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Abstract
Numerous efforts have been attempted to regenerate T cells in culture dish from pluripotent stem cells (PSCs). However, in vitro
generated T cells exhibited extremely low activity and compromised immunocompetency in vivo. Here, we describe a two-step
protocol for regenerating functional T cells using an inducible Runx1-Hoxa9-PSC (iR9-PSCs) line. The procedure mainly includes
generation of induced hematopoietic progenitor cells (iHPCs) in vitro, transplantation, and development of functional induced T cells
(iT) in vivo via transplantation. The entire induction process in vitro requires 21 days before iHPCs transplantation. The development of
mature T cells in vivo takes 4 to 6 weeks post-transplantation. We provide a simple and reproducible approach for functional T cell
regeneration from iR9-PSCs for research purpose.
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1. INTRODUCTION

T cells play a central role in anti-tumor cell therapy. During
tumor development and progression, physiological T cells in
certain patients are overwhelmingly activated and functionally
exhausted,1,2 which are not suitable for further assembling into
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engineered anti-tumor T cells. Besides anti-tumor therapy,
regeneration of functional T cells in vivo is urgently needed in
disease-caused compromised T immune system (such as HIV
infection) as well. Thus, it is necessary to explore alternative T cell
source for extending T cell therapy.
So far, great efforts have been attempted in the T cell

regeneration field using stem cells as starting cell materials. A
hallmark is the development of the OP9-DL1/DL4 or 3D-based
MS5-hDLL1/43–5 feeder cell lines, which induce stem cells to
differentiate into phenotypic T cells in vitro in the presence of
essential cytokines. However, in vitro induced T cells from
pluripotent stem cells (iPSCs) showed extremely low activity and
immunocompetency. Another attempt to obtain functional T
cells is to induce hematopoietic stem cell (HSC)-like intermedi-
ates6–8 and in vivo T lymphopoiesis upon transplantation.
However, generating robust bona fide induced-HSC (iHSC) from
PSCs remains inefficient.9 And whether this approach can
generate therapeutic tumor-killing T cells is unknown. Alterna-
tively, we have recently established a method that converted
mouse pro-pre-B cells into functional mature T cells in vivo by
enforcingHoxb5 expression.10 But the source of pro-pre-B cells is
still limited. Therefore, a solid and universal approach, capable of
generating immunocompetent and therapeutic T lymphopoiesis
from the unlimited and gene editable PSCs, is still lacking.
In this study, we describe a detailed two-step protocol for the

regeneration of functional T cells using the inducible Runx1-
Hoxa9-PSC (iR9-PSCs) line. This method has been successfully
used to induce mature T cells from either embryonic stem cells
(ESCs) or iPSCs.11 The induction process is initiated from EB
formation. iR9-PSCs are collected and hanging in drops for
embryoid bodies (EBs) formation. Next, EBs are replanted into
gelatinized plates for further induction of induced hemogenic
endothelial progenitors (iHECs) by culturing in specific differen-
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Figure 1. Schematic diagram of generating functional T lymphocytes from iR9-PSC. The differentiation process was started with EB formation and followed by
iHEC induction. At day 0, iR9-PSCs were collected and hanging in drops in the basic differentiation medium (BDM: IMDM, 15% FBS, 200mg/mL iron-saturated
transferrin, 0.45mM MTG, 1% GlutaMAX, and 50mg/mL Vc) supplemented with BMP4. At day 2.5, EBs were replanted into gelatinized plates in BDM
supplemented with BMP4 and VEGF. At day 6, themediumwas replaced by BDM supplemented with doxycycline, 2% conditionedmedium (CM) of AFT024-mIL3,
AFT024-mIL6, AFT024-hFlt3L, and AFT024-mSCF cell supernatants. At day 11, 100 to 500 sorted iHECs were seeded into each OP9-DL1 covered well for
hematopoietic maturation in EMmedium (a-MEM, 15% DFBS, 200mg/mL iron-saturated transferrin, 0.45mMMTG, 1% GlutaMAX, 50mg/mL Vc, 2% conditioned
medium of AFT024-mIL3, AFT024-hFlt3L and AFT024-mSCF cell supernatants and 1mg/mL doxycycline). Finally, the iHPCs were transplanted into sublethal
irradiated B-NDG recipients via orbital veins. Four weeks after transplantation, cells harvested from PB, spleen and lymph node were analyzed by flow cytometry.
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tiation medium and subjected to addition of Doxycycline to turn
on the expression of Runx1-Hoxa9 at a specified time window.
Then, the iHECs are sorted and cocultured with OP9-DL1 for
iHPC maturation. Finally, the iHPCs are transplanted into
irradiated B-NDG recipients for the final step of T cell
regeneration in vivo. Four weeks after transplantation, mature
T cells can be detected in the peripheral blood (PB), spleen and
lymph node from recipients by flow cytometry analysis. We have
verified that the iT cells can restore immune surveillance function
in immunodeficient mice, which illustrated the iT cells had
normal function.11 In summary, we describe a straightforward
reproducible method to preferentially generate functional T cells
from mouse PSCs for research purpose.
2. EXPERIMENTAL DESIGN

We illustrate a detailed PROCEDURE for obtaining functional
T cells by in vitro induction and in vivo generation, in which each
part (EB formation, iHEC induction, iHPC maturation, iHPC
transplantation, and analysis of iT cells) should be carefully
followed to obtain optimal outcomes (Fig. 1).

2.1. Embryoid bodies formation from iR9-PSCs
EB formation from ES cells is the principal step for producing

different cell lineages for further applications. An EB consists of
ectodermal, mesodermal, and endodermal tissues, which
recapitulate many aspects of cell differentiation during early
mammalian embryogenesis and differentiate into derivatives of
all the three germ layers.12 Therefore, we take EB formation as
the first step to initiate the differentiation process as well (day
0). The iR9-PSCs are collected and plated into the 0.1%
gelatin-coated (Merck Millipore) well for 40min to remove the
feeder cells. Then the floating cells are collected and suspended
in basic differentiation medium (BDM: IMDM, 15% FBS
[Gibco], 200mg/mL iron-saturated transferrin, 0.1mM b-mer-
captoethanol, 1% GlutaMAX, and 50mg/mL ascorbic acid)
supplemented with 5ng/mL BMP4 for hanging drops. The iR9-
PSCs are cultured in hanging drops (2000PSCs/drop) for 2.5
days on the lids of 15cm plates, in which iR9-PSCs cells are
80
allowed to aggregate and form spherical three-dimensional
structures EB.

2.2. Induction of hemogenic endothelial progenitors
The hematopoietic cells are generated from mesodermal

derived HECs during natural embryonic differentiation. There-
fore, we optimize the process of inducing EB differentiation into
HECs based on a previous protocol.13 First, the EBs are collected
and replanted into gelatinized 6-well plates at day 2.5 for further
endothelia induction. Meanwhile, these EBs are exposed to
BMP4 (5ng/mL) and VEGF (5ng/mL) in BDM medium to
promote generation of hemogenic endothelial (HE).14 Next, the
Doxycycline (1mg/mL) is added to the BDM medium at day 6 to
turn on the expression of Runx1 and Hoxa9, which are pivotal
for endothelial to hematopoietic transition (EHT). In addition,
the AFT024-mSCF/mIL3/mIL6/hFlt3L cell line-conditioned me-
dium (CM, concentration: 2%) are also used as addictive for the
in vitro induction of iHECs, which phenotypically resemble
embryonic pre-HSCs. Since unwanted cell types appear during
the iHEC induction process, cardiac muscle cell for example, we
isolate the iHECs from the cell matrix by sorting
CD31+CD41lowCD45�ckit+CD201high cells11 on day 11, in
accordance with the pre-HSC occurrence time during the natural
embryonic development.15

2.3. Maturation of induced hematopoietic progenitor cells
by coculturing iHECs with OP9-DL1
The iHECs induced from EBs have the potential of

differentiating into hematopoietic cells. We sort and coculture
iHECs with OP9-DL1 stromal cells (100–500 iHECs cocul-
tured with 2�104 OP9-DL1 in 12 well plate) for 10 days,
which can facilitate T cell development in vitro.16 In addition,
AFT024-conditioned medium of SCF, IL3, Flt3L, which is
beneficial for the generation of iHPCs in vitro,17 is also added
into the EM medium (EM medium: a-MEM, 15% DFBS
[Hyclone], 200mg/mL iron-saturated transferrin, 0.1mM
b-mercaptoethanol, 1% GlutaMAX, 50mg/mL ascorbic acid,
2% CM derived from supernatants of AFT024-mIL3, AFT024-
hFlt3L, and AFT024-mSCF cell culture, 1mg/mL doxycycline).
www.blood-science.org
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The Doxycycline (1mg/mL) is constantly appended to the
medium to promote iHPC maturation. During 10-day-cocul-
ture, iHPCs gradually expand and mature, which are defined as
Lin�c-kit+ CD127+/CD135+/Sca1+. Finally, we collect the bulk
iHPCs and transplant one million of the cells into sublethally
irradiated (2.25 Gy) B-NDG recipients to determine their
hematopoiesis ability in vivo.

2.4. Generation of phenotypic and functional T cells in vivo
To further assess the iT cell production in vivo, we transplant

one million iR9-PSCs-derived iHPCs into irradiated (2.25 Gy) B-
NDGmice (8-week-old, female, a NOD-IL2rgnull CD45.1 strain)
via retro-orbital injection in the absence of doxycycline. The
recipients are immunodeficient to avoid potential contamination
of host T cells and immune rejection. These B-NDG mice are
purchased fromBiocytogen Jiangsu Co., Ltd (Jiangsu, China) and
all mice are housed in the SPF-grade animal facility of the
Guangzhou Institutes of Biomedicine and Health, Chinese
Academy of Sciences (GIBH, CAS, China). The recipients must
be conditioned by sublethal irradiation prior to transplantation.
Mature iT cells can be readily detected in the lymph node, spleen,
and PB of the individual recipient at 4 to 6 weeks after
transplantation.
3. MATERIALS
�

w

B-NDG (NOD-PrkdcScidIL2rgtm1/Bcgen, CD45.1+) female
mice aged 8 to 12 weeks (Biocytogen)
�
 DMEM/HIGH GLUCOSE (Hyclone, Cat: SH30243.01B)

�
 FBS (Natocor, Cat: #SFBE)

�
 Nonessential amino acids (NEAA, Gibco, Cat: 11140050)

�
 FBS (Gibco, Cat: 10100147)

�
 Glutamax TM Supplement (GibcoTM, Cat: 35050–061)

�
 Sodium Pyruvate (Life technology, Cat: 11360–070)

�
 b-mercaptoethanol (MTG, Gibco, Cat: M3148–500mL)

�
 PD0325901 (Selleck, Cat: S1035)

�
 Chir99021 (Selleck, Cat: CT99021)

�
 LIF (Millipore, Cat: L5181)

�
 a-MEM (Gibco, Cat: 12561072)

�
 FBS (CellMax, Cat: VS500T)

�
 IMDM (Gibco, Cat: 12440–053)

�
 Iron-saturated transferring (Sigma, Cat: T0665)

�
 Ascorbic acid (Vc, Sigma, Cat: 49752)

�
 Gelatin (Merck Millipore, Cat: ES-006-B)

�
 BMP4 (R&D, Cat: 314-BP-01M)

�
 VEGF (Peprotech, Cat: 100–20)

�
 Doxycycline hyclate (Sigma, Cat: D9291)

�
 DFBS (Gibco, Cat: 252000–56)

�
 0.25% trypsin/1mM EDTA (Gibco, Cat: 252000–56)

�
 0.05% trypsin/1mM EDTA (Gibco, Cat: 253000–54)

�
 TrypLETM Express Enzyme (Gibco, Cat: 12604013)

�
 DPBS (Gibco, Cat: 14040133)

�
 BSA (EMD Millipore Calbiochem, Cat: 840224)

�
 Co-trimoxazole

�
 Penicillin-Streptomycin Solution (HyClone, SV30010–100mL
Cat: SV30010)
�
 Purified anti-mouse CD16/32 antibody (BioLegend Clone: 93,
Cat: 14–0161–86)
�
 Anti-Mouse CD31 Biotin (eBioscience, Clone: 390, Cat: 13–
0311–82)
�
 Anti-Mouse CD31 PE-Cy7 (eBioscience, Clone: 390, Cat: 25–
0311–82)
ww.blood-science.org
�
 Anti-Mouse CD41 APC (eBioscience, Clone: eBioMWReg30,
Cat: 17–0411–82)
�
 Anti-Mouse CD45 Percp-Cy5.5 (eBioscience, Clone: 30-F11,
Cat: 45–0451–80)
�
 Anti-Mouse CD117 (c-kit) APC-Cy7 (eBioscience, Clone: 2B8,
Cat: 47–1171–82)
�
 Anti-Mouse CD201 PE (eBioscience, Clone: eBio1560, Cat:
12–2012–82)
�
 Streptavidin PE-Cy7 (eBioscience, Cat: 25–4317–82)

�
 Anti-Mouse CD2 Biotin (eBioscience, Clone: RM2–5, Cat: 13–
0021–85)
�
 Anti-Mouse CD3 Biotin (eBioscience, Clone: 145–2C11, Cat:
13–0031–85)
�
 Anti-Mouse CD4 Biotin (eBioscience, Clone: RM4–5, Cat: 13–
0041–85)
�
 Anti-Mouse CD8 Biotin (eBioscience, Clone: 53–6.7, Cat: 13–
0081–85)
�
 Anti-Mouse CD11b Biotin (eBioscience, Clone: M1/70, Cat:
13–0112–85)
�
 Anti-Mouse Gr1 Biotin (eBioscience, Clone: RB6–8C5, Cat:
13–5931–85)
�
 Anti-Mouse Ter119 Biotin (eBioscience, Clone: TER-119, Cat:
13–5921–85)
�
 Anti-Mouse CD19 Biotin (eBioscience, Clone: eBio1D3, Cat:
13–0193–85)
�
 Anti-Mouse NK1.1 Biotin (Biolegend, Clone: PK136, Cat:
108704)
�
 Anti-Mouse TCRgd Biotin (Biolegend, Clone: GL3, Cat:
118103)
�
 Anti-Mouse CD45 APC (Biolegend, Clone: 30-F11, Cat:
103112)
�
 Anti-Mouse CD117 (c-kit) PE-Cy7 (eBioscience, Clone: 2B8,
Cat: 25–1171–82)
�
 Anti-Mouse CD135 PE (Biolegend, Clone: A2F20, Cat:
135306)
�
 Anti-Mouse CD127 BV421 (Biolegend, Clone: A7R34, Cat:
135027)
�
 Anti-Mouse Sca1 Percp-Cy5.5 (eBioscience, Clone: D7, Cat:
45–5981–82)
�
 Streptavidin APC-Cy7 (Biolegend, Cat: 405208)

�
 Anti-Mouse CD45.2 Percp-Cy5.5 (eBioscience, Clone: 104,
Cat: 45–0454–82)
�
 Anti-Mouse CD3 PE-Cy7 (eBioscience, Clone: 145–2C11, Cat:
25–0031–82)
�
 Anti-Mouse CD4 PE (eBioscience, Clone: GK1.5, Cat: 12–
0041–82)
�
 Anti-Mouse CD8Alexa Fluor 700 (eBioscience, Clone: 53–6.7,
Cat: 56–0081–80)
�
 Anti-Mouse TCRb APC (eBioscience, Clone: H57–597, Cat:
17–5961–81)
�
 Streptavidin TCRgd PE-Cy5 (eBioscience, Clone: eBioGL3,
Cat: 15–5711–81)
�
 Anti-Biotin MicroBeads (Miltenyi Biotec, Cat: 130–090–485)

�
 DAPI (Beyotime, Cat: C1002)

�
 Propidium Iodide Staining Solution (PI, Biolegend,Cat: 421301)

4. EQUIPMENT
�
 Falcon® 5mL Round Bottom Polystyrene Tube, with Snap
Cap, Sterile (BD, #352054)
�
 Falcon® 5mL Round Bottom Polystyrene Tube, with 25mm
Cell Strainer Snap Cap (BD, #352235)
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�
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70mm strainer (BD, #REF 352350)

�
 MACS LS columns (Miltenyi Biotec)

�
 MidiMACS separator (Miltenyi Biotec)

�
 MultiStand (Miltenyi Biotec)

�
 FACS AriaIII sorting system (BD Biosciences) (see Equipment
set up)
�
 BD LSR Fortessa X-20 Analysis system

�
 RS-2000X-Ray Irradiator (RAD SOURCE) (see Equipment set
up)
�
 Centrifuge (Eppendorf 5810R, with swing-bucket rotor)

�
 10cm culture dish (CELLSTAR, Cat: 664160)

�
 15cm culture dish (CELLSTAR, Cat: 639160)

�
 6-well culture plate (CELLSTAR, Cat: 657160)

�
 12-well culture plate (CELLSTAR, Cat: 665180)

�
 15mL centrifuge tube (Corning, Cat: 430790)

�
 50mL centrifuge tube (Corning, Cat: 430828)

�
 1.5mL Microtubes (Corning, Cat:15719392)

5. REAGENT SETUP

MEF medium: DMEM/high glucose, 10% FBS (Natocor), 1%
nonessential amino acids
ESmedium:DMEM/high glucose, 15% FBS (Gibco), 1%NEAA,
1% GlutaMAX, 1% Sodium Pyruvate, 0.1mM b-mercaptoe-
thanol, 1mM PD0325901, 3mMChir99021 and 1000U/mL LIF
Basic differentiation medium (BDM): IMDM, 15% FBS (Gibco),
200mg/mL iron-saturated transferrin, 0.1mM b-mercaptoetha-
nol, 1% GlutaMAX, and 50mg/mL ascorbic acid
OP9-DL1 medium: a-MEM, 20% FBS (CellMax)
Staining buffer: 2% FBS in DPBS
MACS buffer: DPBS, 0.5% BSA, 2mM EDTA
EM medium: a-MEM, 15% DFBS (Hyclone), 200mg/mL iron-
saturated transferrin, 0.1mM b-mercaptoethanol, 1% Gluta-
MAX, 50mg/mL ascorbic acid, 2% conditioned medium derived
from supernatants of AFT024-mIL3, AFT024-hFlt3L and
AFT024-mSCF cell culture, 1mg/mL doxycycline
DAPI solution: dilute the storage DAPI solution (1mg/mL) with
staining buffer to 2.5mg/mL.
ACK Red blood cell lysis buffer: 8.024g of NH4Cl, 1.001g of
KHCO3, and 0.372g of Na2EDTA in 1 L H2O.

6. EQUIPMENT SETUP

BDAriaIII Sorter used for sorting of iHEC cells. Setup the sorting
system according to the BD FACSAria III User’s Guide.
BD LSR Fortessa X-20 Analyzer used for cell phenotype analysis.
Setup according to the BD LSR Fortessa X-20 Cell Analyzer
User’s Guide.
RS-2000X-Ray Irradiator used for irradiation. Setup according
to manual.

7. PROCEDURE

7.1. PSCs maintenance TIMING: 7 to 10 days

! CAUTIONTheRunx1-Hoxa9 cDNA has been inserted into the
rtTA-TRE-HygroR cassette on the Rosa26 locus of C57BL/6
mouse (CD45.2+) ESCs or iPSCs by homologous recombination.
1j The feeder layers should be prepared at least 12h before
thawing the PSCs.
! CAUTION PSCs are maintained on feeder layers (colchicine-
treated MEF) in ES medium. Therefore, the feeder layers have to
be planted prior to ESCs thawing or passage. The feeder cells
should cover the bottom of the 6-well culture dish.
2j Remove a vial of frozen iR9-PSCs from liquid nitrogen tank
and put the vial into 37°C water bath until most cells are thawed.
3j Clean the vial with ethanol, and transfer the cell suspension to
a 15mL tube.
4j Add 9mL pre-warmed ES medium to the cell suspension
dropwise. Mix the suspension by shaking the tube gently.
5j Centrifuge at 250g for 5min at room temperature and discard
the supernatant.
6j Resuspend the cells with ES medium and transfer the cells into
prepared feeder dishes. Count the numbers and adjust the
concentration to 105cells/6-well in 2mL ESmedium. Incubate the
cells in 37°C, 5% CO2.
7j Change the ES medium everyday. Passage the PSCs every 3–4
days before the PSC clones become dense and contact with each
other.
? Troubleshooting

7.2. EB formation TIMING: 2.5 days

! CAUTION The growing status of PSCs is critical for achieving
the long-term hematopoietic differentiation. Cells in logarithmic
phase without differentiation trend are more conducive to the
hematopoietic induction (Fig. 2A).
8j Gelatin-coated culture dishes should be prepared 1h prior to
suspend the EB.
9jWash the iR9-PSCs by 1mL DPBS, add 0.5mL 0.05% (wt/vol)
trypsin and incubate at 37°C for 3 to 4min.
10j Add 1 to 2mL ES medium to neutralize trypsin and suspend
the cells by pipetting up and down to single-cell suspension.
11j Transfer the cell suspension to a 15mL tube. Centrifuge at
250g for 5min at room temperature and discard the supernatant.
12jResuspend the cells with ESmedium and transfer the cells into
gelatinized culture dish. Put the dish into incubator for 40min to
remove the feeder layers, because the MEF cells will adhere the
dish faster than the PSCs.
! CAUTION Adherence time should not exceed 40min,
otherwise a lot of PSCs will be lost.
13j Collect the supernatant in the gelatinized dish, wash the dish
gently by DPBS. Centrifuge at 250g for 5min at room
temperature and discard the supernatant.
14jWash the cells with 5mLDPBS to get rid of the differentiation
inhibitors in the ES medium. Centrifuge at 250g for 5min at
room temperature and discard the supernatant.
! CAUTION Remove of the differentiation inhibitors in ES
medium is important for the subsequent induction status.
15j Resuspend the PSCs in the BDM supplemented with 5ng/mL
BMP4. Count the cell numbers and adjust the concentration to
105cells/mL.
16j Plate the iR9-PSCs supernatant at 20mL/drop (≈ 2000cells/
drop) on the lids of 15cm dishes. Add some sterile distilled water
into the bottom of the 15cm dishes to prevent the evaporation of
medium on the lid. Turn over the lid and close it onto the bottom
of the dish for inverted culture. This point-in-time is set as day 0.
Incubate the cells at 37°C, 5% CO2 for 2.5 days.
17j Gelatinized 6-well dishes should be prepared 1 hour prior to
collect the EBs.
18j At day 2.5, turn over and incline the lids, flush the EBs with
DPBS. Gently collect the EBs into 50mL tube using Pasteur
pipette.
! CAUTIONDo not use pipette tips to collect the EBs since it will
break the EBs.
www.blood-science.org
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Figure 2. Morphology features of the cells during the iHECs induction from iR9-PSCs. (A) iR9-PSC clones before hanging drops for EB formation. (B) Morphology
of collected EBs at day 2.5. (C) Induced endothelia cells from EBs at day 6. (D) Cell morphology of the differentiated cells at day 11.
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19j Centrifuge at 90g for 5min at room temperature and
carefully discard the supernatant.
20j Resuspend the EBs with BDM medium supplemented with 5
ng/mL BMP4 and 5ng/mL VEGF by pipetting up and down
gently. EBs are replanted into gelatinized plates with a density of
30 to 40EBs/6-well.

7.3. iHECs induction TIMING: 8 days

21j At day 4 or day 5, half change the BDM medium
(supplemented with 5ng/mL BMP4 and 5ng/mL VEGF)
carefully.
! CAUTION Due to the loosely attachment of EBs by this time,
replace the medium gently and carefully to prevent the EBs
floating in the medium.
22j At day 6, the medium is changed to BDM supplemented with
2%conditionedmediumderived from the supernatants ofAFT024-
mIL3, AFT024-mIL6, AFT024-hFlt3L and AFT024-mSCF cell
culture. Doxycycline (1mg/mL, Sigma) is also added at day 6.
! CAUTION The AFT024 cells were overexpressed with the
genes encoding mSCF/mIL3/mIL6/hFlt3L by retrovirus trans-
duction in advance. Then we collect the supernatants of AFT024-
mIL3/mIL6/hFlt3L/mSCF cell culture as conditioned medium.
23j Replace the medium every other day (at day 8, day 10) until
iHEC sorting.
www.blood-science.org
7.4. OP9-DL1 preparation TIMING: 3 days

! CAUTION The OP9-DL1 cells attach the dishes better
if the dishes are coated with gelatin. Generally, a gelatinized
dish should be prepared before OP9-DL1 thawing or
passage.
24j Around day 7, thaw the OP9-DL1 cells for following
coculture with iHPCs.
1. Remove a vial of frozen OP9-DL1 cells from liquid nitrogen

tank and put the vial into 37°C water bath until most cells are
thawed.

2. Clean the vial with ethanol, and transfer the cell suspension to
a 15mL tube.

3. Add 9mL pre-warmed OP9-DL1 medium to the cell
suspension dropwise. Mix the suspension by shaking the
tube gently.

4. Centrifuge at 250g for 5min at room temperature and discard
the supernatant.

5. Resuspend the cells with OP9-DL1 medium and transfer the
cells into prepared gelatinized dishes. Incubate the cells in
37°C, 5% CO2.
25j Twelve hours prior to the iHPC maturation step (around day
10), collect the OP9-DL1 cells by trypsinization.
1. Wash the OP9-DL1 by 1 to 2mL DPBS, add 1mL 0.25% (wt/

vol) trypsin and incubate at 37°C for 3 to 4min.
83
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2. Add 1 to 2mL OP9-DL1 medium to neutralize trypsin and
suspend the cells by pipetting up and down to single-cell
suspension.

3. Transfer the cell suspension to a 15mL tube. Centrifuge at 250
g for 5min at room temperature and discard the supernatant.

4. Resuspend the cells with OP9-DL1 medium.
84
26jCount the cell numbers of OP9-DL1 and replant the cells into
gelatinized 12-well dish by 2�104cells/12-well. Incubate the
cells in 37°C, 5% CO2.
! CAUTION Excess OP9-DL1 cells seeded in the 12-well will
result in drift of OP9-DL1 feeder layers due to the excessive cell
density at the later stage of iHPC maturation.

7.5. iHEC sorting TIMING: 10 to 12h

27j Collect the medium in the culture dish and filter through a
70mm strainer into a 50mL tube, wash the adherent cells by
DPBS and filter the DPBS into the 50mL tube as well. Add 0.5mL
TyplE to each well and incubate at 37°C for 10 to 15min.
28j Add 1mL DPBS and suspend the cells by pipetting up and
down to single-cell suspension.
29j Filter the cells through a 70mm strainer into the 50mL tube.
30j Centrifuge the cells for 5min at 500g at 4°C. Remove the
supernatant carefully.
31j Resuspend the cells with staining buffer. Count the cell
numbers and adjust the concentration to 108cells/mL.
32j Add 0.5mL anti-mouse CD16/32 antibody per 107 cells.
Incubate the cells on ice for 15min.
33j Add 0.5mL Biotin anti-Mouse CD31 antibody per 107 cells.
Incubate the cells on ice for 20 to 30min.
34j Wash the cells with 5 volume of staining buffer. Centrifuge
for 5min at 500g and 4°C. Discard the supernatant.
35j Adjust the cell concentration to 2.5�108/mL with MACS
buffer. Add 40mL anti-biotin microbeads per 108 cells and
incubate for 30min at 4°C in dark.
36j Wash once with 5 volume of MACS buffer. Centrifuge the
cells at 500g, 4°C for 5min. Resuspend the cells with MACS
buffer.
37j Pass the cell suspension through a 25mm strainer.
38j Place a LS column on MidiMACS separator assembles with
Multistand.
39j Add 4mL MACS buffer to pre-wet the LS column.
40j Place a 15mL tube to collect the CD31 negative cells.
41j Add the microbeads incubated cells suspension, let the cells
pass through the LS column.
42j Wash the LS column with 4mL MACS buffer twice.
43j Pipette 4mL MACS buffer onto the LS column. Immediately
flush out fraction with the magnetically labeled cells into another
15mL tube by firmly applying the plunger supplied with the
column. Centrifuge the cells for 5min at 500g and 4°C.
! CAUTION Enrichment of CD31 positive cells can save time of
sorting iHECs. If the collected cells are not too much, we do not
have to enrich the CD31+ cells, just skip step 33 to step 43.
44j Resuspend the cells with staining buffer and transfer them
into Falcon® 5mL Round Bottom Polystyrene Tube.
! CAUTION Cell concentration would be around 108/mL.
45j Suspend the cells with appropriate volume of staining buffer
and stain them with antibodies including anti-Mouse CD31 PE-
Cy7, anti-Mouse CD41 APC, anti-Mouse CD45 Percp-Cy5.5,
anti-Mouse CD117 (c-kit) APC-Cy7, anti-Mouse CD201 PE
(1:200), and Streptavidin PE-Cy7 (1:400) for 20–30min on ice.
46jWash with 5 volumes of staining buffer, and centrifuge for 5
min at 500g and 4°C.
47j Resuspend the cells with DAPI solution.
! CAUTION Keep the cells on ice and in dark until sorting.
48j Sort the iHEC cells with an BD FACS Aria III sorter
instrument.
1. Prepare a 1.5mL tube for collecting iHECs filled with 0.5mL

EM medium (add 2�Penicillin-Streptomycin to avoid
contamination).

2. Check the purity and viability of sorting cells.
3. Spin down the collected iHECs by centrifuge for 5min at 500g

and 4°C.
4. Resuspend the cells with EM medium and count the cell

number.

? Troubleshooting

7.6. iHPC maturation TIMING: 10 days

49j Seed 100 to 500 sorted iHECs into each OP9-DL1 covered
well. Incubate the cells in 37°C, 5% CO2.
50j Half replace the EM medium carefully every 2 days until
iHPCs transplantation.
? Troubleshooting
51j After 10-day coculture, collect 1 million bulk cells and filter
into Falcon® 5mL Round Bottom Polystyrene Tube. Centrifuge
the cells for 5min at 500g and 4°C.
52j Resuspend the cells with 200mL staining buffer. Add 1mL
purified anti-mouse CD16/32 antibody to each sample. Incubate
the samples on ice for 15min.
53j Suspend the cells with appropriate volume of staining buffer,
and stain with the antibodies of anti-mouse CD2/CD3/CD4/
CD8/CD11b/Gr1/Ter119/CD19/NK1.1/ TCRgd Biotin (1:200)
for 20 to 30min on ice in dark.
54j Add 5�volume staining buffer into the staining tubes and
centrifuge at 4°C, 500g for 5min and then discard the supernatant.
55jAdd the related antibody (anti-mouse CD45APC, anti-mouse
CD117 PE-Cy7, anti-mouse CD135 PE, anti-mouse CD127
BV421, anti-mouse Sca1 Percp-Cy5.5, streptavidin APC-Cy7)
mix buffer into the related samples. Incubate on ice in dark for 20
to 30min.
56j Add 400mL PI solution (dilution: 1:50) to each sample and
resuspend the cells. Place the stained sample on ice.
57j Flow cytometry analysis on BD LSR Fortessa X-20 analyzer.

7.7. Transplantation of iHPC TIMING: 6 h

58j At day 21, count the cell number of iHPCs, estimate the
number of recipients.
59j Irradiate the recipient mice (8–10-week-old B-NDG mice)
with 2.25 Gy (1.0Gy/min) at least 4h before transplantation.
! CAUTION Feed the recipients with co-trimoxazole from
several days (3–7 days) before transplantation to two weeks after
transplantation.
60j Collect the suspending cells and filter the cells through a 70m
m strainer into a 50mL tube.
61jWash the adherent cells with DPBS and collect the DPBS into
the above 50mL tube.
62jAdd 0.5mL TyplE to each well and incubate at 37°C for 10 to
15min.
63j Add 1mL EM medium to neutralize TyplE and suspend the
cells by pipetting up and down to single-cell suspension.
64j Filter the cells through a 70mm strainer into the above 50mL
tube.
65j Centrifuge the cells for 5min at 500g at 4°C. Remove the
supernatant carefully.
www.blood-science.org
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66j Resuspend the cells with staining buffer. Count the cell
number and adjust the cell concentration to 3�106/mL.
67jAnesthesia the irradiated recipients bybreathingwith isoflurane.
68j Transplant the 350mL cell suspension into sublethally
irradiated recipients via retro-orbital veins.
! CAUTION Transplantation should be conducted at least 4h
after irradiation.
? Troubleshooting

7.8. Flow cytometry analysis of the iT cells TIMING: 5 h

! CAUTION The immune organs of the recipients transplanted
with the iHPCs should be analyzed at least 4 weeks after
transplantation.
Step Problem Possible Solution

7 Bad status of PSCs 1. Inefficient reagents used in ES medium.
2. Inadequate quantity of feeder cells.
3. Dense colonies of PSCs.

1. Change the reagents in the ES medium.
2. Seed sufficient quantity of feeder.
3. Passage the PSCs in time.

48 Few iHECs 1. Bad status of initiated PSCs.
2. Inaccurate cell number of PSCs in hanging EB drops.
3. Incorrect medium for iHEC induction.
4. High mortality of cells in sorting sample.

1. Start the differentiation after adjustment of the PSCs status.
2. Count the PSCs precisely before hanging the EB drops.
3. Prepare the medium according to this protocol carefully.
4. Collect the sorting cells gently as soon as possible. Shorten the

operation time at room temperature. Always put the sample on ice.

50 OP9-DL1 cells floated in
the coculture process

1. Excess OP9-DL1 cells seeded in each 12-well.
2. Overgrowth of iHPCs.

1. Transfer the iHPCs to new OP9-DL1 feeder cells once they are floating.
2. Divided the filled iHPCs into several OP9-DL1 seeded wells.

80 Transplantation failure 1. Insufficient dose of donor iHPCs.
2. Wrong irradiation dose.
3. Inefficient cytokines used in differentiation.
4. High mortality of iHPCs.

1. Transplant enough dose of iHPCs into each recipient.
2. Measure the weight of mouse before irradiation (2.25 Gy/20–25 g).
3. Change the cytokines used in the induction process in vitro.
4. Prepare the well-grown OP9-DL1 cells before coculture. Change the OP9-

DL1 feeder cells once they are floated. Divided the filled iHPCs into
several OP9-DL1 seeded wells. Collect the iHPCs gently and carefully.
69j Anesthesia the irradiated recipients by breathing with
isoflurane.
70j Collect 500mL PB into 1mL anticoagulation tube by
ophthalmic vein blood sampling.
71j Sacrifice the recipients and dissociate the immune organs. The
immune organs include spleen and lymph node.
! CAUTION The B-NDG mice are severely immunodeficient
mice whose thymus are abnormal.
72j Grind the immune organs in the staining buffer using
a syringe plunger. Pass the cell suspension through a 70mm
strainer into the 15mL centrifuge tubes. Centrifuge the cell
suspension at 4°C, 500g for 5min and then discard the
supernatant.
73jAdd 1mLACK red blood cell lysis buffer to the PB and spleen
cells to lyse the red cells. For the PB, the lysis time is 20min, and
for the spleen cells, the lysis time is 3min. Centrifuge the cell
suspension at 4°C, 500g for 5min and then discard the
supernatant.
74j Add 4mL staining buffer and resuspend the cells. Centrifuge
at 4°C, 500g for 5min and then discard the supernatant. Add
500mL staining buffer and resuspend the cells and count the cells.
75j Take 5million cells of each sample. Adjust the cell suspension
volume to 200mL for staining.
76j Add 1mL purified anti-mouse CD16/32 antibody to each
sample. Incubate the samples on ice for 15min.
77j Add the related antibody (anti-Mouse CD45.2 Percp-Cy5.5,
anti-mouse CD3 PE-Cy7, anti-mouse CD4 PE, anti-mouse CD8
www.blood-science.org
Alexa Fluor 700, anti-mouse TCRbAPC, anti-mouse TCRgd PE-
Cy5) mix buffer into the related samples. Incubate on ice in dark
for 20 to 30min.
78j Add 5�volume staining buffer into the staining tubes and
centrifuge at 4°C, 500g for 5min and then discard the
supernatant.
79j Add 800mL DAPI solution to each sample and resuspend the
cells. Place the stained sample on ice.
80j Flow cytometry analysis on BD LSR Fortessa X-20 analyzer.
? Troubleshooting
8. TROUBLESHOOTING
9. ANTICIPATED RESULTS

In this protocol, iR9-PSCs were induced to generate
hematopoietic progenitors in vitro, which gave rise to
functional T cells in vivo after transplantation. We initiated
the induction of iR9-PSCs by culture in hanging drops
without Doxycycline’s existence. After 2.5 days, the EBs
formed in each drop. The EBs were collected and suspended in
differentiation medium for induction (Fig. 2B). At day 6, the
PSCs tended to differentiate into mesoderm derived endothelial
cells (Fig. 2C). Then, the EHT was facilitated by turning on the
expression of Runx1-Hoxa9 and addition of SCF, IL3, IL6, and
Flt3L conditioned medium. The iHECs would gradually appear
in the next few days (Fig. 2D). At day 11, the iHECs were
isolated by sorting CD31+CD41lowCD45�ckit+CD201high cells
(Fig. 3) and cocultured with OP9-DL1 for 10 days for iHPC
maturation (Fig. 4). Generally, 500 iHECs could generate 2 to
3 million bulk cells after 10 days coculture, including the
phenotypic iHPCs which were defined as Lin�c-kit+ CD127+

/CD135+/Sca1+ (Fig. 5). At day 21, one million iHPCs were
transplanted into irradiated B-NDG recipients via retro-orbital
vein injection. Four weeks after transplantation, abundant
mature iT cells would occur in the PB (5–20%), spleen and
lymph node of the recipients. Mature CD4SP and CD8SP iT
cells would be detected in the PB, spleen and lymph node of iT-
B-NDG mice, the majority of which were TCRb positive
(Fig. 6).
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Figure 3. Gating strategy of sorting iHECs by flow cytometry at day 11. The differentiated cells were collected and enriched by incubation with biotin-conjugated
anti-CD31 antibody. Then, the iHECs were sorted from the CD31+ enriched cells using the CD31+CD41lowCD45�ckit+CD201high combined markers.

Wang et al.
10. DISCUSSION
This two-step protocol can efficiently generate functional T

cells frommouse PSCs by inducible expression ofRunx1-Hoxa9.
We had verified the function of iT cells by skin graft rejection
assay, CAR-T and TCR-T therapy.11 First, we transferred the iT
cells isolated from the iT-B-NDG spleen into Rag1�/� recipients
(iT-Rag1�/� mice) to evaluate the function of iT cells derived
from iR9-PSCs (C57BL/6) by skin graft rejection. Four days after
Figure 4. Cell morphology during iHPC maturation. At day 11, 500 sorted iHEC
expanded during the 10-day coculture. Representative pictures of iHPC at day 1

86
the adoptive iT cells transfer, we transplanted allogenic skin from
BALB/c mice into the iT-Rag1�/� mice. The allogeneic skin was
rapidly rejected by iT-Rag1�/� mice at around day 9 after
transplantation, as indicated by bulged, ulcerative and necrotic
lesions at the graft sites. And the iT cells rejected the secondary
allogeneic skin grafts again. It indicated the iT cells reject
allogeneic skin and form memory response in vivo. Besides the
skin graft rejection, the functions of the iT cells generated by this
s were seeded into OP9-DL1 covered dish. The iHPC gradually matured and
3, day 15, day 17, and day 21 were shown.
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Figure 5. Immuno-phenotypes of iHPCs after 10-day maturation (at day 21). Lin was defined as CD2�CD3�CD4�CD8�CD11b�Gr1�Ter119�CD19�

NK1.1�TCRgd�. iHPCs were defined as Lin�c-kit+CD127+/CD135+/Sca1+.

Chin Assoc of Blood Sci
two-step protocol have been extensively assessed using CAR-iT
cell therapy. The iT cells were obtained from the iT-B-NDG
spleen and transduced with CD19-CAR element by retroviral
infection in vitro. The CD19-CAR-iT cells were then transplanted
Figure 6. Flow cytometry analysis of iT lymphocytes in recipients transplanted with
irradiated B-NDG mice. Seven weeks after transplantation, the single nucleated b
cytometry. Representative plots were shown.

www.blood-science.org
into the luciferase-reporting B cell lymphoma (Ka539-luciferase)
mouse model. The CD19-CAR-iT cells cannot only eliminate the
tumor cells which assessed by in vivo live imaging, but also
can extend the life span of the treated tumor bearing mice
iR9-PSCs derived iHPCs. One million iHPCs were transplanted into sublethally
lood cells harvested from PB, spleen, and lymph node were analyzed by flow
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(unpublished data). Moreover, we introduced tumor antigen-
specific TCR (MHC-I-restricted OVA TCR, OT1) into iR9-PSCs
and further assessed the anti-tumor activity of the derived OT1 iT
cells. We reconstituted the OT1-iT lymphopoiesis in the Rag1�/�

mice by transplanted the OT1-iHPCs into irradiated Rag1�/�

mice. Then, we engrafted E.G7-OVA tumor cells into the groin of
the OT1-iT-reconstituted Rag1�/� mice (OT1-iT-Rag1�/� mice)
by subcutaneous injection. Tumor growth kinetics demonstrated
that the E.G7-OVA tumors were dramatically inhibited in the
OT1-iT-Rag1�/� mice. In summary, these results suggest that the
iT cells generated by this two-step protocol have normal functions.
The Runx1 and Hoxa9 are both oncogenes which can induce

tumorigenesis. Therefore, we only turn on the expression of these
two genes during the induction process in vitro, but stop their
expression once the iHPCs are transplanted in vivo. We have
maintained the B-NDG recipients transplanted with the iHPCs for
more than1year,wedidnotobserveany tumor cells appeared in the
recipients until now. We will keep an eye on the B-NDG recipients
to confirm whether the transplanted iHPCs are tumorigenic.
By a consecutive process of EB formation, iHEC induction,

iHPC maturation, and transplantation, we can generate
abundant functional mature T cells in the recipients. Therefore,
we have developed a reliable and efficient method to regenerate T
cells from PSCs. Using this protocol, large amounts of functional
T cells can be obtained in a period of 2-month time. The functions
and translational potential of the iT cells generated by this two-
step protocol have been extensively assessed.11
ACKNOWLEDGMENTS

This work was supported by grants from the Strategic Priority
Research Program of Chinese Academy of Sciences
(XDA16010601), the Health and Medical Care Collaborative
Innovation Program of Guangzhou Scientific and Technology
(201803040017), the CAS Key Research Program of Frontier
Sciences (QYZDB-SSW-SMC057), the National Key R&D
Program of China (2019YFA0110200), the Major Research
and Development Project of Guangzhou Regenerative Medicine
and Health Guangdong Laboratory (2018GZR110104006), the
Science and Technology Planning Project of Guangdong Province
(2017B030314056), the grants from the National Natural
Science Foundation of China (Grant No 81925002).
88
REFERENCES

[1] Crespo J, Sun H, Welling TH, Tian Z, ZouW. T cell anergy, exhaustion,
senescence, and stemness in the tumor microenvironment. Curr Opin
Immunol 2013;25(2):214–221.

[2] Pardoll DM. The blockade of immune checkpoints in cancer
immunotherapy. Nat Rev Cancer 2012;12(4):252–264.

[3] Schmitt TM, Zuniga-Pflucker JC. Induction of T cell development from
hematopoietic progenitor cells by delta-like-1 in vitro. Immunity
2002;17(6):749–756.

[4] Montel-Hagen A, Seet CS, Li S, et al. Organoid-induced differentiation of
conventional T cells from human pluripotent stem cells. Cell Stem Cell
2019;24(3):376–389.e8.

[5] Mohtashami M, Shah DK, Nakase H, Kianizad K, Petrie HT, Z�uñiga-
Pflücker JC. Direct comparison of Dll1- and Dll4-mediated Notch
activation levels shows differential lymphomyeloid lineage commitment
outcomes. J Immunol 2010;185(2):867–876.

[6] Sugimura R, Jha DK, Han A, et al. Haematopoietic stem and progenitor
cells from human pluripotent stem cells. Nature 2017;545(7655):
432–438.

[7] Riddell J, Gazit R, Garrison BS, et al. Reprogramming committed murine
blood cells to induced hematopoietic stem cells with defined factors. Cell
2014;157(3):549–564.

[8] Lis R, Karrasch CC, Poulos MG, et al. Conversion of adult endothelium
to immunocompetent haematopoietic stem cells. Nature 2017;545
(7655):439–445.

[9] Dzierzak E, Bigas A. Blood development: hematopoietic stem cell
dependence and independence. Cell Stem Cell 2018;22(5):639–651.

[10] Zhang M, Dong Y, Hu F, et al. Transcription factor Hoxb5 reprograms
B cells into functional T lymphocytes. Nat Immunol 2018;19(3):
279–290.

[11] Guo R, Hu F, Weng Q, et al. Guiding T lymphopoiesis from pluripotent
stem cells by defined transcription factors. Cell Res 2020;30 (1):21–33.

[12] Kurosawa H. Methods for inducing embryoid body formation: in vitro
differentiation system of embryonic stem cells. J Biosci Bioeng 2007;103
(5):389–398.

[13] Pearson S, Cuvertino S, Fleury M, Lacaud G, Kouskoff V. In vivo
repopulating activity emerges at the onset of hematopoietic specification
during embryonic stem cell differentiation. Stem Cell Reports 2015;4
(3):431–444.

[14] Pearson S, Sroczynska P, Lacaud G, Kouskoff V. The stepwise
specification of embryonic stem cells to hematopoietic fate is driven
by sequential exposure to Bmp4, activin A, bFGF and VEGF.
Development 2008;135(8):1525–1535.

[15] Zhou F, Li X,WangW, et al. Tracing haematopoietic stem cell formation
at single-cell resolution. Nature 2016;533 (7604):487–492.

[16] Holmes R, Zuniga-Pflucker JC. The OP9-DL1 system: generation of T-
lymphocytes from embryonic or hematopoietic stem cells in vitro. Cold
Spring Harb Protoc 2009;2009(2). pdb prot5156.

[17] Pereira CF, Chang B, Qiu J, et al. Induction of a hemogenic program in
mouse fibroblasts. Cell Stem Cell 2013;13(2):205–218.
www.blood-science.org

http://www.blood-science.org

	Two-step protocol for regeneration of immunocompetent T cells from mouse pluripotent stem cells
	1 INTRODUCTION
	2 EXPERIMENTAL DESIGN
	2.1 Embryoid bodies formation from iR9-PSCs
	2.2 Induction of hemogenic endothelial progenitors
	2.3 Maturation of induced hematopoietic progenitor cells by coculturing iHECs with OP9-DL1
	2.4 Generation of phenotypic and functional T cells in vivo

	3 MATERIALS
	4 EQUIPMENT
	5 REAGENT SETUP
	6 EQUIPMENT SETUP
	7 PROCEDURE
	7.1 PSCs maintenance TIMING: 7 to 10 days
	7.2 EB formation TIMING: 2.5 days
	7.3 iHECs induction TIMING: 8 days
	7.4 OP9-DL1 preparation TIMING: 3 days
	7.5 iHEC sorting TIMING: 10 to 12&x0200A;h
	7.6 iHPC maturation TIMING: 10 days
	7.7 Transplantation of iHPC TIMING: 6 h
	7.8 Flow cytometry analysis of the iT cells TIMING: 5 h

	8 TROUBLESHOOTING
	9 ANTICIPATED RESULTS
	10 DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket true
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 0
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU (Use these settings to create Adobe PDF documents for Quad Graphics' Midland MI Facility.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks true
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (U.S. Web Coated \(SWOP\) v2)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 12
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


