Tumor cells with strong and homogeneous expression of tdTomato and EpCAM epitope were 

selected using FACS sorting. For FACS, tumor cells were suspended in 2 ml trypsin solution. 

After centrifugation, the supernatant was discarded and the cells were diluted in 1 ml of FACS 

buffer (10 ml PBS, Biochrom Cat. No. L1815; 40 µl EDTA SIGMA, Cat. No. E8008-100ML; 

and 0.05g BSA, ROTH, Cat. No. 7365-45-9), and adjusted the concentration of tumor cells to 

1 × 106 in 100 µl. Tumor cells were stained with Alexa Fluor® 647 anti-mouse CD326 

(EpCAM) Antibody (BioLegend, Catalog No. 118212). A dosage of the antibody of ≤ 0.25 

µg per 106 cells in 100 µl volume was used. After centrifugation, cells were diluted in FACS 
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buffer and the final concentration of is 1-5 × 106/ml tumor cells. Tumor cells were filtered to 

exclude cell clusters (Sysmex, Catalog No. 04-004-2326). A flow cytometry machine (BD 

LSRFortessaTM Cell Analyzer, Catalog No. 647794) and a cell sorting machine (MoFlo 

Astrios EQ, Cell Sorter, Beckman Coulter, Serial No.AT13011) were used, respectively.  

 

2.3 CAR vector 

In our study, we used a murine second-generation CAR which can specifically recognize 

EpCAM expressed on the surface of tumor cells. The CAR vector was kindly provided by our 

collaborator Prof. Sebastian Kobold (Division of Clinical Pharmacology, Faculty of Medicine, 

LUM, Munich, Germany). The anti-EpCAM-CAR construct was previously described by 

Lesch & Blumenberg et al. (Lesch et al., 2021) and consists of a single chain variable 

fragment that recognizes the murine EpCAM antigen (clone G8.8), fused to the 

transmembrane and signaling domains of murine CD28 and murine CD3zeta in a pMP71 

backbone. The anti-EpCAM-CAR-GFP construct consists of anti-EpCAM-CAR fused to GFP 

via a self-cleaving 2A sequence (Figure 7). GFP-expressing, EpCAM directed CAR T cells 

(CAR T cells) were generated; and T cells transduced by a vector containing GFP only were 

used as controls (Untransduced T cells). 

 

Figure 7 | Vector for EpCAM CAR transduction 

The anti-mouse EpCAM scFv is fused to the CD8 derived hinge and transmembrane domains, 

then connect the CD28 costimulatory domain and the CD3ζ intracellular signaling domain. 

The green fluorescent protein sequence was used for assessing the transduction efficacy and 
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isolating CAR T cells. 

 

2.4 Bacterial plasmid replication 

For plasmids replication, MAX Efficiency™ DH5αF´IQ competent Cells (Thermo Fisher, 

Catalog No. 18288019) were used. 50 ng of pMP71 plasmids containing EpCAM-CAR-GFP 

or GFP sequence were added to a volume of 100 µl of competent bacteria and incubated for 

30 minutes. Afterwards the mixture was heated on the thermoshaker for 45 seconds at 42ºC. 

In a next step, lysogeny broth (LB) medium (Sigma-Aldrich, Catalog No. L3397) was added 

to a total volume of 1 ml and incubated for 1 hour at 37ºC at 200 rpm. One hour later, 100 µl 

of the transformed bacteria solution was distributed on the plate containing LB broth with 

agar (Sigma-Aldrich, Catalog No. L3147). The concentration of ampicillin (Sigma-Aldrich, 

Catalog No. A5354) inside the medium was 100 µg/ml. In order to expand the transformed 

bacteria, single colonies of bacteria were picked from the plate, and were grown in 10 ml of 

LB medium overnight at 37°C on a platform shaker with 200 rpm. On the second day, 2 ml of 

bacteria suspension was added to 200 ml of LB medium (200 ml double deionized water, 3.1 

g LB powder) and was kept overnight at 37°C on a platform shaker with 200 rpm. 

 

2.5 Plasmid isolation 

The EndoFree Plasmid Maxi Kit (QIAGEN, Catalog No. 12362) was used to isolate the 

desired plasmids according to manufacturer’s instructions. Briefly, the expanded bacteria 

from overnight LB culture were harvested by centrifuging. The cell membrane was lysed with 

an alkaline solution and RNA was enzymatically removed from the lysate using RNase 
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solution provided in the kit. Endotoxin was removed and the plasmid was precipitated. After 

purification of the plasmid, the purity was measured by a spectrophotometer following the 

manufacturer’s instructions (Thermo Scientific™ NanoDrop™ 2000/2000c, Catalog No.: ND 

2000). If the ratio of absorbance at wavelengths of 260 nm and 280 nm (A260/280) was more 

than 1.8, the purity of plasmid was considered good enough for further experiments.  

 

2.6 Production of retrovirus particles 

To produce retrovirus, Platinum-E (Plat-E) Retroviral Packaging Cell Line (Cell Biolabs, 

Inc.Catalog No. RV-101) was transfected with the pMP71 plasmid using Lipofectamine 2000 

transfection reagent (Thermo Fisher Scientific, Catalog No.11668030). Briefly, on the first 

day, Plat-E cells were seeded in 6-well plate at a density of 1x106 cells per well in DMEM 

medium supplemented with 10% FBS, 1% P/S (Thermo Fisher, Catalog No. 15140122). On 

the second day, Plat-E cells were transfected with Lipofectamine 2000 for 4 hours. Briefly, 15 

µg of plasmid was diluted with Opti-MEM (Thermo Fisher, Catalog No.31985062) to a total 

volume of 150 µl. 15 µl of Lipofectamine 2000 was diluted with Opti-MEM to a total volume 

of 150 µl. DNA solution was added into Lipofectamine 2000 solution dropwise while 

continuously vortex. During 20 minutes of incubation, complete DMEM medium was 

replaced with 700 µl Opti-MEM. Then the DNA and Lipofectamine 2000 mixture was added 

into a 6 well plate dropwise and incubated for 4 hours. Afterwards, the transfection medium 

was replaced by 3 ml of complete DMEM medium. The supernatant from Plat-E cells which 

contained the retroviral particles was collected 24 hours and 48 hours after transfection and 
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was filtered through a 0.45µm Millex-HA Filter (Merck, Catalog No. SLHA033SB). The 

supernatant was immediately used to transduce primary mouse T cells. 

 

2.7 Preparation of CD8 T cells 

One day before transduction, spleens of wild type C57Bl6 mice were isolated, meshed 

through a 30 µm MACS Smart Strainer (Miltenyi Biotec, 130-098-458) and placed in a 50 ml 

Falcon tube. The filter was rinsed two times with 10 ml murine T Cell Medium (mTCM) 

containing RPMI 1640 Medium Supplemented with GlutaMAX™ (Gibco™, Catalog No. 

61870036), 10%FBS, 1%P/S, 1% Sodium Pyruvate (Thermo Fisher Scientific, Catalog 

No.#11360070) and 0,1% HEPES (Thermo Fisher Scientific, Catalog No.#15630056). The 

filtrate was centrifuged at 400 rcf for 5 minutes. The supernatant was discarded and the cell 

pellet was resuspended in 2 ml red blood cell lysis buffer (Thermo Fisher Scientific, Catalog 

No. 00-4333-57). After 2 minutes, 20 ml PBS was added and centrifuged at 400 rcf for 5 

minutes. The cell pellet was resuspended in 5 ml mTCM. CD8 positive T cells were isolated 

with the mouse CD8a+ T Cell Isolation Kit according to the instructions of the manufacturer 

(Miltenyi Biotec, CAtalog No. 130-104-075). Briefly, 10 million cells were suspended in 40 

µl of buffer (PBS, 0.5% BSA and 2mM EDTA). 10 µl of Biotin-Antibody Cocktail was added. 

The cells were mixed well and were incubate for 5 minutes at 4°C. Then 30 µl of buffer and 

20 µl of Anti-Biotin Microbeads per 10 million cells were added, mixed and incubated for 10 

minutes at 4 °C. Afterwards the LS Column (Miltenyi Biotec, Catalog No. 130-042-401) was 

put in the magnetic field of a MidiMACS Separator (Miltenyi Biotec, Catalog No. 
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130-042-302). The LS column was prepared by rinsing with 3 ml of buffer and the cell 

suspension was pipetted to the LS column. The flow-through which contained the enriched 

CD8 T cells was collected, washed and resuspended in mTCM, complemented with 25 IU/ml 

of IL-2 (Recombinant Human IL-2, cross reactive with mouse, Peprotech, Catalog No. 

200-02), anti-mouse CD3ɛ antibody (1:1000, clone 145-2C11, Thermo Fisher, Catalog No. 

16-0031-86), anti-mouse CD28 antibody (1:10 000, clone 37.51, Thermo Fisher, Catalog No. 

16-0281-86) and 2-Mercaptoethanol (1:1000, Gibco™, Catalog No. 21985023). The cells 

were stimulated overnight in 6 well plate. A non-tissue culture-treated 24 well plate (Life 

Sciences, Catalog No. 351147) was coated with 400 µl per well of 12,5 µg/ml RetroNectin 

solution (TaKaRa, Catalog No. T100B), and covered with sealing film (Merck, Catalog No. 

BR701624). and incubated overnight at 4ºC. 

 

2.8 Retroviral T cell transduction 

The supernatant was removed gently from the 24 well plate coated with RetroNectin and 500 

µl of blocking buffer (2% BSA, ddH2O and Albumin Fraction V) per well was added and 

incubated at 37ºC for 30 minutes. The supernatant containing retrovirus from the Plat-E cells 

was carefully collected without detaching the Plat-E cells from plate. To collect retrovirus 

supernatant again after 24 hours, 3 ml of mTCM was added to the Plat-E cells and incubated 

with the cells overnight at 37 ºC. The retrovirus supernatant was filtered with a Millex HA 

0.45 μm filter (Merck, Catalog No. SLHA033SB) and concentrated three times. Afterwards, 

the blocking buffer was replaced with 1 ml of washing buffer (0.025 Molarity HEPES in PBS). 
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1 ml concentrated retrovirus was transferred to the 24 well plate and centrifuged at 3000 rcf at 

4 ºC for 2 hours. CD8 T cells were adjusted at a cell concentration of 1 million cells per ml 

mTCM supplemented with 25 IU/ml of IL-2, and 2-Mercaptoethanol, and 10 µl of Dynabeads

™ (Mouse T-Activator CD3/CD28 for T-Cell Expansion and Activation, Thermo Fisher 

Scientific, Catalog No. 11452D). The retrovirus supernatant was removed and 1 ml of cell 

suspension was added to the 24 well plate, centrifuge at 800 rcf at 32ºC for 30 minutes and 

was incubated overnight at 37ºC. On the second day, the retrovirus supernatant was collected 

again and 1 ml concentrated retrovirus solution was added per well, centrifuged at 800 rcf at 

32ºC for 90 minutes. On third day, the transduction efficiency was checked by flow 

cytometry (BD LSRFortessaTM Cell Analyzer, Catalog No. 647794). The cells expressing 

GFP signal were sorted on cell sorter (MoFlo Astrios EQ, Beckman Coulter, Catalog No. 

AT13011) for in vitro or in vivo experiments.  

 

2.9 IFN-γ release assay 

20 000 tumor cells and 200 000 CAR T cells or untransduced T cells were seeded in the each 

well of a 96 well plate in a total volume of 200 µl culture medium (DMEM supplemented 

with 10%FBS, 1%L-GLU and 1%P/S) per well. 24 hours later, the content of the wells was 

transferred into a round bottom 96 well plate and spined down at 500 rcf for 5 minutes. 150 µl 

of co-culture supernatant was transferred to a new 96 well plate. Mouse IFN-γ ELISA Set 

(BD OptEIA™, Cat. No. 555138) was used to measure the IFN-γ release amount from 

co-culture cells according to the instructions of the manufacturer. Briefly 100 µl diluted 
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capture antibody was pipetted to each well of 96 well Nunc-Immuno™ polystyrene Maxisorp 

ELISA flat bottom plate (Thermo Fisher Scientific Cat. No. 442404) and incubated overnight 

at 4ºC. The wells were aspirated and washed 5 times with ≥ 300 µl/well wash buffer. 

Afterwards, the plates were blocked with 200 µl assay diluent per well. After 1 hour of 

incubation at room temperature, the blocking diluent was aspirated and the plates were 

washed 5 times. 100 µl sample was added to each well and incubated 2 hours at room 

temperature. Then the wells were aspirated and washed 5 times again. 100 µl working 

detector (detection antibody + SAv-HRP) was added to each well. After 1 hour of incubation 

at room temperature the working detector was aspirated and the wells were washed 10 times. 

100 µl substrate solution was transferred to each well. After half an hour incubation at room 

temperature in dark 50 µl stop solution was pipetted into each well. The absorbance was 

measured at 450 nm using a microplate reader, (Tecan GENios, F129004, Austria) 

 

2.10 Mouse experiments 

All animal experiments were conducted followed the animal welfare act and the Bavarian 

state regulations for animal experiment. Protocols of all animal surgeries were approved by 

the local authorities.  

 

2.10.1 Mouse strain 

To assess inflammation after chronic cranial window implantation, transgenic CX3CR1GFP/WT 

(The Jackson Laboratory, Stock No. 005582) mice were implanted with a chronic cranial 
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window, and imaged regularly to confirm how long the activated microglia and macrophages 

need to recover. CX3CR1GFP/WT mice have an enhanced GFP sequence replacing the first 390 

bp of the coding exon (exon 2) of the chemokine (C-X3-C motif) receptor 1 (Cx3cr1) gene, 

microglia and macrophages has enhanced GFP which can be visualized under two-photon 

laser scanning microscope or epifluorescence microscope. For all other experiments male 

C57/BL6J mice (The Jackson Laboratory via their distributor, Charles River Germany, Stock 

No: 000664) were used. All mice were maintained at our facility according to Federation of 

European Laboratory Animal Associations guidelines. Experiments were started at the age of 

8-14 weeks. 

 

2.10.2 Chronic cranial window implantation 

Before surgical procedures, mice were anaesthetized using an intraperitoneal injection of 195 

µl MMF (Midazolam (5 mg/kg, Pfizer, Karlsruhe, Germany), Fentanyl (0.05 mg/kg, CuraMed 

Pharma GmbH, Karlsruhe, Germany) and Medetomidine (0.5 mg/kg, Ratiopharm)). 

Microsurgical preparation of the cranial window was performed as previously described in 

detail (Kienast et al., 2010, von Baumgarten et al., 2011). Briefly, the mouse head was fixed 

between two ear bars and one teeth bar in a stereotactic frame (David Kopf Instruments, 

Tujunga, USA), the chest and abdomen are on a heating pad. For preventing postoperative 

infection and brain edema, Cefotaxime (250 mg/kg, Fresenius Kabi Deutschland, Bad 

Homburg, Germany) and Dexamethasone (2mg/kg, Ratiopharm) were applied subcutaneously. 

The scalp was disinfected using povidone iodine solution (Braunol, B. Braun Melsungen AG). 
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The skin and the subcutaneous soft tissues were removed and a 5.5 mm circular part of the 

calvarium was removed using a sterile carbon steel micro dental drill (tip diameter: 0.5 mm, 

Fine Science Tools Germany, Heidelberg, Germany) and the dura was gently separated from 

the leptomeninges to achieve optimal image resolution. Sterile sponges containing thrombin 

and fibrinogen (TachoSil, Takeda Austria, Linz, Austria) was used to stop eventual bleeding. 

The cortical surface was covered with saline, and a sterile round cover glass (diameter: 6 mm) 

was attached to the cranium using dental glue (Cyano veneer, Hager Werken, Duisburg, 

Germany). To facilitate optimal head positioning during imaging, a custom-made plastic ring 

(diameter: 8 mm) was also glued to the skull (Figure 8). Buprenorphine (0.1 mg/kg; every 8 

hours) was injected for two postoperative days to ensure analgesia. Prior to further 

experiments, a postoperative recovery time of 28 days was granted to prevent postoperative 

inflammation or alterations of the microcirculation from affecting our results. 

 

Figure 8 | Cranial window implantation 

The image shows the OP situs of a mouse was equipped with a cranial glass window and a 

plastic ring for fixation during in vivo microscopy (left part: view through the OP-microscope 

eye piece).  
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2.10.3 Stereotactic injection of tumor cells and T cells 

Stereotactic intracerebral injection of tumor cells was performed 4 weeks after cranial 

window implantation. To simulate cerebral growth of brain metastases, 2.5x103 

EpCAM-LLC1-tdT cells were resuspended in 1 µl PBS and stereotactically injected into the 

left hemisphere at predefined coordinates (1 mm lateral to the sagittal sinus and 2 mm 

posterior to the bregma; intraparenchymal depth: 1.5 mm) using a Hamilton gas-tight 

microinjector (Hamilton, Reno, USA) with a 32 gauge needle (45°bevel degree, Hamilton, 

Reno, USA). Seven days after tumor cell injection, 2.0x105 CAR T cells concentrated in 1-2 

µl PBS were injected 1 mm posterior to the injection point (intraparenchymal depth: 1 mm) as 

highlighted in Figure 9. Injections of tumor cells and CAR T cells were either done after 

careful removal of the cover glass (for mice allocated to in vivo imaging or 

immunohistochemical analysis) or through a burr hole (for mice allocated to survival 

experiments).  

 

Figure 9 | Stereotactic injection of tumor cells and CAR T cells 

(A) Stereotactically intracerebral injection of tumor cells was performed 4 weeks after cranial 

window implantation. After anesthesia and disinfection, mouse was fixed in a stereotactic 

frame. The CAR or untransduced T cell suspension with a desired concentration was filled 
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into a 10 µl Hamilton gas-tight microinjector fixed microsyringe on a stereotactic adapter. (B) 

shows the injection site of tumor cells and CAR T cells relative to the brain surface and its 

vascular structure.  

 

2.11 In vivo two-photon laser scanning microscopy (TPLSM) 

Metastatic growth was followed by repetitive in vivo microscopy as described previously 

(Zhang et al., 2021, Mulazzani et al., 2019). For this purpose, a TrimScope multiphoton 

microscopy platform (LaVision Biotech TrimScope I) equipped with a MaiTai-laser 

(wavelength 690-1040nm; Spectra Physics, Newport) and a 4-times objective (numerical 

aperture: 0.28; XLFluor, Olympus) or a 20-times water immersion objective (numerical 

aperture: 0.95; XLUMPlanFl, Olympus) was used. Mice were placed on a heating mat during 

imaging sessions, anesthesia was established with 1% to 2% isoflurane in oxygen adjusted to 

the breathing rate, and the cranial plastic ring was tightly secured in a custom-made holding 

device to ensure minimal movements due to breathing. Prior to in vivo microscopy, 100 µl 

fluorescein isothiocyanate (FITC)-dextran (10mg/mL, 2 MDa molecular mass; Sigma-Aldrich) 

were injected into the tail vein for intravascular plasma staining and, thus, visualization of 

cerebral blood vessels when appropriate. Recordings were made every 5 μm at a wavelength 

of 920nm, and image resolution was set at 1024 × 1024 pixels. For statical analyses, 3D 

images stack with x/y/z-dimensions of 450 × 450 × 400 μm were acquired and imaging 

started at the cortical surface (as defined by detection of the arachnoid fibers using second 

harmonic imaging). For dynamic analyses, 3D images stack with x/y/z-dimensions of 450 × 

450 × 66 μm were repetitively acquired over 30 minutes (one recording every 30 seconds) and 

imaging started 100 µm below the cortical surface. Time frame and experimental setup of the 
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in vivo imaging are highlighted in Figure 10. 

 

Figure 10 | In vivo two-photon laser scanning microscopy and the time frame of 

experiment 

The left part of the schematic shows a mouse with chronic cranial window, fixed on a custom 

frame through the plastic ring, a 20x water immersion objective was used. During the whole 

process of imaging, mouse was anesthetized using isoflurane mixed in oxygen at a 

concentration of 1.0% to 2.0%, and the mouse was kept on a heat pad to keep body 

temperature stable. The right part of the schematic shows the time frame of experiment. 

Graphic modified from (Pérez-Alvarez et al., 2013).  

 

2.12 Image analysis 

After the raw images from Imspector Pro software (LaVision BioTec) were created, the 

original images were processed using Imaris software (Bitplane AG, Zurich, Switzerland). 

Briefly, images were post-processed using the 3 µm x 3 µm x 3 µm median filter to remove 

the background noise. Brightness, contrast, and color balance were manually adjusted to 

achieve the best image quality. The numbers of CAR T cells expressing GFP were quantified 

using the spot function of Imaris, while the speed of the T cell movement was measured 

through the surface function. Mosaic images were generated after 3D image were converted 

to 2D using the maximum intensity projection (MIP) function. Several MIPs were stitched 

together to form a big mosaic figure through the MosaicJ function of plugin in ImageJ/Fiji. 
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Epifluorescence microscopy was used to calculate the volume of tumor. Tumor area was 

assumed according to the maximum 2D diameters (anterior-posterior and left-right) via the 

following formula: area =π x length/2 x width/2.  

 

2.13 Statistical analysis 

Statistical analysis was performed using GraphPad Prism software (v9.0). Normal distribution 

and equal variance of data was tested using the D’ Agostino-Pearson omnibus normality-test. 

Differences were assessed by 2-way ANOVA followed by Sidak’s multiple comparisons test, 

or by the Mann-Whitney U-test (non-parametric data). If not indicated otherwise, all values 

are expressed as mean ± standard error of the mean (SEM). Survival was calculated using 

Kaplan-Meier survival analysis. The significance level was set at p ≤ 0.05.  
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3. Results 

3.1 Stable expression of Tdtomato and EpCAM in LLC1 

EpCAM-LLC1-tdT cells with strong tdTomato fluorescence and highest EpCAM expression 

were picked out via repeated FACS sorting. The stability of tdTomato fluorescence and 

EpCAM epitope expression ratio during 30 days in vitro subculturing was checked regularly 

using flow cytometry. The intensity of tdTomato fluorescence, with and without the selection 

antibiotic G418 (Figure 11) as well as the expression of EpCAM (Figure 12) was > 93% over 

a period of 30 days. 

 

Figure 11 | For the intensity of tdTomato fluorescence on transduced EpCAM-LLC1-tdT 

cells 

The red line shows expression ratio of the cells directly subcultured under G418 condition 

after FACS sorting. Grey line shows cells sub-cultured under G418-free condition after one 

freeze-thaw cycle. Green line shows cells subcultured under G418 condition after one 

freeze-thaw cycle. Both of the cells subcultured with G418 highly express tdTomato 

fluorescence, more than 96% of them are tdTomato positive during 30 days. Even the cells 

subcultured without G418 have more than 93%.  
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Figure 12 | For the expression ratio of EpCAM epitope on transduced 

EpCAM-LLC1-tdT cells 

The red line shows expression ratio of the cells directly subcultured under G418 condition 

after FACS sorting. The grey line shows cells subcultured under G418-free conditions after 

one freeze-thaw cycle. Green line shows cells subcultured under G418 condition after one 

freeze-thaw cycle. Cells expressing EpCAM epitope are more than 95% all three groups 

during 30 days of subculture. 

 

3.2 Establishment of the LCBM animal model 

Aseptic inflammation caused by the microsurgical preparation of the cranial window, 

especially microglia or macrophages activation can impair the growth of lung cancer brain 

metastasis to some extent. In order to answer the question that how long the activated 

microglia and macrophages need to recover, transgenic CX3CR1GFP/WT bearing green 

fluorescent microglia and macrophages were implanted with chronic cranial window, and 

imaged regularly (4, 14, 21, 24, 29 days) to assess how long activated microglia or 

macrophages need to recover after surgery. The morphology of microglia or macrophages was 

changed. 4 days after cranial window implantation, microglia/macrophages showed signs of 
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activation: the protrusions of microglia/macrophages were shortened, the number of cell 

protrusions was reduced and the volume of cell body was increased. On day 24 and day 29, 

obvious cell protrusions were observed, and the cell volume was almost uniform (Figure 13). 

Therefore, we decided to inject tumor cells 4 weeks after chronic cranial window 

implantation. 

 

Figure 13 | The status of microglia/macrophages after cranial window implantation 

The activation of microglia/macrophages caused by the aseptic inflammation after the 

operation of cranial window implantation. 4 days after cranial window implantation, 

microglia/macrophages were obviously activated. The protrusions of microglia/macrophages 

are shortened, the number of cell protrusions is reduced and the volume of cell body is 

increased. 21 days after cranial window implantation, the protrusions of some cells can be 

observed, but the volume of the cell body is still uneven. On day 24 and day 29, obvious cell 

protrusions can be observed, and the cell volume is almost uniform. Maximum intensity 
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projection of a 3D scanning volume (x=450 µm, y=450 µm, z=200 µm). 

 

3.3 Visualization of LCBM growth in vivo 

Implantation of a chronic cranial window was well tolerated and allowed for repetitive in vivo 

imaging using two-photon laser scanning microscopy. After EpCAM-LLC1-tdT cells were 

intracranially injected into the brain parenchyma, tumor cells were detected based upon their 

red fluorescence signal. All mice had visible tumor take six days after the tumor cell injection; 

and rapid growth of solitary lesions was seen in the following days. Fluorescence intensity 

remained high until the end of the in vivo experiments. Figure 14 shows representative 

images obtained by in vivo microscopy. 17 days after tumor injection, a large LCBM has 

formed showing pathologic tumor vascularization.  

 

Figure 14 | Visualization of intracerebral LCBM growth in vivo via two-photon 

microscopy 

Representative TPLSM images of intracerebral LCBM growth for 17 days after stereotactic 
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intracerebral implantation of 2.5 x 103 EpCAM-LLC1-tdT cells. The mosaic figures were 

created by stitching maximum intensity projections (MIP) with the volume of 450 µm x 450 

µm x 400 µm (x/y/z) per region of interest (ROI). Blood vessels are highlighted in green after 

i.v. injection of FITC dextran. Red fluorescent EpCAM-LLC1-tdT cells are displayed in red. 

Scale bar, 100 µm.  

 

3.4 Transduction ratio of CAR T cells 

We designed a second-generation murine CAR T cell with a CD28 costimulatory domain 

targeting EpCAM, which is commonly expressed on lung cancer cells. The GFP sequence is 

connected to the CAR sequence through P2A. Transduced cells can be sorted and purified by 

the expression of GFP fluorescent protein (Figure 15). 

       

Figure 15 | Transduction ratio of CAR EpCAM GFP plasmids  

 

3.5 IFN-γ release assay 

IFN-γ is a cytokine that is critical for innate and adaptive immunity. After CAR T cells 

recognize their specific epitope EpCAM on tumor cells via the CAR, IFN-γ is released. The 
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amount of IFN- γ released therefore reflects the ability of specific recognizing tumor antigen 

and the ability of specific killing tumor. The efficacy of CAR T cells was analyzed in 

co-culture of CAR T cells or untransduced T cells with EpCAM-LLC1-tdTomato cells or 

LLC1 cells, and IFN-γ in the supernatant was quantified using ELISA. Whereas undirected T 

cells did not exert relevant killing activity, the co-culture with CAR T cells resulted in 

substantial tumor cell lysis translating into increased levels of released IFN-γ (Figure 16). 

 

Figure 16 | In vitro IFN-γ release assay 

After 24 hours of co-culture CAR T cells or untransduced T cells with EpCAM-LLC1-tdT 

cells or LLC1 cells, IFN-γ in the supernatant from co-culture medium was measured using 

ELISA. Whereas untransduced T cells did not exert relevant killing activity, the co-culture 

with CAR T cells resulted in substantial tumor cell lysis. Mean +/- S.E.M of triplicate wells. 

ns = not significant, ****p < 0.0001. 

 

3.6 In vivo dynamics of CAR T cells and untransduced T cells after intraparenchymal 

injection 

For in vivo imaging, CAR T Cells or untransduced T cells were injected stereotactically into 

the mouse cortex 1 mm posterior of the tumor injection site, at a depth of 1 mm 4 days after 
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CAR T cells injection. In vivo microcopy was performed every other day to monitor tumor 

growth and in vivo dynamics of untransduced T cells and CAR T cells respectively (Figure 17 

and Figure 18). 

 

Figure 17 | In vivo imaging of untransduced T Cells in orthotopic lung cancer brain 

metastasis 

Representative TPLSM images show different time points after the stereotactic injection of 

untransduced T cells. The tumor size constantly increased until day 17. The tumor grew in the 

form of a solid tumor mass, surrounded by satellite lesions of various sizes. Untransduced T 

cells mainly appeared on the boarders of the solid tumors, and the number decreases over time. 

On day 10 (17 days after tumor cell injection), only a few GFP T cells were visible. The 

mosaic figures were created by stitching maximum intensity projections (MIP) with the 

volume of 450 µm x 450 µm x 400 µm (x/y/z) per region of interest (ROI). Untransduced T 

Cells are in green. Tumor cells (EpCAM-LLC-tdT) are in red. Scale bar, 150 µm.  

 

After injection of untransduced T cells into the cerebral parenchyma adjacent to the tumor, the 

cells migrated into the brain tumor within days and predominantly accumulated around the 

tumor boarders. The tumor mass constantly expanded over time (Figure 17). In contrast, CAR 

T cells infiltrated into LCBM more evenly and tumor had an inhibited growth (Figure 18).
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Figure 18 | In vivo imaging of CAR T cells in orthotopic lung cancer brain metastasis 

Representative TPLSM images show different time points after the stereotactic injection of 

CAR T cells. On day 4 and day 6, CAR T cells could be detected, however, superficial tumor 

cells were eradicated. On day 8 and day 10, not only CAR T cells, but also tumor cells from 

some mouse brains were detectable. Tumors grew slowly. During the observation period of 10 

days, CAR T cells decreased. Mosaic figures were created by stitching maximum intensity 

projections (MIP) with the volume of 450 µm x 450 µm x 400 µm (x/y/z) per region of 

interest (ROI). CAR T Cells are in green. Tumor cells (EpCAM-LLC-tdT) are in red. Scale 

bar, 150 µm.  

 

After injection of CAR T cells into the cerebral parenchyma adjacent to the tumor, the cells 

migrated into the brain tumor within days, which lead to an initial tumor regression. However, 

the number of CAR T cells decreased over time, which was paralleled by tumor regrowth in 

some mice (Figure 19).  
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Figure 19 | In vivo CAR T cell dynamics after intraparenchymal injection and tumor 

was inhibited 

Representative in vivo images of tumor on days 2, 4, 6, 8, and 10 after intraparenchymal 

injection of CAR T cells using epifluorescence (upper panel) and two-photon laser scanning 

microscopy (lower panel). Note the inhibited tumor growth and intratumoral CAR T cell 

accumulation after administration of CAR T cells. Epifluorescence microscopy images were 

created by CCD camera in red channel with the area of 2000 µm x 2000 µm (x/y) per region 

of interest (ROI). Scale bar, 500 µm. Representative TPLSM images were maximum intensity 

projections (MIP) with the volume of 450 µm x 450 µm x 400 µm (x/y/z) per region of 

interest (ROI). CAR T Cells are in green. Tumor cells (EpCAM-LLC-tdT) in red. Scale bar of 

upper panel, 500 µm. Scale bar of lower panel, 100 µm. 

 

In 4 out of 10 mice established lung cancer brain metastasis were eradicated. A representative 

example is highlighted in Figure 20.  

 

Figure 20 | In vivo CAR T cell dynamics after intraparenchymal injection and tumor 

was eradicated 
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Representative in vivo images of tumor on days 2, 4, 6, 8, and 10 after intraparenchymal 

injection of CAR T cells using epifluorescence (upper panel) and two-photon laser scanning 

microscopy (lower panel). Note the tumor regression and intratumoral CAR T cell 

accumulation after administration of CAR T cells. Epifluorescent microscopy images were 

created by CCD camera in red channel with the area of 2000 µm x 2000 µm (x/y) per region 

of interest (ROI). Scale bar, 500 µm. Representative TPLSM images were maximum intensity 

projections (MIP) with the volume of 450 µm x 450 µm x 400 µm (x/y/z) per region of 

interest (ROI). CAR T Cells are in green. Tumor cells (EpCAM-LLC-tdT) are in red. Scale 

bar of upper panel, 500 µm. Scale bar of lower panel, 100 µm. 

 

In animals receiving untransduced T cells, we found unrestricted tumor growth (Figure 21) 

 

Figure 21 | In vivo untransduced T cell dynamics after intraparenchymal injection and 

tumor unrestrictedly grew 

Representative in vivo images of tumor on days 2, 4, 6, 8, and 10 after intraparenchymal 

injection of untransduced T cells using epifluorescence (upper panel) and two-photon laser 

scanning microscopy (lower panel). Note the unrestricted tumor growth and reduction of 

intratumoral untransduced T cell over time. Epifluorescent microscopy images were created 

by CCD camera in red channel with the area of 2000 µm x 2000 µm (x/y) per region of 

interest (ROI). Scale bar, 500 µm. Representative TPLSM images were maximum intensity 

projections (MIP) with the volume of 450 µm x 450 µm x 400 µm (x/y/z) per region of 

interest (ROI). CAR T Cells are in green. Tumor cells (EpCAM-LLC-tdT) are in red. Scale 

bar of upper panel, 500 µm. Scale bar of lower panel, 100 µm (except in upper panel, day 8: 

620 µm and day 10: 880 µm).  

 

3.7 Anti-tumor cytotoxicity, leading to tumor regression or inhibition 

Quantification of tumor growth over time revealed a significant growth delay in animals 
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treated with CAR T cells compared to untransduced T cells (Figure 22). Whereas control mice 

treated with untransduced T cells showed exponential and rapid tumor growth during the 

observation period, treatment with CAR T cells resulted in significantly decreased growth 

(Figure 22).  

  

Figure 22 | Intracranial LCBM growth after injection of CAR T cells 

Tumor volumes of mice receiving CAR T cells (green) or untransduced T cells (grey). Data 

pooled from independent experiments. Mean +/- s.e.m. Comparisons were made using 2-way 

ANOVA followed by Sidak’s multiple comparisons test. ***p < 0.001, ****p < 0.0001, n = 8 

mice (mice receiving untransduced T cells) and 10 mice (mice receiving CAR T cells).   

 

In four out of ten mice (40%) treated with CAR T cells, we even observed complete 

regression of tumors without any detectable signs of residual lesions at the end of the in vivo 

microscopy. Moreover, only one animal (10%) which received CAR T cells developed a 

tumor with ≥5 mm2 tumor area, but seven out of eight control mice (87.5%) were found to 

have large tumors with a 2-dimensional area of ≥5 mm2. After injection of untransduced T 

cells, 1 of 8 mice (12.5%) showed inhibition of the large, established LCBM, suggesting 

potential anti-tumor activity of activated T cells (Figure 23). 
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Figure 23 | Intracranial tumor growth of individual mouse after injection of CAR T cells 

Individual tumor volumes of mice receiving CAR T cells (green) or untransduced T cells 

(grey). In the untransduced T cell group (n = 8, tumor volume in grey), tumors continuously 

grow in 8 mice. In 1 of 8 mice, the tumor growth was inhibited. After CAR T cell injection (n 

= 10, tumor volume in green), tumors in 4 out of 10 mice regressed during the observation 

period.  

 

3.8 The distribution of intratumoral CAR T cells 

The ability of T cells to migrate to the tumor area is an important indicator of the ability of T 

cells to clear tumors. Generally, the stronger the migration ability, the earlier the specific 

epitopes on the surface of tumor cells can activate CAR T cells, allowing them to exert 

cytotoxic effects to kill tumor cells, inhibit tumor growth or eliminate tumors. We quantified 

intratumoral T cell density for CAR T cells and untransduced T cells from 4 to 10 days after 

stereotactic T cell injection. As expected, on day 4 after T cell injection, both CAR T cells and 

untransduced T cells were detectable in the tumor area. Intratumoral CAR T cells 

accumulated in higher numbers compared to untransduced T cells from day 4 to day 8. 

Especially on the fourth day there was a statistical difference between the two groups. In 

addition, both CAR T cells in treatment group and untransduced T cells in control group 

decreased quickly from day 4 to day 10 after treatment (Figure 24). 
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Figure 24 | Intratumoral CAR T cell or untransduced T cell density 

CAR T cells show higher intratumoral numbers, compared to untransduced T cells from day 4 

to day 8. The number of CAR T cells and untransduced T cells reaches their peak value on the 

fourth day, however, both CAR T cells in treatment group and untransduced T cells in control 

group were decreased quickly from day 4 to 10 after treatment. T cell numbers quantified of 1 

to 2 three-dimensional ROIs from 7 mice per group per time point. Pooled data from 6 

independent experiments. Mean +/- s.e.m. Comparisons were made using 2-way ANOVA 

followed by Sidak’s multiple comparisons test. **p < 0.01.  

 

We quantified the intratumoral CAR T cell density on the tumor injection site and on the 

contralateral hemisphere. As expected, CAR T cells were found in both at the tumor injection 

site and the contralateral tumor injection site from the fourth day to the tenth day after 

treatment. The number of Intratumoral CAR T cells on the tumor implantation side was 

higher than that in the contralateral brain hemisphere, especially on the fourth and sixth days, 

the number of CAR T cells on the tumor implantation side was significantly higher than that 

in the contralateral brain hemisphere. Apparently, CAR T cells are mainly recruited to the 

tumor implantation site, however, may also play an immune surveillance function in the 
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contralateral brain hemisphere (Figure 25). 

 

Figure 25 | Intratumoral and contralateral CAR T cell density 

CAR T cells show higher intratumoral numbers at tumor implantation site, compared to the 

contralateral hemisphere at all time points after treatment. CAR T cells number quantified of 

1 to 2 three-dimensional ROIs from 7 mice per group per time point. Pooled data from 6 

independent experiments. Mean +/- s.e.m. Comparisons were made using 2-way ANOVA 

followed by Sidak’s multiple comparisons test. *p < 0.05, **p < 0.01.  

 

    In the control group, untransduced T cells were found in the tumor injection site and in 

the contralateral hemisphere from the fourth day to the tenth day after treatment. The number 

of intratumoral untransduced T cells was not significantly different to the contralateral 

hemisphere (Figure 26).  
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Figure 26 | Intratumoral and contralateral untransduced T cell density 

Untransduced T cells were found in both of the tumor implantation site and contralateral to 

the tumor implantation site all time points after treatment with no significant difference in 

distribution. Untransduced T cell numbers were quantified in 1 to 2 three-dimensional ROIs 

from 7 mice per group per time point. Pooled data from 6 independent experiments. Mean +/- 

s.e.m. Comparisons were made using 2-way ANOVA followed by Sidak’s multiple 

comparisons test. ns = not significant. 

 

3.9 The velocity of Intratumoral CAR T cells 

TPLSM can not only capture the number of CAR T cells in the tumor and their distribution, 

but can also be used to visualize the behavior of individual T cells over time by making 3D 

time-lapse movies. We therefore measured the difference of velocity between untransduced T 

cell migration and CAR T cell migration during tumor growth and regression. On day 4 after 

T cell i.c. injection, we found no significant difference of velocity between CAR T cells and 

untransduced T cells. However, on day 8 after T cell i.c. injection, intratumoral CAR T cell 

velocity was slower than mock CAR T cell velocity (Figure 27). T cell receptor 

(TCR)-mediated anti-tumor cytotoxicity has been characterized by long-lasting contacts 

between effector immune cells and tumor cells (Breart et al., 2008), which may explain the 
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reduced velocities.  

 

Figure 27 | Intratumoral CAR T cell and untransduced T cell velocity 

Examples of (A) TPLSM images of EpCAM-LLC-tdT cells (red), CAR T cells (green) and (B) 

three-dimensional reconstruction of untransduced T (green) with intratumoral migration 

tracks. Time lapse movie of 30 minutes duration, 8 days after i.c. injection. C) Quantification 

of individual, intratumoral T cell velocity of migration tracks as shown in (B). Each green dot 

represents one CAR T cell. Results from pooled time lapse microscopy movies of at least 30 

minutes duration (recording every 30 seconds) per time point, ROI of 450 µm x 450 µm x 66 

µm (x/y/z) starting at least 100 µm underneath the brain surface. There was no significant 

difference of velocity between CAR T cells and untransduced T cells on day 4 after treatment. 

However, intratumoral CAR T cell velocity was slower than untransduced T cell velocity on 

day 8 after i.c. injection. Pooled data from 6 independent experiments. Median +/- 
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interquartile range. Comparisons were made using the Mann-Whitney U test. ns = not 

significant, ****p < 0.0001. 

 

3.10 Blood sampling 

In order to assess whether CAR T cells enter the blood circulation, potentially resulting in 

off-target effects at remote sites, we assessed their presence in the peripheral blood using flow 

cytometry. Both on day 4 and day 10 after stereotactic T cell i.c. injection, CAR T cells and 

untransduced T cells were not detected in the peripheral circulation. There was no significant 

difference between CAR T cell treated mice and untreated mice (Figure 28, right), or 

untransduced T cell treated mice and untreated mice (Figure 28, left).  

 

Figure 28 | Flow cytometry of CAR T cells and untransduced T cells in the peripheral 

blood  

Both on day 4 and day 10 after i.c. injection, CAR T cells and untransduced T cells were 

almost undetectable in the peripheral blood. The graph displays the fraction of CAR T cell 

(right) or untransduced T cell (left) of all lymphocytes in blood measured by FACS analysis. 

Untreated mice (grey; n = 5), untransduced T cells (green; n = 5), and CAR T cells (green; n = 

5). Results from 2 independent experiments. Comparison was made using 2-way ANOVA 

followed by Sidak’s multiple comparisons test. ns = not significant. 
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3.11 Survival rates 

We used C57BL6J mice receiving tumor cell and CAR T injections via a bur hole for survival 

analysis experiments. We found that the survival time of animals receiving CAR T cells was 

longer than that of the control group, and the difference was statistically significant. We found 

a median survival was prolonged in mice in which CAR T cells were provided (CAR T cells: 

22 days versus untransduced T cells: 20 days). One mouse in CAR T cell group live more 

than 83 days indicating potential cure (Figure 29). 

 

Figure 29 | Survival rates after CAR T cells or untransduced T cells i.c. injection 

The graph highlights the survival after treatment with CAR T cells (green line, n=8) or 

untransduced T cells (grey line, n=9). Mice in CAR T cell group have longer survival time 

than mice in untransduced T cell group. One mouse in CAR T cell group live more than 83 

days. Data pooled from 4 independent experiments. Comparison of survival rates was 

performed with the Kaplan-Meier estimate. 
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4. Discussion 

Lung cancer patients with brain metastases identify with a devastating natural history, and 

innovative therapeutic approaches are urgently needed for this patients population (Shaw et al., 

2020, Lee and Ahn, 2021). In this doctoral these repetitive in vivo imaging through a cranial 

window was combined with intraparenchymal injections of fluorescent lung cancer cells and 

CAR T cells which offered the exciting opportunity to assess the real time properties of CAR 

T cells in the brain on a single cell level. Based on this fully immunocompetent model, the 

promising anti-tumor properties of CAR T cells for brain metastases from lung cancer could 

be illustrated.  

 

4.1 Mouse model 

In this study, a syngeneic orthotopic mouse model was developed to study LCBM. Repeated 

TPLSM through a chronic cranial window enabled analyzing LCBM growth in unprecedented 

detail. It is known, that the therapeutic efficacy of CAR T highly depends on their migration 

towards and recruitment into brain tumors, as well as their activity and persistence in the 

immunosuppressive tumor microenvironment (Shiina et al., 2016, Weiss et al., 2018, Haydar 

et al., 2021). However, so far our group was the first to be able to analyze these processes at 

the single cell resolution level and to track the kinetic characteristics of intracerebral CAR T 

cells in the same animal repeatedly by combining chronic cranial windows with TPLSM 

(Mulazzani et al., 2019). Unlike in this previous study, in this thesis a syngeneic model was 

developed. This is very important as the use of human cancer cells in immunodeficient mice 
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does not reflect the immunosuppressive effect of e.g. regulatory T cells (Treg) (Maj et al., 

2017, Bull et al., 2018, Son et al., 2020). However, the animal models have some limitations. 

For this study male C57Bl6j mice were used as recipients and allogeneic male C57Bl6j mice 

were used as T cell donors. Compared with using xenograft mouse model, the recipient mice 

in this study have greater immune rejection for implanted T cells, which makes the 

therapeutic effect of CAR T cells to a certain extent underestimated. Compared with clinical 

patients who use autologous T cells for genetic modification and amplification in vitro and 

then infused into the patient's body, the effect of CAR T cell therapy in this study may be 

further underestimated. Brain metastases from lung cancer in mice grow rapidly (Hsu et al., 

2019, Masuda et al., 2020, Zhang et al., 2021). In our study, CAR T cells were used on the 

seventh day after intracranial tumor cell implantation. In the first three days after intracranial 

injection of CAR T cells, an image with high quality cannot be obtained due to aseptic 

inflammation inside the cranial window. Therefore, quantification of CAR T cells starts on the 

fourth day (equivalent to the 11th day after tumor implantation) until the end of the 

experiment (equivalent to 17th day after tumor implantation), the time window of two-photon 

microscopy is only 7 days. Some very interesting phenomena may be outside this time 

window. 

 

4.2 CAR T cells treatment 

We found that treatment with CAR T cells injected into the cerebral parenchyma did not only 

result in decreased growth of lung cancer brain metastasis but also in complete tumor 
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regression in some mice. These anti-tumor effects indeed translated into a considerable 

survival benefit of mice treated with CAR T cells including long-lasting remission. 

Encouraging findings have been made in preclinical in vivo models assessing intracranially 

administered CAR T cells for the treatment of primary CNS malignancies including CNS 

lymphoma (Mulazzani et al., 2019), medulloblastoma (Donovan et al., 2020), or glioblastoma 

(Wang et al., 2020); as well as for secondary CNS malignancies such as breast cancer 

metastases (Priceman et al., 2018). Although such favorable results have encouraged ongoing 

clinical CAR T cell trials for brain tumor patients (Karschnia et al., 2021), none of these 

studies yet includes lung cancer patients. Our present study appears to support that CAR T 

cell therapy might also warrant evaluation in individuals with brain metastases from lung 

cancer. 

 

4.3 Recruitment of CAR T cells into solid tumor 

An important step for successful CAR T treatment is tumor infiltration. In solid tumors, CAR 

T cells have to overcome a variety of physical and immune barriers (Rafiq et al., 2020, 

Johnson et al., 2021). Until now, only very few studies have reported the visualization of CAR 

T cells entering solid tumors and the dynamic changes between tumor cells and CAR T cells 

in mouse orthotopic tumor models (Mulazzani et al., 2019).  

Our model allowed to dissect the in vivo dynamics of CAR T cells, and our analysis at early 

days after CAR T cell injection showed a higher density of intratumoral CAR T cells which 

were more evenly distributed throughout the tumor compared to undirected T cells serving as 
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controls. This observation indicates enhanced proliferation, migration, and tumor infiltration 

of directed CAR T cells. Although the exact mechanisms remain elusive, early antigen contact 

of the CAR T cells with the EpCAM-expressing tumor cells might have contributed to these 

effects. Such an interaction substantially stimulates differentiation, proliferation, and survival 

of T cells (Kaech and Ahmed, 2001, Shyer et al., 2020).  

 

4.4 The persistence of CAR T cells 

The number of CAR T cells declined rapidly, pointing towards insufficient persistence of 

CAR T cell within the tumor tissue. The CAR T cell density within the tumor was comparable 

to controls at the end of the in vivo experiments, and this was often paralleled by tumor 

growth. These findings seem consistent with preclinical and clinical reports of rapidly 

decreasing CAR T cell numbers in solid brain tumors as glioma (Brown et al., 2015). 

Clinical trials for brain tumor patients evaluating concepts to counteract the insufficient 

persistence by stimulation of CAR T cells with immunotherapies such as checkpoint 

inhibitors are ongoing (NCT04003649) (Blaeschke et al., 2021). In this context, CAR T cells 

entering the systemic circulating (and homing into nondraining lymph nodes) following 

intracranial injection have been identified as a reservoir protecting against local tumor 

recurrence in the CNS (Mulazzani et al., 2019, Wang et al., 2021). However, in this study, the 

CAR T cells in peripheral taking blood samples was almost undetectable, and it appears 

therefore unlikely that such a blood infiltration might have taken place in our study. If 

administered, the use of lymphodepletion prior to CAR T cell administration could have 



 

 
59 

increased the systemic quantity and persistence of CAR T cells (Sampson et al., 2014).  

A possible strategy to enhance the CAR T tropism to brain tumors is to express chemokine 

receptors that match to chemokines that are expressed in the respective tumor (Lesch et al., 

2021). In addition, other studies have also shown that chemokine receptors may be one way to 

improve T cell trafficking, and then increase T cell persistence, thereby increasing anti-tumor 

efficacy (Jin et al., 2019, Cadilha et al., 2021). 

 

4.5 Intratumoral CAR T cells velocity 

TPLSM can describe the interaction between CAR T cells and cancer cells in the process of 

tumor growth or regression at the single-cell resolution level. For example, our group has 

shown that CAR T cells directed against CD19 are able to infiltrate intracranial lymphoma in 

high numbers, leading to elimination of this CD19 expressing, solid tumor (Mulazzani et al., 

2019). In this study, the velocity of mock CAR T cell and h19m28z CAR T cell was compared. 

Interestingly, during the early stages of tumor cell killing, infiltrating h19m28z CAR T cells 

have a lower intratumoral velocity, and kill tumor cells. Conversely, mock CAR T cells which 

cannot specifically recognize CD19 expressing lymphoma cells have a higher migratory 

velocity inside the tumor, and neither kill lymphoma cells and nor stop their own movement. 

It suggested that lower intratumoral velocity is associated with CAR-mediated tumor cell 

killing. Cadilha and colleagues found an enhanced infiltrative capacity of CCR8-transduced T 

cells compared to untransduced T cells in tumor tissue through intravital microscopy. 

However, no significant changes in the speed of CCR8-transduced T cells inside the tumor 
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compared to untransduced T cells (Cadilha et al., 2021). From the side, it is possible that the 

CAR-mediated tumor killing process is one of the reasons for the slowing down of CAR T 

cell motility. 

In our study, we measured the velocity of untransduced T cell and CAR T cell migration on 

the fourth and eighth days after CAR T cells i.c. injection. The CAR T cells show a similar 

velocity as untransduced T cells on day 4 after T cell i.c. injection. The possible reason is on 

the fourth day after the mouse LCBM received CAR T cell treatment, the tumor regressed 

within the observable range of two-photon microscope, and the CAR T cell movement speed 

was less affected by the EpCAM antigen. However, CAR T cell migratory velocity was 

slower than untransduced T cells on day 8 after T cell i.c. injection. The possible reason is the 

number of T cells declined rapidly 8 days after CAR T cell injection, while tumor cells grew 

rapidly. So the motility of CAR T cell inside the LCBM of the observable range of 

two-photon microscope is significantly affected by EpCAM antigen. Therefore, the result of 

the CAR T cell migratory velocity in this study is consistent with the results of Mulazzani and 

colleagues. 

 

4.6 Limitations 

We herein performed repetitive in vivo imaging through a cranial window to monitor lung 

cancer brain metastasis growth after intracranial CAR T cells injection, which offered the 

exciting opportunity to assess real time dynamics of CAR T cells in the brain at a single-cell 

level. However, in this study, we only observed the depth within 400 μm from brain surface. 
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The deeper part could not be imaged, and the dynamic characteristics of immune cells and 

tumor cells could not be further analyzed as well. Given the cranial window implantation for 

mice produce strong aseptic inflammation (Figure 13), the activation of immune cells, 

including microglia or macrophages, may not only affect the growth of tumor cells, but also 

increase the scattering phenomenon during the imaging process and then reduce the quality of 

the image. In order to get optimal images, tumor cells were injected 4 weeks after cranial 

window implantation. Since we used a fully immune-competent syngeneic orthotopic mouse 

model, the persistence of CAR T cells in this study is limited after implantation into mouse 

brains, the number has been significantly reduced over time. 

 

4.7 Clinical relevance 

We made use of CAR T cells injected into the cerebral parenchyma adjacent to the brain 

tumor. Whereas we and others observed promising anti-tumor effects using this approach 

(Brown et al., 2015, Wang et al., 2021), systemic routes of administration (including 

intravenous or intraperitoneal injection) have shown less encouraging results in CNS disease 

(Mulazzani et al., 2019, Wang et al., 2021, Agliardi et al., 2021). Whether similar 

observations would also have been made in our model remains speculative; however, based 

on previous reports it appears highly unlikely that more efficient anti-tumor effects would 

have been noted after systemic administration of CAR T cells. It remains to be noted that 

brain metastases are often disseminated within the cerebral parenchyma, and systemic routes 

might be particularly beneficial in controlling or preventing micrometastatic disease. 
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Brain metastases from lung cancer are particularly prone to create an immunosuppressive 

niche composed of neoplastic as well as non-neoplastic cells including tumor-associated 

macrophages and microglia (Zhang et al., 2021). It remains to be seen whether the 

immunosuppressive microenvironment of brain metastases from lung cancer may represent an 

interesting target to further increase the efficiency of CAR T cell based immunotherapy 

(Karschnia et al., 2021, Cadilha et al., 2021). Given that our preclinical findings were made in 

a fully immunocompetent murine model, our encouraging results may have particularly 

substantial translational implications. 
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5. Conclusion 

Collectively, the present study highlights the encouraging anti-tumor effects of intracranially 

injected CAR T cells against solid brain metastases from lung cancer. Migration towards the 

tumor as well as intratumoral CAR T cells accumulation were associated with tumor 

regression early after the intraparenchymal injection; however, decreasing CAR T cell 

numbers during the late observation period suggest insufficient persistence which might be 

paralleled by tumor regrowth. Given the complex interaction of CAR T cells with the 

immunosuppressive tumor microenvironment of brain metastases, improved CAR design and 

the choice of concurrent therapies may further boost the success of CAR T cell therapy for 

brain metastases. The herein introduced murine model might be a useful tool to evaluate such 

approaches.   
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