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ARTICLE INFO ABSTRACT

Keywords: Chimeric antigen receptor (CAR-) T cells are revolutionizing cancer treatment, as a direct result of their clinical
Microgels impact on the treatment of hematological malignancies. However for solid tumors, CAR-T cell therapeutic ef-
Gell encapsulation ficacy remains limited, primarily due to the complex immunosuppressive tumor microenvironment, inefficient
L’Z‘;‘}}r“‘c’zll‘zrapy access to tumor cells and poor persistence of the killer cells. In this in vitro study, an injectable, gelatin-based

micro-hydrogel system that can encapsulate and deliver effective CAR-T therapy is investigated. CAR-T cells
targeting TAG-72, encapsulated in these microgels possessed high viability (> 87%) after 7 days, equivalent to
those grown under normal expansion conditions, with retention of the T cell phenotype and functionality.
Microgel recovered CAR-T cells demonstrated potent on-target cytotoxicity against human ovarian cancer in vitro
and on three-dimensional tumor spheroids, by completely eliminating tumor cells. The gelatin-based micro-
hydrogels have the potential to serve as carrier systems to augment CAR-T immunotherapeutic treatment of solid

Cell delivery
Tumor spheroids

tumors.

Introduction

Chimeric antigen receptor (CAR-) T cell-based immunotherapy em-
ploys genetically modified T cells to express synthetic antibody mole-
cules capable of recognizing specific antigens present on the surface of
tumor cells [1,2]. The therapy has proven its clinical success in treating
liquid tumors like acute lymphoblastic leukemia (ALL) [3,4]. However,
the clinical application of CAR-T cells to solid tumors is limited mainly
due to the lack of identification of unique tumor-associated antigen(s),
inefficient trafficking of T cells to the tumor site, their poor retention and
failure to overcome the immunosuppressive tumor microenvironment
(TME) [5-7]. Moreover, various cells and their mediators play an
important role in tumor-stroma interactions [8,9].

Cancer-specific antigens coupled with their limited expression on
healthy tissue is required for successful on-target CAR-T therapy [10].
One such molecule is the oncofetal tumor-associated glycoprotein-72
(TAG-72) which is highly expressed in epithelial ovarian cancer [11],
and most adenocarcinomas including breast [12], prostate [13] and
colorectal cancer [14]; whilst expression in normal adult tissues is rare
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[15]. In ovarian cancer, owing to the lack of early diagnostic markers
and clinical symptoms, most cases are diagnosed at advanced stages
when it has already spread through the peritoneal cavity [16]. CAR-T
cell based immunotherapy could provide a more targeted therapeutic
approach for the treatment of ovarian cancer. Herein, the CAR-T cells
are targeted against TAG-72, however efficient delivery of CAR-T cells to
the specific tumor site remains a challenge. In order to obtain effective
clinical outcomes, doses of CAR-T cells typically in the range of 108-10°
are required [17,18]. Higher doses of CAR-T cells attacking cancer can
induce cytokine storm syndrome where high amounts of cytokines are
released into the bloodstream, causing extreme fever and can even lead
to neurotoxicity and death [19,20]. These are a major safety risk for the
patient irrespective of therapeutic potential. Also, it is important to
determine the cytokines in various tissues during immunotherapy by
utilising different techniques [21]. Collectively, these factors limit the
potential clinical efficacy of CAR-T cells to solid tumors and need to be
addressed.

Biomaterials-based delivery platforms can offer a localized and
controlled release of “cargo” at the TME while providing a protective
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environment for the CAR-T cells enabling their proliferation [22,23].
For example, an alginate-based porous scaffold functionalized with
adhesion molecules and stimulatory signals was developed to deliver
tumor-reactive T cells to the tumor site [22]. These scaffolds, when
implanted in a mouse model of breast cancer resection completely
prevented tumor relapse compared to intravenously administered T cells
and those directly injected at the resection cavity. Although
scaffold-based implants can be beneficial in locally delivering immune
cells and to effectively boost the in vivo persistence in the TME, such
methods are invasive, necessitating surgery for implantation. Therefore,
injectable systems are preferred over scaffolds for localized immune cell
delivery.

Utilizing injectable and cell-laden hydrogel microstructures (micro-
gels) is a promising approach to address some of the challenges associ-
ated with localized cell delivery. We have previously demonstrated the
use of these biocompatible gelatin-based microgels as a three-
dimensional (3D) culture platform for in vitro T lineage induction and
thymic epithelial cell maintenance [24]. Our approach implements a
pipette-tip based microfluidic device in conjunction with a biorthogonal
photo click reaction for the crosslinking of norbornene functionalized
gelatin and thiol modified poly(ethylene glycol) (PEG) [24-26]. Herein,
we investigate the capacity for the microfluidic microgels to serve as an
injectable vehicle for the delivery of CAR-T cells. Since two-dimensional
(2D) monolayer cultures do not recapitulate the complexity of the TME
[27,28], here we utilized 3D solid tumor spheroids to better mimic the
physiological tumor niche and to study the cytotoxic potential of CAR-T
cells. These cell-laden microgels could potentially be injected into the
peritoneal cavity of patients with metastatic ovarian cancer for the de-
livery of CAR-T cells at the tumor site with enhanced persistence. Our
strategy has the potential to reduce the dose size per injection, thereby
reducing the manufacture fail rate for patients with depleted immune
systems. Our strategy also has the capacity to reduce the likelihood or
severity of cytokine storm syndrome through the sustained release of
CAR-Ts during degradation of the microgels in vivo.

Experimental section
Hydrogel precursor synthesis

Norbornene functionalized gelatin (GelNB) was synthesized via a
two-step process based on our previously published protocols [24,25] as
detailed in the supplementary information. Briefly, 5-norbornene-2-car-
boxylic acid dissolved in dichloromethane (DCM) was first functional-
ized with N-hydroxysuccinimide (NHS) and N-(3-(dimethylamino)
propyl)-N’-ethylcarbodiimide hydrochloride (EDC-HCI) to generate an
amine-reactive ester. This intermediate product was subsequently mixed
with gelatin in a solution of N,N-dimethylformamide (DMF)/water (1:1
v/v), followed by purification via dialysis. Finally, the solution was
lyophilized to obtain norbornene-conjugated gelatin. Thiol modified
linear PEG (PEG(SH)2) was synthesized via a three-step route based on
our previously reported protocol [26,29].

Photorheology

Rheological analyses of hydrogels were conducted on a parallel plate
rheometer (Anton Paar Physica MCR 501) using a top plate of diameter
12 mm. Time sweep measurements were conducted at a strain of 1% and
a frequency of 1Hz. A bottom quartz plate connected to a light guide was
used to transmit light. Hydrogel prepolymers were prepared from stock
solutions to obtain a final mixture with concentrations of GelNB (4% w/
v), PEG(SH), (1% w/v), and photoinitiator, lithium phenyl-2,4,6-
trimethylbenzoylphosphine (LAP) (0.03% w/v; Tokyo Chemical In-
dustry, Japan). The final prepolymer mixture (50 pL) was placed on the
bottom plate and the top plate was descended to a gap size of 0.3 mm.
The solution was let to stabilize for 2 min and then photopolymerization
was induced by light irradiation (400—500 nm, 10 mW/cm?, 10 min)
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using a UV lamp (OmniCure S2000, Lumen Dynamics).
Microfluidic device fabrication and generation of microgels

A pipette tip-based microfluidic device was used for the generation of
microgels [24-26]. Briefly, for the fabrication of the device, first, a
moldable glue was inserted within a 200 uL pipette tip to form the device
chamber and two parallel inlets were made within the chamber using
two polytetrafluoroethylene (PTFE) tubes (ID: 0.3 mm, OD: 0.76 mm;
Cole-Parmer). The mold was left to cure for 48 h to form channels, fol-
lowed by the removal of the pipette tip and the PTFE tubes. In these
channels, two new PTFE tubes (15 cm) were inserted; one for oil and the
other for hydrogel prepolymer solution. In the next step to make a
nozzle, a 0.5 mm hole was made in a silicon tube (ID: 0.5 mm, OD: 1.3
mm; Gecko Optical, Australia) using a biopsy punch (OD: 0.5 mm),
followed by inserting the tube in a pipette tip. Then, the outlet end of the
PTFE tube for the hydrogel solution was attached to the silicon tube
adjacent to the punched hole. The pipette tip was then moved up to-
wards the mold to close the chamber. Finally, two 25G needles were
separately inserted into the inlet ends of the PTFE tubes to administer
the oil and the hydrogel solution.

For the generation of microgels, hydrogel prepolymers (500 pL) were
prepared as described in the photorheology section. Gel suspension and
microfluidic oil (Picosurf, 2% in FC-40) taken in separate syringes were
connected to the microfluidic device, followed by loading in separate
syringe pumps with flow rates set at 1 mL/h for the aqueous phase and 4
mL/h for the oil phase. Pre-cured microgel droplets dispersed in oil were
photopolymerised by light irradiation (400-500 nm, 10 mW/cm?, 10
min) using a UV lamp. Microgels retrieved from oil were washed and
redispersed in Dulbecco’s phosphate-buffered saline (DPBS)/media.

Cell culture

Cancer cell lines

Cell lines were purchased from American Type Culture Collection
(ATCC, USA). Human ovarian adenocarcinoma cell line OVCAR3 was
cultured in RPMI-1640 (Sigma-Aldrich, USA) with fetal bovine serum
(FBS) (20% v/v, Bovogen, Australia), bovine insulin (0.01 mg/mL,
Sigma-Aldrich, USA), and penicillin-streptomycin (1X, Pen/Strep,
Gibco, USA). Human breast cancer cell line Hs578T was cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco, USA) with FBS
(10% v/v), bovine insulin (0.01 mg/mL), and Pen/Strep (1X).

CAR-T cells

T cells transduced to express anti TAG-72 CARs (hereafter referred to
as aTAG-72 CAR-T cells) were developed by Cartherics Pty Ltd [30].
Peripheral blood mononuclear cells (PBMCs) were isolated from whole
blood obtained from consenting, healthy donors (Australian Red Cross,
Monash Health HREC number 16055A) after informed consent. Briefly,
PBMCs were isolated via Ficoll-Paque (GE Healthcare, USA) density
gradient centrifugation using Leucosep tubes (Greiner Bio-One, Austria).
T cells were sorted from PBMC fractions and activated via
anti-CD3/anti-CD28 magnetic beads (DynaBeads, ThermoFisher Scien-
tific, USA) as per the manufacturer’s instructions. Beads were removed
immediately before the addition of TAG-72 lentiviral CAR construct
[30] and transduction occurred over 48 h in media containing IL-2
(Miltenyi Biotec, Germany). Removal of the virus via centrifugation
ensues, and cells were transferred to a complete T cell medium
comprising TexMACS Medium (Miltenyi Biotec, Germany), human AB
serum (5% v/v, Sigma Aldrich, USA), human platelet lysate (5% v/v,
Cook Regentec, USA) supplemented with human IL-2, IL-7, IL-15 and
IL-21 (Miltenyi Biotec, Germany). On day 10 post-transduction CAR+
cells were isolated based on GFP expression using MACSQuant Tyto Cell
Sorter (Miltenyi Biotec, Germany). CAR+ cells were harvested, washed
and resuspended in Tyto Buffer containing Viobility Dye 405/452
(Miltenyi Biotec, Germany) and incubated in ice for 15 min protected
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from light. Following washing and collection via centrifugation, the cells
were resuspended in Tyto Buffer to achieve a final density of 2-4 x 108
cells/mL. Following sorting, cells were transferred to complete T cell
medium for continued expansion. Activated, non-transduced (NT) T
cells (no CAR) were maintained in parallel and analyzed for all donors.
aTAG-72 CAR-T cells and NT T cells were maintained in the complete T
cell medium at a density of 1 x 10° cells/mL at 37°C with 5% CO».

CAR-T cell encapsulation in microgels

The microfluidic device and associated equipment were UV sterilized
for 30 min in a biosafety cabinet before cell encapsulation studies. Filter
sterilized microfluidic oil was loaded in one of the syringe pumps. Pre-
activated oTAG-72 CAR-T cells in suspension cultures were spun down
at 300 g for 5 min, resuspended in 1 mL complete media, and counted
using a MUSE Cell Analyser (Merck, Germany). The pre-polymer solu-
tion (500 pL) was diluted in complete media with cells at a density
ranging from 1-5 x 10 cells/mL and loaded in the aqueous phase sy-
ringe. Cell encapsulated microgels were generated as detailed in the
microfludic device fabrication section. CAR-T cells containing micro-
particles were thoroughly washed in media and resuspended in fresh
complete T cell media followed by incubation at 37°C and 5% COx.
Media were replenished every two days until analysis.

Cell viability and 3D cell distribution analysis

Cell viability and distribution of T cells within the microparticles
were visually analyzed by live/dead confocal microscopy. Live/dead
staining (Thermo Fisher Scientific, USA) and imaging were conducted
on day 1 and day 7 post encapsulation. Microgels removed from culture
media were washed in DPBS and incubated in a live/dead solution
(DPBS comprising 0.5 pL/mL calcein-acetoxymethyl ester (AM) and 2
pL/mL ethidium homodimer-1) for 20 min. The viability and 3D dis-
tribution of CAR-T cells in different focal planes were analyzed by
confocal microscopy (Nikon C1 inverted microscope, Japan) capturing
Z-stack images through a depth of 500—600 pm. Quantitative mea-
surement of cell viability was performed by counting live and dead cells
in five microgels at each time point using ImageJ software (NIH, USA)
and cell viability was calculated as the ratio of live cell number to the
total cell number.

Phenotypic analysis of aTAG-72 CAR-T cells pre and post microgel
encapsulation

The phenotype of CAR-T cells prior to microgel encapsulation was
analyzed via flow cytometry. Cells grown in suspension cultures and
those exposed to the same intensity of light used to induce photo-
polymerization of microgels were also used as controls to study the ef-
fect of microgel fabrication on cell state. CAR-T cells stained in either an
antibody cocktail (Table S1) or relevant isotype control, where cells
were incubated for 10 min at 4°C. Cells were washed once by centrifu-
gation at 300 g for 5 min. Finally, cells were resuspended in buffer (DPBS
comprising 0.1% bovine serum albumin (BSA) and 5 mM ethyl-
enediaminetetraacetic acid, (EDTA)) and propidium iodide (PI) was
added as viability indicator just before flow cytometric analysis using a
MACSQuant Analyzer 10 (Miltenyi Biotec, Germany). Data was
analyzed using FlowLogic software (Inivai Technologies, Australia).
Prior to phenotype analysis, gates were set to exclude doublets, debris,
and dead cells.

The effect of microgel encapsulation on the phenotype of CAR-T cells
was studied by recovering encapsulated cells from microgels on day 7
via enzymatic digestion using 1X Collagenase-IV (Life Technologies,
USA) for 20 min. Flow cytometric analysis was performed as described
above.

TAG-72 expression in cancer cell lines

Expression of TAG-72 in cancer cell lines OVCAR3 and Hs578T was
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analyzed using flow cytometry. Cells were stained using anti TAG72-
AVP04 (Avipep, Australia) at 1/20 dilution, incubated for 10 min at
4°C, washed once before resuspension in PI. Cells were gated based on
the scatter profiles to identify intact, single cells. Viable (PI negative)
cells were then selected for, prior to analyzing surface marker
expression.

Real-time in vitro cytotoxicity analysis of microgel recovered CAR-T cells

In vitro CAR-T cell killing assays were performed using a real-time
cell analysis (RTCA) instrument (xCELLigence RTCA SP- Analyzer,
ACEA Biosciences, USA). Microgel encapsulated CAR-T cells recovered
via enzymatic digestion on day 7 post encapsulation were used as
effector cells. OVCAR3 and Hs578T cancer cell lines were used as target
cells and were seeded at 10,000 cells/well in an electronic 96 well plate
(ACEA Biosciences, USA) having gold microelectrodes on its bottom
surface. Change in impedance was monitored every 15 min for at least 6
h prior to the addition of effector cells and represented as ‘cell index’.
The recovered T cells were incubated for 24 h in IL-7 (5 ng/mL) con-
taining medium to reduce activation and hence the degree of non-
specific killing. Microgel recovered/control aTAG-72 CAR-T cells and
NT T cells were used as effectors at 5:1 effector to target (E:T) ratio [30]
and cell index was measured for 24 h. Values were normalized to the
time from the addition of CAR-T cells and analysis was performed using
GraphPad Prism 8.0 software.

Establishment of 3D tumor spheroid culture

3D tumor spheroids of OVCAR3 were developed via adapting similar
previously published methods with appropriate modifications [31,32].
Briefly, cancer cells trypsinized from culture flasks were resuspended in
serum-free tumorsphere medium (MammoCult, STEMCELL Technolo-
gies, USA) supplemented with heparin (4 pg/mL, STEMCELL Technol-
ogies, USA), hydrocortisone (0.48 pg/mL, STEMCELL Technologies,
USA) and Pen/Strep (1X). Cells were seeded at a density of 5 x 10°
cells/well in 50 pL in 96 well Ultra-Low Attachment plates (Corning,
USA) and cultured for 14 days to enable the formation of spheroids.
Media was changed every four days in a gentle manner without dis-
turbing the floating spheroid cultures. Spheroids with well-defined
boundaries were observed by 2 weeks. Tumorspheres with defined
borders and size > 40 ym were counted on day 14 of culture from 24
wells in each group, and tumorsphere formation efficiency (TFE) was
calculated using the following equation:

Number of tumorspheres per well

TFE (%) = 100

Number of cells seeded per well

3D spheroid CAR-T cell cytotoxicity assay

Real-time imaging: SNARF-1 and CSFE staining

For time-lapse imaging of 3D tumor spheroid killing using CAR-T
cells, OVCAR3 tumorspheres were fluorescently tagged with SNARF-1
(Thermofisher Scientific, USA) and CAR-T cells were labeled using
CSFE (Thermofisher Scientific, USA). For SNARF-1 staining, day 14
tumorspheres cultured in low adhesion 96 well plates were pooled from
3 wells and placed on each well of 8 well chamber slides one day before
imaging. For 2D OVCAR3 control well, 4 x 10* cells were seeded and
kept at 37°C incubator overnight. OVCAR3 spheroids were labeled with
SNARF-1. Media was carefully aspirated off from the sides of the well,
following a PBS wash 200 ul of SNARF-1 (20 uM) working stock was
added and incubated for 30 min at 37°C. After the incubation period, the
stain was removed and fresh media was added.

T cells were stained using CSFE (100 nM) staining solution. Briefly,
NT control T-cells and «TAG-72 CAR-T cells, grown in both suspension
culture and recovered from microgels, were counted using MUSE
analyzer, centrifuged at 300 g for 5 min and the supernatant was
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discarded. CSFE staining solution was added to the pellet and incubated
for 10 min at 37°C. Followed by the addition of complete media to
quench the stain, cells were spun down and resuspended at 1 x 10°
cells/mL in complete media. 200 pL cell suspension of control «TAG-72
CAR-T cells, NT T cells and cells recovered from microgels was added to
the respective wells.

Real-time images were captured every 15 min for 15 h using
Olympus FV1200 confocal microscope in bright field, TRITC and FITC
channels. Images were overlaid from the three channels, and time-lapse
video was generated by stitching together images via F1JI software.

Flow cytometric analysis of 3D spheroids and CAR-T cells
To analyze the 3D spheroid killing ability of microgel recovered

A
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CAR-T cells, cells were recovered from microgels 7 days post encapsu-
lation and transferred to IL-7 containing media. aTAG-72 CAR-T cells
and NT T cells were added at 5 x 10* cells/well to OVCAR3 tumor-
spheres and incubated at 37°C. After four days of co-culture, cells were
dissociated mechanically (ejecting via a 25G needle attached to a sy-
ringe) and enzymatically (Tryple,10 min at 37°C) (Thermofisher Sci-
entific, USA) into a single-cell suspension and prepared for flow
cytometric analysis (described in section: Phenotypic analysis of «TAG-
72 CAR-T cells). OVCARS cells were gated by the expression of EpCAM
and T cells were identified by the expression of CD3 (Table S2).

i

~”n PEG &7 Gelatin

400-500 nm
light

S\MM\S

B

Microfluidic oil
4 mL h?

Blue light
400-500 nm

Hydrogel stock
with cells

1 mL h?

C D

Modulus (Pa)

R

0 200

— Storage modulus G'
— Loss modulus G"

400
Time (s)

600

Fig. 1. Microgel generation and hydrogel characterization (A) Simplified scheme of the thiol-norbornene photoclick reaction between thiol-functionalized linear PEG
and norbornene-functionalized gelatin. (B) Schematic illustration of pipette-tip based microfluidic device and microgel generation. (C) Bright-field image of pho-
tocured microgels in oil (scale bar represents 200 um). (D) Photorheology measurements of storage and loss moduli.
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Statistical analysis

Statistical analysis was performed using GraphPad Prism 8.0 soft-
ware. All values presented are mean =+ standard deviation (SD). Bio-
logical triplicates were used throughout unless otherwise stated. For cell
viability measurements unpaired t-test with Welch’s corrections was
conducted. The population frequency of T cell markers was analyzed by
one-way ANOVA with Bartlett’s test and Tukey’s post hoc test. For the
proportion of cancer cells in spheroid cultures, unpaired (nonparametic)
t-tests with welch’s correction were performed. A p-value <0.05 was
considered statistically significant (*p < 0.05, **p < 0.01, ***p <0.001,
*HExp < 0.0001).

Results and discussion
Microgel generation and hydrogel characterization

Microgels were generated using a pipette-tip based microfluidic de-
vice utilizing norbornene functionalized gelatin and thiol functionalized
PEG via a visible light-mediated thiol-ene click reaction (Fig. 1A & B)
[24-26]. Microgel size can be altered on demand by varying the tube
diameter or flow rate of the aqueous/oil phase [25]. In this study,
microgels of diameter in the range of 600 um were obtained (Fig. 1C).
Gelation kinetics of the hydrogel was assessed using photorheology and
gelation occurred rapidly after light irradiation, determined by the
cross-over of storage modulus (G’) and loss modulus (G™). Following
light exposure storage modulus initially increased and plateaued at
around 2000 Pa (Fig. 1D).

CAR-T cells encapsulated in microgels are viable and retain phenotype pre-
and post in vitro culture

Live/dead viability analyses of TAG-72 CAR-T cells encapsulated in
microgels at 3 x 105 cells/mL have shown high viability on day 1 and
day 7 post encapsulation. Cells at lower densities have displayed
reduced viability, potentially due to the lack of adequate cell-cell
interaction and higher cell concentrations tend to clog the micro-
fluidic system (data not shown). Therefore, 3 x 10° cells/mL were used
for encapsulation studies and cells displayed higher viability on day 1
(83 + 2%) (Fig. 2A, B) demonstrating the biocompatibility of the sys-
tem. Viability on day 7 post encapsulation was 88 + 1%, with uniform
distribution of cells within the microgels, indicating the suitability of
microgels for sustained culture periods and adequate media transport
through the gels of cytokines necessary for T cell survival. The number of
cells per microparticle on day 1 was 164 + 26 and on day 7 was 239 +
35 (n = 5). This modest increase in T cell number is indicative of possible
proliferation within the microgels. Whilst there is expected system de-
pendency, a recent study investigating hyaluronic acid-PEG based
hydrogels conjugated with stimulatory signals as an artificial T cell-
activation matrix enabled proliferation of CD8+ T cells [33]. Another
study using a thermoresponsive hydrogel for the 3D culture of T cells
and in vivo cell delivery has shown a significant expansion of
pre-activated T cells in vitro and gradual migration of cells from the gel
following subcutaneous injection in mice [34]. These studies have dis-
played the potential of hydrogels to improve T cell therapy strategies. In
our study, cell viability assays demonstrated the survival and mainte-
nance of «TAG-72 CAR-T cells in microgels, showing their feasibility as
carrier systems of CAR-T cells.

Flow cytometry analysis of CD4/CD8 (T cell markers), CD69 (acti-
vation marker [35]) and PD-1 (T cell negative regulator [36]) of CAR-T
cells released from microgels indicated that cells retain full and normal
functional receptors, unchanged by microgel encapsulation (Fig. 3). A
CD4/CD8 ratio of 1.5-2.5 is generally considered normal; however,
other factors like age, gender or genetics may affect this ratio [37]
therefore, variations will be observed with different donors. In our
study, a significantly higher percentage of CD4 cells to CD8 cells could

Translational Oncology 24 (2022) 101477

3D reconstruction

z-stack

Day 1

Day 7

100
*
—_—
;\'; 80
2 60
§
'S 40
3
O 20
0
Day1 Day7

Fig. 2. aTAG-72 CAR-T cell encapsulation in microgels (A) Viability of aTAG-
72 CAR-T cells encapsulated in microgels following 1 and 7 days of encapsu-
lation. Live cells are stained green using calcein-AM and dead cells are stained
red using ethidium homodimer. Scale bar represents 200 uym. (B) Quantitative
analysis of dTAG-72 CAR-T cell viability in five different microgels at each time
point (n = 5) (*p < 0.05). aTAG-72 CAR-T cell: T cells transduced to express
anti TAG-72 CARs.

be attributed to the expansion conditions favoring CD4 cells (Fig. 3A-E).
Nevertheless, there was no change in the CD4/CD8 expression seven
days post microgel expansion (Fig. 3C-E) compared to cells grown in
suspension culture. Notably, the expression of activation marker CD69
in different culture conditions was inherently high and was not nega-
tively impacted by encapsulation (Fig. 3F). PD-1 was characterized to
provide an indication for T cell exhaustion [38] and there was no sub-
stantial expression of PD-1 in any of the culture conditions (Fig. 3G). The
CAR expression also remained unaffected post microgel encapsulation
(Fig. 3C, H). Cells exposed to blue light also had no significant effect on
phenotype (data not shown). Collectively, these findings validate the
applicability of these gels as culture vessels for CAR-T cells.

Microgel recovered CAR-T cells demonstrate on-target cytotoxic function
against TAG-72 ovarian cancer cells in 2D in vitro setting

Prior studies have shown the expression of TAG-72 in patient sam-
ples of ovarian cancer [16,39] and various ovarian cancer cell lines [40,
41]. OVCARS3 cell lines are reported to present higher expression of
TAG-72 [30,40]. Although this present study mainly focuses on ovarian
cancer cells, hydrogel augmented CAR-T immunotherapy can in prin-
ciple be applied to a variety of solid tumors. Accordingly, the surface
expression of TAG-72 on two epithelial-type cancer cell lines demon-
strated the suitability for each to be targeted by aTAG-72 CAR-T cells.
With reference to Jurkat cells as high TAG-72 positive controls [42] and
PBMC T cells as negative controls (data not shown), the phenotypic
analysis confirmed a comparatively high TAG-72 expression in the
ovarian cancer cell line OVCAR3 and lower expression in the breast
cancer line Hs578T cells (Fig. 4A). Whilst OVCAR3 cells appeared to be
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Fig. 3. Phenotypic analysis of «TAG-72 CAR-T cells. (A-C) Representative flow plots of «TAG-72 CAR-T cell phenotype analysis (A) Before microgel encapsulation.
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CD8), (F) Activation (CD69), (G) Exhaustion (PD-1), (H) CAR expression. Data shown as mean + SD (n = 3). One-way ANOVA with Bartlett’s test and Tukey’s post
hoc test was performed (ns = no statistical difference). aTAG-72 CAR-T cells: T cells transduced to express anti TAG-72 CARs; PI: propidium iodide.

the most suitable target for *TAG-72 CAR-T cells in this assay based on passages [43,44]. Only cancer cells with surface expression of TAG-72 at
the high TAG-72 expression and clear population shift; it is important to the point of engagement with the CAR-T cells are theoretically able to be
appreciate the factors that impact the surface presentation of TAG-72 killed via the CAR (Fig. 4B). Functional cytotoxic assessment of CAR-T
are not well understood. Expression may fluctuate with various phases cells on these tumor lines was required to determine the therapeutic
of cell cycle and variations in levels can be observed with different cell effectiveness of aTAG-72 CAR-T cells.
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Fig. 4. TAG-72 expression in cancer cells and cytotoxicity analysis of «TAG-72 CAR-T cells (A) Representative flow plots of TAG-72 expression in Hs578T and
OVCARS cancer cell lines. Cells were gated based on the scatter profiles to identify, single, intact cells with viable cells marked by an absence of PI staining. TAG-72
expression was then gated based on unstained controls (B) Schematic illustration of aTAG-72 CAR-T cell targeting TAG-72 surface antigens in tumor cells and
initiating killing of tumor cells. (C and D) Real-time cytotoxicity analysis of microgel recovered non-transduced T-cells (controls) and aTAG-72 CAR-T cells using the
xCELLigence impedance analysis on target cells at E:T ratio of 5:1 (C) Hs578T and (D) OVCARS3. Data represented as mean + SD for each time point where two
independent experiments were conducted with three technical replicates. XTAG-72 CAR-T cells: T cells transduced to express anti TAG-72 CARs; E:T ratio: effector to

target ratio; PI: propidium iodide.

Real-time in vitro cytotoxicity analysis revealed that microgel
recovered aTAG-72 CAR-T cells were able to kill TAG-72 expressing
OVCARS as efficiently as the control CAR-T cells as demonstrated by a
reduction in normalized cell index (Fig. 4D). Non-specific killing via NT
T cells (no CAR) was not observed, highlighting the potent on-target
specificity of the CARs. Functional assessment of CAR-T cells at an E:T

ratio of 1:1 was also investigated demonstrating equivalent findings;
microgel encapsulation did not disrupt any on-target recognition or
cytotoxic effects against OVCAR-3 compared to CAR-T controls (data not
shown). Hs578T cells remained unaffected by the CAR-T cells as they did
not show any significant killing with the addition of effector cells
(Fig. 4C) which correlates with the lower expression of TAG-72 in
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Hs578T cells observed via flow cytometry (Fig. 4A).

Previous studies have investigated the potential of injectable
hydrogels for T cell delivery [34,45]. T cells encapsulated in hydrogels
after in vivo transfer demonstrated gradual cell egression with no signs of
inflammation [34]. CAR-T cells, when delivered via a low viscosity
hydrogel based on hyaluronic acid and gelatin have shown an improved
cytotoxic effect when compared to cells resuspended in saline [45].

OVCAR3

T cells

0.0

Herein, our study demonstrates the potent cytotoxic effect of microgel
recovered CAR-T cells on TAG-72 high OVCAR3 suggesting the feasi-
bility of microgels for releasing CAR-T cells without compromising

functionality.
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Fig. 5. Representative flow cytometric analysis of OVCAR3 spheroids after 4 days of T cell addition (A) tumorsphere control, (B) with non-transduced (NT) T cells
(no CAR) (C) with control «TAG-72 CAR-T cells (D) with microgel recovered aTAG-72 CAR-T cells. (E) Proportion of live T cells and OVCAR3 after 4 days. Mean + SD
is presented (n = 3). Unpaired (nonparametic) t-test with welch’s correction was performed assessing percentage of OVCARS3 cells following co-culture with NT T
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statistical difference, *p < 0.05). «TAG-72 CAR-T cells: T cells transduced to express anti TAG-72 CARs.
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Microgel recovered CAR-T cells destroy 3D ovarian cancer tumorspheres in
vitro

To study the cytotoxic potential of CAR-T cells, 3D tumor spheroids
were generated from OVCAR3 (Fig. S1A). OVCARS3 cells displayed a TFE
of 0.9 + 0.2%, TFE indicates the percentage of cells able to form
spheroid from a single cell by clonal expansion, a property considered
unique to stem-like cells [46]. Tumorsphere cultures are often used to
enrich cancer stem cells, which are considered as tumor initiators and
the major cause of cancer resistance and relapse [47,48]. Therefore, the
use of tumor spheroids in in vitro cancer treatment studies could provide
a more accurate outcome, bridging the gap between 2D monolayer
cultures and animal models.

Cytotoxic functionality of microgel recovered CAR-T cells on
OVCAR3 tumorspheres, was demonstrated via live-cell imaging (Fig. S1-
3). Tumorsphere controls (Fig. S1A), tumorsphere/NT T cell co-cultures
(Fig. S1B) and 2D monolayer/CAR-T cell co-cultures (Fig. S2A) were
also studied to support functionality. NT T cells did not affect spheroid
morphology (Fig. S1B) which concurred with the NT T cell function in
2D real-time in vitro cytotoxicity assays (Fig. 4D). In 2D cancer
monolayers/CAR-T cell co-cultures, CAR-T cells degranulated the cancer
cells at earlier time points (Fig. S2A) which would be expected based on
the 2D in vitro cytotoxicity assay (Fig. 4D).

In 3D tumorspheres/CAR-T cell co-cultures, with control CAR-T cells
(cells grown in suspension cultures) (Fig. S2B) and microgel recovered
CAR-T cells (Fig. S3A, B, Video S4), T cells migration towards cancer
cells and subsequent attack were visualized (Fig. S3B, yellow arrow).
CAR-T cells degranulated the adherent layer of cells present in the
spheroid cultures; however, the 3D spheroid masses were not signifi-
cantly impacted within the short period (15 h) (Video S4). Unlike 2D
monolayers cultures, 3D spheroid masses are inherently more complex;
we postulated that CAR-T cells may require extended time periods to
elicit a complete cytotoxic response in this setting. Nonetheless, this
study has shown the functionality of microgel recovered CAR-T cells,
demonstrating these hydrogels are candidate vehicles for delivering
CAR-T cells capable of destroying 3D solid tumors.

To analyze the outcome of extended co-cultures, flow cytometric
analyses (Fig. 5) were performed after 4 days of the addition of CAR-T
cells. Untreated OVCAR3 tumorspheres displayed 95.6 + 1.6%
(Fig. 5A, E) expression of EpCAM on live cells in culture, validating the
assay and tumor alone controls. With the addition of NT cells (Fig. 5B),
whilst the proportion of live OVCARS3 cells was 26.7 + 5.7% (as it was
no longer a monoculture of tumor cells alone), the clear population of
EpCAM+ OVCARS cells indicates survival of the tumor (Fig. 5B, E).
CAR-T cells recovered from microgels following enzymatic digestion
annihilated 3D spheroid masses with equivalent efficacy compared to
control CAR-T cells as shown in Fig. 5C-E. Here we have shown that the
encapsulation of CAR-T cells in microgels does not impact the cytotoxic
function of CARs and encapsulated cells demonstrated functional
equivalence. The benefit of microgels for enabling sustained delivery of
CAR-T cells at the tumor site has to be analyzed via in vivo studies.

The optimized microgel encapsulation conditions utilized in this
study provide a plausible system for CAR-T cell encapsulation, and
application demonstration against 3D ovarian tumor spheroids. With the
assurance of potent on-target CAR-T function, the micro-hydrogel
manufacture system provides a suitable platform to investigate poten-
tial advantages in vivo and characterization of prolonged CAR-T release
at the tumor site, for example using in an intraperitoneal injection into
ovarian tumor model in NGS mice.

Conclusion

This study demonstrates the feasibility of gelatin-based microgels as
carrier systems to deliver CAR-T cells that retain potent cytotoxic
function against ovarian cancer in vitro. xTAG-72 CAR-T cells encapsu-
lated within microgels showed more than 87% viability on day 7 post-
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encapsulation. In vitro studies show that the recovered CAR-T cells
maintain their phenotype and ability to kill TAG-72 expressing ovarian
cancer cell line, OVCARS. Live cell imaging and flow cytometry of
OVCAR3 tumorsphere co-cultures with «TAG-72 CAR-T cells revealed
the capability of these microgels as cell delivery vehicles for CAR-T cells
by completely removing 3D solid ovarian tumors in vitro. This study
provides proof of concept evidence showing the feasibility of microgels
as delivery vehicles of CAR-T cells targeting ovarian cancer cells. In vivo
studies in humanized mice models are a logical and exciting next step to
further establish these in vitro findings.

Supporting Information

Synthesis of gelatin norbornene (GelNB); Table S1. Antibodies uti-
lized for aTAG-72 CAR-T cells phenotype analysis; Table S2. Antibodies
utilized for FACS analysis of spheroids and CAR-T cells; Fig. S1. Time-
lapse images of OVCAR3 spheroids; Fig. S2. Time-lapse images of
aTAG-72 CAR-T cells attacking OVCAR3 spheroids; Fig. S3.Time-lapse
images of microgel recovered aTAG-72 CAR-T cells attacking OVCAR3
tumorspheres; Video S4. Real-time live-cell imaging of microgel recov-
ered aTAG-72 CAR-T cells attacking OVCARS3 cells and spheroids.
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