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ABSTRACT
Recent advances in novel immune strategies, particularly chimeric antigen receptor (CAR)-bearing
T-cells, have shown limited efficacy against glioblastoma (GBM) in clinical trials. We currently have an
incomplete understanding of how these emerging therapies integrate with the current standard of care,
specifically radiation therapy (RT). Additionally, there is an insufficient number of preclinical studies
monitoring these therapies with high spatiotemporal resolution. To address these limitations, we report
the first longitudinal fluorescence-based intravital microscopy imaging of CAR T-cells within an ortho-
topic GBM preclinical model to illustrate the necessity of RT for complete therapeutic response.
Additionally, we detail the first usage of murine-derived CAR T-cells targeting the disialoganglioside
GD2 in an immunocompetent tumor model. Cell culture assays demonstrated substantial GD2 CAR
T-cell-mediated killing of murine GBM cell lines SB28 and GL26 induced to overexpress GD2. Complete
antitumor response in advanced syngeneic orthotopic models of GBM was achieved only when a single
intravenous dose of GD2 CAR T-cells was following either sub-lethal whole-body irradiation or focal RT.
Intravital microscopy imaging successfully visualized CAR T-cell homing and T-cell mediated apoptosis of
tumor cells in real-time within the tumor stroma. Findings indicate that RT allows for rapid CAR T-cell
extravasation from the vasculature and expansion within the tumor microenvironment, leading to
a more robust and lasting immunologic response. These exciting results highlight potential opportu-
nities to improve intravenous adoptive T-cell administration in the treatment of GBM through concur-
rent RT. Additionally, they emphasize the need for advancements in immunotherapeutic homing to and
extravasation through the tumor microenvironment.
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Introduction

Glioblastoma (GBM) is the most prevalent and aggressive
primary brain tumor, with a median survival of only
15 months.1 Standard of care treatment of GBM involves
surgical resection, radiation therapy, and chemotherapy.
However, there is limited long-term efficacy and inevitable
tumor recurrence with this treatment approach.2 Following
the failure of initial treatment, second-line options for recur-
rent GBM are diverse, with no identified standard of care.3

Immunotherapies are a promising new approach to specifi-
cally and robustly target tumor cells with reduced off-target
effects, exemplified by the ability of CD19-targeting chimeric
antigen receptors (CAR) T-cells to achieve durable remissions
against therapy-resistant B-cell malignancies.4–6 Multiple clin-
ical trials have utilized CARs to redirect T-cells against GBM-
associated antigens, such as EGFRvIII and IL13 Rα.7,8

However, a primary challenge surrounding CAR T-cell ther-
apy in GBM is the high variance in response rates amongst

patients.7 7 Potential hypotheses for incomplete GBM eradica-
tion by CAR T-cells include suboptimal adoptive T-cell pene-
tration within the tumor stroma (which can prevent the
appropriate engagement and cytotoxic effects), T-cell exhaus-
tion (which inhibits effector T-cell activity due to continuous
antigen-driven stimulation), and the lack of ideal tumor-
specific antigens (which can induce on-target off-site
toxicities).9-11Currently, these limitations cannot be moni-
tored effectively in patients until after the therapy has failed
and the recurrent tumor can be analyzed from surgically
resected tissue. While strategies are under investigation for
systemic T-cell monitoring in patients, they are unable to
image at a sufficient resolution within the tumor microenvir-
onment to track cellular dynamics.12,13 Due to our inability to
longitudinally monitor T-cell responses within the tumor
microenvironment, there is a poor understanding of immune-
based strategies to improve CAR T-cell recognition and effec-
tor function for controlling GBM progression.
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Intravital fluorescence microscopy (IVM) allows for quan-
titative and real-time insight into T-cell therapies in preclini-
cal mouse models.14,15 This in vivo imaging technique
provides micron to millimeter depth of imaging in living
specimens, enabling the monitoring of cell behavior within
live and intact mouse brains for extended periods of time.16–18

A greater understanding of the spatial and temporal dynamics
of the cytotoxic effects of T-cells in GBM can further elucidate
the immunotherapeutic efficacy and additionally guide new
areas of clinical investigation.

Using intravital microscopy, we investigated the necessity
for radiation therapy (RT) in order to achieve complete tumor
remission with CAR T-cells. In mouse models, complete
lymphodepletion via whole-body irradiation is believed to
promote CAR T-cell survival and proliferation through the
upregulation and improved bioavailability of homeostatic
gamma chain cytokines IL-7 and IL-15, which become avail-
able for CAR T-cell consumption without competition from
endogenous lymphocytes.9 While lymphodepletion appears
necessary for CAR T-cell-mediated efficacy, this regimen is
impractical in a clinical setting for patients with solid tumors.
As such, it is important to parse out the effects of tumor-
targeted RT from whole-body lymphodepletion when used
synergistically with CAR T-cell therapy. Additionally, pre-
treating patients with RT could improve T-cell trafficking to
the tumor site through enhanced immunogenicity.19–21

Here we report the first IVM imaging of GD2 CAR T-cells
within an orthotopic GBM preclinical model. GD2 is
a disialoganglioside and has been identified as a tumor anti-
gen on neuroblastomas, sarcomas, and gliomas.22–24 While
the GD2 CAR scFv domain has been used with human
T-cells, this is the first reported use in murine T-cells in
immunocompetent tumor models.25 Using this approach, we
longitudinally monitored the efficacy of CAR T-cells targeting
the disialoganglioside GD2. We also report the first in vivo
imaging of CAR T-cells inducing glioma cell death using IVM
that we know of, providing insight into the mechanism of
action and cell killing.

Methods

Cell lines

GL26 and SB28 murine glioma cell lines were acquired as gifts
from Dr. Gerald Grant (Stanford University, Stanford, CA)
and Dr. Hideho Okada (University of California San
Francisco, San Francisco, CA), respectively. Culture media
consisted of DMEM supplemented with 10% heat inactivated
fetal bovine serum (FBS), and antibiotic-antimyocotic
(ThermoFisher, Waltham, MA). Cells were maintained in
a humidified, 5% CO2 incubator at 37°C. GL26-luc2/GFP
cell line was generated by transfection with Lipofectamine
3000 (ThermoFisher) and three rounds of sorting for the
highest 5% of GFP expressors. SB28-luc2/GFP was generated
by lentiviral transduction followed by puromycin selection
(125 ng/mL) and one round of sorting for the highest 5% of
GFP expressors. SB28 luc2-GFP and GL26 luc2-GFP cell lines
stably overexpressing GD2 were produced by with genes cod-
ing for the GD2 and GD3 synthases as described.26 A stable

cell line was derived through three rounds of sorting of the
bulk population stained using the anti-GD2 antibody (14G2a,
BioLegend, San Diego, CA) and sorted for the highest 2% of
GD2 expressors. Cells were regularly tested as negative for
mycoplasma by PCR and not maintained in culture for longer
than 6 months.

Production of retroviral supernatant

Retroviral supernatant for the GD2 CAR was produced by
transient transfection of 293GP cells with GD2.28z CAR plas-
mid (MSGV-14g2a-28z) and the pCL-Eco envelope plasmid.
Design of the MSGV-14g2a-28z has been previously
reported.25 Briefly, 293GP cells were transfected via
Lipofectamine 2000 (Life Technologies, Carlsbad, CA) with
the plasmids encoding the CARs and the RD114 envelope
protein. Supernatants were collected 48 and 72 hours after
transfection.

T-cell transduction

Primary murine T-cells were isolated from spleens of healthy
6–8 week old C57Bl/6 mice (The Jackson Laboratory, Bar
Harbor, ME) or transgenic mT/mG (007676, Jackson
Laboratory) with cell membrane-localized tdTomato fluores-
cence using the EasySepTM Mouse T-cell Isolation Kit
(STEMCELL Technologies, Vancouver, Canada) following
manufacturer instructions. Cells were activated for 24 hours
in RPMI supplemented with 10% FBS, 1% antibacterial/anti-
mycotic solution, 50 μM 2-mercaptoethanol (ThermoFisher),
100 U/ml IL-2 (Peptrotech, Rocky Hill, NJ), 10 ng/mL IL-7
(Peprotech), and CD3/CD28 Mouse T-cell Activation
DynabeadsTM (ThermoFisher) at a bead to cell ratio of 1:1.
Retrovirus encoding the GD2 CAR with CD3ζ and CD28 co-
stimulatory domains was centrifuged for 3 hours at 3200 RPM
on non-adherent 6-well plates which had been coated over-
night at 4ºC with 24 μg of RetroNectin (Takara Bio, Kusatsu,
Shiga Prefecture, Japan) in 2 mL PBS per well. Viral super-
natant was then removed and 1 × 106 naïve T-cells were
added in 4 mL of media per well. Mock T-cells were main-
tained in identical activation conditions but were not trans-
duced with the CAR vector. After 48 hours of transduction,
CD3/CD28 activation beads were removed and both mock
and transduced CAR T-cells were transferred to fresh medium
supplemented with 100 U/ml IL-2 and 10 ng/mL IL-7.
Transduction efficiencies were routinely 60-80% as measured
by 1A7 staining 24 after removal of activation beads and cells
were used thereafter.

T-cell functional assays

1 x 104 GL26 luc2-GFP/GD2 or SB28 luc2-GFP/GD2 tumor
cells were plated per well in black 96-well plates. The
following day, GD2 CAR T-cells or mock activated T-cells
were added in each well at a specific effector to target ratios,
ranging from 1:1 to 1:32 effector to target (312 to
1 × 104 T-cells). For cell killing assays, imaging of luciferase
was performed after 24 hours of T-cell and tumor cell co-
incubation on an IVIS-50 system (PerkinElmer, Waltham,
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MA) after addition of 56 μg D-luciferin (PerkinElmer) to each
well. Images were taken with an exposure time of 30 s, f/stop
of 1, and medium binning. For cytokine release assays, the
supernatant was removed from individual wells and analyzed
for IFN-γ, TNF-α, and IL-2 via an ELISA assay per the
manufacturer instructions (Invitrogen, Carlsbad, CA).

Flow cytometry

GD2 CARs were detected with the 14g2a anti-idiotype anti-
body 1A7 (National Cancer Institute BRB Repository).
Additional antibodies for flow cytometry include: anti-CD4
(GK1.5, BioLegend), anti-CD8a (53–6.7, BioLegend), anti-
CD62 L (IM7, BioLegend), anti-CD44 (MEL-14, BioLegend),
anti-GD2 (14G2a, BioLegend). Cells were washed with PBS
containing 2% Bovine Serum Albumin before the addition of
the antibody at a concentration of 0.2 µg per 1 × 106 cells in
100 µL volume. After 30 minutes of incubation with antibo-
dies at 4°C in the dark, cells were washed once with PBS
before being resuspended in PBS with 2% Bovine Serum
Albumin (BSA). Quantitative flow cytometry was conducted
using the QIFIKIT (Agilent, Santa Clara, CA). The GD2
primary antibody (14G2a, BioLegend) was added to 1 × 105

cells at a saturating dose (1 µg) and incubated at 4°C for
45 minutes. This was followed by washing and the addition
of 0.5 µg of the secondary stain with APC-F(ab’)2-Goat anti-
Mouse IgG (H + L) secondary antibody (Thermofisher) to
samples and calibration beads. After a 30 minute incubation
at 4°C, samples were washed and DAPI was added. All sam-
ples were analyzed with an LSR Fortessa or FACSAria II (BD
Bioscience, San Jose, CA) and data were analyzed using
FlowJo.

In vitro time-lapse imaging

Time-lapse videos were acquired using a Leica DMi8 inverted
microscope with a 20x/0.40 dry objective. 1 × 105 GL26 luc2-
GFP/GD2 or GL26 luc2-GFP were plated within a 6-well
plate. The following day, 4 × 105 GD2 CAR T-cells were
added in each well and immediately imaged at 30 second
intervals. Videos were processed with ImageJ.

In vivo therapy studies

All animal experiments were performed under a protocol
approved by the Stanford University Administrative Panels
on Laboratory Animal Care (APLAC) and conducted in
accordance with ethical guidelines prescribed therein.
6–8 week old female C57Bl/6 were implanted intracranially
into the right hemisphere (0.5 mm anterior and 2 mm lateral
to the lambda, 3 mm below the cranial surface) with either
1 × 104 SB28 luc2-GFP/GD2 or 1 × 105 GL26 luc2-GFP/GD2
cells in 3 µL HBSS using a Kopf stereotactic frame (David
Kopf Instruments, Tujunga, CA). The cells were injected at
a depth of 3 mm over a period of 7 min using an AS blunt-
ended Hamilton syringe. Mice were anesthetized with 2%
isofluorane over the duration of the tumor implantation and
imaged with 3 mg D-luciferin 7–10 days of tumor implanta-
tion to confirm stable tumor growth. Ten days following

tumor implantation, mice were randomly assigned to experi-
mental groups based on tumor burden. Radiation treated
mice were given either 5 Gy whole body irradiation (WBI)
or focal RT and administered 1 × 107 CAR or mock T-cells in
100 µL of HBSS intravenously via the lateral tail vein. Tumor
response was monitored by bioluminescence imaging via the
IVIS 200 system (PerkinElmer). Twenty-five sequences at
30 second exposures were acquired to obtain the peak average
radiance. Animals were humanely euthanized upon displaying
symptoms of morbidity. Sample sizes were determined based
on power calculations for one-way independent ANOVA (3
groups, power = 0.8, p < .05).

Radiation therapy

For WBI, mice were treated with 5 Gy using an x-ray cabinet
(Kimtron Polaris SC-500). For focal RT, mice were treated
with 5 Gy using a conformal small-animal irradiation system
(X-RAD SmaRT, PXi, North Branford, CT) outfitted with
a 5 mm diameter collimator. Radiation treatment planning
was performed using RTImage. Cone-beam CT images were
acquired prior to RT to set the radiation isocenter on the
center of the tumor.

In vivo intravital imaging through a cranial window

Six to eight week old female C57Bl/6 mice were anesthetized
with 2-3% isofluorine positioned on a Kopf stereotactic frame.
A circular craniotomy (diameter of 3–4 mm) was performed
on the right parietal bone. Tumor cells were injected as
described above. Following tumor implantation, a round
glass coverslip (diameter of 5 mm; Warner Instruments,
Hamden, CT) was glued on the surrounding bone and further
fixed to the skull by dental cement (Parkell, Edgewood, NY).

To perform intravital microscropy, mice were anesthetized
with 1.5-2% isoflurane injected intravenously with 40 ug of rat
anti-mouse CD31 (clone 390, BioLegend) prior to imaging. Mice
were positioned on a custom-designed stereotactic frame and
imaged using a Nikon confocal microscope (A1 MP+) and
imaged with lasers set at 488. 560, and 633 nm. 20x water
objective was selected based on the field of view and resolution
considerations. Images were typically acquired over a depth of
200 µm and time-lapse videos were taken over a one-hour period.

Statistical analysis

Statistical analysis was performed using ordinary two-way
ANOVA or two-tailed unpaired t tests. Statistical differences
in survival curves were determined using Log-rank tests. All
statistical analysis was performed in GraphPad Prism Version
8.0.2 (San Diego, CA).

Results

GD2 CAR T-cells exhibit activity against GD2 positive
glioblastoma cell lines

We longitudinally monitored the efficacy of CAR T-cells
targeting the disialoganglioside GD2, given it has been
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recently identified as a novel glioma-specific target for CAR
T-cells and is under clinical investigation.24 This antigen was
artificially induced onto the C57BL/6 murine-derived GBM
cell lines SB28 and GL26 (Figure 1(a)). GD2 expression was
quantified by flow cytometry as 1.86 ± 0.11 x 105 and
6.62 ± 0.38 x 105 molecules per cell for the SB28 GD2+ and
GL26 GD2+ cell lines, respectively (Supp. Figure 1). We addi-
tionally transduced the GBM cell lines with a dual reporter
gene for firefly luciferase and green fluorescent protein (GFP)
for imaging with bioluminescence and fluorescence, respec-
tively (Supp Figure 2).27

To treat the GD2-expressing gliomas, we used a GD2 CAR
incorporating the scFv derived from the 14g2a antibody com-
bined with the murine CD28 and CD3-ζ signaling domains on
a MSGV1 retroviral backbone (Figure 1(b)). Primary murine
T-cells were transduced with lentivirus encoding the GD2
CAR, with subsequent flow cytometric analysis showing sur-
face expression of GD2 at 70% (vs. <1% of mock activated
T-cells) (Figure 1(c)). Flow cytometry was used for the full
characterization of GD2 CAR T-cell phenotype (Supp
Figure 3). In vitro co-culture assays demonstrated substantial
GD2 CAR T-cell mediated cytotoxicity against SB28 cell line
overexpressing GD2 at an effector to tumor ratios of 1:1 to
1:32, with no cytotoxicity exhibited by mock activated T-cells
(Figure 1(d)). T-cell mediated cytotoxicity was further con-
firmed through the release of pro-inflammatory cytokines
IFNγ, IL-2, and TNFα (Figure 1(e-g)). These results were
reproduced with the GL26 GD2+cell line, confirming similar
cell-mediated cytotoxicity (Figure 1(h)) and pro-inflammatory
cytokine release (Figure 1(i-k)). Lower cell killing and cyto-
kine release were seen with the SB28 GD2+ cells compared to
the GL26 GD2+ cells due to the decreased overall GD2 expres-
sion, further suggesting that CAR T-cell killing is specific to
the GD2 antigen. Time-lapse microscopy visualized GD2 CAR
T-cell engagement and cytotoxicity of GL26 GD2+ cells within
1 h of co-culture, confirming GD2 CAR T-cell antitumor
activity (Figure 2(a-d), Supp. Video 1).

Radiation therapy with intravenous delivery of GD2 CAR
T-cells induces complete GBM regression with
antigen-specific T-cell memory

To evaluate in vivo efficacy of murine GD2 CAR T-cells, we
treated advanced syngeneic orthotopic models of GBM with
a single intravenous dose of either GD2 CAR T-cells or mock
activated T-cells 1–3 hours following a sub-lethal 5 Gy whole-
body irradiation (WBI) (Figure 3(a)). In the treatment of
either SB28 GD2+ or GL26 GD2+ tumors, statistically, signifi-
cant improvements in antitumor response and survival were
achieved with combined WBI and CAR T-cell therapy com-
pared to CAR T-cells alone or activated nonspecific T-cell
(mock) control cohorts with WBI (Figure 3(b-d); p < .001,
log rank, for both SB28 GD2+ and GL26 GD2+; n = 5–8 per
group). Long-term surviving mice were re-challenged with the
same GD2+ tumor in the contralateral hemisphere 10 weeks
after initial treatment. Only the cohort of mice treated with
both WBI and GD2 CAR T-cells suppressed tumor growth,
indicating antigen-specific T-cell memory. Sustainable CAR
T-cell viability was confirmed by increased circulating GD2

CAR T-cells in the periphery 3 weeks following WBI and GD2
CAR T-cell treatment compared to CAR T-cell treatment
alone (Figure 3(e), p < .01, Mann–Whitney test).

To investigate the effects of localized RT, mice were treated
with 5 mm focal RT, centered at the site of tumor implanta-
tion, and GD2 CAR T-cells 10 days after implantation with
SB28 GD2+ cells (Supp. Figure 4). Complete antitumor
response was evident only in mice treated with the combina-
tion therapy compared to the single arm controls (Figure 3(e);
p < .001, log rank; n = 5 per group). Therapeutic response was
not solely an effect of dual-arm treatment, as mice treated
with GD2 CAR T-cells 4 days following WBI failed to exhibit
a curative antitumor effect (Supp. Figure 5; p < .001, Log-
rank).

Intravital imaging provides visualization of increased
CAR T-cell extravasation and expansion within tumor
microenvironment following radiation therapy

Imaging with IVM allowed for dynamic insight into the
mechanisms of immune response in this preclinical mouse
model (Figure 4(a)). Failure of CAR T-cells alone was not due
to loss of GD2 expression on tumor cells, as there were no
significant changes in GD2 expression following RT (Supp.
Figure 6A). Additionally, therapeutic failure was not due to
T-cell exhaustion, as CAR T-cells isolated from a tumor site
did not exhibit altered levels of exhaustion markers PD-1 and
LAG-3 (Supp. Figure 6B). Therefore, longitudinal imaging
within the tumor vasculature was necessary to understand
the synergistic mechanisms of RT and GD2 CAR T-cells.
IVM successfully visualized CAR T-cell homing and CAR
T-cell-mediated apoptosis of tumor cells in real-time within
the tumor vasculature in mice treated with WBI and GD2
CAR T-cells (Figure 4(b), Supp. Video 2–3). Findings suggest
that RT allows for rapid T-cell extravasation from the vascu-
lature and local expansion within the tumor microenviron-
ment, leading to a lasting immunologic response visualized
within 5 days of treatment (Figure 4(c), Supp. Video 4). In
comparison, GD2 CAR T-cell treatment of mice without WBI
resulted in insufficient extravasation within the dense tumor
stroma, leading to suboptimal tumor cell access and the
inability to induce complete tumor regression (Figure 4(d)).
Findings were confirmed through flow cytometry, as signifi-
cantly higher levels of CAR T-cells were quantified within
intracranial tumors of mice that received concurrent WBI
compared to mice receiving CAR T-cells alone (Supp.
Figure 7, p < .01 via Log-rank Test).

Discussion

Several groups have shown that CAR T-cells can induce
potent antitumor responses in both immunodeficient and
immunocompetent models of GBM.11,28-30 Here we report
on the necessity of RT prior to CAR T-cell therapy to induce
complete tumor regression in two different immunocompe-
tent preclinical models of GBM. In particular, we are the first
to identify that the therapeutic efficacy of CAR T-cells in
immunocompetent mouse models can be achieved with con-
current localized radiation. We further investigated cellular
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Figure 1. Murine GD2 CAR T-cells are functionally active in the presence of antigen-positive tumor cells. (a) Mouse glioblastoma cell lines SB28 and GL26 were
modified to express GD2 through overexpression of GD2 and GD3 synthases. SB28 GD2+ (black) and unmodified SB28 (gray) cells were stained for cell surface GD2
and analyzed by flow cytometry. (b) GD2 CAR expression was evaluated on GD2-28z (black) and untransduced mock (gray) T-cells by flow cytometry through staining
with 1A7 idiotype. (c) The 14G2a single-chain variable fragment was cloned into an MSGV1 retroviral expression vector containing a CD28 transmembrane-CD28-
CD3ζ signaling motif to create the MSGV.14G2a.CD28.z construct encoding the GD2 CAR. (d-k) Untransduced mock (gray) or GD2 CAR T-cells (black) were co-cultured
for 24 hours with either GL26 GD2+ (d-g) or SB28 GD2+ (h-k), followed by tumor cell viability assay via bioluminescence (d,h) and ELISA of proinflammatory cytokines
IFNγ, TNFα, and IL-2 (E-G, I-K). * = p < .01, ** = p < .001, *** = p < .0001 by two-way ANOVA. n = 8 per group, repeated as three independent experiments. Error bars
indicate standard deviation. E:T indicates effector to target ratio.
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dynamics through high-resolution IVM imaging, showing RT
induces CAR T-cell accumulation and extravasation through-
out the tumor stroma within 24 hours of intravenous cell
delivery and promotes rapid CAR T-cell proliferation within
5 days.

Many challenges exist with incorporating CAR T-cell ther-
apy into the current treatment regimens of patients with
GBM. While CAR T-cell therapies represent a promising
new approach to specifically target tumor cells with minimal
off-target effects, it is unclear how they will integrate with
validated treatment options. With a few exceptions, most
ongoing preclinical studies utilize immune-deficient mice to
investigate emerging CAR T-cell options.31–33 While these
studies can investigate the relationship between engineered
human T-cells and patient-derived xenograft models, they
fail to accurately represent the complexities associated with
an intact immune system. They also do not to adequately
assess autoimmune toxicity and the influence of host-
conditioning regimens.9,34 Previous studies using a GD2
scFv backbone on human-derived T-cells noted CAR tonic
signaling, leading to a poor overall therapeutic response.25

While we did not observe tonic signaling in our model, this
could be attributed to multiple tumor-associated factors,
including target antigen density, growth rate, and immuno-
suppressive microenvironment, as well as the change from
human- to murine-derived T-cells.

Studies are now beginning to utilize immunocompetent
GBM models for the assessment of immunotherapies.9,35

These studies exclusively lymphodeplete prior to treatment,
either through WBI or chemical induction, in order to max-
imize therapeutic efficacy, as lymphodepletion is considered
a necessity for T-cell engraftment and expansion.36 However,
the necessity of lymphodepletion in preclinical immunocom-
petent GBM studies has not been fully understood prior to
the current study. Our study suggests that full lymphodeple-
tion is not required, as focal RT at the tumor site along with
CAR T-cells is sufficient to induce complete tumor regres-
sion. Previous studies indicate local fractionated radiotherapy
can increase T-cell infiltration, with the effects failing to
extend beyond the treatment site.20 Additionally, radiation-
induced degradation of the extracellular matrix can enhance
T-cell migration and engagement within the tumor
stroma.37–39 Introducing an unnatural antigen to the GBM
cells had the potential to induce an innate immune response,
which would be enhanced upon radiation therapy through
increased antigen bioavailability upon tumor cell death.
However, radiation therapy alone was unable to induce
a complete tumor remission in these models, indicating the
introduction of a foreign antigen did not induce a significant
immune response.

This approach has high translational potential by incorporat-
ing stereotactic radiosurgery into clinical trials evaluating CAR-
T-cell therapy in GBM patients. While challenges exist in the
maximal tolerated radiation dosage within the brain, retreat-
ment with RT is feasible in certain patients and can lead to
improved overall survival.40–42 Additionally, innovations in

Figure 2. Confocal imaging visualized CAR T-cell (red) mediated apoptosis of tumor cells (green) within 50 minutes of cell-cell contact. GD2 CAR T-cells isolated from
transgenic tdTomato mice and GL26 GFP GD2+ were plated at an effector-to-target ratio of 4:1. GD2+ tumor cells treated with GD2 CAR T-cells exhibited rapid
apoptosis visualized via cell blebbing and loss of GFP signal. Image series illustrates the dynamics of CAR T-cell killing at (a) 0 minutes (b) 10 minutes (c) 15 minutes
and (d) 50 minutes.
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PET-guided RT can utilize metabolic imaging to strategically
deliver higher radiation through dose painting, minimizing off-
site toxicities.43,44 Pretreatment of patients with targeted RT
before CAR T-cells infusion should be investigated in clinical
trials.

We have established an imaging methodology to study the
progression of orthotopically implanted GBM cells in
response to treatment, in this case, CAR T-cell therapy and
RT in an immunocompetent preclinical GBM model. This
approach can be extended to other GBM cell lines or adoptive
T-cell models, provided both cell populations stably express

fluorescent reporters. While we are limited to imaging only
the superficial layers of the cortex (upwards of 250 um), this
imaging technique has the advantage of enabling longitudinal
imaging of cellular response and vascular remodeling with
high resolution. While the slight drift of the mouse during
the imaging timeframe limited our ability to generate quanti-
tative metrics on acquired images, a more robust and stabiliz-
ing imaging rig would allow for more accurate measurements
of CAR T-cell kinetics within the tumor microenvironment.
Imaging can differentiate serial CAR T-cell killing, where
a single CAR T-cell induces apoptosis of multiple tumor

Figure 3. GD2 CAR T-cell therapy with RT effectively clears GD2+ glioblastoma in immunocompetent mouse models. (a) SB28 GD2+ or GL26 GD2+glioblastoma cells
were stably transduced to express GFP and luciferase. Cells were orthotopically engrafted (1 x 105 GL26 GD2+ or SB28 GD2+) in C57BL/6 mice and were treated 10
days following tumor implantation with either 1 × 107 GD2 CAR T-cells and RT, 1 × 107 GD2 CAR T-cells alone, or 1 × 107 mock activated T-cells and RT. Both CAR
T-cells and mock activated T-cells were injected intravenously. (b) Representative bioluminescent images of mice implanted with SB28 GD2+ glioblastoma cells in
C57BL/6 mice with either GD2 CAR T-cells alone (left two mice) or GD2 CAR T-cells with RT (right three mice), showing tumor progression over the first 4 weeks after
therapy. (c) Therapeutic monitoring of mice orthotopically implanted with SB28 GD2+ glioblastoma cells. Mice surviving 10 weeks after therapy were rechallenged
with orthotopic tumors implanted on the contralateral hemisphere. n = 7 (GD2-28z + RT), 5 (GD2-28z alone), or 8 (Mock + RT). (d) Therapeutic monitoring of mice
orthotopically implanted with GL26 GD2+ glioblastoma cells. Mice surviving ten weeks after therapy was rechallenged with orthotopic tumors implanted on the
contralateral hemisphere. n = 11 (GD2-28z + RT), 6 (GD2-28z alone) or 6 (Mock + RT). (e) T-cell persistence was evaluated in peripheral blood lymphocytes (PBL),
derived from tdTomato+ transgenic mice, administered i.v. into mice orthotopically implanted with SB28 GD2+glioblastoma cells 3 weeks following therapy.
A significantly higher percentage of GD2 CAR T-cells were found in the blood of mice given both GD2 CAR T-cells and RT compared to RT alone. GD2 CAR T-cells were
identified by positive staining for both 1A7 idiotype and intrinsic tdTomato signal. n = 5 (GD2-28z + RT) or 6 (GD2-28z alone). (f) Therapeutic monitoring of mice
implanted orthotopically with SB28 GD2+glioblastoma cells and treated with 5 mm focal RT at 5 Gy with 1 × 107 CAR T-cells, 1 × 107 CAR T-cells alone, or 5 mm focal
RT at 5 Gy with 1 × 107 mock-activated T-cells. n = 6 (GD2-28z + Focal RT), 5 (GD2-28z alone), or 7 (Focal RT alone). ** p < .001 via Log-rank test. *** p < .01 by Log-
rank test. Experiments in (B), (C), and (D) were replicated twice. Error bars indicate standard error of the mean.
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cells, versus rapid CAR T-cell proliferation to induce tumor
cell death. Future studies can utilize this imaging technique to
investigate antigen escape through implantation of both GD2+

and GD2− tumor cells, providing further insight into the
patient treatment of GBM with CAR T-cells. Additionally,
investigations into engineering CAR T-cells for enhanced
extravasation from the neovasculature into the tumor stroma
will lead to improved therapeutic outcomes.
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