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cell is used as a starting cell. Therefore, reprogramming of human tumor antigen-specific T cells
to hiPSC followed by redifferentiation to T cell lineage has the potential to produce rejuvenated
tumor antigen-specific T cells. Described here is a method for generating tumor antigen-specific
CD8ap* single positive (SP) T cells from hiPSC using OP9/DLL1 co-culture system. This method is
a powerful tool for in vitro T cell lineage generation and will facilitate the development of in
vitro derived T cells for use in regenerative medicine and cell-based therapies.

INTRODUCTION:

In addition to physiological advantages, T cells have many potential therapeutic applications.
The generation and expansion of T cells in vitro can be used for disease modeling and
therapeutic validation as well as a source of treatment for hereditary and acquired
immunodeficiency states (i.e., viral immunodeficiencies and lymphodepletion secondary to
chemotherapy or transplantation) and for the eradication of cancer. This latter quality has led
to the development of adoptive T cell transfer (ACT) for the treatment of patients with
advanced cancer?.

ACT consists of resecting a patient’s tumor, extracting tumor-infiltrating lymphocytes (TILs),
expanding TILs ex vivo, then reinfusing the expanded cells into the patient?. It has been shown
to be an effective treatment modality for some patients with metastatic cancer. Unfortunately,
not all patients respond to this therapy. Previous reports have shown that the differentiation
state of transferred cells3?, use of large numbers of highly enriched cancer antigen-specific T
cells'%, and persistence of T cells after transfer''!? are all correlated with more durable
responses®!4, Therefore, when ACT fails to elicit an anti-tumor response, it may in part be due
to a low yield of cancer antigen-specific T cells, inefficient ex vivo expansion leading to the
exhaustion and loss of reactive clones, or lack of persistence after transfer?. It has been
postulated that these obstacles may be overcome by the generation of large numbers of less
differentiated cancer antigen-specific T cells in vitro!>16,

Hematopoietic stem/progenitor cells (HSPCs) are a conventional source for in vitro T cell
generation, although this method is limited by the small number of cells able to be recovered
from a single donor!. Embryonic stem cells (ESCs) have also been shown to produce T cells but
with low yield!’, making it inefficient for clinical applications. Furthermore, since T lineage cells
experience stochastic genetic recombination of their T cell receptors (TCRs) in early
developmental stages, it is not possible to use HSPCs or ESCs to generate a pure population of
antigen-specific T cells without further genomic modifications like TCR gene transduction.

One approach to overcome these caveats is to reprogram TILs to human induced pluripotent
stem cells (hiPSCs), which may provide a limitless source for in vitro T cell generation. It has
been shown that cancer antigen-specific TILs can be reprogrammed into hiPSCs and re-
differentiated to T cell lineage, which retains the same T cell receptor (TCR) gene
rearrangement as the original T cell*®1°, This detail is important for ACT because individual
patient tumors have unique mutational profiles, and very few cancer antigens have been shown
to be shared among patients?°. Therefore, using cancer antigen-specific TILs as a source for in
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vitro generation of hiPSC-derived T cells may provide a new strategy for the personalized
treatment of patients with metastatic cancer.

Presented here in detail is a protocol for differentiating hiPSC-derived T lineage cells into
functional antigen-specific CD8ap* single positive (SP) T cells using OP9/DLL1 co-culture system.
This method is a powerful tool for in vitro T cell differentiation of hiPSCs, hematopoietic
progenitors, and embryonic stem cells, as well as their further applications in regenerative
medicine and cell-based therapies.

PROTOCOL:
1. Culturing human iPSCs (hiPSCs) on mouse embryonic fibroblasts (MEF)

NOTE: Alternative methods for culturing hiPSCs can also be used, including but not limited to:
seeding onto a 6 well plate pre-coated with gelatin, a gelatinous protein mixture, recombinant
laminin 511, or any other extracellular matrix used in hiPSC expansion, and cultured using
defined media specially formulated for human pluripotent stem cell culture.

1.1. Culturing MEF

1.1.1. Coat a 10 cm cell culture Petri dish with 4 mL of 0.1% gelatin and incubate for 30 min at
37 °C.

1.1.2. Thaw a vial of 4 x 108 irradiated MEF quickly into 10 mL of 37 °C MEF media (DMEM +
10% FBS + 1x penicillin-streptomycin + 1x L-glutamine supplement). Centrifuge at 300 x g for 5
min at 4 °C. Aspirate the supernatant and resuspend the cell pellet in 9 mL of MEF media.

1.1.3. Remove the gelatin-coated dish from the incubator. Aspirate gelatin and add 7 mL of
MEF media. Plate 3 mL of MEF suspension (from step 1.1.2) onto the gelatin-coated dish. Rock
the dish side-to-side and front-to-back to ensure even distribution of MEF over the dish.
Incubate at 37 °C for 8-36 h.

1.2. Passaging hiPSC on MEF

NOTE: The data was generated using MART-1 iPSC derived from long-term cultured melanoma
TIL, which specifically recognize MART-1 peptide in the context of HLA-A*02:01, as previously
described®®.

1.2.1. Passage hiPSCs when colonies are between 0.8 — 1.2 mm in diameter. Prior to passaging,
check hiPSC colonies in a stereo-microscope and remove any areas of differentiation from the
culture using the plastic edge of a 200 pL tip.
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1.2.2. Aspirate spent media and add 10 mL hiPSC media (human ES culture media [Table of
Materials] + 10 ng/mL human basic fibroblast growth factor [hbFGF]) supplemented with 10
KM ROCK inhibitor.

1.2.3. Hold the cell culture dish in one hand and roll a disposable cell passaging tool across the
entire dish in one direction. Apply enough pressure so that the entire roller blade touches the
culture dish and maintain a uniform pressure during rolling action.

1.2.4. Rotate the culture dish 90° and repeat step 1.2.3. View the plate in the microscope to
visually confirm proper cutting of the colonies, which should appear checkered. Detach cut
colonies by gentle mechanical flushing using a 200 uL pipette.

NOTE: Detachment of cut colonies by mechanical flushing must be done immediately after
cutting colonies with the roller, because after 3 min the cut colonies will start to reattach to the
dish, and it will become difficult to detach colonies of homogeneous size by flushing.

1.2.5. Transfer 350 — 600 clumps of cut colonies onto a new 10 cm dish of MEF (plated 8 —36 h
prior to hiPSC passaging) with 10 mL of fresh hiPSC media supplemented with 10 uM ROCK
inhibitor. Incubate at 37 °C.

NOTE: 600 clumps represents approximately 1.0 x 10° MART-1 iPSC and will yield 0.5-1.0 x 10°
DP cells on day 35. However, expected numbers will vary depending on the potency of the
starting cell line and culture conditions.

1.2.6. The following day, aspirate spent media and add 10 mL of fresh hiPSC media. Change
hiPSC media every 1-2 days depending on hiPSC growth rate.

2. Preparation of OP9/DLL1 cells for co-culture with hiPSCs

2.1. Culture OP9/DLL1 cells in OP9 media [a-minimum essential medium (a-MEM) + 20% fetal
bovine serum (FBS) + 1x penicillin-streptomycin] at 37 °C. When OP9/DLL1 cells reach
confluency, aspirate media and wash once with 5 mL of 1x magnesium, calcium, and phenol
red-free phosphate buffered saline (PBS).

2.2. Aspirate PBS and add 2 mL of 0.05% Trypsin-EDTA. Incubate for 5 min at 37 °C. Then, add 4
mL of OP9 media and mechanically dissociate the cell layer by pipetting to make a single-cell
suspension.

2.3. Transfer the cell suspension into a 50 mL conical tube through a 100 um cell strainer to
avoid cell clumps. Centrifuge at 300 x g for 5 min at 4 °C. Aspirate the supernatant and
resuspend in 12 mL of OP9 media.
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2.4. Add 8 mL of OP9 media to each of six new 10 cm cell culture Petri dishes. Plate 2 mL of
OP9/DLL1 cell suspension from step 2.3 onto each new 10 cm dish. Rock the dish side-to-side
then front-to-back to ensure even distribution of OP9/DLL1 over the dish.

2.5. Incubate at 37 °C. Repeat passage every 2 — 3 days when cells reach confluency.

NOTE: It is important to make enough frozen stock of OP9/DLL1 cells and thaw a new stock
every 4—6 weeks.

3. In vitro differentiation of hiPSCs into CD8ap* single positive (SP) T cells

3.1. Prepare gelatinized OP9/DLL1 dishes one week prior to co-culture with hiPSCs. To prepare
0.1% gelatin solution, add 5 mL of room temperature (RT) tissue-grade stock gelatin solution to
500 mL of PBS.

3.1.1. Coat 3 new 10 cm cell culture Petri dishes by adding 4 mL per dish of 0.1% gelatin.
Incubate 30 min at 37 °C.

3.1.2. Aspirate gelatin and add 8 mL of OP9 media to each dish. Passage one confluent dish of
OP9/DLL1 (as done in section 2 above) to three gelatin pre-coated dishes.

3.2. After 4 days, add 10 mL of OP9 media to each 10 cm dish of OP9/DLL1 on gelatin, for a total
of 20 mL of media per dish.

3.3. After 7 — 8 days, begin the hiPSC co-culture on OP9/DLL1 confluent dishes (differentiation
day 0).

3.3.1. Aspirate spent media from confluent 10 cm dish of hiPSCs on MEF. Add 10 mL of OP9
media. Cut and detach hiPSC colonies using a disposable cell passaging tool as done in steps
1.2.3and 1.2.4.

3.3.2. Transfer 350 — 600 clumps of cut colonies onto a 10 cm pre-gelatinized OP9/DLL1 dish
(step 3.1) with 10 mL of fresh OP9 media using a 200 pL pipette. Rock the culture dish side-to-
side then front-to-back to ensure even distribution of colonies.

NOTE: Alternatively, pre-formed hiPSC embryoid bodies (EBs) or small clump suspension may
be used. However, the use of a disposable cell passaging tool or EB formation system is
preferred to produce hiPSC clumps of uniform size.

3.4. On day 1, aspirate spent media and replace with 20 mL of fresh OP9 media. hiPSC clumps
co-cultured on OP9/DLL1 for 1 day will appear as small round monolayer colonies (Figure 1).
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3.5. On day 5, aspirate 10 mL of spent media and add 10 mL of fresh OP9 media. hiPSC colonies
will begin to differentiate into primitive mesoderm, which is characterized by a multilayered
dark center.

3.6. On day 9, aspirate 10 mL of spent media and add 10 mL of fresh OP9 media. At this point,
multilayered center structures will evolve into dome-like shapes, and a peripheral network-like
area will start to become evident.

3.7. On day 13, harvest hematopoietic progenitor cells (HPCs) (Figure 1). hiPSC-derived
structures on day 13 are characterized by a dark central organoid surrounded by a network of
dome-like areas, representative of hematopoietic zones (HZs) previously reported to enclose
human embryonic stem cell-derived hematopoietic progenitors??.

NOTE: The presence of the dome-like structures indicates a successful process even in the
absence of dark centers. The inability to produce HPCs may be due to poor quality of OP9/DLL1,
quality of FBS lot, confluency of iPSC clumps seeded onto OP9/DLL1 (350-600 clumps is
optimal), and/or variations in potency of iPSC lines to produce hematopoietic precursors.

3.7.1. Aspirate spent media and wash 1x with 5 mL of 1x phenol red-free Hanks’ balanced salt
solution modified with calcium and magnesium (HBSS).

3.7.2. Aspirate HBSS and add 250 pL of 5000 Units/mL collagenase IV in 10 mL of HBSS.
Incubate at 37 °C for 45 min. Aspirate HBSS with collagenase IV and wash once with 5 mL of
PBS.

3.7.3. Aspirate PBS and add 5 mL of 0.25% Trypsin-EDTA. Incubate at 37 °C for 20 min. Then,
add 4 mL of OP9 media and dissociate the cell layer by pipetting to make a single-cell
suspension.

3.7.4. Transfer the cell suspension into a 50 mL conical tube through a 100 um cell strainer.
Centrifuge at 300 x g for 5 min at 4 °C. Aspirate the supernatant and resuspend in 10 mL of OP9
media.

3.7.5. Plate cell suspension onto a new gelatinized 10 cm cell-culture Petri dish (see steps 3.1.1
and 3.1.2). Incubate at 37 °C for 45 min. Then, collect non-adherent cells by gentle pipetting.

3.7.6. Transfer collected cell suspension into a 50 mL conical tube through a 100 um cell
strainer. Centrifuge at 300 x g for 5 min at 4 °C. Aspirate the supernatant and resuspend in 10
mL of differentiation media [OP9 media with 5 ng/mL human stem cell factor (hSCF), 5 ng/mL
human Flt3 ligand (hFLT3L), and 5 ng/mL human interleukin 7 (hIL-7)].

3.7.7. Plate the cell suspension onto a new 10 cm OP9/DLL1 confluent dish.

3.8. On day 16, passage the cells.
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3.8.1. Mechanically detach non-adherent cells by gentle pipetting and filter through a 100 um
cell strainer. Centrifuge at 300 x g for 5 min at 4 °C. Aspirate the supernatant and resuspend in
10 mL differentiation media.

3.8.2. Plate the cell suspension onto a new 10 cm OP9/DLL1 confluent dish.
3.9. Continue passaging non-adherent cells every 5—7 days thereafter by repeating step 3.8.

3.10. On day 35, enrich CD4*CD8* double positive (DP) population and stimulate to produce
CD8ap* SP T cells (Figure 2).

3.10.1. Mechanically detach non-adherent cells by gentle pipetting and filter through a 100 um
cell strainer to remove cell clumps. Enrich CD4* cell population by CD4 magnetic bead isolation
according to the manufacturer’s protocol.

NOTE: The rationale for using CD4 magnetic beads is to remove CD4'CD8 DN cells from the
culture, as these have been demonstrated to cause direct killing of CD4*CD8* DP cells after
stimulation??.

3.10.2. Count live CD4 enriched cells using a Neubauer hemocytometer and Trypan blue dye.
Suspend in OP9 media at total concentration 0.5 x 108 cells/mL. Aliquot 1 mL of the cell
suspension (0.5 x 10° cells) into each well of a tissue culture flat bottom 24 well plate of
confluent OP9/DLL1.

3.10.3. Add 100 IU human interleukin 2 (hIL-2), 5 ng/mL hIL-7, 500 ng/mL anti-human CD3
antibody, and 2 pg/mL anti-human CD28 antibody, then culture at 37 °C.

3.10.4. On day 4 — 7 after stimulation, collect cells for molecular analysis (Figure 3) or co-culture
with peptide-pulsed antigen presenting cells (APCs).

4. Measuring antigen specificity of hiPSC derived CD8ap* SP T cells

NOTE: The type of APCs to be used for this experiment is dependent on the MHC restriction of
hiPSC-derived T cells. Here, T2 cell line is used, which is a hybrid of T and B lymphoblastoid cell
lines. T2 cells express HLA-A*02:0123, which is recognized by JKF6 cells from which MART1-iPSC
was derived®8. This T2 cell line can be expanded in RPMI 1640 + 20% FBS + 1x penicillin-
streptomycin and is passaged when cells reach a density of 5 x 10° cells/mL.

4.1. Count live HLA-A*02:01* T-B hybrid lymphoblastoid T2 cells using a Neubauer
hemocytometer and Trypan blue dye. Incubate APCs in 24 well tissue culture plate with 1

ug/mL MART-1 peptide for 2 h at 37 °C.

NOTE: Optimal peptide concentration is variable, depending on cell line and antigen specificity.
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4.2. Collect APCs and wash 2x with 10 mL of PBS to remove any extra peptide.

4.3. Count APCs and suspend at 2 — 5 x 10° cells/mL in OP9 media with 100 IU IL-2 and 5 ng/mL
IL-7. Aliquot 100 pL of cell suspension (2-5 x 10* cells) into each well of an ultra-low attachment
U bottom 96 well plate or directly into a pre-coated ELISpot plate.

4.4, Sort hiPSC-derived CD8af* SP T cells (1 week after anti-human CD3/CD28 antibody
stimulation) using a cell sorter and suspend at 1 x 10° cells/mL in OP9 media with 100 IU IL-2
and 5 ng/mL IL-7. Aliquot 100 pL of cell suspension (1 x 10° cells) into each well of APCs and
culture for 16 =20 h at 37 °C.

4.5. After 16 — 20 h, analyze the cytokine secretion profile by ELISpot assay per the
manufacturer’s protocol (Figure 4).

REPRESENTATIVE RESULTS:

After 13 days hiPSCs co-culturing with OP9/DLL1, CD34*CD43* hematopoietic progenitor cells
appeared (Figure 1). After an additional 22 days of culture on non-gelatinized OP9/DLL1 in the
presence of hSCF, hFLT3L, and hlL-7, hematopoietic progenitors differentiated into
CD3*CD7*CD4*CD8* double-positive (DP) T lineage cells, the majority of which expressed TCR
specific to the MART-1 epitope (tetramer) (Figure 2).

It has previously been shown that CD8* SP T cells can be induced from CD4*CD8* DP T cells by
TCR signaling via agonist peptide or antibody-driven TCR stimulation?#%>. Therefore, on day 35
of culture, hiPSC-derived CD4*CD8* DP T cells were stimulated with anti-human CD3 and anti-
human CD28 antibodies in the presence of hiL-7 and hIL-2. Four days after stimulation, the
number of CD3*CD8af* SP cells increased dramatically and remained specific for the MART-1
epitope, confirming the preservation of their inherited antigen-specificity (Figure 3).

To determine the functional properties of hiPSC-derived CD8a* SP T cells, antigen-dependent
activation and secretion of interferon gamma (IFN-y) was analyzed. After stimulation with anti-
human CD3 and anti-human CD28 antibodies for 1 week, hiPSC-derived CD8af* SP T cells were
isolated using a cell sorter and co-cultured with T2 cell line expressing HLA-A*02:01 with or
without cognate MART1 peptide for 16 — 20 h. The ELISpot assay revealed that hiPSC-derived
CD8af* SP T cells secrete higher amounts of IFN-y compared with CD8aa* SP T cells, when
cultured in the presence of MART-1 peptide. IFN-y expression was null for T cells and APCs
alone, demonstrating that human T-iPSC-derived T cells are antigen-specific and functional
(Figure 4).

FIGURE LEGENDS:

Figure 1: Generation of hiPSC-derived hematopoietic progenitor cells. (A) Schematic overview
of the differentiation of hiPSCs to hematopoietic lineage using OP9/DLL1 co-culture. (B)
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Appearance of hiPSC-derived structures on days 1 (top left), 3 (top right), 7 (bottom left), and
13 (bottom right). Scale bars = 100 um. (C) Flow cytometric analysis of hiPSC derived
CD34*CD43* hematopoietic progenitor cells on day 13. Data are representative of six
independent experiments (n =1 to 2).

Figure 2: hiPSC differentiation into Mart1* CD4*CD8af* DP T cells. (A) Schematic overview of
the differentiation of hiPSC-derived hematopoietic lineage to immature T cells using OP9/DLL1
co-culture. (B) Flow cytometric analysis of CD4 vs. CD8a, CD3 vs. CD8B, and MART-1 tetramer
expression in hiPSC-derived T cells on day 35. Gated on lymphocytes, single cells, Pl negative.
Data are representative of three independent experiments (n =3 —8).

Figure 3: Induction of CD8af* SP T cell phenotype. Flow cytometric analysis of CD4™ hiPSC-
derived T cells 4 days after human anti-CD3 and human anti-CD28 antibody-driven stimulation.
Gated on lymphocytes, single cells, Pl negative (n = 4).

Figure 4: Antigen specificity of hiPSC-derived CD8af3* SP T cells. IFN-y secretion by ELISpot
assay of hiPSC-derived CD8af* SP, CD8aa* SP, and bulk T cells after 20 h co-culture with or
without T2 cells pulsed (or not) with MART-1 peptide.

DISCUSSION:

The co-culture of OP9 murine stromal cells is a well-established system for in vitro generation
of lymphocytes (i.e., NK, B, and T cells) from HSPCs and pluripotent stem cells. Notch signaling
is required to induce T lineage commitment and can be accomplished by the ectopic expression
of Notch ligand DLL1 or DLL4, which have comparable efficacy for T cell generation?. Therefore,
the OP9/DLL1 co-culture system has become a widely used method for producing T cells in
vitro. Furthermore, this method is applicable for use with several types and sources of human
cells, including cord blood, bone marrow HSPCs and ESCs. However, the generation of T cells
from these sources is limited either by insufficient retrieval of source cells or by inefficient
differentiation to T cellst. Additionally, a T cell product with a single TCR recombination cannot
be generated from these open repertoire sources. By using regenerative medicine techniques,
namely induced pluripotent stem cell (iPSC) technology, it may be possible to produce massive
numbers of antigen-specific T cells for use in cell-based therapeutics®®.

hiPSCs are similar to pluripotent ESCs in their capacity for self-renewal, limitless expansion, and
potential to differentiate to any type of somatic cell in the body; however, they lack the ethical
concerns surrounding the use of products of embryonic origin for clinical applications.
Moreover, hiPSCs can be produced from any somatic cell, allowing the development of cell
products for personalized medicine. In previous reports, hiPSCs have been produced from
human T cells using whole peripheral mononuclear cells, CD3* cells, or isolated cytotoxic T
lymphocytes (CTLs) as a source'®1%22.26 \When hiPSCs are generated from a T cell source (T-
iPSCs), the original TCR gene rearrangement is inherited. Therefore, patient T-iPSC derived T
cells may provide a model for personalized ACT treatment by targeting a patient’s distinct
cancer antigens.
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The differentiation of human pluripotent stem cells into T lineage cells is divided into two steps:
the generation of hematopoietic progenitor cells (HPCs)?” and their further differentiation into
T lineage cells?l. Both steps can be accomplished using the OP9/DLL1 co-culture system.
Importantly, the quality of OP9/DLL1 feeder cells is critical to the success of T cell
differentiation. Since OP9/DLL1 cells are not an immortalized homogenous cell line, the quality
of the FBS and culture conditions are critical to maintaining their expansion without losing the
ability to support hiPSC differentiation. Therefore, it is recommended to pre-evaluate the lot of
FBS and passage consistently when cell-to-cell cytoplasmic contact begins to occur, in order to
prevent cell differentiation and senescence. One point to take into consideration is that cell-to-
cell contact can appear indistinguishable from the background depending on the phase contrast
and magnification of the microscope. In our experience, most OP9/DLL1 dishes will appear to
be 80% confluent when ready to passage.

It has been shown that the redifferentiated T lineage cells generated from T-iPSCs by OP9/DLL1
co-culture can produce CD8* SP T cells upon stimulation®*°. However, regenerated CD8*SP T
cells acquire the innate-like CD8aat homodimer?%28, which is an ineffective co-receptor for TCR
signaling®®. Additionally, these regenerated CD8* SP T cells have shown strong TCR-
independent cytotoxicity, making these cells unfavorable for clinical use®. This protocol
describes a recent method involving stimulation of purified CD4*CD8* DP cells to generate
CD8af* SP T cells with a more conventional phenotype and improved antigen-specific
cytotoxicity?2. Although the loss of antigen specificity due to secondary TCRa allelic
rearrangement occurs in the DP stage after prolonged long-term culture, this can be overcome
by genome editing in T-iPSCs3!. In our experience, hiPSC-derived DP cells start to appear on day
30 — 35 of culture, and these newly generated DP cells have not yet undergone secondary TCRa
rearrangement. Therefore, most DP cells on day 35 retain antigen specificity and can be used to
generate antigen-specific CD8af* SP T cells.

Prior to human anti-CD3 and anti-CD28 stimulation on day 35, CD4'CD8 DN cells must be
removed from the culture, as these have been demonstrated to cause direct killing of CD4*CD8*
DP cells after stimulation?2. Using CD4 magnetic bead enrichment (step 3.10) will enrich for
both DP and CD4*CDS8" intermediate single positive (ISP) cells!, which we have been shown to
have no negative effects??. Alternatively, fluorescence-activated cell sorting by flow cytometry
can be performed to isolate DP cells. However, magnetic bead separation is preferred as it
avoids the mechanical stress induced by flow cytometry.

The generation of CD8af* SP T cells from human pluripotent stem cells without activation-
mediated agonist selection has subsequently been demonstrated by the use of 3D murine
stromal cell culture32. However, physiological positive selection is dependent on the interaction
of TCR with self-peptide-MHC complexes, which are uniquely processed and presented by
thymic cortical epithelial cells33. Furthermore, TCR affinity for selection peptides has been
shown to determine the subsequent functional capabilities of mature CD8aB* SP T cells*.
Currently, there is no evidence to suggest that a Notch stromal cell-based co-culture system can
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provide the defined selection peptide and MHC complex required for physiological positive
selection.

It has been previously reported in a murine model that T lineage cells generated from tumor
antigen-specific T cell-derived hiPSCs using OP9/DLL1 alone fail to experience conventional
maturation. However, iPSC-derived immature T cells generated by the OP9/DLL1 system can
mature into naive-like T cells by further physiological thymic education in a 3D culture system
2835 Therefore, the protocol presented here to produce iPSC-derived immature T cells
generated by the OP9/DLL1 system is vital for further attempts to generate real human tumor
antigen-specific post-thymic T cells capable of long-term persistence in vivo with efficiency to
treat established vascularized tumors .
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had been a party hereto as an Author. The Author warrants
that the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate,
infringe and/or misappropriate the patent, trademark,
intellectual property or other rights of any third party. The
Author represents and warrants that it has and will
continue to comply with all government, institutional and
other regulations, including, without limitation all
institutional, laboratory, hospital, ethical, human and
animal treatment, privacy, and all other rules, regulations,
laws, procedures or guidelines, applicable to the Materials,
and that all research involving human and animal subjects
has been approved by the Author's relevant institutional
review board.

11. JOVE Discretion. If the Author requests the
assistance of JoVE in producing the Video in the Author’s
facility, the Author shall ensure that the presence of JoVE
employees, agents or independent contractors is in
accordance with the relevant regulations of the Author's
institution. If more than one author is listed at the
beginning of this Agreement, JoVE may, in its sole

612542.6  For questions, please contact us at submissions@jove.com or +1.617.945.9051.
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discretion, elect not take any action with respect to the
Article until such time as it has received complete, executed
Article and Video License Agreements from each such
author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to
accept or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
full, unfettered access to the facilities of the Author or of
the Author’s institution as necessary to make the Video,
whether actually published or not. JoVE has sole discretion
as to the method of making and publishing the Materials,
including, without limitation, to all decisions regarding
editing, lighting, filming, timing of publication, if any,
length, quality, content and the like.

12. Indemnification. The Author agrees to indemnify
JoVE and/or its successors and assigns from and against any
and all claims, costs, and expenses, including attorney’s
fees, arising out of any breach of any warranty or other
representations contained herein. The Author further
agrees to indemnify and hold harmless JoVE from and
against any and all claims, costs, and expenses, including
attorney’s fees, resulting from the breach by the Author of
any representation or warranty contained herein or from
allegations or instances of violation of intellectual property
rights, damage to the Author’s or the Author’s institution’s
facilities, fraud, libel, defamation, research, equipment,
experiments, property damage, personal injury, violations
of institutional, laboratory, hospital, ethical, human and
animal treatment, privacy or other rules, regulations, laws,
procedures or guidelines, liabilities and other losses or
damages related in any way to the submission of work to
JoVE, making of videos by JoVE, or publication in JoVE or
elsewhere by JoVE. The Author shall be responsible for, and
shall hold JoVE harmless from, damages caused by lack of
sterilization, lack of cleanliness or by contamination due to

ARTICLE AND VIDEO LICENSE AGREEMENT

the making of a video by JoVE its employees, agents or
independent contractors. All sterilization, cleanliness or
decontamination procedures shall be solely the
responsibility of the Author and shall be undertaken at the
Author’s expense. All indemnifications provided herein
shall include JoVE's attorney’s fees and costs related to said
losses or damages. Such indemnification and holding
harmless shall include such losses or damages incurred by,
or in connection with, acts or omissions of JoVE, its
employees, agents or independent contractors.

13. Fees. To cover the cost incurred for publication,
JOVE must receive payment before production and
publication the Materials. Payment is due in 21 days of
invoice. Should the Materials not be published due to an
editorial or production decision, these funds will be
returned to the Author. Withdrawal by the Author of any
submitted Materials after final peer review approval will
result in a USS$1,200 fee to cover pre-production expenses
incurred by JoVE. If payment is not received by the
completion of filming, production and publication of the
Materials will be suspended until payment is received.

14, Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE's successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to
any conflict of law provision thereunder. This Agreement
may be executed in counterparts, each of which shall be
deemed an original, but all of which together shall be
deemed to me one and the same agreement. A signed copy
of this Agreement delivered by facsimile, e-mail or other
means of electronic transmission shall be deemed to have
the same legal effect as delivery of an original signed copy
of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement is required per submission.

CORRESPONDING AUTHOR
Name:

Raul Vizcardo
Department:

National Cancer Institute - Surgery Branch
Institution:

sEHInon National Institutes of Health
Title: Research Fellow
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Signature: / /7‘ / Date: March 14th, 2019

Please submit & signed and dated,copy of this license by one of the following three methods:

1. Uploéad an electronicv
2. Faxthe document to

.866.381.2236

gon on the JoVE submission site

3. Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02140
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Rebuttal Letter

Click here to access/download;Rebuttal Letter;Editorial

comments-responses 04-23.docx

Editorial comments:
Changes to be made by the author(s):

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no
spelling or grammar issues. The JoVE editor will not copy-edit your manuscript and any errors in the
submitted revision may be present in the published version.

done

2. JoVE cannot publish manuscripts containing commercial language. This includes trademark symbols
(™), registered symbols (®), and company names before an instrument or reagent. Please remove all
commercial language from your manuscript and use generic terms instead. All commercial products
should be sufficiently referenced in the Table of Materials. You may use the generic term followed by
“(Table of Materials)” to draw the readers’ attention to specific commercial names. Examples of
commercial sounding language in your manuscript are: Matrigel, StemFit, GlutaMAX, Reprocell, etc.
done

3. Please combine some of the shorter Protocol steps so that individual steps contain 2-3 actions and
maximum of 4 sentences per step.
done

4. After you have made all the recommended changes to your protocol, please highlight 2.75 pages or
less of the Protocol (including headings and spacing) that identifies the essential steps of the protocol
for the video, i.e., the steps that should be visualized to tell the most cohesive story of the Protocol.
done

5. Please highlight complete sentences (not parts of sentences). Please ensure that the highlighted part
of the step includes at least one action that is written in imperative tense. Notes cannot usually be
filmed and should be excluded from the highlighting.

done

6. Please include all relevant details that are required to perform the step in the highlighting. For
example: If step 2.5 is highlighted for filming and the details of how to perform the step are given in
steps 2.5.1 and 2.5.2, then the sub-steps where the details are provided must be highlighted.

done

7. Discussion: As we are a methods journal, please also discuss critical steps within the protocol, any
modifications and troubleshooting of the technique, and any limitations of the technique.

Limitations have been added to the discussion. Critical steps, modifications, and have been addressed in
the protocol itself, as we feel this is most useful for the reader.

8. References: Please do not abbreviate journal titles.
Formatted for JOVE style.

9. Table of Materials: Please sort the items in alphabetical order according to the name of
material/equipment.
done

L]
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Reviewers' comments:

Reviewer #1:

Manuscript Summary:

The manuscript by Good et al. (Jove59997) describes a protocol to use iPSC technology and generate a
potentially "rejuvenated" antigen-specific population of T cells from patient-derived TIL. The protocol is
clear and concise.

Major Concerns:
none

Minor Concerns:

Authors should consider adding the following:

In critical places, a more explicit description of what needs to be observed to move the protocol
forward. As a couple of examples: in section 2.5, is passage tied to a confluency state? In 3.7, harvest of
progenitors, is there a quality attribute from the visual inspection that would indicate a failed process?

Thank you for the advice.

2.5: Yes, passage is tied to confluency state, which has been added to section 2.5 and is detailed in the
following NOTE.

3.7: Visual inspection on day 13 can give some indication to the successful production of hematopoietic
precursors. The presence of well-organized 3D structures with dark centers and surrounding dome-like
structures (hematopoietic zones) are indicative of hematopoietic precursor cell (HPC) production
(Timmermans et al., 2009). In our experience, it is the presence of the dome-like structures which
indicates a successful process even in the absence of dark centers. The inability to produce HPCs may be
due to poor quality of OP9/DLL1, the quality of FBS lot, confluency of iPSC clumps seeded onto
OP9/DLL1 (350 — 600 clumps is optimal), and/or variations in potency of iPSC lines to produce
hematopoietic precursors. The text has been modified to include these details.

1.2.1: Authors should include references or provide information about the derivation of the hiPSC

MART-1 iPSC were previously derived from long-term cultured TIL which specifically recognize a complex
of the MART-1 peptide (Vizcardo et al., 2013). This has been added to the text.

2.2 Is Trypsin EDTA prewarmed?

In our experience, it is not necessary to prewarm Trypsin EDTA.

4.1: critical details about the peptide loading process, or reference to a publication is needed
This has been added to the text.

Figures 2 and 3: Are these data generated using TIL derived iPSC? If so, why is the entirety of the iPSC-
derived population specific for MART-1?

These data were generated using MART-1 iPSC, which were derived from JKF6 cells as previously
described by Vizcardo et al. JKF6 cells, which are long-term cultured TIL from a melanoma patient,
specifically recognize MART-1 peptide in the context of HLA-A*02:01 (Vizcardo et al., 2013). As



published, MART-1 specific TCRab recombination was inherited in this cell line. In our experience,
hiPSC-derived DP cells start to appear in day 30-35. Sequential physiological secondary TCRa
rearrangement occurs in DP thymocytes until these cells either undergo successful positive selection or
cell death occurs (Huang and Kanagawa, 2001). However, these newly generated MART-1 iPSC-derived
DP cells in day 30-35 have not yet undergone secondary TCRa rearrangement. Therefore, at this time we
still observe high tetramer specificity (Figure 2). After prolonged culture, the specificity decreases as
shown by Minagawa et. al (Minagawa et al., 2018). The text has been updated to include this
information.

Reviewer #2:

Manuscript Summary:

The paper by Good et al. describes protocol for generation of rejuvenated T cells from reprogrammed
melanoma antigen-specific T cells. This protocol provides all details related to T cell differentiation and
materials and equipment required for the procedure. The protocol and rationale are well-written.

Major Concerns:

1. 3.10 proposes enrichment of CD8+CD4+ double positive population using MACS sorting with CD4
antibody. However, rationale for this strategy is unclear. Fig.2B shows large number of CD4+CD8- cells in
the differentiation cultures. It is expected that CD4 sorting picks up CD4+CD8- cells along with
CD4+CD8+ cells. Authors should explain why CD4+ selection preferentially enriches CD4+CD8+ cells and
add figure demonstrating that this enrichment strategy is working or not.

Thank you for this important point, which is now included in the protocol. The rationale for using CD4
magnetic bead enrichment is to remove CD4-CD8- DN cells from the culture, as these have been
demonstrated to cause direct killing of CD4+CD8+ DP cells after stimulation (Maeda et al., 2016). Itis
correct to expect that this strategy will pick up immature CD4+ single positive (ISP) cells, characterized
by CD4+CD8-, along with DP cells. It is known that during human T cell development, DN cells will first
gain CD4 to become ISP and subsequently gain CD8 to become DP cells (Brauer et al., 2016). Using CD4
magnetic beads will enrich for both DP and ISP cells, which we have shown to have no negative effects
(Maeda et al., 2016). Furthermore, although flow cytometric-based sorting can be performed to isolate
DP cells, magnetic bead separation avoids the mechanical stress induced by such purification.

2. It would be helpful to explain what are CD4+CD8- cells? Single positive T cells or macrophages?

CD4+CD8- cells are ISP, an intermediate T cell lineage between DN and DP state as described above. ISP
will subsequently gain CD8 to become CD4+CD8+ DP and then undergo positive and negative selection
before reaching the CD4 or CD8 SP stage (Brauer et al., 2016). Since we are not using lymphoid markers
such as CD45, there is a possibility of inclusion of other lineages that express CD4. However, there are
no reports to suggest that non-lymphoid CD4+ cells negatively affect in vitro T cell differentiation.

3. Anticipated results are reasonable and useful for readers. However, additional information regarding
expected numbers of total rejuvenated T cells produced in this system from 1 million of T-iPSCs should

be provided. It will help readers to set up appropriate number of differentiation cultures to get desired

guantities of T cells for functional analysis.

We agree with this constructive comment and have revised our protocol to include this information. In
our experience, 600 clumps of cut colonies (see step 1.2.4) represents approximately 1.0 x 10° MART-1
iPSC and after differentiation will yield 0.5 - 1.0 x 10° DP cells on day 35. However, expected numbers



will vary depending on the potency of the starting cell line and culture conditions.

Minor Concerns:
1. "Culturing human iPSC" part should describe iPSCs that can be used for this protocol and provide

appropriate reference, i.e. iPSC generated through reprogramming of tumor-specific T cells described in
.7

In this protocol, we use MART-1 iPSC which were previously derived from long-term cultured TIL that
specifically recognize a complex of the MART-1 peptide (Vizcardo et al., 2013). This method can also be
employed for any human pluripotent stem cells (Maeda et al., 2016; Vizcardo et al., 2013). The text has
been updated to reflect this point.

2. Abstract should add "human" to iPSCs definition.
Thank you, this has been added.

Reviewer #3:

Manuscript Summary:

The paper by Good et. Al. demonstrates the method of differentiation of iPS cells into CD8+ T cells that
resemble physiological conventional CD8+ T cells in vitro by using of murine feeder cell line, that might
be useful for adoptive immunotherapy. They showed in vitro IFN-g production potential of iPS-derived
CD8+ T cells in recognizing the cognate cancer antigens. The authors explains that the resulting human
regenerated T cells in the method represent equivalent to functionally premature T cells, as they
previously showed that it needed thymus-like 3D organoid for final maturation to functionally mature T
cells.

Major Concerns:

Recent paper reported by Minagawa et al.(Cell Stem Cell 2018) demonstrated elevation of RAG1 and
RAG2 gene during in vitro maturation process of iPSC to CD8ab T cells, especially at CD4 and CD8ab
double positive (DP) stage, that resulted in an additional TRA gene rearrangement-related antigen
specificity loss by using of CDR3 sequencing in multiple T-iPSC lines. In the manuscript by Good et al.,
however, almost 100% of DP cells were positive for MART1 tetramer (Fig 2).It would be necessary to
explain how the method by Good et al. is robust about RAG gene suppression or antigen-specificity by
mentioning their result from multiple T-iPS cell line. Actually it is known that some tetramer have
centricity to TCRa- or TCRb-chain for binding to peptide-HLA complex, which may cause maintenance of
antigen-specificity in some TCRb-centric tetramers and loss of antigen-specificity in some TCRa-centric
tetramers, even after additional TRA gene rearrangement at DP stage.

We thank the reviewer for this constructive criticism and the text has been modified accordingly. Please
see the above response to Reviewer #1. In our experience, MART-1 tetramer specificity of DP cells
decreases expectedly after prolonged culture (Minagawa et al., 2018), indicating that the high tetramer
binding in day 35 is not due to centricity.

Minor Concerns:

About introduction and discussion, it would be better to cite recent publications about iPSC-derived T
cells, such as

Minagawa A. et al. Cell Stem Cell 2018; about TCR stability of human iPS-T



Montel-Hagen A. et al Cell Stem Cell 2019; about artificial thymic organoid-based differentiation of
human iPS-T

We agree with this comment and have included the above citations in the updated manuscript.
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