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Abstract

Despite their clinical success, chimeric antigen receptor (CAR)-T cell therapies for B-cell
malignancies are limited by lengthy, costly and labor-intensive ex vivo manufacturing procedures
that may lead to cell products with heterogeneous composition. Here we describe an implantable,
multifunctional alginate scaffold for T cell engineering and release (MASTER) that streamlines

in vivo CAR-T cell manufacturing and reduces processing time to a single day. When

seeded with human peripheral blood mononuclear cells and CD19-encoding retroviral particles,
MASTER provides the appropriate interface for viral vector-mediated gene transfer and, following
subcutaneous implantation, mediates the release of functional CAR-T cells in mice. We further
demonstrate that in vivo-generated CAR-T cells enter the bloodstream, and control distal tumor
growth in a mouse xenograft model of lymphoma, showing greater persistence than conventional
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CAR-T cells. MASTER promises to transform CAR-T cell therapy by fast-tracking manufacture
and potentially reducing the complexity and resources needed for provision of this type of therapy.
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Immunotherapy

Introduction:

CAR T cell therapy has demonstrated unprecedented success against CD19-expressing B
cell malignancies!—, resulting in two FDA approvals® and inspiring hundreds of ongoing
clinical trials”. Despite the revolutionary potential of CAR-T cell therapies to treat human
malignancies, the complex procedures and expense required to produce clinical grade
CAR-T cells is a major obstacle to widespread clinical use®-11. Therapeutic CAR-T cell
manufacturing requires an extensive array of steps, including: (/) T cell collection via
leukapheresis from the patient and shipment to the manufacturing center; (/) labor-intensive
procedures under good manufacturing practice (GMP) conditions to activate, expand and
engineer the T cells using viral vectors; (/) quality control of the produced cells; and (/)
shipment of the final CAR-T cell product to the hospital and re-infusion into the patient2.
The complete manufacturing process can cost up to half a million dollars and can take
several weeks. This delay is problematic because the aggressiveness of many cancers may
not allow sufficient time to complete the production!3-15, In addition, extensive ex vivo
culture is linked to T cell differentiation, which impairs the potency of CAR-T cells by
compromising their engraftment and persistence 7 vivot6-18,

The costs and challenges associated with producing CAR-T cells have driven research

into improved manufacturing methods. One approach aims for closed and automatic
manufacturing to reduce the labor and time needed to make CAR-T cells9. Closed-loop
production of autologous CAR-T cells maintains the sequential application of three
procedures (activation, transduction, expansion) ex vivo, and is limited by a theoretical

lower bound of 6-8 days2°. A highly attractive alternative uses allogeneic “off-the-shelf”
CAR-T cells depleted of TCR expression, overcoming challenges stemming from prior
patient chemotherapeutic treatments including low T cell counts, poor quality, and reduced
functional capacity?!. Additional engineering is required to prevent allogeneic CAR-T cells
from creating life-threatening graft-versus-host disease?122 as well as reducing alloreactivity
against the CAR-T cells by the host’s immune system?1.22, Finally, fully /7 vivo CAR-

T generation is being actively explored with systemic administration of CAR-encoding
nanocarriers23 and viral constructs?4. /i1 vivo generation of CAR-T cells eliminates extensive
ex vivo culture and could prevent the terminal differentiation of CAR-T cells due to ex

vivo procedures altogether. Several challenges remain to this approach, including the short
plasma half-life of systemically administered carriers?® and possible nonspecific targeting of
carriers to off-target cells?6. Due to these limitations, /n situ generation of CAR-T cells with
minimal ex vivo manipulation remains highly attractive. Such an approach would eliminate
the need for extensive ex vivo culture, prevent the terminal differentiation of CAR-T cells
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prior to administration, and facilitate use of autologous T cells as compared to allogeneic
CAR-T cell products.

Herein we describe an all-in-one Macroporous Alginate Scaffold for T cell Engineering

and Release (MASTER) that provides for /n vivo CAR-T cell generation with minimal
extracorporeal manipulation. MASTER can be directly loaded with patient-derived T cells
and viral particles encoding the CAR and implanted on the same day to generate CAR-T
cells /n vivo (Scheme 1). MASTER is designed to: (/) host T cells and viral particles; (/7)
stimulate T cell activation and proliferation, iii) promote T cell transduction; and (/) locally
expand CAR-T cells and (v) sustainably release fully functional CAR-T cells to control
tumor growth.

Bioinstructive Scaffolds Efficiently Generate CAR-T Cells In Vitro.

Alginate was selected as the basis for these multifunctional scaffolds (MASTER) due to its
biocompatibility, biodegradability, mild gelation requirements2’ and extensive application as
a 3D structure for cell culture?8:2%, Macroporosity was desired in the scaffold initially to
provide an interface for efficient contact between the cells and retrovirus3? and subsequently
for mass transfer of nutrients to the proliferating CAR-T cells30. Macroporosity was
achieved in MASTER through mild cryogelation (Fig. 1A)31:32, SEM and X-ray CT analysis
of MASTER revealed well connected, 100-200 pm pores throughout the scaffold (Fig.

1B, Extended Fig. 1A-D), with a calculated porosity of 75.8%. Most pores exhibited an
oblong shape and were connected with at least three other pores (Fig. 1 C-E, Extended

Fig. 1E). Cell distribution within the scaffold was assessed by 3D confocal microscopy

of GFP-expressing T cells seeded on to MASTER scaffolds, revealing homogeneously
distributed T cells (~12 um diameter) throughout the pores of the scaffold (Fig. 1F, Extended
Fig 2).

Efficient T cells activation and transduction is crucial for CAR-T cell manufacturing.

To promote T cell activation within the scaffold cyclooctyne-conjugated anti-CD3 and
anti-CD28 antibodies were immobilized on azide-modified alginate33-38 through mild and
efficient copper-free click chemistry (Supplementary Fig. 1). To ensure that T cells loaded
in MASTER receive the appropriate activation cues necessary for retroviral-mediated gene
transfer, we tested escalating doses of agonistic anti-CD3 and anti-CD28 antibodies (0,

0.5, 1, 2, or 4 pg at 1:1 w/w per mg alginate) conjugated to MASTER. Human peripheral
blood mononuclear cells (PBMCs) from three different donors were seeded in MASTER
and analyzed after 18 hours for the expression of the early T-cell activation marker CD69.
As shown in Fig. 1G, cells seeded on MASTER demonstrated a ~10-fold increase in CD69
expression as compared to cells seeded on alginate scaffolds without antibodies. Highest
CD69 expression was achieved at an antibody concentration of 1 ug/mg alginate, and

this density was used for further studies. Although aCD3 and a.CD28 are expected to be
randomly conjugated to the scaffolds, T cell activation as measured by CD69 expression was
broadly similar after incubation with soluble antibodies, cyclooctyne-conjugated antibodies,
or MASTER, suggesting the functionality of antibodies remains unaltered after conjugation
with scaffold (Supplementary Fig. 2). To test MASTER-mediated simultaneous activation
and transduction of non-activated T cells, naive PBMCs and GFP-encoding retrovirus were
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added to MASTER (Fig. 1H) and to scaffold controls lacking antibodies and the resulting
CAR-T cell populations compared to those produced using conventional spinoculation
(centrifugation onto retronectin-coated plates)3’:38. After 72 hours of incubation, GFP
expression was barely detected when non-activated PBMCs and virus were incubated on
blank scaffold or spinoculated (<0.4%). In contrast, incubation of non-activated PBMCs on
MASTER resulted in 20% transduction of the T cells (Fig. 11), indicating that MASTER
functions as a platform for both T-cell activation and static transduction via retroviral gene
transfer.

To activate and expand T cells within the scaffold, the cytokine IL-2 was physically
encapsulated in the scaffold34:39, The physical encapsulation enabled sustained release

of IL-2 over five days while maintaining bioactivity of released IL-2 as assessed by
proliferation of IL-2-dependent human T cells (Extended Fig. 3). Although IL-2 plays a
crucial role in the proliferation of lymphocytes, transduction was found to be independent of
the presence of IL-2. (Extended Fig. 4).

Next, we assessed the functionality of CAR-T cells generated within MASTER using
retrovirus encoding a CD19-specific CAR (CD19.CAR)*. PBMCs and CD19.CAR gamma
retroviral particles were loaded on MASTER and incubated for 3 or 10 days. As shown in
Fig. 2A, CAR expression was detected in 22% = 1% T cells at day 3 and remained stable

at day 10 (Supplementary Fig. 3). Transduction occurred predominantly in T cells and the
final composition of cells was predominantly T cell enriched (Fig. 2B). This selectivity
likely arises because retroviruses transduce actively proliferating cells and only T cells
upon activation meet this criterion. Since T cell phenotype is an important determinant

for successful engraftment and persistence of CAR-T cells*!, MASTER-generated CAR-T
cells were analyzed for phenotypic composition and compared to CAR-T cells generated
using the conventional clinical procedure of spinoculation of activated T cells and retrovirus
on retronectin-coated plates#243, Both MASTER generated and spinoculation-generated
CAR-T cells contained similar amounts of CD4* and CD8* T cells (Fig. 2C). However,
MASTER-generated CAR-T cells contained a higher percentage of CCR7*CD45RA*
central memory T cells (14.8% vs 2.57%), CCR7*CD45RA" stem cell-like T cells (21.5%
vs 9.8%) and CCR7+*CD62L™" T cells with lymphoid homing capacity (13.1% vs 2.98%)
than spinoculation-generated CAR-T cells (Fig. 2D, Supplementary Fig. 4). Characterization
for expression of exhaustion markers, PD-1 and LAG3 on day 12 post-transduction showed
less than 1% of CAR-T cells generated by either method were PD-1*LAG3* (Fig. 2E).

In addition, all three cell types (non-transduced, MASTER, and conventionally produced
CAR-T cells) showed comparable proliferative capacity in response to CD19" tumor cells
(Fig. 2F).

To evaluate anti-tumor effects /n vitro, control non-transduced T cells and CD19.CAR-T
cells generated either by MASTER or by spinoculation were co-cultured with CD19*
target cells (Daudi) and CD19™ target cells (U937) at 1:5 effector-to-target ratio (E:T).
While non-transduced cells did not eliminate either of the tumor cells, both MASTER
and spinoculation-generated CD19.CAR-T cells eliminated CD19* cells, but not CD19~
cells (Fig. 2G and Supplementary Fig. 5). In these co-culture experiments, CD19.CAR-T
cells released I1L-2 and interferon IFN-y in response to CD19" cells (Fig. 2H, I). Taken
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together, these results demonstrate that MASTER generates highly functional CAR-T cells
with improved differentiation phenotypes in comparison to conventionally produced CAR-T
cells.

We next evaluated whether MASTER releases resident T cells. MASTER with or without
encapsulated IL-2 was seeded with PBMCs (1 x 108) and placed into transwell inserts (pore
size 40 um). At defined time points, each scaffold was transferred to a new well and the cells
released into the bottom chamber were counted. MASTER efficiently released cells over five
days (Extended Fig. 5) likely owing to inherent migratory properties of activated T cells and
the well-connected macroporous structure of the scaffold.

Bioinstructive Scaffolds Serve as Biocompatible CAR-T Cell Factories In

Vivo.

We evaluated the biocompatibility of MASTER in immunocompetent mice at four weeks
following implantation. Histopathological evaluation of major organs showed no deleterious
impact (Extended Fig. 6). At the implant site, only a thin layer of fibrous connective

tissue and few inflammatory cells were observed around the scaffold. No evidence of
toxicity was observed in skin-associated skeletal muscle, adnexa or epidermis or in any

of the other tissues examined. To further confirm biocompatibility, we did a thorough

blood biochemical analyses which showed no significant changes were induced by scaffold
implantation (Supplementary Fig. 6).

To test whether surrounding host cells might be transduced upon implantation, we designed
an in vitro transwell experiment wherein MASTER is placed at the top of the transwell and
fibroblast cells are seeded in the bottom well. When MASTER was seeded with virus alone,
~30% GFP expression was observed in the fibroblasts, indicating virus leakage from the
scaffold in the absence of co-seeded PBMCs. In contrast, when MASTER was co-seeded
with both PBMCs and virus, no transduction was observed in the fibroblast cells, suggesting
virus encounters and transduces the cells at its closest proximity (Extended Fig. 7) and
providing indirect proof that MASTER will not transduce host cells upon implantation.

To evaluate whether host cells could infiltrate the scaffold and be transduced within the
scaffold, MASTER scaffolds carrying GFP-encoding retrovirus were implanted into NSG
mice engrafted with human PBMCs (Extended Fig. 8). MASTER was predominantly
infiltrated by mouse myeloid lineage cells, with small percentages of human T cells (<5%)
and NK cells (<2%) and mouse fibroblast cells (<1%) (Extended Fig. 8D-F). Importantly,
we observed no transduced cells among those infiltrating the scaffold, circulating in blood,
or in the skin surrounding the scaffold (Extended Fig. 8G), suggesting that host cells do

not appreciably get transduced by resident virus, likely due to the virus’ short stability
half-life of 4 to 6 hours*®. Although infiltrating cells are not transduced by resident virus, the
possibility of infiltrating CD4* T cells converting into Tregs** due to constant stimulation
remains and may require further exploration.

Motivated by the /n vivo biocompatibility of MASTER and its ability to function as an
all-in-one platform for T-cell activation, transduction, expansion, and release, we tested
the antitumor activity of MASTER-produced CAR-T cells in an /n vivo xenograft tumor
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model. MASTER was seeded with PBMCs and CD19.CAR-encoding retroviral particles,
incubated for one hour, and subcutaneously implanted in NSG mice engrafted with
Ffluc-labeled Daudi cells. Tumor-bearing mice /v, infused with conventionally generated
CAR-T cells at a clinically relevant dose*® served as positive controls (Fig. 3A). Mice
subcutaneously implanted with MASTER seeded with only PBMCs or infused i.v. with
non-transduced cells served as negative controls. Tumors grew rapidly in mice treated with
control non-transduced cells, while MASTER-produced CAR-T cells and conventional i.v.
infused CAR-T cells equally controlled tumor progression up to day 45, without significant
changes in body weight (Fig. 3B-D, Supplementary Fig. 7). At 100 days, /.vinfusion of 4
million conventionally produced CAR-T cells led to 16.6% tumor-free survival. In contrast,
implantation of MASTER with 2 million PBMCs increased tumor-free survival to 50%
(p=0.15, Fig. 3E).

We also examined the /n vivo persistence of CAR-T cells. Blood from mice treated with
therapeutic doses of CAR T cells or MASTER (Fig. 3) was sampled on day 14 and

22. In addition, when control mice reached the humane endpoint (day 32), 3 mice from
each of the CAR-T treated groups were euthanized, and blood, bone marrow (BM) and
spleen were collected. Cell suspensions were analyzed for human CD45*CD3*CAR™ cells
(Supplementary Fig. 8). Remarkably, MASTER-generated CAR-T cells had nearly 30-fold
higher absolute counts in the peripheral blood at 22 days (Fig. 3F) and significantly
increased counts in the bone marrow and spleen at 32 days compared to conventional
CAR-T cells (Fig. 3G&H, Supplementary Fig. 9). CAR" cells isolated from blood

and bone marrow were further analyzed for the expression of memory and exhaustion
markers. MASTER-generated and conventional CAR-T cells were phenotypically similar;
with MASTER exhibiting significantly higher number of effector memory T cells (Tgm:
CCR7CD45RA") in both blood and bone marrow as compared to conventional CAR T
cells (Fig. 31, Supplementary Fig. 10). In both blood and bone marrow, the absolute number
of PD-1"LAG3*CAR" cells were similar between the two groups (Fig. 31, Extended Fig.
9). These data indicate that MASTER generated CAR-T cells have increased population of
effector memory cells and persist better after tumor clearance.

To increase our ability to detect small differences in efficacy between these two systems,

we performed a stress test46 in which T cell dose is purposefully lowered to levels where
CAR T cell therapy begins to fail. Under stressed dose conditions MASTER was more
efficacious in controlling tumor growth and significantly increased survivability compared to
i.v. infusion of CAR T cells (Fig. 4).

The better expansion and persistence of MASTER-generated CAR-T cells were even more
prominent in tumor rechallenge study when mice received an additional dose of tumor

cells (Fig. 5A) at 29 days following initial tumor inoculation. MASTER-treated mice were
tumor free up to 40 days post rechallenge, while tumor growth was evident within 2 weeks
after the rechallenge in mice i.v infused with conventional CAR T cells (Fig. 5A-C). The
enhanced persistence of MASTER generated CAR T cells could be attributed to two factors.
First, MASTER provides a “depot” for cell generation, wherein the scaffold continually
releases cells into rather than providing a bolus administration as with intravascular infusion.
Second, since MASTER-generated CAR T cells bypass ex vivo expansion, the resultant cell
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population has significantly more memory T cells16. The enhanced generation of these self-
renewing T cell populations could further contribute to the improved persistence of cells*’.

Although MASTER generated CAR T cells have higher persistence and superior antitumor
activity, further development of innovative strategies to overcome resistance mechanisms to
CAR T cell therapy such as antigen loss*8:49 will be necessary to expand the clinical use of
CAR-T cell therapies.

Finally, we pushed the limit of MASTER and investigated its efficacy in a more established
tumor model of lymphoma®0. NSG mice were injected with Ffluc-labeled Daudi cells. On
day 9, when tumor engraftment was visible by IVIS imaging, mice were either implanted
with MASTER or i.v. infused with conventional CAR T cells. Under these conditions,

both MASTER and conventional CAR T cells promoted equal tumor control demonstrating
MASTER is also effective in controlling high tumor burden (Fig. 6). Taken together, these
results demonstrate that CAR-T cells produced using MASTER were equally functional

to conventional CAR-T cells in controlling tumor growth, but had better expansion and
persistence. Importantly, MASTER drastically reduced the time, complexity, and cost of
CAR-T cell production.

Conclusion

Methods

In summary, we generated a multifunctional scaffold that brings together the key aspects

of CAR-T cell manufacturing and delivery under one platform, reducing the entire process
of CAR-T cell manufacturing to a single day. The scaffold, which uses FDA-approved,
nonimmunogenic materials, creates a local, nurturing niche for aCD3 and a.CD28-mediated
cell activation and interleukin-mediated proliferation. Scaffold macroporosity facilitates
homogeneous cell distribution and creates an interface for interaction between viral particles
and T cells, preventing viral shedding and off-target gene transfer that may result from
systemic approaches?3. The scaffolds then enable in vivo release of fully functional
reprogrammed CAR-T cells. MASTER provides a modular platform technology that can

be adapted to reprogram other immune cells or to deliver immunomodulatory factors to
support cell function synergistically. Beyond its potential for cancer therapy, the MASTER
technology may inspire new treatments harnessing the capacity for reprogramming and
release of therapeutic cells.

DBCO-modification of antibodies:

A 10-fold molar excess of Dibenzocyclooctyne-PEG4-N-hydroxysuccinimidyl ester (NHS-
PEG4-DBCO, A134-10, Click Chemistry Tools, USA) was added to anti-CD3 (Bio X Cell
BE0001-2, clone OKT-3, 2 pg/uL) or anti-CD28 antibodies (Bio X Cell BE0291, clone
CD28.2, 2 ug/uL) and incubated at room temperature for 1 h. Then the solution was purified
by Amicon centrifugation (MWCO 10 kDa), 10000 g, 10 mins until the flow through was
free from NHS-PEG4-DBCO (measured by characteristic absorbance of DBCO moiety at
309 nm using Nanodrop). The degree of DBCO incorporation (i.e. the number of DBCO per
antibody) was determined from the absorbance scan of the purified conjugate (235-400 nm)
using the following equation.
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(Molarity of DBCO) / (Molarity of antibody) = (Azgg DBCO X e5g9 Ab) / (e309 DBCO x
Aazgoc Ab)

Azpg DBCO = DBCO-Ab conjugate’s absorbance at 309 nm

950 Ab = 210,000M~1cm1

Avgoc Ab = conjugate’s corrected absorbance at 280 nm = Aygg - (Azgg X CF DBCO)
e309 DBCO = 12000M-1cm-1

AugoAb = DBCO-ADb conjugate’s absorbance at 280 nm

CF DBCO = DBCO correction factor at 280 nm = 1.089

Preparation and fabrication of MASTER:

Azide-modified alginate was prepared as previously reported!-2. To quantify the number

of azides per alginate strand, azide alginate was incubated with excess DBCO-amine.

The decrease in characteristic absorbance of DBCO at 309 nm was used to calculate the
number of azides per alginate strand2. To prepare MASTER, a 2% (w/v) solution of azide
alginate in molecular biology grade water was incubated with DBCO-modified anti-CD3
and anti-CD28 antibody (1 pg Ab/mg alginate, and 0.2 umol DBCO per mol of azide) at 4°C
overnight. Recombinant human IL2 (PeproTech), at a concentration of 0.2 pg/mg alginate
was next added, and the solution was stirred for 15 mins. Finally, the resulting solution was
vigorously stirred with equal volume of 0.4% calcium gluconate for 15 mins, cast in 24 well
plates for /in vitro studies (1 mL/well) or 48 well plates for /in vivo studies (300 uL/well),
frozen at —20 °C overnight and lyophilized. MASTER was stored at 4 °C before use for in
vitro or in vivo study.

Scanning electron microscopy (SEM):

Dry macroporous scaffold was cut with a sharp razor blade, coated with 70 nm AuPd (Au:
60%, Pd: 40%) for 10 minutes at 7 nm/min and analyzed on Hitachi S-3200N variable
pressure SEM using Oxford Aztec software.

X-ray CT:

The X-ray computed tomography (CT) scans were performed in a Xradia Versa 510 using
Zeiss Scout and Scan v13 with the acquisition parameters below.

Scanning parameters

Projections 1600
Filter None
\oltage 40 kv
Current 74 A
Pixel size 2.6 ym
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Scanning parameters

Exposure 8 seconds

Optical magnification  4X

A cylindrical volume of 2.50x2mm was scanned in each sample. These volumes were

used to calculate the porosity of the samples and the dimensions of the pores. A smaller
sub-volume of 10x1mm was extracted to calculate and show connectivity between the cells.
This was done to reduce the size of calculation and enhance the visualization of the results.

The CT data was analyzed using the software Dragonfly [Dragonfly 2020.1 [Computer
software]. Object Research Systems (ORS) Inc, Montreal, Canada, 2018; software available
at http://www.theobjects.com/dragonfly.]. To segment the samples a training dataset was
created manually for each sample using histogram thresholding and masking techniques.
Once the training data was created it was used to train a deep learning image segmentation
model called U-net. The resulting model was then used to segment the full samples into
scaffolds and porosity. To calculate the connectivity between the pores an open-source
package (openPNM3 2.8) was used.

Confocal Microscopy:

Cell lines:

AF647 DBCO (click chemistry tools) was click conjugated to azide modified alginate.
Excess unbound dye was removed by dialysis against water for 1 day. AF647-labeled
scaffolds were fabricated as described above. 1 x 106 GFP+ T cells were seeded on
these scaffolds, incubated overnight at 37 °C and imaged using Zeiss LSM 880 confocal
microscope using Zeiss Zen Black 2.3 software.

Daudi cells and U937 cells were purchased from ATCC. Daudi cells were transduced with

a retroviral vector encoding the Firefly-Luciferase gene (FFLuc)*®. After transduction, cells
were selected in puromycin (Sigma, St Louis, MO). All cells were maintained in RPMI 1640
(Gibco) supplemented with 10% FBS (Gibco), 2 mmol/L GlutaMax (Gibco) and penicillin
(100 units/mL) and streptomycin (100 mg/mL; Gibco). All cells were maintained at 37 °C
with 5% COs.

Conventional CAR-T cell generation:

T cells expressing CAR were generated in accordance with standard operating procedures
currently used to manufacture CAR-T cells for clinical use® and for clinical trials at

the University of North Carolina - Chapel Hill”-. Peripheral blood mononuclear cells

were isolated from human buffy coat fractions (Gulf Coast Regional Blood Center) using
Lymphoprep medium (Accurate Chemical and Scientific Corporation) and activated on
plates coated with 1 pg/mL anti-CD3 (Miltenyi Biotec 130-093-387, clone OKT-3) and
anti-CD28 (BD Biosciences 555725, clone CD28.2) monoclonal antibodies. Retroviral
supernatants used for the transduction were prepared as previously described®. To transduce
human T cells, retrovirus with RD114 envelope was used. For murine cells transduction,
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retrovirus was generated using packaging vector encoding Eco envelope protein. Activated
T cells were transduced with retroviral supernatants on retronectin-coated 24-well plates
(Takara Bio, Inc.) 2 days after activation®. Medium containing retrovirus was spinoculated
on retronectin coated plates for 90 mins at 1500 g, viral supernatant was removed and then
activated T cells were spinoculated on retrovirus and retronectin coated plates for 10 mins at
1000 g. 72 h post transduction, cells were transferred and expanded in tissue culture flasks.
Transduced T cells were expanded in Click’s Medium (Irvine Scientific) and RPMI-1640
(1:1 v/v) supplemented with 10% HyClone FBS (GE Healthcare), 2 mmol/L GlutaMax
(Gibco) and penicillin (100 units/mL) and streptomycin (100 mg/mL; Gibco) with 10 ng/mL
IL7 and 5 ng/mL of IL15 (PeproTech) for 10 to 14 days of culture before being used for /n
Vitro or in vivo experiments.

MASTER-mediated generation of CAR-T cells:

Medium containing GFP encoded or human CD19.CAR encoded gamma retrovirus (RV)
was concentrated 10-fold by Amicon centrifugation (MWCO 100 kDa, Millipore), 2500

g, 15-20 mins. Dry lyophilized MASTER scaffolds were transferred to non-tissue culture
coated 24 well plates (Falcon), and 1 x 108 PBMCs isolated from human buffy coat fractions
and concentrated RV at MOI 2 was pipetted onto each scaffold (total volume of virus and
PBMC = 300 pl). Control scaffolds were seeded with 1 x 108 PBMCs suspended in cell
culture medium. For /n vitro studies only, the seeded scaffolds were incubated without any
additional medium in the 5% CO, incubator at 37°C for 1 h, then 1 ml of complete medium
was added. Cells were isolated from scaffolds after 72 h by digesting with 0.25 M EDTA,
washed twice with excess PBS and analyzed for GFP expression or CD19.CAR expression
by flow cytometry. For /n vivo studies, MASTER was seeded with PBMCs and CD19.CAR
encoding retrovirus, incubated for ~1 h at 37°C until the media was completely absorbed by
the scaffolds and implanted on the same day in the subcutaneous space of NSG mice.

Flow cytometry and antibodies

Monoclonal antibodies specific for human CD3 (APC-Cy7, 557832, SK7), CD4 (APC-
Cy7, 561839, RPA-T4), CD8 (PerCP-Cy5.5, 565310, SK1), CD20 (FITC, 555622, 2H7),
CD45RA (PE, 555489, HI1100), CD62L (BV421, 563861, DREG-56), LAG3 (PE, 565617,
T47-530), PD-1 (FITC, 561035, MIH4), TIM3 (BV421, 565563, 7D3), CD14 (PerCP,
340585, M¢P9), CD56 (PE-Cy7, 557747, NCAM16.2), CD19 (APC, 555415, HIB19),

and goat anti-mouse Ig (APC, 550826, Poly1270) were purchased from BD Biosciences
and used according to manufacturer’s instruction. Monoclonal antibodies specific for
human CCR7 (FITC, FAB197F-100, 150503) was purchased from R&D Systems and used
according to manufacturer’s instruction. Monoclonal antibodies specific for mouse CD45
(BV510, 103137, 30-F11), CD11b (PerCP-Cy5.5, 101228, M1/70), Ly6C (PE-Cy7, 128018,
HK1.4) and CD140a (APC, 135907, APA5) were purchased from Biolegend and used
according to manufacturer’s instruction. An anti-idiotype scFv monoclonal antibody was
used to detect the expression of the CD19.CAR as previously described®. All samples were
acquired on a BD LSRII using BD FACSDiva v8 software, and a minimum of 10,000 events
were acquired per sample. Count bright absolute counting beads (C36950, thermo fisher)
were used for calculating absolute number of cells. Samples were analyzed on FlowJo 10
(FlowJo LLC).
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Cytokine production by CAR-T cells

CAR-T cells were cocultured with Daudi tumor cells at a 1:5 effector to target [E:T] ratio for
24 hours, and the culture supernatant was collected. IL-2 and IFN-gamma was quantified by
ELISA as per manufacturer’s protocol (R&D Systems) and imaged on the Biotek Cytation 5
plate reader with Gen5 3.0 software.

In vitro cytotoxicity

Tumor cells (Daudi) were seeded at 1x10° cells per well in 24-well plates. CAR-T cells
normalized for transduction efficiency were added at a 1:5 Effector : Target (E:T) ratio. On
day 5 of coculture, cells were collected, and the frequency of T cells (CD3™) and residual
tumors (CD20™) cells was measured by flow cytometry.

In vitro T cell release assay:

Scaffolds were seeded with 1x 108 PBMCs and placed on 40 um cell mesh (Corning). The
mesh was used as a transwell insert and placed in 6 well plate. The bottom of the well
contained complete T cell medium. At definite time points, cells in the bottom chamber were
counted and the scaffold with the insert was moved to a new well containing fresh media.

In vivo studies:

All procedures involving animals were done in compliance with North Carolina State
University’s Institutional Animal Care and Use Committee and approved by North Carolina
State University Institutional Animal Care and Use Committee. Ten- to twelve-week-old,
female, immune-compromised NSG mice (NOD.Cg-Prkdcseid [12rgtMIWil/SzJ) were infused
with 1 x 108 FFluc expressing Daudi cells intravenously. For initial tumor regression

and rechallenge study (Figure 3), two scaffolds —each loaded with 1 x 108 PBMCs and
CD19.CAR encoded gamma retrovirus that transduces ~20% of the PBMCs and results into
~0.2 x 108 CAR T cells equivalent— was implanted in subcutaneous space of the tumor
engrafted mice. Mice intravenously injected with either 2 x 10° non-transduced (NT) T cells
or implanted with MASTER seeded with 1 x 108 PBMCs only (no retrovirus) were used

as negative control. Mice infused with 2x108 CD19 CAR T cells (clinically relevant dose)
generated by conventional method as described above were used as positive control. For
stress test and established tumor model, cells were normalized to transduction efficiency
and equivalent number of CAR T cells were compared between all groups. Treatment

was started on day 4 post tumor cell infusion except for established tumor model where
treatment started on day 9. Tumor burden was monitored using the Xenogen-IVIS Imaging
System using Living Image 4.2 software. Mice were monitored for signs of discomfort and
euthanized upon losing more than 15% of initial body weight, the development of hind-limb
paresis, or reaching humane endpoints based on tumor burden. All procedures involving
animals were done in compliance with the University’s Institutional Animal Care and Use
Committee

To analyze CAR+ cells in blood, bone marrow or spleen, single cell suspensions from these
organs were stained with anti-human CD45, anti-human CD3, and CAR.19 antibody and
analyzed by flow cytometry. Single-cell suspensions of spleen were obtained by mincing the
organ through a 70 um cell mesh. Red blood cells were lysed by resuspending splenocytes in
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ACK lysis buffer (Lonza). Bone marrow single-cell suspensions were obtained by flushing
the bones with a syringe containing PBS. The cell suspension was passed through a 70

pum cell mesh and red blood cells were lysed by resuspending cells in lysis buffer (BD
Pharm Lyse). Similarly, blood collected via cheek bleed was incubated with lysis buffer (BD
Pharm Lyse), washed with PBS and passed through 70 um cell mesh before staining with
antibodies. Failure to cheek bleed on day 22 resulted in exclusion of one mouse treated with
MASTER scaffolds.

To analyze host cell infiltration into implanted scaffold, NSG mice were i.v inoculated

with 10 x 108 hu-PBMC:s via tail vein injection. Successful engraftment was validated by
the presence of >10% human-CD45+CD3+ cells in blood. MASTER seeded with GFP
encoded retrovirus was implanted in the subcutaneous space of space. Since the retrovirus
used for all studies is pseudotyped with the Galv envelope, which predominantly transduces
human cells, an additional group was implanted with ecotropic GFP encoded retrovirus that
transduces mouse cells. Four days post implantation, scaffold was explanted, digested with
0.25M EDTA and isolated cells were analyzed by flow cytometry. Mice were also bled and
skin surrounding the scaffold was isolated. Skin was digested with collagenase and cells
were analyzed for GFP expression by flow cytometry.

Histological analysis:

12-week-old C57BL/6J mice (Jackson laboratory) were implanted with MASTER,
MASTER seeded with mouse PBMCs (isolated from mouse spleen) and MASTER seeded
with mouse PBMCs + GFP encoding ecotropic retrovirus (n=3). These mice were sacrificed
four weeks after subcutaneous implantation, and the scaffold, surrounding skin and main
organs (heart, liver, kidney, lung, and spleen) were excised, embedded in paraffin, sectioned
and stained with hematoxylin and eosin (H&E) by UNC-CH histology core to evaluate
inflammatory host response to the MASTER and its components. The sections were sent to a
certified, veterinary pathologist who was blinded to the groups for evaluations

Statistical and Reproducibility.

All statistical analysis was done using two-tailed Student’s t-test, one way ANOVA or
two-way ANOVA with Tukey post hoc analysis using GraphPad prism and noted in figures
as *=p<0.05, **=p<0.01, ***=p<0.001. In vitro experiments were conducted at least two
times and were reliably reproduced with similar effect sizes. In vivo studies in Fig 2 were
performed with cells from multiple donors with similar effects. In vivo experiments other
than those reported in figure 3 were not independently replicated.
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Extended Data

a b

frequency (%)

0-100 101-200 201-300 301-400 401-500 >500

mean feret diameter (um)

0.8
0.6

0.4

Aspect Ratio (NA)

0.2

0 200 400 600 800
mean feret diameter (um)

w
(=
(2]
o

E 25 . 50

- S

2 20 x <40

e o

] . § %

g 8§ 20

g ° 7

% 0 - Ay -_—
03 46 79 1012 13-15 >15

0 1e7 2e7 3e7 4e7

3 number of connections
volume (um?3)

Extended Data Fig. 1. Quantitative characterization of MASTER scaffold structure.
A) Scanned volume of MASTER (left) with a colored plane indicating the cross-section seen

on the right. In the cross sections a brighter value indicates a higher density (scaffolds) and
a darker value a lower density (air porosity). B) Relative frequency of pores of different
dimensions. C) The aspect ratio of the pores showing most of the pores has an oblong shape.
An aspect ratio of 1 corresponds to a sphere and close to 0 corresponds to a flat plane or
stick. D) The surface area as a function of volume plotted. The total surface area inside of
MASTER is roughly 810 mm2 E) Connectivity of sample showing most of the pores are
connected to 0-3 other pores with a very few pores (around 6%) have more connections than
9.
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Extended Data Fig. 2. Confocal images of CAR-T cellswithin MASTER scaffold.
3D confocal micrograph showing distribution of GFP+ T cells in AF647 labeled MASTER

at 10X (A) and 40X (B) magnification. This experiment was repeated twice independently

with similar results.
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Extended Data Fig. 3. IL-2 loaded onto MASTER released in a sustained manner over five days

in vitro and retained its bioactivity.

(A) Cumulative release of IL-2 from MASTER as quantified by ELISA assay. Data
represent mean * SD of three independent samples (B) Bioactivity of IL2 released at 24

hours as assessed by proliferation of CFSE stained T cells.
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CIMASTER with IL-2

1 MASTER without IL-2

Extended Data Fig. 4. |L-2 promotes lymphocyte proaliferation, but not transduction efficiency of

MASTER.

(A) MASTER and MASTER without IL-2 was seeded with PBMCs and virus and number
of cells were counted 5 days post transduction. *p<0.05, two tailed unpaired t test, (B)
CAR.19 expression in T cells 72 h post transduction. *p<0.05, two-tailed unpaired t test.

Data represent median of n=3 biologically independent samples.
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Extended Data Fig. 5. MASTER functionsas an efficient T cell-release system.

A) Schematic of in vitro release study. B) Percent of cells released from scaffold. Data in

represent mean = SD of n=3 independent samples.
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Extended Data Fig. 6. Biocompatibility of MASTER and its components.
Representative images of H&E-stained sections of five major organs and implantation site

four weeks after subcutaneous implant of MASTER, MASTER + mouse PBMCs + GFP-
encoding gamma retrovirus and untreated controls in C57BI6/J immunocompetent mice.
Data is representative of three biologically independent animals.
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Extended Data Fig. 8. Characterization of host cellsinfiltrating MASTER.
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Characterization of host cells infiltrating MASTER. A) Schematic of host cells migrating
into scaffold and timeline of experiment B) Representative FACS plot showing efficient
engraftment of human PBMCs (Hu-CD45+CD3+) in blood. C-D) Different subsets of
mouse and human cells that infiltrated MASTER. Cells were gated on live cells. Data

in d-e represent mean + SEM and median of three biologically independent samples. E)
Phenotype of the engrafted human T cells that infiltrated into the scaffold. Cells were gated
on human-CD45+CD3+ cells. Data represent mean + SEM of four biologically independent
samples F) FACS plot showing no GFP expression in cells infiltrating MASTER, in blood
and in the skin surrounding the scaffold.
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Extended Data Fig. 9. Similar number s of exhausted cellsin blood of mice with conventional and
MASTER-generated CAR-T cells.

Immunophenotypic composition of CAR-T cells in blood of mice treated with
conventionally expanded CAR-T cells i.v. (A) or MASTER (B) at day 12 and 22 post tumor
inoculation. Data in (A) represents mean + SD of six experimental replicates. Data in (B)
represent mean = SEM of five experimental replicates.
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Extended Data Fig. 10. Subcutaneously implanted MASTER exhibited better control of tumor
growth and ex-tended survival compared under stressed dose conditions

A) Timeline of the study B) In vivo tumor biolumines-cence imaging (BLI) of NSG mice
(n=6) treated with MASTER, conventional CAR-T cells, or control non-transduced (NT)
cells. Mice were treated with 0.5 x 106 (left), 0.25 x 106 (middle), or 0.125 x 106 (right)
CAR T cells. PBMCs seeded onto MASTER were normalized to transduction efficiency
and both groups (MASTER and CAR T, i.v) were treated with equivalent number of CAR
T cells. C-E) Survival of mice shown as Kaplan- Meier curves. **p < 0.01; ***p < 0.001
Log-rank (Mantel-Cox) test, Gehan-Breslow-Wilcoxon test.
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Figure 1:

Schematic showing conventional CAR-T cell therapy (left, 2—-4 weeks process) compared to
rapid MASTER-mediated CAR T cell generation and therapy (right, <1 day process).
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Figure 2. MASTER promotes activation and retrovirus-mediated transduction of primary
human T cells.
A) Schematic for synthesis of MASTER. B) SEM image of MASTER showing homogenous

macroporous structure throughout the scaffold. C) Xray-CT volume of MASTER. D)
Individual pores were isolated and color labeled so that similar pore volumes have similar
colors. E) Isolated pores can be analyzed individually to calculate porosity (75.8%) as

well as to analyze connectivity between the pores. Connectivity maps display individual
pore as spheres with lines signifying connections to neighbors. Sphere size and coloring
signify connectivity. A partial cut into sample showing the connectivity (left) and full

the connectivity in sample (right). F) 3D confocal fluorescence micrograph of GFP* T

cells in AlexaFluor-647 labeled MASTER, depicting cell distribution along the pores. G)
Quantification of T cells expressing CD69, an early T cell activation marker. MASTER with
increasing amounts of anti-CD3 and anti-CD28 antibodies were seeded with PBMCs and
analyzed for CD69+ cells after 24 hours by flow cytometry. (***p<0.001, one-way ANOVA
with Tukey’s correction). Data represent mean + SD of n=3 biologically independent
samples H) Overview of the process of MASTER-mediated T cell transduction in vitro.
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PBMCs and gamma retroviral particles are seeded on MASTER and incubated at 37°C.
After seventy-two hours, cells are collected from the scaffold and analyzed by flow
cytometry. 1) FACS quantification of GFP* cells (***p<0.001, one-way ANOVA with
Tukey’s correction). Data represent mean + SEM of n=3 biologically independent samples.
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Figure 3. MASTER-mediated genetransfer generates highly functional CAR-T cells.
A) Flow cytometric plots depicting CD19.CAR expression in T cells transduced on

MASTER. B) MASTER mediated retroviral transduction of PBMCs results in T cell
enriched cell population. PBMC fractions before transduction (left) and PBMC fraction

5 days post transduction (right). C,D) Immunophenotypic composition of CAR-T cells
obtained via MASTER-mediated transduction of PBMCs or by conventional spinoculation
of activated T cells at day 12 of culture. Non-transduced cells were used as control.
Analysis was performed gating on CAR-expressing T cells except for non-transduced
cells. E) FACS quantification of CAR™ cells expressing exhaustion markers PD-1 and/or
LAG-3. F) Ex vivo expansion of non-transduced T cells or T cells transduced on MASTER
or by spinoculation. G) Percentage of viable CD19* Daudi cells when co-cultured with
non-transduced cells, CAR-T cells obtained by MASTER or by spinoculation. Tumor cells
and CAR-T cells were plated at 1:5 effector to target ratio. T cells and tumor cells were
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guantified by flow cytometry at day 5 of co-culture. H, I) IFN-y and IL-2 released into the
co-culture supernatant by MASTER-generated, spinoculation-generated CAR-T cells and
non-transduced cells after 24 hours as assessed by ELISA. ***P < 0.001; one-way ANOVA
with Tukey correction. All data represented as the mean + SD from three experiments, each
derived from a different PBMC donor.
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Figure 4: Subcutaneously implanted MASTER generates and release fully functional CAR-T
cellsin a xenograft model of lymphoma.

A) Experimental timeline of the lymphoma xenograft model in NSG mice engrafted with
FFLuc- labeled CD19* human Daudi tumor cells. B) /n7 vivo tumor bioluminescence
imaging (BLI) of NSG mice treated with MASTER, conventional CAR-T cells or control
non-transduced (NT) cells. C) Kinetics of tumor growth measured by quantification of BLI.
D) Percentage change in body weight (BW) of treated mice. Data in c-d represent mean +
SEM of nine biologically independent animals examined over two independent experiments.
E) Survival of mice shown as Kaplan- Meier curves. Six mice per treatment group are
shown. ***p<0.001, Log-rank (Mantel-Cox) test, Gehan-Breslow-Wilcoxon test. F) Flow
cytometric quantification of CD3*CAR™ cells in peripheral blood of mice described in (A).
***p<0.001, two-way ANOVA with Sidak’s multiple comparison test G, H) Quantification
of CD3*CAR™ cells in bone marrow and spleen of mice euthanized on day 32 in the model
described in (A) determined by flow cytometry **p<0.01, one-way ANOVA with Tukey’s
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correction Data in f-h represent mean + SEM of three biologically independent samples I)
Analysis of memory and exhaustion markers in CAR T cells isolated from the bone marrow
of mice treated as described in (A). Data in i represent mean + SEM of two biologically
independent samples.
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Figure 5: Subcutaneously implanted MASTER outperformsi.v. administered CAR-T cellsin a

rechallenge model of lymphoma
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A) Experimental timeline of the lymphoma xenograft model in NSG mice engrafted and
rechallenged with FFLuc™ labeled CD19* human Daudi tumor cells. B) /n7 vivo tumor

bioluminescence imaging of NSG mice treated with MASTER, conventional CAR-T cells

or control non-transduced (NT) cells. C) Survival of mice shown as Kaplan-Meier curves.
Six mice per treatment group are shown. ***p<0.001 w.r.t CAR T, MASTER, Log-rank
(Mantel-Cox) test, Gehan-Breslow-Wilcoxon test.
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Figure 6: MASTER and conventional CAR T cells exhibit equal anti-tumor efficacy against
established tumor in vivo.

A) Experimental timeline of the lymphoma xenograft model in NSG mice engrafted with
FFLuc-labeled CD19+ human Daudi tumor cells. B) /n vivotumor bioluminescence imaging
of NSG mice treated with MASTER, conventional CAR-T cells or control non-transduced
(NT) cells. Cells were normalized to transduction efficiency and mice were treated with
equivalent number of CAR T cells (2 x 106 CAR T cells/mouse). C) Engraftment of the
established tumor as confirmed on day 9 and day 15 by comparing luminescent intensity of
healthy mice (background, n = 3 biologically independent animals) and tumor bearing mice
(n = 6 biologically independent animals). (*p<0.05, **p<0.01, two-tailed unpaired t test).
Data represent mean £ SEM D-F) Kinetics of tumor growth measured by quantification

of luminescence. G) Combine tumor growth kinetics shown on logarithmic plot (n = 6
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biologically independent animals). Data represent mean + SEM H) Survival of mice shown
as Kaplan- Meier curves. Six mice per treatment group are shown.
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