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IMMUNOLOGY

Fibrin gel enhances the antitumor effects of chimeric
antigen receptor T cells in glioblastoma
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Regional delivery of chimeric antigen receptor (CAR) T cells in glioblastoma represents a rational therapeutic
approach as an alternative to intravenous administration to avoid the blood-brain barrier impediment. Here, we
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developed a fibrin gel that accommodates CAR-T cell loading and promotes their gradual release. Using a model
of subtotal glioblastoma resection, we demonstrated that the fibrin-based gel delivery of CAR-T cells within the
surgical cavity enables superior antitumor activity compared to CAR-T cells directly inoculated into the tumor

resection cavity.

INTRODUCTION

Malignant gliomas are the most prevalent primary brain tumors,
glioblastoma (GBM) being the most common and fatal (1-3).
Standard therapy, based on surgical tumor resection, radiotherapy,
temozolomide, and alternating electric tumor-treating fields, only
delays tumor recurrence. The median survival for newly diagnosed
patients remains less than 2 years (2). While resection remains
critical to remove life-threatening tumor masses, novel approaches
are needed to prevent tumor progression.

Immunotherapy based on the administration of checkpoint
inhibitors has achieved remarkable clinical activity in many solid
tumors (4). Unfortunately, this approach has been largely ineffective
against GBM (5). The ineffectiveness is due, at least partly, to the
paucity of endogenous infiltrating tumor-specific T cells (6, 7). The
adoptive transfer of T cells redirected to target tumor-associated
antigens, such as chimeric antigen receptor (CAR) T cells, rep-
resents a promising option in tumors that do not generate endoge-
nous T cell responses (8). CAR-T cells targeting the IL13Ra2, HER?2,
or EGFRVIII molecules have been tested in patients with GBM, with
some clinical activity documented (9-12). However, these clinical
studies demonstrated that limited CAR-T cells were detected at the
tumor site, highlighting the physical impediment that the blood-brain
barrier (BBB) exerts on the biodistribution of CAR-T cells when
these cells are infused intravenously (10-12).

The infusion of CAR-T cells into the resected tumor cavity,
followed by further infusions into the ventricular system, represents
the most recent approach used in clinical studies to bypass the BBB
in patients with GBM (9). However, local delivery of CAR-T cells in
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the resection cavity would benefit from developing innovative tools
leading to optimal CAR-T cell distribution.

Fibrin is involved in the coagulation cascade, forming a physio-
logic clot that is critical for wound healing (13). Fibrin scaffolds
have been generated, and their clinical utility relies on the fact that
they are biodegradable and do not cause inflammation, tissue necro-
sis, or fibrosis (14). In this study, we leveraged the biocompatibility
and functional properties of fibrin to create an in situ forming gel
that accommodates CAR-T cells, sustains their viability, and allows
their gradual release when situated within the tumor resection cavity
in a GBM model. The proposed delivery system showed superior
antitumor activity compared to CAR-T cells directly inoculated
in the tumor resection cavity.

RESULTS

In situ formation of the fibrin gel

Human fibrinogen polymerized into a porous gel by enzymatic
reaction with thrombin was formulated to encapsulate functional
and viable T cells that can be released locally after the gel was formed
in situ in the tumor resection cavity (Fig. 1A). To evaluate whether
the pores distributed throughout the fibrin gel network accommo-
date the loading of T cells, fibrin gel was quickly formed by mixing
the solution containing fibrinogen with T cells and the solution
containing thrombin. The entrapment of the T cells in the pores of
the cross-linked fibrin gel was confirmed using cryo-scanning elec-
tron microscopy (cryo-SEM) imaging (Fig. 1B). In addition, upon
polymerization, confocal microscopy revealed that encapsulated
T cells were uniformly distributed within the fluorescein-labeled
fibrinogen (Fig. 1C).

Physiologic clot formation occurs in blood at the fibrinogen
concentration of approximately 2 mg/ml, so we tested different
concentrations of fibrin ranging from 0.3 to 5.0 mg/ml to determine
the effect of fibrin density on T cell viability (15). Fibrin gels encap-
sulating the T cells were maintained in medium supporting T cell
viability and growth for 5 days. T cell viability was evaluated daily
using confocal microscopy and a two-color assay that assesses both
live cells (green, green-fluorescent calcein-AM) and dead cells (red,
red-fluorescent ethidium homodimer-1) based on plasma mem-
brane integrity and esterase activity, respectively (Fig. 1D and fig. S1).
The range of fibrin concentrations investigated for the gel formulation
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Fig. 1. Characterization of the fibrin gel delivery system for T cells. (A) Schematic illustration of the procedure aimed at partially removing the GBM mass and delivering
CAR-T cells via fibrin gel in situ formation. The fibrin gel in the inflamed surgery site creates the matrix, allowing the gradual release of CAR-T cells. (B) Cryo-SEM imaging
of the CAR-T cells within the fibrin gel. Scale bars, 1 um. (C) Confocal imaging of the CAR-T cells within the fibrin gel. CAR-T cells were labeled with green fluorescein, while
the cell nuclei were stained with Hoechst 33254. High-resolution confocal imaging of cells encapsulated in fibrin gel is illustrated. Scale bars, 10 um. (D) Representative
confocal imaging showing live/dead CAR-T cells encapsulated within the fibrin network for 5 days. Live cells and dead cells were labeled with green fluorescein and red
fluorescein, respectively. Scale bar, 1 um. (E) Quantification of live CAR-T cells in the fibrin gel at different days and at different concentrations of fibrin as illustrated in (D);

no difference [not significant (ns)] in viability for all concentrations.

showed no significant impact on the viability of the T cells, but
T cells were retained longer in the gel with higher fibrin concentra-
tion. In contrast, fibrin formulation (0.3 mg/ml) showed loss of
structural integrity over the 5-day assays and was not used for quan-
tification (Fig. 1E). Using atomic force microscopy, we mapped
murine brain tissue and compared it to the fibrin hydrogel stiffness
(Fig. 2, A to F). Brain stiffness spread within the range of 20 to 80
Pa (Fig. 2A). However, we observed that the fibrin gel (0.3 mg/ml)
was soft and easily contracted by the embedded cells, resulting in
variable soft and stiff areas within the gel and a poor fit for the ob-
tained data (Fig. 2B). The data suggest that the noncontracted part
of the fibrin gel (0.3 mg/ml) may be relatively similar to the brain.
The force map and frequency distribution graph of fibrin gels (0.3
to 5 mg/ml; Fig. 2, B to F) indicate that the moduli reported an
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increase with increasing fibrinogen concentration, with brain mean
at 47 Pa and gel mean moduli at 1100, 458, 411, 1533, and 2468 Pa
(Fig. 2G). Overall, these data indicate that fibrin gels can be formu-
lated to be mechanically stable and encapsulate human T cells
without compromising their viability.

Release of functional CAR-T cells from the fibrin gel

Upon establishing that fibrin gels obtained using a concentration of
fibrin higher than 0.3 mg/ml are mechanically stable, we determined
which density of the fibrin supports the gradual release of fully
functional CAR-T cells in vitro. For these experiments, we generated
CAR-T cells targeting the B7-H3 antigen (16). Specifically, we used
the B7-H3-specific CAR (B7-H3) encoding the scFv obtained from
the 763.73 monoclonal antibody, the stalk region of human CD8a,
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Fig. 2. Stiffness characterization of the fibrin gel and brain tissue. (A to F) Atomic force microscopy was performed on murine brain tissue (A) and fibrin hydrogel
(0.3 to 5 mg/ml) to obtain elastic modulus measurements (B to F). (G) CAR-T cells were embedded within 200 ul of fibrin gels formed on charged microscope slides and
allowed to polymerize. Both murine brain tissue obtained from Nu/Nu mice and hydrogels were thermally equilibrated with the cantilever before taking force measurements.
The overall force maps and the frequency distribution graphs are summarized, where moduli of the fibrin gels increase with increasing fibrinogen concentration. The
brain moduli mean is at 47 Pa. Fibrin gels of 0.3 to 5 mg/ml recorded stiffness modulus mean at 1100, 458,411, 1533, and 2468 Pa. ****P < 0.0001 among all groups except

for 0.6 versus 1 (ns), one-way analysis of variance (ANOVA) with Tukey’s post hoc.

and the CD28 and CD3( chain endodomains that we previously
described to exert antitumor activity in GBM (17). The CD19-specific
CAR (CD19) encoding the scFv obtained from the FMC.63 mono-
clonal antibody, the stalk region of human CD80, and the CD28
and CD3( chain endodomains was used as a negative control (18).
Fibrin gels obtained using fibrin concentrations ranging from 0.3 to
5.0 mg/ml and containing T cells were seeded in cell strainers in
six-well plates in complete supporting medium. Strainers were placed
daily in new wells, and T cells released in the medium were counted
for five consecutive days using flow cytometry and counting beads.
Fibrin gels generated using fibrin (3 or 5 mg/ml) showed sustained
and gradual T cell release over time (Fig. 3, A and B, and fig. S2). Of
note, when CAR-T cells were labeled with carboxyfluorescein
diacetate succinimidyl ester (CFSE), we observed daily CFSE dilution,
indicating that CAR-T cells retain proliferative capacity when en-
capsulated within the fibrin gel (Fig. 3C and fig. S3). Furthermore,
using 2-NBDG (2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl) Amino)-
2-Deoxyglucose) as a fluorescent tracer of glucose uptake into living
cells, we observed that CAR-T cells uptake 2-NBDG when encapsu-
lated in the fibrin gel. Control CAR-T cells cultured without gel and
CAR-T cells encapsulated within the fibrin gel cells were collected
at 60 and 120 min and evaluated by flow cytometry (Fig. 3D). Complete
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uptake of 2-NBDG was observed at 120 min, suggesting that the fibrin-
based gel does not compromise nutrient biodistribution (Fig. 3E).
We selected the fibrin gel formulated with fibrin (3 mg/ml) for sub-
sequent functional experiments of CAR-T cells based on these re-
sults. We first analyzed the phenotypic profile of CAR-T cells released
from the fibrin gel compared to nonencapsulated CAR-T cells.
CD19 CAR-T cells (F-CD19) and B7-H3 CAR-T cells (F-B7-H3)
released from the fibrin gel showed expression of memory markers
comparable to that of CD19 CAR-T cells and B7-H3 CAR-T cells
growing in free medium (Fig. 4A). F-CD19 and F-B7-H3 CAR-T cells
released from the fibrin gel were then placed in cocultures with
B7-H3* GBM tumor cells (U-87 MG and U-138 MG) or CD19"
tumor cells (Raji) at an effector-to-target ratio of 1:5. F-B7-H3
CAR-T cells effectively eliminated only GBM cells, and their anti-
tumor activity was similar to that of nonencapsulated B7-H3 CAR-T
cells. Control CD19 and F-CD19 CAR-T cells showed activity only
against the CD19" Raji cells (Fig. 4, B and C). In addition, F-B7-H3
CAR-T cells showed superior cell counts at the end of the coculture
compared to nonencapsulated B7-H3 CAR-T cells, further sup-
porting that the fibrin gel does not impair T cell viability, proliferative
capacity, and effector function (Fig. 4C). In supernatants collected from
the cocultures of CAR-T cells and tumor cells, we detected interleukin-2
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Fig. 3. Evaluation of CAR-T cell release from the fibrin gel and glucose exchange. (A) Representative in vitro release of T cells (5 x 10* cells/ml) in the fibrin gel formulated
using different fibrin concentrations (0.3 to 5.0 mg/ml). Cells released from the gel were counted using flow cytometry and counting beads. (B) Summary and statistical
analysis of T cell count illustrated in (A). (n=5 per each concentration). Statistical analysis was calculated as a log function of release kinetics of various concentrations of
fibrinogen over days. The concentration (0.3 mg/ml) was used as the baseline. A linear model was used to fit the log of cell count as a function of released days.
***P < 0.0001. (C) Representative flow cytometry plots showing the dilution of CFSE-labeled T cells encapsulated in the fibrin gel [three-dimensional (3D)] (fibrin, 3 mg/ml)
and released for five consecutive days (n = 3). CFSE-labeled T cells in liquid culture (2D) were used as control. (D) Histogram plots showing the uptake of 2-NBDG by CAR-T cells
cultured in 2D and 3D at 60 and 120 min. Dimethyl sulfoxide (DMSO) was used as a control. (E) Summary of 2-NBDG uptake in 2D versus 3D as illustrated in (D).

(IL-2) and interferon-y (IFN-y) only in response to the specific target
tumor (Fig. 4D). Overall, these data indicate that CAR-T cells encap-
sulated and released from the fibrin gel retain their antitumor effect.

CAR-T cells delivered via fibrin gel show antitumor

activity in vivo

To assess in vivo the therapeutic effect of CAR-T cells delivered via
fibrin gel, we used an image-guided tumor resection model of GBM
in immunodeficient mice (Fig. 5A) (19, 20). Briefly, U-87 MG
expressing green fluorescent protein (GFP)-firefly luciferase
(U-87-GFP-FFLuc) were formed in situ intracranially in nude mice
after performing a small craniotomy (cranial window). Twelve days
later, tumors were partially resected (to mimic a minimal residual
disease setting), and mice were treated by either direct intracavity
inoculation of B7-H3 CAR-T cells (iC-B7-H3) or in situ formation
of B7-H3 CAR-T cells within the fibrin gel (F-B7-H3) (Fig. 5B). The
in situ formation of CD19 CAR-T cells within the fibrin gel (F-CD19)
was used as a negative control. Tumor growth was monitored weekly
by in vivo measurement of tumor bioluminescence [bioluminescence
imaging (BLI)]. Control mice treated with F-CD19 CAR-T cells
developed tumors rapidly and were euthanized within 15 days.
Mice treated with F-B7-H3 CAR-T cells showed a significant delay
in tumor growth compared to mice treated with iC-B7-H3 CAR-T cells.
By day 94, 9 of the 14 (64%) mice treated with F-B7-H3 CAR-T cells
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were tumor free compared to 2 of the 10 (20%) mice receiving
iC-B7-H3 CAR-T cells (Fig. 5, C and D). No weight loss was
observed in treated mice, ruling out concerns of toxicity (Fig. 5E).
The superior control of tumor growth by F-B7-H3 CAR-T cells
translated into improved survival compared to mice treated with
iC-B7-H3 CAR-T cells (P = 0.026) (Fig. 5F and fig. S4).

In separate experiments, we evaluated the degradation rate of
the fibrin gel encapsulating CAR-T cells using the same model of
partial tumor resection by labeling the fibrin with Alexa Fluor 647
(AF647) (Fig. 6A). Two weeks after treatment, the fluorescence
signal from the gel was undetectable, and the fibrin gel was not
visually detectable at necroscopy, indicating the degradation of the
gel (Fig. 6, B and C). We also evaluated the persistence of CAR-T cells
upon delivery via direct intracavity injection or fibrin gel. For these
experiments, mice were euthanized 7 to 8 days after treatment, and
the brains were harvested for T cell quantification within the tumor
resection area by flow cytometry (Fig. 6D). More T cells were
detected in mice treated with F-B7-H3 CAR-T cells than iC-B7-H3
CAR-T cells (Fig. 6, E and F). We also performed experiments in
which CAR-T cells were labeled with firefly luciferase and imaged
in vivo. With the caveats of the low sensitivity of the in vivo assay,
in vivo imaging also suggested improved persistence of F-B7-H3
CAR-T cells versus iC-B7-H3 CAR-T cells (fig. S5A). We did not
observe significant differences in the expression of markers associated
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Fig. 4. Functional characterization of CAR-T cells released from the fibrin gel. (A) Phenotypic characterization of CD19 CAR-T cells (CD19) and B7-H3 CAR-T cells
(B7-H3) growing in medium versus CD19 CAR-T cells (F-CD19) and B7-H3 CAR-T cells (F-B7-H3) released from the fibrin gel (n =6 per each condition). (B) Representative
flow cytometry plots illustrating the antitumor activity of CD19, B7-H3, F-CD19, and F-B7-H3 CAR-T cells against GBM tumor cell lines U-87 MG or U-138 MG (B7-H3") and
Raji cells (CD19™) in vitro. All cells were collected on day 5 and enumerated by flow cytometry to quantify T cells (CD3*) and tumor cells (GFP*) using counting beads.
(€) Quantification of tumor cells (left panel) and T cells (right panel) as described in (B) (n=4-5 per condition). **P = 0.0063 against U-87 MG with 1:5 effector:target (E:T)
ratio; *P =0.0238 against U-138 MG with a 1:5 E:T ratio; ****P < 0.0001 and ***P < 0.0006 for B7-H3 and F-B7-H3, respectively, determined by repeated measurement of
two-way ANOVA with Turkey’s multiple comparison test. (D) Quantification of IL-2 (left panel) and IFN-y (right panel) in the supernatant of the cocultures described in (B)
(n =9 per condition). ****P < 0.0001 for CD19 and F-CD19 control against B7-H3 and F-B7-H3, respectively, determined by two-way ANOVA using Turkey’s multiple

comparisons test.

with exhaustion and memory, like PD1 and CD62L, respectively,
in tumor-infiltrating T cells (Fig. 6G). However, the number of
tumor-infiltrating CD3" T cells positively correlated with lower
numbers of tumor cells at the time of tumor harvest in tumor-bearing
mice treated with F-B7-H3 CAR-T cells (fig. S5B). Overall, these
data indicate that fibrin gel-assisted delivery of CAR-T cells improves
the antitumor effects of CAR-T cells in a tumor model of GBM by
promoting the persistence of these cells.

DISCUSSION

In this study, bioactive fibrin was used to obtain a biocompatible gel
that accommodates CAR-T cells and can be formed in situ in the
resection cavity upon surgical removal of the GBM tumor mass. We

Ogunnaike et al., Sci. Adv. 2021; 7 : eabg5841 6 October 2021

observed that the regional administration of CAR-T cells via fibrin
gel is superior in controlling local tumor growth compared to the
inoculation of free CAR-T cells in the resection cavity.

Local delivery of CAR-T cells is a clinically appealing strategy
for the treatment of malignancies characterized by predominant
regional growth and recurrence such as primary brain tumors,
retinoblastoma, or intrapleural or intraperitoneal malignancies
(9, 21, 22). However, the direct inoculation of the CAR-T cells into
the cavity remaining after surgery inevitably requires optimization.
Effective local delivery of CAR-T cells must ensure the broad coverage
of the surface of the resection cavity to maximize the possibility that
T cells enter in contact with residual tumor cells. Therefore, we
hypothesized that a mechanically flexible scaffold could adapt to the
resection cavity of the tumor, allowing ample biodistribution of the
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when the BLI signal reached 1x 10° photons per second. Photo credit: E. A. Ogunnaike, University of North Carolina, Chapel Hill.

CAR-T cells. In addition, the scaffold should guarantee the integrity
and functionality of these CAR-T cells.

Biocompatible fibrin gels exhibit excellent biodegradability and
wound healing properties and are used for many applications,
including hemostatic balance, regenerative medicine, and drug

Ogunnaike et al., Sci. Adv. 2021; 7 : eabg5841 6 October 2021

delivery (23-26). We leveraged the ability of fibrin to assemble
rapidly through the activation of fibrinogen by thrombin in a calcium-
containing buffer and generated a mechanically stable gel that holds
CAR-T cells. The gel is porous and allows complete and gradual
CAR-T cell releases from the matrix. When accommodated within
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Fig. 6. Degradation of fibrin gel and CAR-T cell persistence in vivo. (A) Schematic of the murine xenograft model of partial tumor resection to assess the degradation
of the fibrin gel encapsulating CD19 CAR-T cells (F-CD19) or B7-H3 CAR-T cells (F-B7-H3). Fibrin was labeled with 647, and fluorescence of the fibrin was imaged daily. i.c.,
intercranially. (B) Representative fluorescence image signal of the fibrin gel. (C) Quantification of the fibrin gel degradation in the model described in (A) (n =5 per
group). (D) Schematic of the murine xenograft model of partial tumor resection to assess CAR-T cell persistence. After partial tumor resection, mice were then randomized
to receive B7-H3 CAR-T cells inoculated via direct intracavity injection (iC-B7-H3) or via the fibrin gel (F-B7-H3). Mice were euthanized 7 to 8 days after treatment, and
brains were harvested to detect CAR-T cells by flow cytometry. FACS, fluorescence-activated cell sorting. (E and F) Representative flow cytometry plots (E) and counts of CD3" T cells
using counting beads (F) detected at days 7 and 8 upon iC-B7-H3 or F-B7-H3 CAR-T cells. P = 0.0190 (n =7 per group). (G) Flow cytometry quantification using counting
beads of CD3"PD1" and CD3*CD62L" T cells detected at days 7 and 8 after upon iC-B7-H3 or F-B7-H3 CAR-T cells. n = 7-8 per group.

the resection cavity, the fibrin solution containing CAR-T cells
forms the fibrin gel quickly in situ upon local addition of thrombin.
Using this strategy, CAR-T cells can receive nutrients within the
fibrin gel, which is critical for their survival, and remain fully functional
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when released from the gel. In addition, we demonstrated improved
antitumor activity of CAR-T cells when delivered via the fibrin gel
compared to inoculation of the same CAR-T cells within the tumor
resection cavity. Furthermore, it has been previously demonstrated
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that fibrin-treated wounds have an increased number of CD31-
positive endothelial cells and hemostatic properties (13). Thus, we
did not observe delays in the healing process when fibrin-based
delivery of CAR-T cells was used.

Collectively, these results suggest that regional delivery of
CAR-T cells encapsulated in a fibrin gel may provide antitumor
activity over an extended period of time after surgery in patients.
The proposed intracavity treatment may also be combined with the
subsequent administration of CAR-T cells via intraventricular
administration, as currently adopted in pilot clinical studies to further
extend the distribution of the CAR-T cells. Furthermore, the fibrin
gel would allow the possibility to load and locally deliver cytokines
and biological agents, additionally sustaining T cell growth and
countering immunosuppressive tumor-associated mechanisms.

MATERIALS AND METHODS

Cell lines and cell culture

Human B cell lymphoma Raji (source: male) and GBM tumor cell
line U-87 MG (source: male) [Research Resource Identifiers (#RRID):
CVCL_0022] were obtained from the American Type Culture Col-
lection (ATCC), and U-138 MG cells (RRID: CVCL_0020) were
obtained from Leibniz Institute DSMZ - German Collection of
Microorganisms and Cell Cultures GmbH. Cells were grown in
RPMI 1640 or Dulbecco’s modified Eagle’s medium (Thermo Fisher
Scientific) supplemented with 10% fetal bovine serum (FBS)
(Gemini Bio Products), 1% penicillin/streptomycin (Thermo Fisher
Scientific), and 1% GlutaMAX (Thermo Fisher Scientific). The
SEG retroviral vector encoding GFP and firefly luciferase genes
(SFG.GFP-FFLuc) was used to generate dual GFP- and FFLuc-
expressing cell lines (17). Cells were maintained in a humidified
atmosphere containing 5% CO, at 37°C. Cell lines were routinely
tested to confirm the absence of mycoplasma and for the expression
of the targeted antigen by flow cytometry.

Formation and characterization of CAR-T cells

in the fibrin gel

Fibrin gels were obtained by mixing 10:1 volume of fibrinogen
depleted of plasminogen, von Willebrand factor, and fibronectin
FIB3 (Enzyme Research Laboratories, South Bend, IN) and thrombin
(1 NIH U ml™) and HT 1002a (Enzyme Research Laboratories,
South Bend, IN) in Hepes buffer (25 mM Hepes, 150 mM NaCl, and
5 mM CaCly; pH 7.4). All functional assays were assessed using
fibrinogen (3 mg/ml) reacted with thrombin (1 U/ml). CAR-T cells
(1 x 10° cells) were encapsulated in the fibrin gel, embedded with
optimal cutting temperature (OCT), and immersed in liquid nitrogen.
The morphology of the F-CAR-T cells was characterized by cryo-SEM
(JEOL 7600F, Gatan Alto). The encapsulation of CAR-T cells in
fibrin was further characterized by confocal microscopy (Zeiss LSM
710). Alexa Fluor 488 (AF488)-fibrinogen was purchased from
Thermo Fisher Scientific.

Retrovirus preparation and transduction and

expansion of human T cells

Retroviral supernatants used for the transduction of human T cells
were prepared as previously described (27). Briefly, 293T cells
(2 x 10°) were seeded in a 10-cm cell culture dish and transfected
with the plasmid mixture of the retroviral vector, the Peg-Pam-e
plasmid encoding MoMLYV gag-pol, and the RDF plasmid encoding
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the RD114 envelope using transfection reagents. The supernatant
was collected 48 and 72 hours after transfection and filtered with
0.45-um filters. For the generation of CAR-T cells, buffy coats from
healthy donors were purchased from the Gulf Coast Regional Blood
Center (Houston, TX). Peripheral blood mononuclear cells isolated
with Lymphoprep density separation (Fresenius Kabi Norge) were
activated with immobilized CD3 (Miltenyi Biotec) and CD28 (BD
Biosciences) antibodies and then transduced with retroviral super-
natants on retronectin-coated plates (Takara Bio Inc., Shiga, Japan).
T cells were subsequently expanded in complete medium [45%
RPMI 1640, 45% Click’s medium (Irvine Scientific), 10% FBS
(HyClone), 2 mM GlutaMAX, penicillin (100 U/ml), and strepto-
mycin (100 pg/ml)] supplemented with IL-7 (10 ng/ml; PeproTech)
and IL-15 (5 ng/ml; PeproTech). T cells were used for in vitro and
in vivo analyses on days 12 to 14. Two days before in vitro functional
evaluation, cells were plated in cytokine-free medium (28, 29).

Confocal microscopicimaging

To visualize the distribution of cells in the fibrin gel (AF488-fibrin),
CAR-T cells were labeled with Hoechst 33254. CAR-T cells (1 x 10°
cells) were polymerized in the hydrogel and immersed in culture
medium using MatTek microwell dishes and analyzed by confocal
microscope. To qualitatively and quantitatively characterize the
viability and proliferation of CAR-T cells in the fibrin gel matrix
and assess the morphology of T cells interacting with the matrix, we
used a Zeiss LSM 710 inverted confocal microscope with differential
interference contrast (DIC) controlled by Zeiss ZEN 2011 software.
CAR-T cells (1 x 10°) were polymerized in the fibrin gel and placed
in culture medium. Cells in the fibrin gel were analyzed for viability
on days 1 to 5, in which cells were stained by immersing the hydro-
gel in the LIVE/DEAD Viability/Cytotoxicity Kit for 10 min.
Samples were analyzed with a confocal microscope, where live cells
were labeled with green fluorescein and dead cells with red fluores-
cein. The Imaris image visualization and analysis software (Oxford
Instruments) was used on at least three different Z-stack slices to
quantify the number of live and dead cells for each sample.

Enzyme-linked immunosorbent assay

T cells (0.2 x 10°) were cocultured with tumor cells (1 x 10°) in
24-well plates without the addition of exogenous cytokines. After
24 hours, the supernatants were collected, and cytokines (IFN-y
and IL-2) were measured in duplicate using specific enzyme-linked
immunosorbent assay (ELISA) kits (R&D Systems) following the
manufacturer’s instructions. T cells were encapsulated and released
from the fibrin scaffold before being cocultured with tumor cells.

Flow cytometry

We performed flow evaluations using antibodies specific to human
CD3, CD4, CD8, CD19, CD27, CD45, CD45RA, CD62L, CCR7,
B7-H3, PD-1, PD-L1, and TIM3 and murine CD3, CD4, CD8, CD11b,
CDllc, PD-1, and Ly-6G (from BD Biosciences and BioLegend)
conjugated with BV421, BV510, BV605, BV711, fluorescein iso-
thiocyanate (FITC), AF488, peridinin chlorophyll protein (PerCP)-
cy5.5, phycoerythrin (PE), PE-cy7, allophycocyanin (APC), and
APC-cy7 fluorochromes. Expression of human B7-H3 by tumor
cell lines was assessed with the 376.96 monoclonal antibody and
confirmed with the commercial B7-H3 antibody clone 7-517 (BD
Biosciences) (16). Expression of B7-H3.CAR was evaluated using
the fusion protein 2Ig-B7-H3-GFP. Samples were acquired with BD
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FACSCanto IT or BD LSRFortessa using the BD FACSDiva software
(BD Biosciences). Quantification and characterization of T cells
within the tumor were obtained by generating single-cell suspension
of the tissues using the Human Tumor Dissociation Kit (Miltenyi
Biotec) as per the manufacturer’s instructions. For each sample, a
minimum of 10,000 events was acquired, and data were analyzed
using FlowJo version 10.

Coculture and T cell proliferation assays

Tumor cells were seeded in 24-well plates at a concentration of
1 x 10° cells per well. T cells were added to the culture at different
ratios (effector:target of 1:1 or 1:5) without the addition of exoge-
nous cytokines. T cells encapsulated in fibrin gel were released for
3 days and then collected and used for all cocultures as F-CAR-T cells.
Cells were analyzed on days 5 to 7 to measure residual tumor cells and
T cells by flow cytometry (17). Zombie Aqua Dye (BioLegend) was
used to gate on viable cells. T cells were identified by the expression
of CD3 and tumor cells by GFP expression (U-87 MG and U-138
MG) or CD19 (Raji). T cells were labeled with 1.5 mM CFSE
(Invitrogen) and encapsulated in a fibrin scaffold to assess prolifera-
tion. CFSE dilution was measured on gated T cells released from the
gel each day for 5 days (17).

Atomic force microscopy

The elastic moduli of fibrin gels were measured using an atomic
force microscope (AFM) (MFP-3D-BIO, Asylum Research) in con-
tact force mode using silicon nitride cantilevers (NanoAndMore)
with a particle diameter of 1.98 um. The spring constant of each
cantilever was determined using the AFM software (IGOR Pro 16).
CAR-T cells were embedded within 200 ul of fibrin gels (0.3 to
5 mg/ml) formed on charged microscope slides. Murine brain tissue
was obtained from Nu/Nu mice and thermally equilibrated with the
cantilever in 1x phosphate-buffered saline (PBS) for 30 min before
taking force measurements. Fibrin gels were first allowed to polymerize
on microscope slides for 1 hour and then thermally equilibrated
with the cantilever in 1x PBS for 30 min before taking force
measurements. Force maps, each consisting of 256 individual force
curves, were obtained for three 10 um x 10 pm randomly chosen
areas of each sample. Each force map was fitted by applying the
Hertz model to the linear region of the force curve to obtain the
modulus of the sample.

Xenogeneic mouse model

Mouse experiments were approved by the Institutional Animal Care
and Use Committee of University of North Carolina. A small circular
window in the skull was made using a bone drill (Ideal Micro Drill,
Harvard Apparatus, Holliston, MA), exposing the right frontal lobe
of the brain of 6- to 10-week-old nude female mice (19). One week
later, FFluc-U-87 MG tumor cells were suspended in 5 ul of PBS
and inoculated in the brain using a Hamilton syringe, approximately
1 mm deep. Twelve days after tumor inoculation, a surgical resection
cavity was made by removing roughly 90% of the engrafted tumor.
Bleeding was controlled with the hemostatic agent (SURGICEL,
Ethicon, Somerville, NJ) and rinsed with cold saline. For intracranial
delivery, CAR-T cells (2 x 10° cells per mouse) were resuspended in
PBS and injected into the resection cavity using a p10 pipette in a
volume of 3 ul, which was equivalent to the fibrin gel volume CAR-T cells.
We previously demonstrated that 2 x 10° CAR-T cells per mouse could
provide antitumor effects when inoculated directly intratumorally
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(17, 30). For the fibrin gel-mediated delivery, CAR-T cells were
formed in situ in the cavity by inoculating fibrin solution with
CAR-T cells and immediately adding thrombin solution for a
concentration of 3 mg/ml of F-CAR-T cells in 3-ul volume intracavity. The
incision was closed with Vetbond Tissue Adhesive (3M, Maplewood,
MN). For pain management, meloxicam (5 mg/kg) was adminis-
tered subcutaneously before and after surgery once a day for 3 days.
Tumor growth was monitored by BLI (PerkinElmer IVIS Lumina In Vivo
Imaging System) weekly. Mouse were euthanized when showing signs
of discomfort according to veterinary recommendation and animal
protocol. To assess the persistence/degradation of the fibrin-based
gel, we used the same model described above with fibrin labeled with
AF647. Fluorescence was measured noninvasively in the brain over
time using the PerkinElmer IVIS Lumina In Vivo Imaging System
(Waltham, MA) at excitation 710 to 760 nm and emission 810 to
875 nm with 1- to 10-s exposure times. Total flux (p/s) values from
each mouse were normalized to the total flux from day 0.

Statistical analysis

All results are presented as means + SEM, as indicated. Tukey post
hoc tests and one-way analysis of variance (ANOVA) were used for
multiple comparisons (when more than two groups were com-
pared), and Student’s ¢ test was used for two-group comparisons.
The survival benefit was determined using a log-rank test. All statistical
analyses were carried out with the Prism software package (PRISM
5.0; GraphPad Software, 2007).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abg5841

View/request a protocol for this paper from Bio-protocol.
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