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Abstract Adoptive cell therapy employing gene-modified
T-cells expressing chimeric antigen receptors (CARs) has
shown promising preclinical activity in a range of model
systems and is now being tested in the clinical setting. The
manufacture of CAR T-cells requires compliance with
national and European regulations for the production of
medicinal products. We established such a compliant pro-
cess to produce T-cells armed with a first-generation CAR
specific for carcinoembryonic antigen (CEA). CAR T-cells
were successfully generated for 14 patients with advanced
CEA™ malignancy. Of note, in the majority of patients, the
defined procedure generated predominantly CD4t CAR
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T-cells with the general T-cell population bearing an effec-
tor—-memory phenotype and high in vitro effector func-
tion. Thus, improving the process to generate less-differ-
entiated T-cells would be more desirable in the future for
effective adoptive gene-modified T-cell therapy. However,
these results confirm that CAR T-cells can be generated in
a manner compliant with regulations governing medicinal
products in the European Union.
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CTA Clinical trials authorization
DC Dendritic cell

DMSO Dimethyl sulfoxide

FBS Fetal bovine serum

GMP Good manufacturing process

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid

HSA Human serum albumin

PBS Phosphate-buffered saline

PQ Process quantification

scFv Single-chain variable fragment

TSE Transmissible spongiform encephalitis
UK United Kingdom

Introduction

Impressive early-phase clinical results have been reported
with adoptive cell therapies using antibody-based chimeric
antigen receptors (CAR) targeting B cell malignancies
[1-4]. These demonstrate the potential of this approach in
tackling advanced cancer. However, CAR T-cell therapy to
treat solid tumors has a lower profile with few trials cur-
rently reported (as recently reviewed in [5, 6]).

Carcinoembryonic antigen (CEA) is a tumor-associated
antigen, highly expressed on a broad range of gastrointesti-
nal and other tumors [7]. The CEA-specific MFE23 single-
chain antibody fragment (scFv) was isolated from a phage
display library [8] and has been used clinically in imaging
studies [9] and as a part of an enzyme pro-drug therapy [10].
The excellent safety profile of the MFE23 scFv in these clin-
ical studies prompted its further development in a CAR strat-
egy. A first-generation CAR consisting of the MFE23 scFv
fused to the CD3t chain of the T-cell receptor/CD3 complex
(MFE, Fig. 1a) was functional in normal donor T-cells [11]
and also redirected the effector function of patient T-cells in
an antigen-specific manner [12]. Interestingly, the MFE scFv
appears to function optimally in the absence of an extracellu-
lar spacer region unlike other scFv specific for CEA [13] and
other similar tumor-associated antigens [14]. Based upon
these studies and the background of extensive vaccine and
antibody-directed immune therapy targeting of CEA [15],
a phase I clinical protocol was opened in November 2007
based upon first-generation MFEt CAR technology to treat
patients with advanced CEA™ malignancy (NCT 01212887,
EUDRACT-2005-004085-16).

To generate CAR T-cells for this protocol, compliance
with good manufacturing process (GMP) was essential in
order to adhere to the 2004 European Union Clinical direc-
tive and associated legislature (i.e., 2003/94/EC, 2001/20/EC,
1968 UK Medicines Act and SI 2004 1031, EU Guide to
GMP and Eudralex Volume IV, and subsequent ATMP regu-
lations). Here, we document a fully GMP-compliant process
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used in the UK to generate large numbers and report product
characteristics of gene-modified CAR T-cells for administra-
tion to patients in a clinical trial setting.

Methods
Materials

Where possible, materials used for the manufacture of
MFE¢ T-cells were sourced from medical device manufac-
turers or preference given to materials that were CE marked
for that purpose. Where materials were not manufactured
specifically for the purpose, the materials were evaluated
within process quantification (PQ) manufacturing runs to
demonstrate that the products met the release requirements.
All cell culture media and additives were sourced from
Life Technologies (Paisley, UK) except where stated. Fetal
bovine serum (FBS, PAA laboratories, Pasching, Austria)
was certified according to recommendations of the Euro-
pean Directorate for the Quality of Medicines & Health-
care. GMP-compliant T-cell-mixed media composed of
20 % Roswell Park Memorial Institute (RPMI) media and
80 % AIM V were produced by Life Technologies (Paisley,
Scotland). Pooled AB serum was supplied by Valley Bio-
medical (Winchester, VA, USA) and complied with Direc-
tive 2001/83/EC for the selection of donors and sourced
from a region of low transmissible spongiform encepha-
litis (TSE) exposure. Interleukin-2 (IL-2; Proleukin) was
obtained from Novartis, Camberley, UK, and frozen in ali-
quots at a concentration of 10® TU/mL based upon reported
stability studies [16].

Flow cytometric analysis

About 100 pl samples of cells or blood were stained using
the combination of either anti-CD45-FITC (clone J33,
Beckman Coulter, High Wycombe, UK), anti-CD3-PE
(clone UCHT-1), and 7-AAD or anti-CD3-FITC, Annexin-
V-PE, and 7-AAD (all reagents were from BD Biosciences
unless stated) in an additional 100 wl of 2x Annexin-V
binding buffer for 20 min in the dark before the addition
of 1 mL of 1x Lysis solution (Pharm Lyse) and 100 pul of
Flowcount beads (Beckman Coulter) and incubation for
a further 10 min. After staining and lysis, the cells were
analyzed and enumerated using a FC500 flow cytometer
(Beckman Coulter) based upon the following phenotypes:

CD45™ white blood cells;

CD45% CD3™ (T-cells from all white blood cells);
CD45" CD3~ (Non-T-cell from white blood cells);
SSC/CD45" (granulocyte, lymphocyte, and monocyte
populations).
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Fig.1 The MFEt vector and
white cell count and composi-
tion of MFEE patient leuka-
pheresis products prior to

cell processing. a Schematic
representation of the inte-
grated pMP71 retroviral vector
encoding the MFEt CAR.
Gene expression is driven by
the 5’ long-terminal repeat
(LTR) with the 1.2 Kb MFEg
transgene cassette compris-

ing the oncostatin M leader
sequence and the MFE23 scFv
fused to amino acids 19-166

of the human CD3¢ receptor.
Amino acids 19-23 were modi-
fied from the original TEAQ
sequence to TDGA as described
[11]. b White cell counts for
each leukapheresis product
collected. ¢ Relative frequency
of granulocytes, monocytes, B-,
and T-cells within the leuka-
pheresis product of each patient.
36006-C refers to the analysis
of the cryopreserved leukapher-
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In each sample, 7-AAD was included to discriminate
dead cell populations. To identify MFE; CAR express-
ing T-cells, a two-layer stain of biotinylated CEA (bioti-
nylated “in house” using Amersham Biosciences ECL
Protein Biotinylation Module, Amersham, UK) and stre-
pavidin-PE (Sigma-Aldrich, Dorset, UK) was used with
the cells analyzed using the FC500 flow cytometer. The
activity of the biotinylated CEA was confirmed prior to
use by staining of a clonal Jurkat cell line expressing the
MFE¢ CAR.

Patient leukapheresis

Patient leukapheresis collection was performed using a
COBE® Spectra Apheresis System (TerumoBCT Zaventem,
Belgium) with a standard stem cell collection protocol in
the Stem Cell Laboratory, Pathology Department, Christie

Hospital Foundation Trust, Manchester, UK, before trans-
port to the cell-processing laboratory.

Post-leukapheresis processing

The cell-processing laboratory was based at NHSBT, Plym-
outh Grove, Manchester, UK, which included culture hoods
that maintained a grade A environment for open process-
ing residing within grade B cleanrooms. Upon arrival, the
fresh leukapheresis product was either used immediately to
generate MFE( T-cells or cryopreserved in Cryobags (Bax-
ter Healthcare, Northampton, UK) in 20-100-mL aliquots
using equal volumes of 20 % DMSO (Quest Biomedical,
Solihull, UK) and either donor serum or 4.5 % human
serum albumin (HSA; BPL, Elstree, UK).

Cryopreserved leukapheresis product was harvested
by thawing on a digital hot plate (34.9 £ 0.8 °C, VWR,

@ Springer



136

Cancer Immunol Immunother (2014) 63:133-145

Lutterworth, UK) until all ice had thawed and then diluted
in approximately 10 volumes of cold (2-8 °C) T-cell-mixed
media. The cells were then washed using a CytoMate™
(Baxter Healthcare, Northampton, UK) with T-cell-mixed
media as the washing medium employing a washing pro-
gram with a residual fold reduction of 25 and a final vol-
ume of 150-250 mL as previously described [17]. Some of
the leukapheresis products were subjected to Ficoll-density
gradient centrifugation by layering of 0.75 x 10° white
blood cells diluted in T-cell-mixed media to a final vol-
ume of 20 mL onto 20 mL of Ficoll-Paque™ PREMIUM
(1.078 g/mL GE Healthcare, Amersham, UK) in a 50-mL
tube (BD Biosciences, Oxford, UK) in a grade A environ-
ment, and the sealed tube then was centrifuged within the
grade B environment. After centrifugation (400xg, 25 min,
room temperature with no brake applied), the sealed tubes
were returned to the grade A environment after alcohol
wiping and peripheral blood mononuclear cells residing at
the interphase were collected, washed, and resuspended in
T-cell-mixed media.

T-cell activation

Approximately, 10° total CD45%/7-AAD~ cells were
diluted to 1-liter (1 x 10%mL) final volume with T-cell-
mixed media containing 8 % heat inactivated AB donor
serum (Valley Biomedical, Winchester, VA, USA), 100 IU/
mL IL-2, and 10 ng/mL anti-CD3¢ monoclonal antibody
(OKT-3, Janssen-Cilag, High Wycombe, UK) and trans-
ferred to a 3L Lifecell Tissue culture bag (3L LCB, Bax-
ter Healthcare, Northampton, UK) and cultured for 48 h at
37 °C, 5 % CO, in a humidified incubator.

MFEg retroviral supernatant

The first-generation MFEg CAR (MFE23 scFv fused to the
CD3¢ chain [11, 14], Fig. 1a) was cloned into the pMP71
retroviral vector [18]. A PG13 producer cell clone was gen-
erated and used to produce a master and working cell bank
under GMP-compliant conditions at Eufets (Idar-Oberstein,
Germany, see Supplementary table 1 for quality control
testing of the master cell bank and end-of-production cells).
GMP-compliant retroviral supernatant (see Supplementary
tables 2 and 3 for test criteria) was supplied at a titer of
2 x 10° infectious units/mL (titer determined by transduc-
tion on HT1080 cells) in glass vials with crimp-sealed rub-
ber septums.

Retroviral transduction
A 500-mL dendritic cell (DC) differentiation bag [19]

(Miltenyi Biotec, Bisley, UK) was loaded with 1.2 mg of
RetroNectin™ (final concentration 3 pLg/cmZ, Takara Bio,
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Japan) in 120 mL of sterile saline (0.9 % sodium chloride,
Baxter Healthcare, Northampton, UK) using previously
described methods [20] and incubated either at 2—8 °C for
1648 h or at 37 °C for 2 h to coat the bag.

Activated T-cells were transferred from the activation
culture to two 0.6-L blood bags (MacoPharma, Tourco-
ing, France) and centrifuged at 1,000xg for 15 min at 22 °C
(HERAEUS Multi 4KR Centrifuge, Fisher Scientific UK
Ltd, Loughborough, UK). Excess media were eliminated
by the use of a plasma squeezer (Baxter Healthcare, North-
ampton, UK) into a waste blood bag without disturbing the
cell pellet. The cell pellets along with the remaining mini-
mal quantity of culture media were pooled, and a small
sample was taken to determine the CD457/7AAD™ cell
number.

The contents of the RetroNectin-DC bag were trans-
ferred to a connected 0.6-L blood bag; the RetroNectin-DC
bag was washed with sterile saline before filling with 24—
40 mL of MFEg retroviral supernatant. This was achieved
by thawing the glass vials of virus and subsequent transfer
into the grade A environment where the virus was removed
and transferred to the transduction bag using a syringe and
needle with an air dart to reduce back pressure. Approxi-
mately, 2.6 x 10% CD457/7AAD™ activated T-cells were
added to the RetroNectin-DC bag with additional T-cell-
mixed media containing 8 % heat inactivated AB serum
and 100 IU/mL IL-2 to a final volume of 120 mL. After a
six-hour incubation period in a 37 °C/5 % CO, humidified
incubator, an additional 230 mL of T-cell-mixed media/8 %
AB serum/100 IU/mL IL-2 was added to the RetroNectin-
DC bag prior to overnight incubation (37 °C/5 % CO,).

The following day, the contents of the Retronectin-
DC bag were transferred to a 0.6-L blood bag containing
250 mL T-cell-mixed media/8 % AB serum and cells pel-
leted by centrifugation at 1,000xg for 15 min at 22 °C.
These cells were then returned to the same Retronectin-DC
bag with fresh virus, media, and IL-2 for a second round of
transduction [19].

MFEt T-cell expansion

After transduction, cells were transferred from the Ret-
ronectin-DC bag to a 0.6-L blood bag, pelleted, excess
media removed, and the cells adjusted to achieve a final
cell concentration of 0.5 x 10° CD45%/7AAD™ cells per
mL with T-cell-mixed media/8 % AB serum supplemented
with 360 IU/mL of IL-2 in a sterile 3L LCB culture bag
and incubated in a humidified incubator (37 °C/5 % CO,).
On day 7 post-activation, the cultures were readjusted to a
cell concentration of 0.5 x 10° cells/mL with T-cell-mixed
media supplemented with 8§ % AB serum and IL-2 replen-
ished to 360 IU/mL of total culture volume. On day 9 and
every 2-3 days until final harvest, cultures were adjusted
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to a cell number of 0.5 x 10%mL with T-cell-mixed media
and 360 IU/mL IL-2 until a maximum culture volume of
16 L’s was achieved, at which point, only additional IL-2
was added until the day of harvest. When necessary, cul-
tures were divided between additional 3. LCB bags to
maintain a culture volume of 0.5-2 L per bag.

Day 7 functionality assessment: CD25 up-regulation assay

Samples of MFEt T-cells were collected on day 7 of cul-
ture and rested for 16 h in the absence of IL-2; 10° T-cells
were incubated on plates pre-coated with 0.5 pg/mL CEA
(Sigma-Aldrich, Dorset, UK). About 48—72 h later, T-cells
were collected and stained with anti-CD4 or anti-CDS8
FITC (clone RPA-T4 and clone RPA-T8, respectively),
anti-CD25 APC (Clone M-A251BD Biosciences), and
biotinylated CEA/strepavidin-PE to determine the relative
expression of CD25 on activated MFEg T-cells. Control
levels of CD25 were determined on MFEt T-cells cultured
on plates which had been incubated on plates blocked with
T-cell media alone.

Post-culture processing

The T-cell cultures were washed and reduced to a maxi-
mum volume of 500 mL by means of a Cytomate cell
washer (Baxter Healthcare, Northampton, UK) according
to the manufacturer’s instructions and transferred to a final
product bag ready for infusion. Sterility during the process
was assessed by BacT/ALERT ™ (Biomerieux, Hamp-
shire, UK). On the last day of GMP manipulation prior to
harvest, a gram stain (BD Biosciences, Aylesbury, UK) and
mycoplasma analysis (VenorGeM® PCR test system, Min-
erva Biolabs, Berlin, Germany) were performed to confirm
that the product was sterile and mycoplasma-free immedi-
ately prior to infusion into the patient (in 4.5 % HSA/phos-
phate-buffered saline (PBS)).

T-cell differentiation assays

Samples of the final product which had been cryopre-
served and stored in liquid nitrogen were thawed and rested
at 5 x 10°mL for 24 h at 37 °C in RPMI-1640 medium
(Lonza, Basel, Switzerland) supplemented with 10 % FBS,
50 uM 2-mercaptoethanol, 1U/mL penicillin, 100 pg/mL
streptomycin, and 25 mM Hepes buffer (Sigma-Aldrich,
Dorset, UK); 10° T-cells were then resuspended in 1 %FBS/
PBS and incubated with anti-CD8-FITC (2:100; clone
HIT8a) and anti-CD4-APC (2:100; clone SK3, both from
BD Bioscience) for 30 min on ice before fixation in 1 %
paraformaldehyde, and 10° T-cells were also stained with
antibodies at 1:100 dilution in 1 %FBS/PBS for 30 min on
ice with the following antibodies: anti-CD8-FITC (clone

HIT8a), anti-CD45RA-PE (clone HI100), anti-CD27-
PE (clone M-T27I), aCD28-PE (clone 28.2; all from BD
biosciences), anti-CD62L-PECy7 (clone Dreg 56, eBio-
science, UK), and anti-CCR7-APC (clone FR 11-11ES,
Miltenyi Biotec, Bisley, UK). Cells were then fixed in 1 %
paraformaldehyde before data capture on FACScalibur (BD
Bioscience) and analyzed using FloJo software (Tree Star,
Ashland, Oregon, USA).

Functional assay

To determine interferon gamma secretion from the CAR
T-cells, CEA protein (1 pg/mL) resuspended in borate
buffer was used to coat 96-well non-tissue culture-treated
plate for 12 h at 4 °C. Plates were blocked for 30 min at
37 °C in T-cell media prior to the addition of T-cells at
5 x 10°/mL. PMA (500 ng/mL) and ionomycin (50 ng/mL)
(Sigma-Aldrich, Dorset UK) were added to control T-cell
wells. T-cells were incubated for 24 h at 37 °C before the
supernatant was removed and frozen at —20 °C prior to use
in IFN-y ELISA. Samples were analyzed using Diaclone
IFNy ELISA (Gen Probe, San Diego, California, USA)
performed in accordance with the manufacturer’s protocol.

Results

MFE patients: Cell manipulation, T-cell transduction,
and expansion characteristics

Fourteen patients enrolled into the MFE{ clinical trial were
leukapheresed at the Christie Hospital, Manchester, UK,
with the apheresis material and then transferred fresh to the
NHS BT Cell Production Facility, Plymouth Grove, Man-
chester, UK. However, for two patients (36001 and 36016),
production failures (described below) meant that a second
apheresis was collected (36003 and 36017) from which a
suitable T-cell product was generated; thus, 16 leukapher-
esis products were collected in total for processing.

Absolute white cell counts varied among all
16  leukapheresis products (average cell count
169 + 77 x 10° cells/L; range 333-72 x 10° cells/L;
Fig. 1b) as did the relative frequency of T-cells in the
apheresis material (50 & 17 % of the CD45" compartment;
range 77.6-12.6 %) as well as the relative frequency of
B-cells, monocytes, and granulocytes (Fig. 1¢). The relative
increase in T-cell frequency within the leukapheresis prod-
uct in later patients reflected an increased level of experi-
ence with the technology and refining of the collection
gates to enrich the lymphocyte fraction.

T-cell cultures were initiated either from the fresh leuka-
pheresis product directly, after ficoll-density centrifugation,
or from a cryopreserved product (summarized in Table 1).
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Approximately, 10° total CD45" cells were used to initiate
the T-cell activation culture using a 3-L culture bag, includ-
ing anti-CD3e mAb and IL-2. After 2 days of culture, there
was no significant difference in the relative recovery of via-
ble cells between fresh, frozen, and ficolled leukapheresis
starting products (Fig. 2a).

About 2.6 x 108 CD45" cells (median 2.60 x 108,
range 2.76-2.00 x 108; Table 2) were then seeded into a
RetroNectin-coated DC bag with 24-40 mL of GMP-
compliant, GALV-pseudotyped MFEg retroviral superna-
tant (Table 2) and cultured overnight. The following day,
the T-cells were collected and subjected to a second round
of transduction using the same RetroNectin-coated DC
bag but with fresh retroviral supernatant. After this second
overnight culture, T-cells were collected and transferred to
three-liter culture bags with fresh media and IL-2.

After 7 days, each culture was analyzed for transduc-
tion efficiency, and expansion with those that achieved
a transduction level of less than 20 % or expansion of
less than 2.5-fold over initial cell number deemed to be
a production failures and the culture then was stopped.
Cultures 36001 and 36016 failed on both criteria which
required the patient to undergo a second leukapheresis
with the resulting cultures (36003 and 36017), achiev-
ing a suitable level of transduction and expansion at this
time point (Tables 1 and 2). One further culture (36006)
failed with a transduction level of 14 %; however, a fro-
zen aliquot of leukapheresis product was available from
this patient, and a culture was initiated from this source
(36006-C; Tables 1 and 2), which passed transduction
and expansion requirements after 7 days of culture. The
reasons for these three production failures remain unclear
though for each patient, a MFEg T-cell product was suc-
cessfully generated for use.

Overall, there was an apparent increase in the transduc-
tion frequency of T-cells generated from frozen apheresis
harvests when measured on day 7 of culture as compared to
those derived from fresh leukapheresis harvests (Fig. 2b).
This likely reflected a greater quantity of virus used in
those samples rather than an intrinsic difference in the
T-cell populations (Table 2; Fig 2c). Across all 14 MFEg
T-cell products, the average level of transduction on day 7
was 27.7 £ 5.9 % (median 26.9 %; range 20.1-37.3 %) and
expansion was 4.4 £ 0.9-fold above input (median 4.15;
range 2.8-6.4). To confirm the functional activity of the
expanding MFEg T-cells, aliquots of cells collected from
these day 7 cultures were incubated for twenty-four hours
on plates coated with CEA protein and the level of up-reg-
ulation of the CD25 activation marker was assessed by flow
cytometry. All MFEt T-cells up-regulated the CD25 expres-
sion (average increase 64.0 & 14.3 %; range 30.6-89.2 %;
Table 2), confirming the functional activity of the MFEg
CAR.

The 14 T-cell cultures that satisfied the day 7 crite-
ria were then expanded further by the addition of further
mixed T-cell media and IL-2 every 2-3 days, maintaining
a cell concentration of approximately 10° cells per mL of
culture until the culture reached a maximum volume of
16 liters. There was a consistent level of cell expansion
within the 14 T-cell products with no apparent difference
among products started from fresh or frozen apheresis har-
vests (Fig. 2d, e), achieving an average of 8.8 + 4.5 x 10’
MFE¢ T-cells (range 1.69-15.50 x 10°%; Table 1) within
13—15 days of culture. Importantly, sufficient MFEt T-cells
were produced for each patient to receive at least the lowest
cell dose (1 x 10° cells) required for the trial.

T-cell product release

Each T-cell product was supplied as a fresh product ready
for patient infusion. This presented issues with respect to
confirmation of the sterility of the final infusion product.
To counter this, the criteria for the release of the final T-cell
products were dependent upon a two-stage process. The
first stage involved the day 7 assessment of MFEg T-cell
functionality (CD25 up-regulation), transduction (MFEg
expression), minimum fold expansion (>twofold expan-
sion), and sterility tests (Supplementary table 4). Once
the T-cell culture satisfied these criteria, a pre-release cer-
tificate was signed by the Quality Specialist and the patient
then started upon pre-conditioning chemotherapy prior to
adoptive T-cell transfer. The second-stage release involved
the final formulation of the T-cells for adoptive transfer. A
gram stain was performed on a sample of the culture taken
one day prior to final processing to ensure that no gross
level of bacterial contamination was present. Once the
final T-cell product had been generated, the cell dose, dose
volume, and available microbiological reports were used
to support a further certificate for the release of the T-cell
product for infusion (Supplementary table 4).

Since the T-cell product was administered fresh, com-
plete microbiological analysis was not available at the time
of infusion. The product assessment was finalized upon the
completion of this full sterility assessment of the product
and associated environmental monitoring. No T-cell prod-
uct failed these assessments. However, in the case where a
microbial contaminant was detected, the patient would be
given the appropriate antibiotic.

Transduction level and T-cell phenotype fail to correlate
with the absolute levels of antigen-driven CAR T-cell
interferon gamma secretion

We questioned whether the level of CAR expression in

the final 14 T-cell products correlated with in vitro CAR
T-cell effector response. Frozen aliquots of cells (except for
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Fig. 2 Transduction and expansion characteristics of MFE{ patient
T-cells. a The relative number of cells collected after 2 days of activa-
tion expressed as a percentage of the initial number of cells seeded
into the culture. There was no significant difference in the relative
yield of cells between fresh, ficolled, and frozen apheresis (p > 0.05;
Kruskal-Wallis test). b MFEg transduction frequency was signifi-
cantly different between T-cells initiated from a fresh and frozen
apheresis product (Mann—Whitney U test). ¢ However, the relative
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level of viral vector used in T-cells (determined as volume of MFEg
retroviral supernatant used per 107 target cells) in the frozen apheresis
product was higher than that of the fresh product suggesting that this
may explain the increase in observed transduction frequency (Mann—
Whitney U test). d Cell counts of each patient sample during culture.
e The mean (+standard deviation) expansion of fresh (» = 10) and
frozen cells (n = 4) was not significantly different at each time point
of culture
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Fig. 3 Cell phenotype and in vitro functionality of patient MFEt
T-cells. Cryopreserved aliquots of MFEt T-cells were defrosted,
washed, and analyzed for a CD4/CDS8 subset expression and b
expression of the MFE{ receptor by flow cytometry. ¢ Patient MFEt
T-cells were cultured on plates pre-coated with recombinant CEA
protein (1 pg/mL). After 24 h, culture media were collected, and the
levels of secreted interferon gamma (IFNy) determined. Background
levels of IFNy were determined in MFEg T-cells cultured on plates

been as successful either through lack of persistence [21]
or on-target toxicity as a result of the expression of high
levels of target antigen on normal tissue [22, 23]. Clearly,
improved strategies are required in the design of the CAR
to target non-hematological tumors. Nonetheless, deliver-
ing these therapies to the clinic remains a major issue with
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els produced by MFEt T-cells with transduction level (linear regres-
sion analysis). Flow cytometric analysis of the relative expression of
T-cell markers in e CD4" and f CD8" T-cells. There was a significant
difference in the relative level of CD28 expression between CD4™
and CD8™ T-cell subsets (p = 0.0002, Mann—-Whitney U test), but no
difference between other markers examined

respect to technological development but also critically
with respect to compliance with the legislature.

The initial application and eventual approval of the
MFEg trial proposal straddled the implementation of
the European Union Clinical trials directive, the devel-
opment of legislation for Advanced Therapy Medicinal



Cancer Immunol Immunother (2014) 63:133-145

143

Product (ATMP), and associated legislation, which meant
that the production of the MFEt CAR T-cells had to com-
ply with the principle of GMP. At the time of the clinical
trial application (CTA), the manufacturing process was
designed to meet the UK Department of Health require-
ments (“A code of practice for tissue banks providing tis-
sues of human origin for therapeutic purposes,” 2001).
However, as the ATMP regulations were available for
review prior to becoming EU legislation, the production
process was already achieving the requirements other than
where specific reagents were not available to the standards
required, and hence, the impact of ATMP regulations was
minimized through clear risk assessment processes which
were available as a part of the CTA. Moreover, colleagues
in the Netherlands had worked on a GMP-compliant pro-
cess to generate CAR T-cells specific for the G250 antigen
expressed on renal cell carcinoma [24], and this was used
as a basis to develop the protocols used to produce MFEg
T-cells.

The overall process (Supplementary Fig 2) combined
open processes which require a grade A environment on
four days of the process (Days 0, 2, 3, and 4) and closed
processes where all operations are carried out using cul-
ture bag technology and a sterile-connecting device dur-
ing the T-cell expansion. Importantly, a T-cell product was
successfully generated for each patient. There were three
production failures due to poor transduction or expansion.
The reasons for these production failures were not clear but
potentially were due to variations in the composition of the
starting material which result in poor T-cell stimulation and
expansion or the presence of non T-cell binding sites for the
retroviral vector resulting in low transduction frequencies.
However, in each case, a second CAR T-cell culture was
initiated and achieved the necessary criteria for release and
treatment.

The final cell phenotype suggested that the T-cells were
well-differentiated, and this was reflected in the high levels
of interferon gamma produced during antigenic challenge.
Moreover, over half of the patient products possessed
>50 % CD4*" T-cells which was surprising in compari-
son with that seen in normal healthy donor T-cell cultures
where CD8" T-cells tend to predominate. Whether this is a
feature associated with the specific patients recruited to this
study remains unclear, and further investigation of the ini-
tial T-cell phenotype of patients and correlation with final
T-cell product will be important in future studies. Moreo-
ver, whether CAR T-cell phenotype or transduction level
impacts upon clinical response is awaited (Thistlethwaite
et al.; manuscript in preparation). Nonetheless, recent stud-
ies strongly suggest that T-cells with a less-differentiated
phenotype display properties that are optimal for adop-
tive cell therapies [25] with modulation of the cytokines
used during ex vivo culture potentially impacting upon

T-cell differentiation status and produce T-cells that offer
improved adoptive cell therapy potential [26, 27].

The number of open processes requiring access to a
grade A environment in a grade B clean room in this proto-
col remains restrictive in terms of potential patient through-
put, i.e., one product per room for 14-16 days. Recent
developments in technology such as WAVE bioreactors
[28] and G-Rex gas-permeable rapid expansion culture
ware [29] are providing closed system answers to some of
the technical issues relating to the expansion of T-cells for
adoptive T-cell therapy. However, these systems may not
completely avoid the requirement for open processes that
require a grade A environment which impacts upon the
potential throughput of patient products and acts as a bar-
rier to large-scale clinical trial development. To overcome
this restriction, glove-box isolator technology is now being
employed in several cell production facilities avoiding the
requirement for large, expensive clean rooms. Further,
automated systems such as the Prodigy (Miltenyi Biotec,
Germany) are at the early stages of testing and may eventu-
ally provide solutions which avoid the requirement of clean
rooms all together although the ability to work to scale (in
terms of the large number of T-cells currently required for
therapy) and high throughput for such systems remains to
be determined.

This study demonstrates that it is feasible to gener-
ate gene-modified T-cells compliant with the standards
required for phase I/II clinical trial within the EU. How-
ever, scientific developments and the rapid pace of techno-
logical innovation are providing the adoptive T-cell therapy
field with the ability to move forward exciting initial clini-
cal observations and ultimately will enable larger-scale ran-
domized studies that can be completed in a timely manner
and at realistic cost.
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