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preparation for high-dose chemotherapy followed by autologous stem cell rescue. Here, we investigate whether
these cryopreserved chemotherapy and granulocyte colony-stimulating factor (G-CSF)-mobilized PBSCs can serve
as starting material for CAR-T cell manufacturing. We evaluated T cell precursor subsets in cryopreserved PBSC
units from 8 patients with neuroblastoma using fluorescent activated cell sorting-based analysis. Every cryopre-
served unit collected early in treatment contained both CD4 and CD8 precursors with significant numbers of naive
and central memory precursors. Significant numbers of Ki67*/PD1* T cells were detected, presumably the result of
chemotherapy-induced lymphopenia and subsequent homeostatic proliferation. Cryopreserved PBSC units con-
taining 56 to 112 x 10° T cells were amenable to immunomagnetic selection, CD3 x 28 bead activation, lentiviral
transduction, and cytokine-driven expansion, provided that CD14 monocytes were depleted before the initiation
of cultures. Second- and third-generation CD171 CAR" CD4 and CD8 effector cells derived from cryopreserved
units displayed antineuroblastoma lytic potency and cytokine secretion comparable to those derived from a
healthy donor and mediated in vivo antitumor regression in NSG mice. We conclude that cryopreserved PBSCs
procured via standard methods during early treatment can serve as an alternative starting source for CAR-T cell
manufacturing, extending the options for heavily treated patients.

© 2018 American Society for Blood and Marrow Transplantation.

INTRODUCTION Treatment protocols for high-risk neuroblastoma in the United

The robust clinical activity of CD19-specific chimeric antigen
receptor (CAR)-T cell immunotherapy in the treatment of B cell
malignancies has generated interest in developing similar strat-
egies for solid tumor immunotherapy. Neuroblastoma, the most
common extracranial malignant solid tumor in children, arises
from the sympathoadrenal lineage of the neural crest [1].
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States and Europe currently include the harvest of granulocyte
colony-stimulating factor (G-CSF)-mobilized apheresis products,
which are intended for autologous rescue following myeloabla-
tive therapy [2,3]. Although polychemotherapy, autologous
stem cell transplantation, anti-GD2 monoclonal antibody, and
retinoic acid regimens induce initial remission in most patients,
high-risk neuroblastoma frequently relapses as a highly resis-
tant disease, demonstrating the urgent need for additional con-
solidative modalities, such as CAR-T cell immunotherapy [4].
We previously defined CD171 (also known as L1CAM) as a
target antigen for CAR-T cell therapy in pediatric neuroblastoma
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and have defined second- and third-generation CAR constructs
that selectively target a subset of CD171 molecules enriched on
tumor cells based on aberrant glycosylation [5,6]. CD171 is a
homotypic adhesion molecule that contributes to the malignant
biology of solid tumors and is ubiquitously expressed in a
homogeneous pattern by neuroblastoma at the time of diagno-
sis and after relapse [6-9]. A Phase I clinical trial in children
with refractory or relapsed neuroblastoma has been initiated,
and the tolerability of defined CD4/CD8 T cell composition of
CD171 CAR-T cell products is being studied (ClinicalTrials.gov;
NCT02311621; IND FDA#16139) [6].

Pediatric patients with neuroblastoma are intensively
treated with upfront cytotoxic regimens, and upon relapse fre-
quently receive 1-131 metaiodobenzylguanidine radiotherapy
in addition to additional rounds of chemotherapy [10]. The T
lymphocyte pool in refractory patients is damaged and
depleted, making inclusion of these patients a challenge in
CAR-T cell trials that perform apheresis on trial enrollment
[11-13]. PBSC harvest after initial chemotherapy cycles is
standard of care in many centers, and because patients typi-
cally have more PBSC units cryopreserved than are required
for the consolidative autologous transplant, we sought to
assess the feasibility of manufacturing CAR-T cell products
from this starting material. Although the successful generation
of virus-specific T cells from fresh, G-CSF-mobilized apheresis
products obtained from healthy donors (HDs) has been
described previously [14—16], the generation of tumor-specific
CAR-T cells from cryopreserved G-CSF-mobilized apheresis
products obtained from cancer patients is novel. Furthermore,
the high myeloid cell content in these G-CSF-mobilized units
has created the general belief that T cells derived from G-CSF-
mobilized products are incapable of proliferation [17]. Here we
demonstrate that PBSC products are replete with naive and
central memory precursors that, after myeloid cell depletion,
are amenable to isolation, activation, transduction, and expan-
sion into functional CAR effector cells.

MATERIALS AND METHODS
Retrospective Patient Samples

This study was conducted according to the tenets of the Declaration of
Helsinki and was approved by the Institutional Review Board of Seattle Child-
ren’s Hospital (IRB #13740). The study used apheresis products from 8
patients diagnosed with neuroblastoma and treated between 2000 and 2013
at the Department of Pediatric Hematology and Oncology of Seattle Children’s
Hospital. All human participants provided written informed consent. Blood
samples drawn from HDs served as controls.

CAR Construction and Lentiviral Production

The CD171-specific CARs used herein have been described previously [5].
In brief, the CE7 mAb scFv was codon-optimized and linked to a 12-aa
(“hinge-only”) spacer derived from human IgG4-Fc followed by the trans-
membrane domain of human CD28 and by signaling modules comprising the
cytoplasmic domain of either 4-1BB alone (second-generation CAR) or CD28
(mutant) and 4-1BB (third-generation CAR). The cDNA clones encoding CAR
variants were linked to a downstream T2A ribosomal skip element and trun-
cated EGF receptor (EGFRt) and then cloned into the epHIV7 lentiviral vector
[18]. The lentiviral vectors were produced at the Center for Biomedicine and
Genetics at City of Hope under current good manufacturing practices (BB-MF
13830, Lentiviral Vector Manufacturing and Testing, City of Hope).

T Cell Culture

Frozen apheresis products from the patients with neuroblastomas were
thawed in Normosol R plus 10% human albumin. Peripheral blood mononu-
clear cells (PBMCs) were isolated by standard protocol using Ficoll-Paque den-
sity gradient medium (GE Healthcare, Marlborough, MA) either from a thawed
patient apheresis product or from a fresh collected HD apheresis product. Cells
were then used for flow cytometry staining or, after CD14 depletion using
CD14 magnetic beads (Miltenyi Biotec, Bergisch Gladbach, Germany), stimu-
lated with anti-CD3 and anti-CD28 beads (TransAct; Miltenyi Biotec) and cul-
tured in X-Vivo medium (Lonza, Basel, Switzerland) supplemented with 10%
FBS (Atlas Biologicals, Fort Collins, CO), recombinant human IL-2 (50 U/mL),
and IL-15 (.5 ng/uL). Transduction was performed 1 day after activation by

centrifugation at 800 x g for 30 minutes at 32°C with lentiviral supernatant
(multiplicity of infection, .25 to 1) supplemented with 1 mg/mL protamine sul-
fate (APP Pharmaceuticals, Barceloneta, Puerto Rico). Approximately 10 days
later, EGFRt" T cells were enriched by immunomagnetic selection with biotin-
conjugated Erbitux (Bristol-Myers Squibb, New York, NY) and streptavidin-
microbeads (Miltenyi Biotec) as described previously [18]. At the end of the
stimulation cycle, cells were cryopreserved in aliquots in a cell bank and
thawed for subsequent in vitro and in vivo experiments.

Further expansion of CAR-T cells was carried out by coculture with irradi-
ated PBMCs and Epstein-Barr virus-transformed lymphoblastoid cell lines
with OKT3 (30 ng/mL) in Gibco RPMI medium (Thermo Fisher Scientific, Wal-
tham, MA), supplemented with 10% FBS (HyClone; Thermo Fisher Scientific)
and IL-15 (.5 ng/mL) plus IL-2 (50 U/mL) for CD8" cells and IL-15 (.5 ng/mL)
plus IL-7 (5 ng/mL) for CD4" cells. In vitro experiments were performed on
day 11 of expansion cultures. For in vivo experiments, cells were expanded
until day 13, cryopreserved in aliquots in cell banks, and then thawed before
injection.

Cell Lines

The neuroblastoma cell lines SK-N-BE(2) and SK-N-DZ were obtained
from the American Type Culture Collection (Manassas, VA). The IL-2-secreting
firefly luciferase (ffLuc)-expressing SK-N-DZ was generated as described pre-
viously [5]. All neuroblastoma cell lines were cultured in DMEM (Cellgro;
Corning Life Sciences, Tewksbury, MA) supplemented with 10% FBS and
2 mmol/L t-glutamine.

Protein Expression
Western Blot Analysis

T cells were harvested, washed twice in PBS, and lysed in RIPA lysis buffer
containing protease inhibitor (MilliporeSigma, Burlington, MA). Proteins
were analyzed by SDS/PAGE followed by Western blotting using anti-CD247
(CD3-¢; BD Biosciences, San Jose, CA), according to the manufacturer’s
instructions. Protein bands were detected using an Odyssey Infrared Imager
(LI-COR, Lincoln, NE).

Flow Cytometry

Immunophenotyping was conducted with the following fluorophore-
conjugated mAbs: CD3, CD4, CD8, CD11¢, CD14, CD16, CD19, CD27, CD28,
CD45RA, CD45R0, CD56, CD62L, CD69, CD123, CD127, Ki67, TIM-3, PD1 (BD
Biosciences and BioLegend, San Diego, CA), and LAG3 (R&D Systems, Minne-
apolis, MN). Dead cells were excluded from analysis using a fixable viability
stain (BD Biosciences). Cell surface expression of CD171 was analyzed using a
fluorophore-conjugated mAb (clone 014; Sino Biological, Wayne, PA) or the
biotinylated CE7 mAb with a fluorophore-conjugated streptavidin secondary
reagent. EGFRt expression was analyzed using fluorophore-conjugated cetux-
imab (Bristol-Myers Squibb and BD Biosciences). Flow analyses were per-
formed on an LSRFortessa (BD Biosciences), and data were analyzed using
Flow]o software (Flow]o, Ashland, OR).

In Vitro T Cell Assays
Chromium Release Assay for Cytotoxicity

Target cells were labeled with >'Cr (PerkinElmer, Waltham, MA), washed,
and incubated in triplicate at 5 x 10 cells per well with T cells at various
effector to target (E:T) ratios. Supernatants were harvested after a 4-hour
incubation for y-counting using Top Count NTX (PerkinElmer), and specific
lysis was calculated as described previously [19].

Cytokine Release

A total of 5 x 10° T cells were plated with stimulator cells at an E:T ratio
of 2:1 for 24 hours. IFNy, TNFe, and IL-2 in the supernatant were measured
using the Bio-Plex cytokine assay and Bio-Plex-200 system (Bio-Rad Labora-
tories, Hercules, CA).

In Vivo Experiments
NOD/SCID/yc”" Mice

The NSG mouse tumor model was conducted under the Seattle Children’s
Research Institute’s Institutional Animal Care and Use Committee-approved
protocol 13853. Adult male NOD.Cg-Prkdc*® I12rg™™i/Sz] (NOD scid
gamma [NSG]) mice were obtained from The Jackson Laboratory (Bar Harbor,
ME) or bred in-house. Mice were injected intracranially on day 0 with 2 x 10°
IL-2-secreting, ffLuc-expressing SK-N-DZ tumor cells 2 mm lateral and .5 mm
anterior to the bregma and 2.5 mm deep to the dura. Mice received a subse-
quent intratumoral injection of 2 x 10° mock-transduced or CD171 CAR-
modified T cells 7 days later. For bioluminescent imaging of tumor growth,
mice received i.p. injections of D-luciferin (4.29 mg/mouse; PerkinElmer).
The mice were anesthetized with isoflurane and imaged using the IVIS Spec-
trum Imaging System (PerkinElmer) at 15 minutes after D-luciferin injection.
Photon flux was analyzed within regions of interest using Living Image ver-
sion 4.3 (PerkinElmer).
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Figure 1. Treatment schema for patients with high-risk neuroblastoma responding to therapy. AHSCT, autologous hematopoietic stem cell transplantation; PBSC,

peripheral blood stem cells.

Statistical Analyses

Statistical analyses were conducted using Prism (GraphPad Software, LA
Jolla, CA). Data are presented as mean + standard deviation. Means of all
groups were compared for statistical differences using Student’s t test or for
statistical analyses of survival by log-rank testing. Results with a P value <.05
were considered significant.

RESULTS
T Cell Composition of Patient PBSC Units

The T cell populations in patient-derived cryopreserved G-
CSF-mobilized PBSCs obtained early in the treatment protocol
for high-risk neuroblastoma (Figure 1) were examined by multi-
parameter FACS analysis. We investigated cryopreserved sam-
ples from 8 patient PBSC units with high-risk neuroblastoma
enrolled in Children’s Oncology Group neuroblastoma trials and
treated at Seattle Children’s Hospital [20,21]. We analyzed
mononuclear cells including T cell subsets and markers for T cell
exhaustion and T cell activation status; gating strategies for
FACS analysis are shown in Supplementary Figures 1 and 2. The
T, B, natural killer (NK), and dendritic cell populations varied
among the patients. CD3* T cells composed a mean of 23.3%
(range, 12.9% to 44.3%) of mononuclear cells (Table 1), with the
majority expressing the CD8 marker for T cells (mean, 63.9%;
range, 34.6% to 88.7%; Figure 2A). In contrast, the majority of
CD3" T cells from the 5 healthy donors expressed CD4 (mean,
64.8%; range, 60.3% to 71.4%). Frequencies of T cells displaying a
central memory phenotype (Tcy, defined as CD45RO*CD62L")
or naive phenotype (T, defined as CD45ROCD62L") were
lower in pediatric patients than in adult HDs (patients:
CD4'Tey™: mean, 15.4%; range, 3.4% to 46.4%; CD8 Tcy™: mean,
7.9%; range, .2% to 16.0%; CD4'Ty": mean, 15.6%, range, .5% to
39.8%; CD8'Ty'": mean, 17.4%; range, 1.4% to 44.0%). Most
patient T cells were effector memory (Tgy, defined as
CD45RO*CD62L™; CD4'Tgy'": mean, 36.3%; range, 17.7% to
67.3%; CD8' Ty : mean, 30.6%; range, 5.7% to 43.1%) or effector
T cells (Tgy, defined as CD45RO-CD62L™; CD4'Tgs": mean,

Table 1

Lineage Panel of Thawed Apheresis Products from 8 Patients with Neuroblastoma

32.7%; range, 7.3% to 63.8%; CD8'Teg: mean, 44.1%; range,
26.0% to 77.8%; Figure 2B). Patient products contained only few
activated T cells (<15% CD25" or CD69"); however, both CD4
and CD8 T cells in the products were proliferating (CD4*Ki67":
mean, 39.3%; range, 9.4% to 63.3%; CD8'Ki67": mean, 53.3%;
range, 5.5% to 88.2%; Figure 2C).

In contrast to HDs, high frequencies of CD4* and CD8*
patient T cells expressed the inhibitory receptor programmed
cell death protein 1 (PDCD1, also known as PD-1; patients:
CD4'PD1*: mean, 53.3%; range, 22.7% to 97.4%; CD8'PD1":
mean, 49.6%; range, 18.5% to 74.7%; HDs: CD4"PD1": mean,
3.0%; range, .9% to 5.7%; CD8'PD1": mean, 3.6%; range, 1.3% to
6.2%; Figure 2D). Some patient CD8" cells also expressed hepati-
tis A virus cellular receptor 2 (HAVCR2, also known as TIM-3;
CDS'TIM-3": mean, 15.1%; range, 1.9% to 36.9%), consistent with
previously described markers of T cells undergoing lympho-
penic proliferation rather than functional exhaustion
(Figure 2D) [22]. Consistent with this, T cells coexpressing LAG3,
a marker of exhaustion, (CD4"LAG3*: mean, 2.3%; range, .8% to
4.7%; CD8'LAG3": mean, .8%; range, .3% to 1.5%) were rare.

Monocyte Depletion of Thawed PBSC Units Is Required for
Subsequent T Cell Activation and Proliferation

Initial attempts to thaw and expand T cells present in cryo-
preserved G-CSF-stimulated PBSCs failed because of the out-
growth of monocytes. Monocytes outnumbered lymphocytes
by a median of >4-fold (range, 4.2- to 20.2-fold) in 6 of the 8
cryopreserved samples, whereas there were more lympho-
cytes than monocytes in healthy donor-derived non-G-CSF-
stimulated PBSCs (Figure 3A) [23,24]. Following CD14 immu-
nomagnetic depletion leading to a nearly 100% CD14" popula-
tion, CD3 x 28 bead-activated CD4 and CD8 T cells could be
expanded more than 2-fold within 9 days of culture, whereas
numbers of CD3 x 28 bead-activated CD4 and CD8 T cells in
nondepleted preparations decreased (Figure 3B). Therefore,

Patient Live Cells Monocytes Lymphocytes T Cells B Cells NK Cells pDCs mDCs
1 97.3 81.6 17.7 129 7.85 5.75 12.7 5.02
2 99.6 31.7 63.5 31.8 7.10 3.13 2.55 2.44
3 96.1 83.5 143 25.3 438 15.5 15.8 11.7
4 97.3 89.2 10.2 15.0 1.55 5.54 20.5 27.3
5 95.7 79.0 189 26.6 5.59 5.58 5.02 9.92
6 85.5 94.1 4.66 13.8 1.00 22.8 10.7 29.5
7 95.0 90.9 8.76 16.6 0.56 26.0 10.2 23.2
8 98.1 27.7 715 443 3.97 1.51 1.97 1.40

pDCs indicates plasmacytoid dendritic cells; mDCs, myeloid dendritic cells .

All cells were gated on live cells. Monocytes were gated on CD45*CD14*CD56CD3~CD19-CD16~ cells. Lymphocytes were gated on CD45°CD14~ cells. T, B, NK, and
dendritic cells were gated within the lymphocytes. T cells were gated on CD3" cells; B cells, on CD19" cells. NK cells were gated on CD3-CD19-CD56" cells. pDCs were
gated on CD3-CD19-CD56~CD16~CD123" cells. mDCs were gated on CD3-CD19-CD56 CD16-CD11c" cells.
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Figure 2. Phenotypic analysis of previously collected and freshly thawed apheresis products from 8 patients with neuroblastoma. (A) Flow cytometric quantification
of the CD4:CD8 ratio in thawed apheresis products derived from patients and in fresh blood derived from HDs. (B) Flow cytometric quantification of CD45R0O and
CD62L surface expression (Tcv, central memory T cells: CD45R0O*CD62L"; Ty, effector memory T cells: CD45RO*CD62L™; Tggy, effector T cells: CD45RO~CDG2L™; Ty,
naive T cells: CD45RO~CD62L"). (C) Flow cytometric quantification of CD25, CD69, and Ki67 surface expression. (D) Flow cytometric quantification of PD1, LAG3, and
TIM-3 surface expression. All cells were first gated on single cells, followed by live CD3* lymphocytes. Bar graphs represent mean + SD. Pat, patient.
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Figure 3. Manufacturing CD171 CAR-T cell products from frozen apheresis products. (A) Flow cytometric quantification of lymphocyte:monocyte ratio in thawed
apheresis products derived from patients and in fresh blood derived from HDs. (B) Expansion curves of PBSCs isolated from a frozen apheresis product derived from a
patient with neuroblastoma treated with and without immunomagnetic CD14 bead depletion. (C) CD171 CAR-T cell manufacturing schema. (D) Growth curves of sec-
ond- and third-generation CD171 CAR-T cell products manufactured from frozen apheresis products from 3 patients with high-risk neuroblastoma. 2G, second gener-

ation; 3G, third generation.

we established a manufacturing protocol containing magnetic
CD14 depletion to eliminate the growth-inhibiting monocytes
before T cell activation (Figure 3C).

Mimicking the GMP manufacturing process used in the
ongoing ENCIT-01 clinical trial, cells were transduced on day 1
with clinical-grade lentiviral vector containing either the sec-
ond- or third-generation CD171 CAR transgene. CAR-T cell
products manufactured from 3 unique G-CSF-stimulated aphe-
resis products (collected from 3 patients with neuroblastoma)
exhibited 7.9- to 26.3-fold expansion (Figure 3D) achieving T
cell numbers necessary for clinical trials administering up to
1 x 107 CAR-T cells/kg body weight. The transduction effi-
ciency for the CD4" T cells ranged from 59.6% to 74.7% for the
second-generation CAR-T cell products (mean, 64.8%) and
from 52.8% to 78.8% for the third-generation CAR-T cell prod-
ucts (mean, 66.4%). Transduction efficiency for the CD8" T cells
ranged from 61.0% to 72.8% for the second-generation CAR-T
cell products (mean, 65.4%) and from 71.1% to 73.0% for the
third-generation CAR-T cell products (mean, 72.1%)
(Figure 4A). On day 14 of ex vivo culture, CAR-T cell products
displayed a viability of >80% and were enriched for homoge-
neous levels of EGFRt expression by cetuximab immunomag-
netic positive selection [18].

Following EGFRt selection and thus enrichment of CAR-
expressing T cells, the viability dropped for both second- and

third-generation CAR-T cell products from patient 1, necessitat-
ing dead cell removal by Ficoll gradient centrifugation
(Figure 4B). The second- and third-generation vectors per-
formed equally well in CD4* and CD8" T cell subsets using T cell
expansion, transduction efficiency and viability as endpoints.
Protein expression of the CAR variants was confirmed by West-
ern blot analysis for CD3¢ (Figure 4C). Using the same transduc-
tion and expansion strategy, we also generated control CD171
CAR-T cells obtained from a fresh HD apheresis product.

CAR-T Cells Generated from Cryopreserved Patient-Derived
PBSC Products Display Anti-Tumor Activity in Vitro and
in Vivo

Cryopreserved CD171 CAR-T cells were thawed and ana-
lyzed for viability using trypan blue staining. All CD171 CAR-T
cell products displayed a viability >60% after thaw, meeting
the current good manufacturing practices release criteria (Sup-
plementary Figure 3A). The phenotypic classification of the
final CD171 CAR-T cell products generated from cryopreserved
G-CSF-stimulated PBSC apheresis products was analyzed using
FACS-based analysis. The third-generation CAR-T cell products
from all 3 patients contained higher numbers of CD8" T cells
than the second-generation CAR-T cell products (second-gen-
eration CD8" T cells: mean, 32.2%; range, 29.0% to 36.7%; third-
generation CD8" T cells: mean, 48.6%, range, 39.2% to 58.6%;
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Figure 4. Enrichment for CD171 CAR-T expression. (A) EGFRt surface expression detected with cetuximab in CD4* and CD8" second- and third-generation CD171
CAR-T cell products before and after sorting for EGFRt. (B) Viability curves of second- and third-generation CD171 CAR-T cell products from 3 patients with neuroblas-
toma. (C) Expression levels of second- and third-generation CAR detected by Western blot analysis with an antibody against CD3¢.

P=.06; Supplementary Figure 3B), but the difference did not
reach statistical significance. We detected wide ranges of
expression levels of CD45R0 and CD62L between the manufac-
tured products compared with the starting apheresis speci-
mens. CD45R0 and CD62L are commonly used surface markers
to define T cell subsets displaying a naive-, effector-, effector
memory- or central memory-like phenotype [25]. CAR-
expressing CD4" T cells displayed a 1.8-fold increase in sec-
ond-generation produces and a 2-fold increase in third-gener-
ation products in CD45RO*CD62L" cells compared with the
starting material (CD45RO*CD62L" mean in starting material,
21.5%; range, 3.4% to 46.4%; CD45RO*CD62L" mean in manu-
factured second-generation product, 38.4%; range, 32.9% to
43.2%; CD45RO"CD62L" mean in manufactured third-genera-
tion product, 42.5%; range, 27.8% to 58.3%), whereas the CAR-
expressing CD8" T cells displayed a 1.3-fold increase for second
generation and a .1-fold decrease for third generation in
CD45R0O"CD62L" expression (CD45R0O*CD62L" mean in starting
material, 10.0%; range, .8% to 16.0%; CD45RO*CD62L" mean in
manufactured second-generation product, 13.1%; range, 4.6%
to 18.2%; CD45RO"CD62L" mean in manufactured third-gener-
ation product, 8.7%; range, 4.8% to 13.4%). In general, the CAR-
expressing CD8" T cells remained CD45RO*CD62L~ (second
generation, 1.1-fold increase; third generation, .2-fold decrease
with CD45RO"CD62L™ mean in starting material, 25.6%; range,
8.8% to 34.6%; CD45RO'CD62L~ mean in manufactured sec-
ond-generation product, 26.8%; range, 12.4%-38.0%;
CD45RO"CD62L~ mean in manufactured third-generation
product, 20.0%; range, 11.6% to 28.3%) and CD45RO~CD62L"~
(second generation, 1-fold increase; third generation, 1.1-fold

increase with CD45RO~CD62L~ mean in starting material,
45.7%; range, 26.0% to 77.8%; CD45RO~CD62L~ mean in manu-
factured second-generation product, 44.2%; range, 28.7% to
73.9%; CD45RO~CD62L~ mean in manufactured third-genera-
tion product, 48.8%; range, 30.2% to 64.9%) following ex vivo
culture (Figure 5A).

Cytolytic activity was determined in vitro using 4-hour
chromium and 24-hour cytokine release assays and in vivo
using a Xxenograft mouse model. Both second- and third-gen-
eration CAR-T cells resulted in lysis of CD171" neuroblas-
toma target cell lines, although greater lysis was observed
following exposure to third-generation CAR-T cells (50:1 E:T
ratio: median lysis of second-generation CAR-T cells, 21.8%;
range, 10.3% to 32.8%; median lysis of third-generation CAR-
T cells, 36.7%; range, 21.2% to 44.8%; P < .0001; Figure 5B).
Patient-derived second- and third-generation CAR-T cells
both released IFNy (second-generation: mean, 367.8 pg/mL;,
range, 268.8 to 466.3 pg/mL; third-generation: mean, 918.8
pg/mL; range, 755.7 to 1192.6 pg/mL), IL-2 (second-genera-
tion: mean, 49.7 pg/mL; range, 37.3 to 68.7 pg/mL; third-
generation: mean, 66.9 pg/mL; range, 33.3 to 115.8 pg/mL)
and TNFa (second-generation: mean, 658.8 pg/mL; range,
433.3 to 1024.7 pg/mL; third-generation: mean, 509.0 pg/
mL; range, 173.5 to 962.5 pg/mL) during coculture with
CD171" tumor cells, with a significant difference for IFNy
between second- and third-generation CAR-T cells (P <
.0001) (Figure 5C).

To assess antitumor activity in vivo, we performed adoptive
transfer experiments in NSG mice with established human
neuroblastoma xenografts stereotactically implanted in the
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cerebral hemisphere (Figure 6A). All SK-N-DZ tumor-engrafted
mice treated with intratumoral injection of 2 x 10° second- or
third-generation CD171 CAR-T cells generated from patient-
derived G-CSF- stimulated apheresis products demonstrated
tumor regression and prolonged survival compared with non-
CAR-expressing negative mock control T cells (second-genera-
tion, P < .0001; third-generation, P=.0001) (Figure 6B and C).
Following cell expansion, both CD4" and CD8" CD171 CAR-T
cells developed increased expression of the inhibitory recep-
tors LAG3 and TIM-3 compared with the starting material
(CD4'LAG3" T cells: second-generation, 13.6-fold increase;
mean, 18.0%; range, 15.8% to 20.0%; third-generation, 17.3-fold
increase; mean, 22.9%; range, 20.5% to 26.3%; CDS'LAG3* T
cells: second-generation, 6.7-fold increase; mean, 5.3%, range,
3.0% to 7.3%; third-generation, 7.7-fold increase; mean, 6.2%;
range, 5.2% to 7.3%; CD4'TIM-3" T cells: second-generation,
94.4-fold increase; mean, 72.1%; range, 64.4% to 79%, third-
generation, 93.0-fold increase; mean, 71.0%; range, 60.3% to
86.5%; CDS8'TIM-3" T cells: second-generation, 10.7-fold
increase; mean, 89.0%; range, 84.2% to 92.2%, third-generation,
10.6-fold increase; mean, 87.8%; range, 84.0% to 90.1%),
whereas only the CD4" cells showed increased expression of
PD1 (CD4*PD1" T cells: second-generation, 1.1-fold increase;
mean, 61.8%; range, 58.4% to 67.5%; third-generation, 1.3-fold
increase; mean, 73.7%; range, 71.2% to 77.0%; CDS*PD1" T cells:

second-generation, 4.6.-fold decrease; mean, 9.1%; range, 5.3%
to 15.4%; third-generation, 2.7-fold decrease; mean, 15.3%;
range, 8.0% to 24.4%) (Figure 6D).

Because the up-regulation of multiple inhibitory receptors
did not impact the in vivo efficacy of the CD171 CAR-T cells,
this up-regulation was most likely due to T cell activation and
not to exhaustion [26]. This was in line with our previous find-
ing of increasing PD1 expression on initial T cell stimulation
using CD3 x 28 beads, with a return to basal levels after 6 days
of expansion, underscoring its role as an early activation
marker (unpublished data). Furthermore, there was a signifi-
cant difference between the second- and third-generation final
products only for CD4*PD1" cells (P = .0094) and not for any of
the other markers assessed.

DISCUSSION

CAR-T cell therapy has been the subject of a considerable
number of early-phase clinical trials. Two CAR-T cell products
received Food and Drug Administration approval in 2017:
Kymriah (Novartis Pharmaceuticals, Basel, Switzerland) and
Yescarta (Kite Pharma/Gilead Sciences, Foster City, CA). Never-
theless, manufacturing CAR-T cell products from heavily pre-
treated patients remains challenging, because these patients
are often severely lymphopenic and have higher Tgy frequen-
cies in their CD4 and CD8 T cell subsets, which are known to
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have shorter persistence and inferior antitumor immunity patient-derived cryopreserved G-CSF-mobilized PBSC aphere-
compared with Tcy subsets [27—-29]. Here we provide proof of sis products.
concept that bioactive CAR-T cells can be manufactured from Cryopreserved apheresis products isolated early after diag-

nosis have enormous potential as an alternative T cell source
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to blood draws or apheresis at tumor relapse or recurrence.
The use of cryopreserved PBSC products as an alternative
source for generating CAR-T cells has an economic impact,
avoiding not only the additional cost, but also the patient dis-
comfort associated with an additional apheresis procedure or
high-volume blood draw. Furthermore, as CAR-T cell therapy
becomes a more commonly accepted first-line therapy, the
current treatment protocol using intensive chemotherapy regi-
mens administered within only a few weeks might not allow
for the bone marrow recovery necessary for CAR-T cell product
manufacturing, and PBSCs collected and cryopreserved early
during treatment may be needed. The same applies for the
administration of neuroblastoma-specific CAR-T cells in the
minimal residual disease setting shortly after high-dose che-
motherapy, as is currently done with NK cells. Finally, using a
central specialized center or facility manufacturing CAR-T cells
for different cancer entities would also become more feasible,
because frozen starting products could be easily shipped to the
manufacturing site for CAR-T cell production.

We have demonstrated that the use of G-CSF-stimulated
cryopreserved PBSCs requires monocyte depletion before
CD3 x 28 bead-based activation of isolated T cells, presumably
because monocytes can phagocytose beads and potentially
secrete soluble factors, such as prostaglandin E2, that inhibit T
cell activation [30,31]. Monocyte-depleted PBSC product-
derived T cells were amenable to lentiviral vector transduction
and were competent for subsequent ex vivo proliferation to
achieve the cell doses needed for CAR-T cell therapy.

We evaluated the use of cryopreserved G-CSF-stimulated
PBSCs collected by apheresis very early in the treatment pro-
tocol as a source of T cells for CAR-T manufacturing. Patients
with high-risk neuroblastoma were selected as an example
patient cohort who could benefit from this technological
advancement. For instance, patients diagnosed with primary
neuroblastoma, classified as a high-risk disease, undergo
dose-intensive therapy, including myeloablative consolida-
tion chemotherapy requiring PBSC rescue. Dose-intensive
chemotherapy is also often a part of treatment for relapsed or
refractory neuroblastoma. We experienced difficulties
expanding T cells from the 10.5% seen in the first patients
with neuroblastoma enrolled in the ENCIT trial [6,13]. It is
likely that the dose-intensive chemotherapy and radiother-
apy to which the patients have been exposed during previous
treatment has negatively impacted isolation and ex vivo
expansion of isolated T cells. This is in line with results from a
University of Pennsylvania study in which 24% of patients
with leukemia were excluded from CD19-CAR manufacturing
owing to failure in the “test expansion” performed before
patient enrollment into a clinical trial [11]. The authors pro-
posed that previous chemotherapy, especially therapy admin-
istered to patients with high-risk leukemia might have a
negative impact on T cell expansion. To circumvent this prob-
lem, we propose using the cryopreserved G-CSF-stimulated
PBSCs collected by apheresis early after diagnosis as a source
of T cells for patients with neuroblastoma.

The differentiation status of T cells present in the starting
product emerges as an important parameter for generating
CAR-T cell products capable of proliferation and persistence
following adoptive T cell therapy [32,33]. T cells used for adop-
tive therapy must retain their intrinsic capacity for self-
renewal and proliferation to eradicate large, established
tumors. Preclinical xenograft models have shown that CAR-T
cells derived from CD8" and CD4" Ty and Ty subsets are more
potent than those manufactured from Tgy subsets, and that a
combination of the optimal CD8* and CD4" T cell subsets leads

to synergistic antitumor activity [27]. We demonstrated that
cryopreserved G-CSF-stimulated apheresis products contain
sufficient numbers of CD4 and CD8 T cell precursors with
T naive and central memory differentiation subsets with repli-
cating potential and the capacity to generate large numbers of
effector T cells after tumor stimulation. A comparison of the
T cell phenotype from the cryopreserved G-CSF-stimulated
PBSCs with the T cell phenotype from the PBSCs of the first 5
patients enrolled in ENCIT-01, in whom the CAR-T cells were
generated from freshly harvested apheresis products [6],
revealed that the CD8 repertoire of the G-CSF-stimulated aphe-
resis products contained higher frequencies of naive and cen-
tral memory T cells, indicating (1) greater ex vivo expansion
capability, (2) ability to give rise to memory and effector T cell
subsets, (3) enhanced in vivo persistence, and (4) improved
antitumor activity [34,35].

Based on our findings, we conclude that biobanked PBSCs
collected by apheresis offer an excellent alternative source for
CAR-T cell manufacturing. Future detailed phenotypic and
ex vivo expansion analyses of starting materials, as well as pre-
selection of defined functional T cell subsets and functional
analysis of the final CAR-T cell products administered to
patients will be essential to develop the most effective CAR-T
cell products.
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