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ABSTRACT
Lung cancer patients are at risk for brain metastases and often succumb to their intracranial disease. 
Chimeric Antigen Receptor (CAR) T-cells emerged as a powerful cell-based immunotherapy for hemato-
logical malignancies; however, it remains unclear whether CAR T-cells represent a viable therapy for brain 
metastases. Here, we established a syngeneic orthotopic cerebral metastasis model in mice by combining 
a chronic cranial window with repetitive intracerebral two-photon laser scanning-microscopy. This 
approach enabled in vivo-characterization of fluorescent CAR T-cells and tumor cells on a single-cell 
level over weeks. Intraparenchymal injection of Lewis lung carcinoma cells (expressing the tumor cell- 
antigen EpCAM) was performed, and EpCAM-directed CAR T-cells were injected either intravenously or 
into the adjacent brain parenchyma. In mice receiving EpCAM-directed CAR T-cells intravenously, we 
neither observed substantial CAR T-cell accumulation within the tumor nor relevant anti-tumor effects. 
Local CAR T-cell injection, however, resulted in intratumoral CAR T-cell accumulation compared to 
controls treated with T-cells lacking a CAR. This finding was accompanied by reduced tumorous growth 
as determined per in vivo-microscopy and immunofluorescence of excised brains and also translated into 
prolonged survival. However, the intratumoral number of EpCAM-directed CAR T-cells decreased during 
the observation period, pointing toward insufficient persistence. No CNS-specific or systemic toxicities of 
EpCAM-directed CAR T-cells were observed in our fully immunocompetent model. Collectively, our 
findings indicate that locally (but not intravenously) injected CAR T-cells may safely induce relevant anti- 
tumor effects in brain metastases from lung cancer. Strategies improving the intratumoral CAR T-cell 
persistence may further boost the therapeutic success.
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Background

Brain metastases arise from hematogenous dissemination of 
malignant cells from an extracranial neoplasm to the cerebral 
vasculature. Patients with lung cancer are at a particularly high 
risk, and 30–50% of affected individuals are expected to 
develop brain metastases during the course of their disease.1, 
2 This number might even increase in the next decades given 
that therapeutic advances for lung cancer involving immu-
notherapeutic or targeted agents have resulted in prolonged 
disease courses.3 Although control of extracranial disease can 
often be achieved using such agents, a considerable number of 
patients succumb to their intracranial tumor.4 Novel 

therapeutic strategies for the treatment of lung cancer brain 
metastases are therefore urgently warranted.

Chimeric Antigen Receptor (CAR) T-cells represent 
a powerful class of cell-based immunotherapy for advanced 
malignancies. CAR incorporates antigen-recognition moieties 
and co-stimulatory domains, which re-direct killing activity of 
an autologous T-cell population against a specific tumor cell 
antigen following genetical modification. Particularly, the 
B-cell antigen CD19 has proven as an effective target in 
patients with hematological neoplasms,5 and several CAR 
T-cell products have been approved in the United States and 
Europe. Substantial efforts to translate such therapy into treat-
ment for solid tumors including primary as well as secondary 
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brain tumors have been made,6,7 and numerous potential tar-
gets such as the epithelial cell adhesion molecule (EpCAM) 
presented on the surface of lung cancer cells have been dis-
cussed in this context.8 EpCAM is overexpressed in about 50% 
of non-small cell lung cancer.9 Its overexpression is typically 
also conserved in metastatic disease10 and in some cancers even 
upregulated in metastases compared to primary tumors.11 

Although theoretically promising, it remains unclear whether 
(EpCAM-directed) CAR T-cells may indeed constitute an 
effective therapeutic avenue for brain metastases from lung 
cancer.

In this study, we combined intracerebral two-photon laser 
scanning microscopy and a chronic cranial window model to 
establish a syngeneic orthotopic brain metastasis model. This 
fully immunocompetent murine model allowed repetitive 
visualization of fluorescent CAR T-cells and cancer cells at 
single-cell resolution. Based on this approach, we were able to 
analyze the in vivo dynamics, persistence, and anti-tumor 
effects of systemically and intraparenchymally injected 
EpCAM-directed CAR T-cells against established brain metas-
tases from lung cancer.

Methods

Animals

Male C57BL/6 mice (Charles River Laboratories) at the age of 
8–14 weeks were used for tumor implantation experiments and 
isolation of T-cells. After surgical procedure, the animals were 
housed one per cage and had access to tap water and standard 
pellet food ad libitum. All animal experiments were approved 
by the local governmental animal care committee (Regierung 
von Oberbayern; permission number: 02–20-44) and con-
ducted in accordance with European legislation on protection 
of animals and NIH Guidelines (NIH Publication #85-23 Rev. 
1985).

Cell lines

The murine Lewis Lung carcinoma cell line LL/2 was pur-
chased from the European Collection of Authenticated Cell 
Cultures (ECACC; catalog number: #90-0201-04). Cells 
were cultured in DMEM (#41-965-039, Thermo Fisher) 
supplemented with 2 mM glutamine and 10% FCS 
(#S0615, Biochrom). Testing for mycoplasma infection was 
regularly performed. To keep genetic drift at minimum, 
cells were maintained in culture for up to 4 weeks after 
thawing.

Tumor cell line generation

A PCR product containing the sequence of tdTomato (vec-
tor 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 con-
struct. 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.12 LL/ 
2 was transfected with pLVX-tdTomato-IRES-Neo using 
lipofection (Lipofectamine 3000; Thermo Fisher Scientific). 
tdtLL/2 was enriched by cultivation in selection medium 
containing G418-sulfate (#A2912; Biochrom) and by repe-
titive FACS sorting. As previously described in detail,13 

tdtLL/2 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/tdtLL/2.

Retroviral transduction vectors

The anti-EpCAM-CAR construct was previously described by 
Lesch & Blumenberg et al.14 and Cadilha et al.15, 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 wildtype 
CD3zeta (with three intact immunoreceptor tyrosine-based 
activation motifs) in a pMP71 backbone. The anti-EpCAM- 
CAR-GFP construct consists of anti-EpCAM-CAR fused to 
GFP via a self-cleaving 2A sequence. GFP-expressing, 
EPCAM-directed CAR T-cells (EpCAM/GFPCAR T-cells) were 
generated; and T-cells transduced by a vector containing GFP 
only were used as controls (GFPT-cells).

Isolation and transduction of T-cells

T-cells were isolated from spleens of C57BL/6 mice and were 
enriched with a mouse CD8a+ T-cell isolation kit (#130-104- 
075, Miltenyi Biotec). Transduction of primary murine T-cells 
was conducted as previously described.14–16 In short, supernatants 
containing the virus of interest were used for transduction on two 
consecutive days (Supplementary Figure 1A-C). During virus 
generation, primary murine T-cells were activated with anti- 
CD28 (#16-0281-86, Thermo Fisher) and anti-CD3 antibodies 
(#16-0031-86, Thermo Fisher) in murine T-cell medium supple-
mented with IL-2 (#20-002, Peprotech) and β-mercaptoethanol 
(#21-9850-23, Gibco) for 24 hours. During the transduction pro-
cess, T-cells were stimulated with Dynabeads Mouse T-Activator 
CD3/CD28 (#11-452D, Thermo Fisher). Transduced murine 
T-cells were expanded with murine T-cell medium and supple-
mented with IL-2 and β-mercaptoethanol, and maintained at 
a concentration of 1 × 106 cells per mL every second day. Ex vivo- 
culture of T-cells was 4–7 days. Following retroviral transduction 
and expansion, EpCAM/GFPCAR T-cells were selected by GFP- 
positivity utilizing a MolFloll Cell Sorter (Beckman Coulter) 
after exclusion of dead cells.

IFN-γ release cytotoxicity assay

To confirm proper function of CAR T-cells, 2 × 104 EpCAM/ 

tdtLL/2 was co-cultured with 2 × 105 EpCAM/GFPCAR T-cells in 
200 µL culture medium (RPMI1640 supplemented with 10% 
FCS, 1%P/S, 1% Sodium Pyruvate and 0,1% HEPES). After 24- 
48 hours, levels of IFN-γ in the supernatant were analyzed 
using an ELISA assay (#55-5138, BD Biosciences).
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Cranial window preparation

As previously described in detail,17,18 chronic cranial win-
dows were prepared in male C57BL/6 mice. Briefly, 
a circular part of the calvarium (diameter: 5.5 mm) was 
removed and the dura was gently separated from the lep-
tomeninges to achieve optimal image resolution. The cor-
tical surface was covered with saline, and a sterile round 
cover glass (diameter: 6 mm) was attached to the cranium. 
To facilitate optimal head positioning during imaging, 
a custom-made plastic ring (diameter: 8 mm) was also 
glued to the skull. 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 postopera-
tive inflammation or alterations of the microcirculation.

Intraparenchymal injection of tumor cells and CAR T-cells

To simulate cerebral growth of brain metastases, 2.5 × 103 

EpCAM/tdtLL/2 was resuspended in 1 µL PBS and stereo-
tactically 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). 
For intravenous injection, 2.0 × 106 EpCAM/GFPCAR 
T-cells concentrated in 0.2 mL PBS were injected into the 
tail vein 7 days after tumor cell injection. For intracerebral 
injection, 2.0 × 105 EpCAM/GFPCAR T-cells concentrated in 
1–2 µL PBS were injected 1 mm posterior to the tumor cell 
injection point (intraparenchymal depth: 1 mm) (Figure 1a) 
7 days after tumor cell injection. Intracerebral 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 and subsequent immunofluorescence analyses) or 
through a burr hole (for mice allocated to survival 
experiments).

In vivo two-photon laser scanning microscopy and image 
acquisition

Metastatic growth was followed by repetitive in vivo microscopy 
whenever quality of the chronic cranial window allowed. For this 
purpose, a TrimScope multiphoton microscopy platform 
(LaVision Biotech TrimScope I) equipped with a MaiTai-laser 
(wavelength 690–1040 nm; 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 (10 mg/mL, 2 MDa molecular 
mass; Sigma-Aldrich) was injected into the tail vein for intravas-
cular plasma staining and, thus, visualization of cerebral blood 
vessels when appropriate. Recordings were made every 5 μm at 
a wavelength of 920 nm, and image resolution was set at 
1024 × 1024 pixels. For statistical analyses, 3D image stacks 
with x/y/z-dimensions of 450 × 450 × 400 μm were acquired 
and imaging started at the cortical surface (as defined by detec-
tion of the arachnoid fibers using second harmonic imaging). 
For dynamic analyses, 3D image stacks 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.

Image analysis

Imaris v8.2 (Bitplane AG) and ImageJ/Fiji (NIH) were used for 
image analysis. Raters were blinded to group allocation until 
final data analyses were done. CAR T-cells were detected 
in vivo using their green fluorescent signal, and tumor cells 

Figure 1. Experimental protocol and in vivo model of brain metastases from lung cancer. A: Position of the chronic cranial window (circle; diameter: 5.5 mm) and 
the injection sites of the tumor cells (red) as well as the locally injected (CAR) T-cells (green). For intravenous experiments, (CAR) T-cells were injected into the tail vein. 
The 3dBAR plugin of the Scalable Brain Atlas (Bakker et al. in Neuroinformatics, 2015)19 was used to create the panel, and the panel has been adapted from Zhang & 
Karschnia & von Mücke-Heim et al. (in Neoplasia, 2021).12 B: Schematic representation of the experimental design. C-F: Intracerebral growth of EpCAM/tdtLL/2 (red) 
following intraparenchymal tumor cell injection. Images represent mosaics of multiple maximum intensity projections with 400 µm depth from the brain surface. Blood 
vessels are highlighted via intravascular plasma staining using FITC-dextran (green). Note that the day count refers to the day after CAR T-cell injection (which is seven 
days after tumor injection). Scale bars: C, D: 200 µm; E: 275 µm; F: 333 µm. G: ELISA performed for murine IFN-γ on supernatants after co-culture of EpCAM/tdtLL/2 with 
naïve T-cells (orange), GFPT-cells (gray), or EpCAM/GFPCAR T-cells (green) for 24 hours (n = 4). Mean ± SEM. *p ≤ .05.
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were identified using their red fluorescent signal. For calcula-
tion of tumor size in vivo, the 2D tumor area was delineated 
during epifluorescence microscopy. In case of multiple tumors, 
individual tumor areas were added. For calculation of CAR 
T-cell density and dynamics, the number and velocity of CAR 
T-cells were determined from the 3D image stacks obtained 
during in vivo two-photon laser scanning microscopy.

Immunofluorescence analyses

Excised brains were stored in PFA 4%, and the water was 
subsequently removed from the samples by incubation in 
ascending sucrose series until equilibration was reached. 
Samples were then transferred to the gas phase of liquid nitro-
gen for 5 minutes and eventually into −80°C. Finally, brains 
were cut into 15 μm-thick sections spaced 495 µm apart.

For analyses on (CAR) T-cells and tumor growth, sections 
were only stained with a polyclonal rabbit-anti-DS-red antibody 
(#632496; 1:200, Clontech) to highlight the tdTomato-signal of 
tumor cells and with a chicken-anti-GFP-antibody (#AB13970; 
1:200, Abcam) to detect the GFP-signal of the CAR T-cells. As 
secondary antibody, a donkey-anti-rabbit AlexaFluor®−594 anti-
body (#A21207; 1:100, Invitrogen) and a goat-anti-chicken 
AlexaFluor®−488 antibody (#AB150169; 1:200, Abcam) were 
used. For analyses on the immunosuppressive tumor microen-
vironment or expression of EpCAM, sections were additionally 
stained with either a rabbit-anti-Iba1 antibody (#01919741; 
1:500, Wako), a rat-anti-EpCAM antibody (#145791; 1:400, 
eBioscience) or goat-anti-CD206 antibody (#AF2535; 1:4000, 
R&D), while the endogenously expressed TdTomato- and GFP- 
signal was not further enhanced. Chicken-anti-rabbit 
AlexaFluor®−647 antibody (#A21443; 1:100, Invitrogen), 
chicken-anti-rat AlexaFluor®−647 antibody (#A21472; 1:100, 
Invitrogen), or donkey-anti-goat AlexaFluor®−647 antibody 
(#A21447; 1:200, Invitrogen) were applied as secondary antibo-
dies, respectively. The sections were placed in a humidified 
incubation box and incubated overnight at 4°C with the primary 
antibody. The labeling with the secondary antibody was per-
formed at room temperature for 1 hour. Cell nuclei were stained 
with DAPI (#236276; 1:1000, Roche).

Sections were assessed using a Zeiss AxioImager.M2 
upright-microscope (Carl Zeiss Microscopy). To quantify the 
tumor volume and CAR T-cell density per immunofluores-
cence, we manually delineated the tumor based upon the 
fluorescence signal using Zen Lite software package (version 
2.3; Carl Zeiss Microscopy). Total tumor area per slice was 
multiplied with a thickness of 495 μm, and addition of all 
values yielded the total tumor volume. CAR T-cell density 
was determined in total cells per total tumor volume, and 
intratumoral CAR T-cells were further specified as being pre-
sent either in the tumor core or in the border zone of the tumor 
(defined as the tumor area with a distance of 0–10 µm from the 
outer tumor border). One to two random tumor slices per 
mouse were selected for analyses on CD206 and Iba1, and 
density of CD206- and Iba1-positive cells was calculated per 
tumor area. Again, positive cells were assigned as being present 
either in the tumor core or in the border zone of the tumor. 
Tumoral EpCAM expression was semi-quantitatively deter-
mined for two randomly selected tumor slices per mouse 

using the following scoring system: 0–25, 26–50, 51–75, or 
76–100% EpCAM-positive tumor cells (tumor cells were iden-
tified by detection of their inherent tdTomato-signal).

Experimental protocol

For in vivo microscopy, tumor cells were injected into the brain 
parenchyma through the cranial window. For analysis on 
intravenous injection of CAR T-cells, mice were randomly 
allocated to receive either EpCAM/GFPCAR T-cells (n = 6) or 
GFPT-cells as controls (n = 6) 7 days after tumor implantation. 
For analysis on intracerebral injection of CAR T-cells, mice 
randomly either received EpCAM/GFPCAR T-cells (n = 10) or 
GFPT-cells as controls (n = 8) 7 days after tumor implantation. 
Two-photon laser scanning microscopy was performed on 
days 4, 6, 8, and 10 after CAR T-cell injection (and additional 
imaging on day −1 for baseline tumor area measurement by 
epifluorescence) (Figure 1b). Blood sampling of the facial vein 
was performed on days 4 and 10 after CAR T-cell injection. 
Blood was collected in ethylenediaminetetraacetic acid-coated 
capillary tubes and assessed for the presence of intravascular 
CAR T-cells using FACS analysis. Animals were sacrificed at 
the end of in vivo microscopy experiments on day 10 (to allow 
comparison between tumor size per immunofluorescence; or 
when termination criteria including neurologic symptoms 
attributed to tumor growth were met) by intracardiac injection 
of 0.9 % NaCl solution followed by PFA 4%, and brains were 
excised for further immunofluorescence analyses. For survival 
experiments in intracerebrally injected CAR T-cells, tumor cell 
and CAR T-cell injection (EpCAM/GFPCAR T-cells: n = 8; 
GFPT-cells: n = 9) was performed through a burr hole. Mice 
were followed until termination criteria were met.

Statistics

Statistical analysis was performed using GraphPad Prism soft-
ware (v9.0). Normal distribution and equal variance of data 
were tested using the D’Agostino-Pearson omnibus normality- 
test. Differences were assessed the Student’s t-test (parametric 
data) 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). Categorical variables are 
described in absolute numbers and percentages. Relationships 
between categorical variables were analyzed using the χ2-test. 
Survival was calculated using Kaplan–Meier survival analysis 
and log-rank test. The significance level was set at p ≤ 0.05. All 
data needed to evaluate the conclusions of the current study are 
present in the main manuscript.

Results

Development of a murine model for in vivo-imaging of 
CAR T-cells in brain metastases from lung cancer

Implantation of a chronic cranial window was well tolerated, 
and window quality reliably allowed for repetitive in vivo ima-
ging using two-photon laser scanning microscopy. After 
EpCAM/tdtLL/2 was intracranially injected into the brain par-
enchyma, tumor cells were detected based upon their red 
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fluorescence signal. All mice had visible tumor take 6 days after 
the tumor cell injection; and rapid growth of solitary lesions 
was seen in the following days (Figure 1c-f). Fluorescence 
intensity remained high until the end of the in vivo experi-
ments. We generated GFP-expressing EpCAM/GFPCAR T-cells 
recognizing EpCAM which is presented on the surface of the 
EpCAM/tdtLL/2 tumor cell line. Mean transduction efficiency for 
EpCAM/GFPCAR T-cells measured by flow cytometry was 58%, 
and EpCAM-specific cytotoxicity of the CAR T-cells was con-
firmed in vitro by co-culturing with EpCAM-expressing EpCAM/ 

tdtLL/2 target cells (Figure 1g). Whereas undirected T-cells did 
not exert relevant killing activity, the co-culture with EpCAM/ 

GFPCAR T-cells resulted in substantial tumor cell lysis translat-
ing into increased levels of released IFN-γ. Notably, the in vitro 
anti-tumor effects of EpCAM/GFPCAR T-cells were dependent on 
the exact “effector cell:tumor cell”-ratio (Supplementary 
Figure 1D-F). EpCAM/GFPCAR T-cells were visualized in vivo 
using their green fluorescence signal, and no neurotoxic or 
systemic side effects after (systemic or local) EpCAM/GFPCAR 
T-cell injection were observed.

In vivo dynamics and anti-tumor effects of CAR T-cells 
after systemic injection

Exponential tumor growth was seen in mice that received 
GFPT-cells which served as controls but also in mice that 
received intravenously injected EpCAM/GFPCAR T-cells 
(Figure 2a, b). However, intratumoral EpCAM/GFPCAR T-cells 
were detected in higher densities than control GFPT-cells as 
early as 4 days after intravenous injection (Figure 2c, d); no 
differences in density were detected between the two groups at 
lateral stages (Figure 2e). Overall, the intratumoral EpCAM/ 
GFPCAR T-cell density was markedly lower than after intra-
cranial injection. Accordingly, we did not find any evidence of 
beneficial anti-tumor effects of intravenously injected EpCAM/ 

GFPCAR T-cells against the rapid brain tumor growth through 
the entire observation period (figure 2f). In blood samples 
taken on days 4 and 10 after intravenous (CAR) T-cell injec-
tion, we did not find evidence of intravascular expansion of 
EpCAM/GFPCAR T-cells and EpCAM/GFPCAR T-cell numbers 
were lower than GFPT-cells numbers which might be inter-
preted as sign of insufficient EpCAM/GFPCAR T-cell prolifera-
tion or extravasation (Supplementary Figure 1 G), although 
the final mechanisms remain elusive.

In vivo dynamics of CAR T-cells after intraparenchymal 
injection

After injection of CAR T-cells into the cerebral parenchyma 
adjacent to the tumor, the cells migrated in large numbers 
toward the brain tumor within days (Figure 3a-d). As a sign 
of successful tumor infiltration, intratumoral density of EpCAM/ 

GFPCAR T-cells on day 4 after CAR T-cell injection exceeded 
the number of GFPT-cells (Figure 3e). Although a considerable 
number of EPCAM/GFPCAR T cells was also found in the healthy 
contralateral hemisphere, no significant differences were found 
compared to controls (figure 3f). This might indicate that the 
increased intratumoral EPCAM/GFPCAR T-cell numbers are 
a result of enhanced proliferation or migration rather than by 

passive diffusion of CAR T-cells from the injection site alone. 
Notably, both intratumoral and contralateral densities were 
highest as early as 4 days after EpCAM/GFPCAR T-cell injection; 
and the numbers successively decreased during the observation 
period. T-cell receptor (TCR)-mediated anti-tumor cytotoxi-
city can be characterized by long-lasting contacts between 
effector immune and tumor cells.20,21 Accordingly, we found 
lower T-cell velocities in mice receiving EpCAM/GFPCAR T-cells 
(Figure 3g, h). In addition, we assessed blood samples taken on 
days 4 and 10 after intracranial CAR T-cell injection for the 
presence of CAR T-cells. We were not able to detect any 
intravascular EpCAM/GFPCAR T-cells (or GFPT-cells in controls) 
(Supplementary Figure 1 H) and therefore did not find evi-
dence of significant CAR T-cell extravasation from the brain 
parenchyma into the systemic vasculature.

Effects of intraparenchymal CAR T-cell injection on tumor 
growth and survival

At the time of CAR T-cell injection, there were no differences 
between the groups regarding 2-dimensional tumor area deter-
mined during in vivo microscopy using epifluorescence 
(Figure 4a-b). Whereas control mice treated with GFPT-cells 
showed exponential and rapid tumor growth during the observa-
tion period, treatment with EpCAM/GFPCAR T-cells resulted in 
decreased growth accompanied by an accumulation of intratu-
moral EpCAM/GFPCAR T-cells (Figure 4c-k). In four out of ten 
mice (40%) treated with EpCAM/GFPCAR T-cells, we could not 
detect tumors through in vivo microscopy at the end of the 
experiment. The absence of a tumor was further confirmed per 
post-mortem histology in three of those four mice. Moreover, 
only one animal (10%) receiving EpCAM/GFPCAR T-cells developed 
a tumor with ≥5 mm2 tumor area, while seven out of eight control 
mice (87.5%) were found to have large tumors with 
a 2-dimensional area of ≥5 mm2. In line with these findings, in 
a separate set of experiments we could demonstrate a longer 
median survival in mice receiving EpCAM/GFPCAR T-cells com-
pared to mice receiving GFPT-cells (Figure 4l). Interestingly, we 
also encountered long-term (disease-free) survival in a mouse for 
up to the maximal observation limit of 83 days (imposed by 
animal care regulations) after EpCAM/GFPCAR T-cell injection.

CAR T-cell effects and intratumoral distribution below 
visualizable depths in mice which received 
intraparenchymal CAR T-cell injections

Two-photon laser scanning microscopy allowed in vivo obser-
vation of CAR T-cell dynamics up to a parenchymal depth of 
400 µm. Immunofluorescence analyses of excised brains 
enabled further analysis of the anti-tumor effects and spatio-
temporal distribution of locally injected CAR T-cells in the 
entire brain. At the end of the in vivo microscopy, nine brains 
of mice receiving locally injected EpCAM/GFPCAR T-cells and 
eight brains of mice receiving locally injected GFPT-cells could 
be evaluated using immunofluorescence. Tumors were found 
in six mice treated with locally injected EpCAM/GFPCAR T-cells 
(67%) and in all control mice based upon the detection of the 
inherent fluorescent signal of tumor cells. Tumor volumes 
determined via immunofluorescence were lower among mice 
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treated with EpCAM/GFPCAR T-cells compared to controls 
receiving GFPT-cells (3.6 ± 3 mm3 versus 33.2 ± 6 mm3), further 
confirming our results from in vivo microscopy (Figure 5a-k). 
Notably, there were no significant differences in the number of 
EpCAM/GFPCAR T-cells within the remaining tumor tissue com-
pared to GFPT-cells in controls (Figure 5l). The distribution of 
fluorescent (CAR) T-cells across the tumor was comparable, 
and higher numbers were encountered within the tumor core 

than in the border zone of the tumor (percentage of (CAR) 
T-cells within the tumor core in comparison to all intratumoral 
T-cells: EpCAM/GFPCAR T-cells: 61.2 ± 8% versus GFPT-cells: 
69.0 ± 5) (Figure 5m). EpCAM expression was found in all 
tumors of both groups (Supplementary Figure 2A-C). 
Notably, tumors of mice which were treated with locally 
injected EpCAM/GFPCAR T-cells showed strong EpCAM expres-
sion making it unlikely that antigen loss as an escape 

Figure 2. CAR T-cell density and anti-tumor effects after intravenous CAR T-cell injection. A, B: Individual tumor areas (mm2) measured by in vivo microscopy using 
epifluorescence on days −1, 4, 6, 8, and 10 after intravenous injection of EpCAM/GFPCAR T-cells (A; n = 6) or GFPT-cells (B; n = 6). C, D: Representative in vivo images of brain 
tumors (red) on days 4, 6, 8, and 10 after intravenous injection of EpCAM/GFPCAR T-cells (green; C) or GFPT-cells (green D) using two-photon laser scanning microscopy 
(maximum intensity projections with 400 µm depth from the brain surface). Note the slightly increased EpCAM/GFPCAR T-cell numbers on day 4 and the similar EpCAM/ 

GFPCAR T-cell numbers during the following observation period. Scale bars: 80 µm. E: Density of intravenously injected (CAR) T-cells (cells/mm3) within the tumor on 
days 4, 6, 8, and 10 after receiving EpCAM/GFPCAR T-cells (green; n = 5) or GFPT-cells (gray; n = 5), as assessed by two-photon laser scanning microscopy. Mean ± SEM. 
*p ≤ 0.05. F: Pooled tumor areas (mm2) on days −1, 4, 6, 8, and 10 following intravenous injection of EpCAM/GFPCAR T-cells (green; n = 6) or GFPT-cells (gray; n = 6) 
determined by in vivo microscopy using epifluorescence. Mean ± SEM.
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mechanism represents a relevant mechanism of therapy resis-
tance in our model. Markers for tumor-associated macro-
phages and microglia (namely Iba1) or of M2-polarized 
macrophages (namely CD206) were strongly expressed in 

tumors of mice with were treated with locally injected EpCAM/ 

GFPCAR T-cells or GFPT-cells (Supplementary Figure 2D- 
G).22 Here, accumulation of CD206- and Iba1-positive cells 
was particularly observed in the tumor border zone.

Figure 3. In vivo CAR T-cell dynamics after intraparenchymal injection. A-D: Representative in vivo images of brain tumors (red) on days 2, 4, 6, 8, and 10 after 
intraparenchymal injection of EpCAM/GFPCAR T-cells (green; A, B) or GFPT-cells (green; C, D) using epifluorescence (A, C; brain tumors delineated by dotted lines) and two- 
photon laser scanning microscopy (B, D; maximum intensity projections with 400 µm depth from the brain surface). Note the tumor regression and intratumoral CAR 
T-cell accumulation after local administration of EpCAM/GFPCAR T-cells. Scale bars: A, C: 370 µm (except GFPT-cells, day 8: 460 µm and day 10: 650 µm); B, D: 90 µm. E, F: 
Density of (CAR) T-cells (cells/mm3) within the tumor (e) and the healthy contralateral brain hemisphere (f) on days 4, 6, 8, and 10 after locally receiving EpCAM/GFPCAR 
T-cells (green; n = 7) or GFPT-cells (gray; n = 7), as assessed by two-photon laser scanning microscopy. Mean ± SEM. G, H: Intratumoral (CAR) T-cell velocity (µm/min) 
determined by two-photon laser scanning microscopy on day 4 (g) and day 8 (h) after local injection of EpCAM/GFPCAR T-cells (green; n = 7) or GFPT-cells (gray; n = 7). 
Straight lines in the violin plot indicate the median, dotted lines indicate quartiles. *p ≤ 0.05.
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Figure 4. Tumor growth and survival after intraparenchymal injection of CAR T-cells. A, B: Individual tumor areas (mm2) measured by in vivo microscopy using 
epifluorescence on days −1, 4, 6, 8, and 10 after local injection of EpCAM/GFPCAR T-cells (A; n = 10) or GFPT-cells (B; n = 8). C-J: Brain tumor growth on days 4, 6, 8, and 10 
after intraparenchymal injection of EpCAM/GFPCAR T-cells (c-f) or GFPT-cells (g-j) as illustrated by representative mosaics of multiple maximum intensity projections (with 
400 µm depth from the brain surface) from two-photon laser scanning microscopy. EpCAM/GFPCAR T-cells or GFPT-cells are detected by their green fluorescent signal, and 
tumor cells are visualized based on their red fluorescent signal. Early in the observation period, EpCAM/GFPCAR T-cells were more evenly distributed throughout the tumor 
compared to GFPT-cells resulting in reduced tumor growth. Scale bars: C-D, G-H: 150 µm; E, I: 280 µm; F, J: 500 µm. K: Pooled tumor areas (mm2) on days −1, 4, 6, 8, and 
10 following local injection of EpCAM/GFPCAR T-cells (green; n = 10) or GFPT-cells (gray; n = 8) determined by in vivo microscopy using epifluorescence. Mean ± SEM. 
*p ≤ 0.05. L: Kaplan–Meier estimates of survival in mice with brain tumors (injected seven days prior to (CAR) T-cell injection) following treatment with EpCAM/GFPCAR 
T-cells (green; n = 8) or GFPT-cells (gray; n = 9).
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Discussion

The natural history of lung cancer patients with brain metas-
tases is still devastating, and innovative therapeutic approaches 
are urgently needed for those patients.1,3 We herein performed 
repetitive in vivo imaging through a cranial window to monitor 
lung cancer brain metastasis growth after intracranial CAR 
T-cell injection, which offered the exciting opportunity to 
assess real-time dynamics of CAR T-cells in the brain at 
a single-cell level. Based on this fully immunocompetent 
model, we were able to illustrate the promising anti-tumor 

activity of locally (but not systemically) injected EpCAM- 
directed CAR T-cells for brain metastases from lung cancer.

We found that treatment with CAR T-cells injected into the 
cerebral parenchyma resulted in significant decreased brain 
tumor growth and in selected cases led to complete tumor 
regression. These anti-tumor effects translated into a survival 
benefit of mice treated with CAR T-cells including long-lasting 
remission. It is noteworthy that we did not find any evidence of 
anti-tumorous effects after intravenous injection of CAR 
T-cells, which may highlight the potential of local application 
of immunotherapies. Similar findings have been made in 

Figure 5. Immunofluorescence characterization of tumor growth and intratumoral CAR T-cells following intraparenchymal CAR T-cell injection. A-J: 
Histological sections of brains from mice with brain tumors excised 10 days after intraparenchymal injection of EpCAM/GFPCAR T-cells (a-e) or GFPT-cells (f-j). Sections 
were stained with an antibody against TdTomato to identify tumor cells (red), against GFP to visualize the (CAR) T-cell signal, and DAPI to allow detection of cell nuclei 
(blue). Tumors (dotted lines in A, F) were substantially smaller in mice which have received EpCAM/GFPCAR T-cells, whereas (CAR) T-cells were scattered through the tumor 
in scant numbers in both groups. B-E and G-J represent a selected intratumoral area from A and B, respectively. Scale bars: A, F: 1400 µm; B-E, G-J: 180 µm. K-M: Tumor 
volume (K; mm3), intratumoral (CAR) T-cell density (L; cells/mm3), and distribution of intratumoral (CAR) T-cells (M; percentage) on day 10 after injection of EpCAM/GFPCAR 
T-cells (green; n = 9) or GFPT-cells (gray; n = 8) determined by immunofluorescence. Mean ± SEM. *p ≤ 0.05.
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preclinical in vivo models assessing intracranially administered 
CAR T-cells for the treatment of primary CNS malignancies 
including CNS lymphoma,21 medulloblastoma,23 or 
glioblastoma,24 as well as for secondary CNS malignancies 
such as breast cancer metastases.25 Although the favorable 
results have encouraged (ongoing) clinical CAR T-cell trials 
for brain tumor patients,6,7 to our knowledge none of these 
studies yet focus particularly on lung cancer patients with brain 
metastases. Our present study appears to support that CAR 
T-cell therapy might also warrant evaluation in individuals 
with brain metastases from lung cancer. Given that our pre-
clinical findings were made in a fully immunocompetent mur-
ine model, our encouraging results may have substantial 
translational implications.

Our model allowed to dissect the in vivo dynamics of CAR 
T-cells, and our analysis at early days after local CAR T-cell 
injection showed a higher density of intratumoral CAR T-cells 
which compared to undirected T-cells serving as controls. This 
observation indicates enhanced proliferation, migration, and 
tumor infiltration of directed CAR T-cells. Although the exact 
mechanisms herein remain elusive, early antigen contact of the 
(EpCAM-directed) 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.26,27 Accordingly, CAR T-cells in our 
model were characterized by lower velocities than undirected 
T-cells, which were previously described to reflect the interaction 
of cytotoxic T-cells with the targeted tumor cells.20,21

On a cautionary note, these CAR T-cell specific dynamics 
successively diminished during the observation period point-
ing toward insufficient persistence of CAR T-cell within the 
tumor tissue. Decreasing numbers of intratumoral CAR T cells 
were paralleled by tumor growth. Intratumoral CAR T-cell 
density as well as the distribution of the CAR T-cells within 
the tumor was comparable to controls for both systemically 
and locally injected CAR T-cells at the end of the in vivo 
experiments (as confirmed by in vivo microscopy as well as 
immunofluorescence). These findings seem consistent with 
preclinical and clinical reports of rapidly decreasing CAR 
T-cell numbers and T-cell exhaustion in other solid brain 
tumors such as gliomas.28 Clinical trials for brain tumor 
patients evaluating concepts to counteract the insufficient per-
sistence by stimulation of CAR T-cells with immunotherapies 
such as checkpoint inhibitors are ongoing (e.g. 
NCT04003649).29 In this context, CAR T-cells entering the 
systemic circulating (and homing into lymph nodes) following 
intracranial injection have been identified as a reservoir pro-
tecting against local tumor recurrence in the CNS.21,30 We were 
unable to detect any intravascular CAR T-cells in peripherally 
taken blood samples following local CAR T-cell injection, 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 increased the systemic quantity and persistence of CAR 
T-cells, which might have also enhanced the effects of systemi-
cally injected CAR T-cells by boosting their insufficient intra-
vascular expansion.31 Also, optimization of the provided CAR 
T-cell dosage may further boost the therapeutic anti-tumor 
success of such therapy.

However, the fact that locally injected CAR T-cells did not 
migrate into the systemic circulation may also be beneficial in 
reducing CAR T-cell-mediated side effects. Such toxicities 
most frequently include neurologic symptoms such as 
seizures,32,33 a sepsis-like phenotype entitled ‘cytokine release 
syndrome,’33,34 hematological effects,35 and even fatalities have 
been reported.36 Given the expression of EpCAM as a pan- 
epithelial cell marker on healthy alveolar tissue,37 on-target 
/off-tumor effects due to shared expression of target antigens 
on neoplastic and healthy tissue might be particularly proble-
matic in EpCAM-directed CAR T-cells.38 Importantly, we did 
not encounter any evidence for clinically relevant side effects in 
our fully immunocompetent model, even though the scFv used 
in our CAR construct (G8.8) has been shown to recognize 
murine EpCAM present in most murine epithelial tissues. 
However, these results cannot thoroughly predict on-target 
/off-tumor side effects in humans due to the translational 
nature of our study or the relatively small sample size; and 
we also did not observe such effects after systemic CAR T-cell 
injection. The clinically relevant safety profile of EpCAM- 
directed CAR T-cells is currently being evaluated in prospec-
tive cohorts (e.g. in an ongoing phase I/II trial on EpCAM- 
directed CAR T-cells for non-CNS cancer, NCT04151186).

Most importantly, 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,30,39 systemic routes of administration (including 
intravenous or intraperitoneal injection) have shown less 
encouraging results in CNS disease.21,30,40 Accordingly, we 
did not detect efficient anti-tumor effects after systemic admin-
istration of CAR T-cells. It remains to be noted that brain 
metastases are often disseminated within the cerebral parench-
yma, and systemic routes might theoretically be particularly 
beneficial in controlling or preventing micrometastatic disease. 
Based on our model, the number of intratumoral GFPT-cells in 
the control group quantified per immunofluorescence might 
not only be a result of T-cell migration into the tumor but 
might also be due to the more extensive tumor growth toward 
the injection site of GFPT-cells compared to the treatment 
group. This could potentially have resulted in a quantification 
which not only reflects T-cell migration but also tumor over-
growth and might therefore have contributed to an overesti-
mation of the infiltration capacities of undirected T-cells. Brain 
metastases from lung cancer are particularly prone to creating 
an immunosuppressive niche composed of neoplastic as well as 
non-neoplastic cells including tumor-associated macrophages 
and microglia, as demonstrated by strong expression of Iba1 as 
well as the M2-marker CD206 in the tumor border zone.12 It 
remains to be seen whether the immunosuppressive microen-
vironment of brain metastases from lung cancer may represent 
an interesting target to further increase the efficiency of CAR 
T-cell-based immunotherapy.15,41

The in vivo dynamics and anti-tumor effects of CAR T-cells 
were followed in the cranial window model using two-photon 
laser scanning microscopy. Contrary to conventional histolo-
gical approaches, this allowed for repetitive longitudinal ana-
lysis of CAR T-cells over weeks in each individual mouse. On 
a cautionary note, one mouse in which we failed to detect any 
tumor following local CAR T-cell injection via in vivo 
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microscopy had some residual tumor growth below visualiz-
able depths when brains were assessed via immunofluores-
cence, which illustrates the importance of complementing 
findings based on in vivo imaging with other methods. 
Moreover, intraparenchymal tumor cell injection provided 
reliable tumor take but does not necessarily mimic metastatic 
growth by hematological dissemination of individual tumor 
cells. Despite in vivo models to reproduce the individual steps 
of brain metastasis formation are available based upon intra- 
arterial tumor cell injections,12 such approaches result in 
metastases of variable size and localization. Only the herein 
used intraparenchymal tumor cell injection allowed to stan-
dardize the distance between the brain tumor and the CAR 
T-cell injection. Although we found excellent imaging quality 
and reliable orthotopic tumor growth, we cannot exclude ster-
ile neuroinflammation and microglial activation due to win-
dow preparation and injection of tumor cells or CAR T-cells as 
previously described.12 Notably, inflammatory reactions would 
theoretically be present in both groups, which indicate that 
such a reaction alone is not sufficient to induce tumor regres-
sion or trafficking of CAR T-cells into the tumor.

Collectively, the present study highlights the encouraging 
anti-tumor effects of intracranially (but not systemically) 
injected CAR T-cells against solid brain metastases from lung 
cancer. CAR T-cell migration towards the tumor as well as 
intratumoral CAR T-cell 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 fully immunocompetent murine model 
might be a useful tool to evaluate such approaches.
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