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Li st of abbreviations
AML Acute myeloid leukemia

APC Antigen-presenting cell

BCP-ALL B-cell precursor acute lymphoblastic leukemia

CAR Chimeric antigen receptor

Cas9 CRISPR-associated protein 9

CD Cluster of differentiation

CD200R CD200 receptor

CEACAM-1 Carcinoembryonic antigen-related cell adhesion molecule 1
CRISPR Clusters of regularly interspaced short palindromic repeats
CRS Cytokine release syndrome

EMA European Medicines Agency

FDA U.S. Food and Drug Administration

GM-CSF Granulocyte-Macrophage Colony-Stimulating Factor
GMP Good Manufacturing Practice

gRNA Guide RNA

HMGB1 High mobility group box 1

IFN-g Interferon gamma

IL Interleukin

KO Knockout

MRD Minimal residual disease

PD-1 Programmed cell death protein 1

PtdSer Phosphatidylserine

sckFv Single-chain variable fragment

TCR T-cell receptor

TGF-b Transforming Growth Factor beta

Th T helper

TIM-3 T-cell immunoglobulin and mucin-domain containing-3
TNF-a Tumor Necrosis Factor alpha
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2. Il ntroductory summary

21 Chall enges for s-oetkesshela@pAR T

The clinical success of autologous T cells genetically engineered to express a chimeric antigen
receptor (CAR) against CD19 has revolutionized the treatment of certain cancer types and
provides a curative treatment option for patients with otherwise dismal prognosis (1, 2). CD19
CAR T cells are usually produced by transducing T cells of the patient with a retro- or lentiviral
construct encoding for an anti-CD19 single chain variable fragment (scFv) fused to costimulatory
domains (i.e. CD28 or 4-1BB) and CD3zeta as part of the T-cell receptor (TCR) complex (3).
Clinical studies led to FDA (U.S. Food and Drug Administration) and EMA (European Medicines
Agency) approval of CD19 CAR T cells for the treatment of advanced B-cell malignancies in 2018
(4, 5). Nevertheless, despite >90% initial response rates in pediatric patients with
relapsed/refractory B-cell precursor acute lymphoblastic leukemia (BCP-ALL), long-term
remission rates dropped to about 50% in clinical studies due to relapse after CAR T-cell treatment
(6, 7). Moreover, successful treatment with CAR T cells can be hampered by a variety of technical
and biological challenges (figure 1): 1) Production failure of CAR T cells has been reported in up
to 9% of the cases (8). 2) Antigen escape such as down-regulation of CD19 or outgrowth of CD19
splice variants can result in CD19 relapse (9, 10). 3) Toxicity of CD19 CAR T cells, in particular
cytokine release syndrome (CRS) and neurotoxicity, can limit applicability (7). 4) Exhaustion, in-
sufficient expansion and decreased persistence of CAR T cells due to both, T-cell intrinsic and
extrinsic factors, can lead to CD19* relapse (11). 5) CAR T-cell therapy of solid tumors remains
an unmet challenge due to lack of suitable antigens, tumor heterogeneity and difficulties in T-cell
tumor invasion and persistence caused by the immune-suppressive tumor microenvironment
(12).
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Figure 1: Challenges for CAR T-cell therapy. Created with BioRender.com.

This thesis addresses two of the major challenges. The first part will investigate how to produce
a highly functional, standardized CAR T-cell product with favorable T-cell phenotype from
peripheral blood of pediatric leukemia patients. The second part will evaluate the interaction of T
cells with leukemic cells and introduces examples for how to improve current CAR T-cell therapies

to break leukemia-mediated resistance.

22 PapeAutlt omat edc €AIR manufacturing

patients

2.2.1 Introduction

Manufacturing of CAR T cells is a time-consuming and complex procedure typically involving T-
cell isolation, activation, lenti- or retroviral transduction and expansion (3). Before 2018, most of
the protocols for large scale CAR T-cell production involved large culture flasks (i.e. G-Rex flasks),
bioreactors or bags for expansion and a variety of open hands-on steps (13, 14). In order to
standardize the production, Miltenyi Biotec had developed the CliniMACS Prodigy, a closed GMP-
compatible (Good Manufacturing Practice) system for clinical scale manufacturing of CAR T cells
(15, 16). The system had been tested and optimized using cell products from healthy donors but
hadnodt be e nsampkesfiora pediatric ledkemia patients yet. Thus, we aimed to test the
process using 100-120 ml of peripheral blood from patients who were recently diagnosed with
leukemia. Moreover, as studies suggested that CAR T-cell proliferation and persistence in the
patients are crucial for a beneficial long-term outcome (17), we investigated the phenotype and
expression level of exhaustion markers on the T cells and aimed to produce T cells with a

favorable phenotype (18, 19) and high proliferative capacity upon repetitive antigen encounter.

2.2.2 Methods and Results

CD19 CAR T cells were successfully generated from peripheral blood of four pediatric patients
using the CliniMACS Prodigy. T cells were isolated using CD4/CD8 microbeads, activated,
lentivirally transduced with a 2" generation CD19 CAR (4-1BB/CD3zeta) and expanded until day
12 after activation. CAR T-cell manufacturing at clinical scale was successful in 4/4 patients. The
final product showed a mean transduction rate of 27% and a T-cell phenotype of mostly stem cell-
like and central memory T cells. Leukemic blasts were not detectable in the final product, although
2/4 patients had >60% leukemic cells in their peripheral blood at timepoint of sample collection.
Expression of exhaustion/co-inhibitory markers in the final product was low except for TIM-3 (T-
cell immunoglobulin and mucin-domain containing-3). T cells from the final product showed high
anti-leukemic functionality in vitro and strong proliferative capacity even after multiple antigen
encounter. CAR T cells displayed a strong Th1l cytokine profile with increased secretion of IFN-g

(Interferon gamma), TNF-a (Tumor Necrosis Factor alpha), IL-2 (Interleukin-2) and GM-CSF
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(Granulocyte-Macrophage Colony-Stimulating Factor). IL-6 production was low supporting
previous reports that CAR T cells are not the major source of IL-6 in clinical CRS (20). CAR T-
cell counts in the final product would have been sufficient to treat a 100 kg patient with a dose of
up to 5e6 CAR T cells/kg body weight. In conclusion, CD19 CAR T-cell generation in a partly
automated closed system for GMP-grade manufacturing was successful and yielded highly

functional CAR T cells even from small pediatric patient samples.

2.2.3 Discussion

Automated and standardized manufacturing of CAR T-cell products at clinical scale has been
challenging in the past and a variety of different production and expansion protocols have been
utilized. Here, we verified that a partly automated closed system (15, 16) can be used even when
starting with complex patient samples which consist of a variety of different cell types including
leukemic blasts. Until now, CAR T-cell generation is still routinely done by using leukapheresis
products from patients, a process which can be complicated due to the clinical situation of the
patients. In this paper, we showed that peripheral blood as initial source can be used at least in
older children. The presence of leukemic blasts in the leukapheresis or initial blood product can
be concerning according to case reports about potential viral transduction of malignant B cells
and subsequent CD19 relapse in patients (9). I n our study, we werenodt ab
blasts at the end of the culture process, but as the staining was done with a conventional CD19
antibody and due to limited sensitivity of flow cytometry, we cannot fully exclude that this
phenomenon can happen in patient samples with remaining blasts at timepoint of production start.
Thus, optimizing the T-cell selection protocols for these patients is crucial. Besides remaining
leukemic cells, patient samples can be challenging for a variety of other reasons such as non-
homogenous starting material and T-cell exhaustion due to prior treatment. Nevertheless, our
study has shown that CAR T-cell production using the CIiniMACS Prodigy is feasible not only
using samples from healthy donors but also with more complex patient samples. T cells in the
final product showed high anti-leukemic functionality and proliferative potential as well as low
expression of inhibitory molecules except for TIM-3. The CliniMACS Prodigy has since been used

to produce CARs with a variety of specificities and clinical studies are ongoing (21, 22).

23 Paper |1 : Th3® frodl eautkife icidcM T

responses

2.3.1 Introduction

Although pediatric leukemia is considered a malignancy with low immunogenicity and low
mutational load (23), earlier studies from our group had shown that leukemic cells can
overexpress both, co-stimulatory and co-inhibitory immune checkpoint molecules (24). Moreover,
bone marrow T cells of pediatric BCP-ALL patients can overexpress PD-1 (Programmed cell

death protein 1) and TIM-3 and this expression can be increased by induction of a T-cell response
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using the bispecific T-cell engager Blinatumomab (anti-CD3/CD19) (24). Thus, we were
interested in more systematically studying the role of co-inhibitory immune checkpoints for
prognosis and treatment of pediatric BCP-ALL. TIM-3 was in patrticular interesting because we
had observed high TIM-3 expression on CAR T cells in paper | and TIM-3 (together with PD-1)
was described to be overexpressed and associated with dismal prognosis in adult acute myeloid
leukemia (AML) (25). TIM-3 has first been identified as an anti-inflammatory immune checkpoint
on CD4* and CD8* T cells (26). Its known binding partners are HMGB1 (high mobility group box
1 protein), PtdSer (phosphatidylserine), CEACAM-1 (carcinoembryonic antigen-related cell
adhesion molecule 1) and Galectin-9 (27-29). TIM-3 expression can be upregulated by
inflammatory cytokines such as IL-2, -7, -12, -15, -21, -27 and TGF-b (Transforming Growth
Factor beta) (30-33). TIM-3 is essential for immune tolerance in the context of auto-inflammatory
disease and TIM-3 blockade by antibodies can lead to macrophage activation and experimental
autoimmune encephalitis (26, 34, 35). In the context of chronic viral infections, TIM-3 was found
to be expressed on exhausted and dysfunctional CD8* T cells (36, 37). In malignant disease,
increased TIM-3 expression was observed on tumor-infiltrating lymphocytes in a variety of
different solid tumors and was associated with T-cell dysfunction (38-40). Right before submission
of this paper, presence of PD-1*/TIM-3* CD4* T cells was shown to define a patient group with
dismal prognosis in adult ALL (41), but TIM-3 expression had not been systematically studied in

bone marrow samples from pediatric BCP-ALL before.

2.3.2 Methods and Results

We characterized leukemic cells and bone marrow T cells from 100 pediatric BCP-ALL patients
and 13 healthy controls by flow cytometry and RNA sequencing. Follow-up data including relapse-
free survival was available for all patient samples (median follow up of 7.8 years). Bone marrow
was taken at timepoint of initial diagnosis before start of treatment. We found that CD4/CD8 ratio
of bone marrow T cells was shifted toward a predominance of CD4" cells in the bone marrow of
patients compared to healthy controls. Moreover, we found significantly higher percentages of
terminally differentiated CD62L/CD45RO" T cells in the bone marrow of patients. PD-1 and TIM-
3 were not significantly upregulated on T cells of BCP-ALL patients, but patients with future
relapse of leukemia had a significantly higher proportion of TIM-3*/CD4* T cells in their bone
marrow at timepoint of initial diagnosis compared to patients who will survive in complete
remission. We thus evaluated the predictive value of TIM-3 expression (with or without co-
expression of PD-1) for relapse-free survival of BCP-ALL patients. We found that TIM-3
expression alone (as well as in combination with PD-1 expression, but not PD-1 expression alone)
can predict future ALL relapse with a hazard ratio of 7.1. We next confirmed that contact with
leukemic blasts and induction of a T-cell response by Blinatumomab can induce TIM-3 expression
on primary human T cells. We used CRISPR/Cas9 technology to knock out (KO) TIM-3
expression in primary human T cells and found that TIM-3 KO increases activation and
proliferation in T cells while viral overexpression of TIM-3 leads to decreased proliferative potential
of T cells in response to leukemic blasts. RNAsequencing of patientsd bone

revealed that T while known inducers and ligands of TIM-3 were not differentially expressed
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between TIM-3 high vs low bone marrow samples i the co-inhibitory immune checkpoint CD200
was significantly upregulated in leukemia cells derived from TIM-3 overexpressing bone marrow
samples (multiple testing correction performed for the 21 immune-regulatory genes tested in this
analysis). We indeed found that CD200 is highly overexpressed on leukemic cells compared to
physiological precursors and that CD200 expression on leukemic cells can decrease activation
potential of anti-leukemic T cells. Moreover, we observed a subtle but statistically significant
overexpression of TIM-3 on CD4* T cells induced by contact with CD200"* leukemic cells both on

transcriptional and protein expression level.

2.3.3 Discussion

Although pediatric leukemia is considered a malignancy of low immunogenicity, we found that T
cells are present in the bone marrow of pediatric BCP-ALL patients and show a more terminally
differentiated phenotype compared to healthy controls. Further studies have to elucidate whether
the altered phenotype would have been detectable prior to diagnosis and could represent a risk
factor for developing a hematologic malignancy, or whether leukemia itself induced terminal
differentiation in T cells. Moreover, we found that TIM-3 expression on CD4* bone marrow T cells
of pediatric patients can reliably predict leukemia relapse. Despite slightly lower statistical
significance of prediction based on TIM-3 expression compared to the conventionally used
prediction marker MRD (minimal residual disease), the hazard ratio was comparable (7.12-fold
increased risk for TIM-3 high patients vs 7.98-fold increased risk defined by MRD quantification
in this cohort). In our study, RNA sequencing analysis suggested that TIM-3 expression in bone
marrow T cells was not upregulated by known inducers but was associated with elevated CD200
expression on leukemic cells. CD200 overexpression was observed in a variety of different solid
tumors as well as in leukemia (42-45). l't6s known i nt e mremeptoriGDA0OR),art ner ,
is expressed on antigen presenting cells (APCs) and T cells and binding of CD200 can lead to
decreased T-cell function (46). More mechanistic insight is needed regarding whether TIM-3 can
directly be induced by CD200 or if there is an indirect mechanism leading to the subtle TIM-3
overexpression we observed in this study. Moreover, it is unclear whether CD200 can only
increase TIM-3 expression (directly or indirectly) or if it can also mediate TIM-3 function.
Nevertheless, we confirmed that TIM-3 overexpression decreases T-cell activation whereas TIM-
3 KO improves activation and proliferation capacity of anti-leukemic T cells. In conclusion, the
data showed that BCP-ALL is associated with late T-cell differentiation states and suggested that
the TIM-3 axis constitutes a mechanism of immune dysregulation in BCP-ALL. This finding is not
only important to better understand the potential interaction of leukemic cells and bone marrow T
cells but can also inform future therapeutic approaches. It underlines the rationale for testing e.g.
TIM-3 KO CD19 CAR T cells, checkpoint blockade with anti-TIM-3 or administration of T cells
with e.g. TIM-3/CD28 fusion receptors which are meant to turn TIM-3-mediated inhibition into T-

cell activation through CD28.
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24 Conclusion and Outl ook

Clinical treatment of pediatric BCP-ALL involves chemotherapy and i in case of high-risk
leukemia or relapse i treatment with the bi-specific T-cell engager Blinatumomab and
hematopoietic stem-cell transplantation. CD19 CAR T cells are currently approved for refractory
disease or after multiple relapses. Administration of CD19 CAR T cells as an earlier line in BCP-
ALL therapy is investigated in clinical trials. Despite high initial response rates after treatment with
CD19 CARs, long-term event-free survival decreases to about 50% in pediatric BCP-ALL patients
(6, 7). Clinical trials are investigating combination therapies of CAR T cells with checkpoint
blockade, but checkpoint blockade alone so far had only limited success in malignancies with low
immunogenicity/mutational load such as pediatric BCP-ALL (47, 48). To improve current
treatment of pediatric BCP-ALL, it is not only important to optimize and standardize production
protocols (as shown in paper ), but also to better understand the interaction of leukemic cells with
bone marrow T cells (as shown in paper Il). Understanding that, although dealing with a low-
immunogenic malignancy, immune checkpoint axes can play a role for prognosis and treatment
of pediatric leukemia is crucial for hypothesis-driven development of new immunotherapeutic
approaches. In currently unpublished data, we pursued the therapeutic role of immune
checkpoints and found that CD19 CAR T cells with TIM-3 KO or with additional overexpression
of TIM-3/CD28 or PD-1/CD28 fusion receptors (49) are better able to control leukemia than
conventional CAR T-cell approaches. We hope that a better insight into the interplay of
therapeutic and physiologic T cells with leukemic cells can inform future translational research

projects and ultimately lead to better CAR T-cell therapies.
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Abstract

Relapsed/refractory B-precursor acute lymphoblastic leukemia (pre-B ALL) remains a major therapeutic challenge. Chi-
meric antigen receptor (CAR) T cells are promising treatment options. Central memory T cells (Tcm) and stem cell-like
memory T cells (Tscm) are known to promote sustained proliferation and persistence after T-cell therapy, constituting
essential preconditions for treatment efficacy. Therefore, we set up a protocol for anti-CD19 CAR T-cell generation aiming
at high Tem/Tscm numbers. 100 ml peripheral blood from pediatric pre-B ALL patients was processed including CD4*/
CD8*-separation, T-cell activation with modified anti-CD3/-CD28 reagents and transduction with a 4-1BB-based second
generation CAR lentiviral vector. The process was performed on a closed, automated device requiring additional manual/
open steps under clean room conditions. The clinical situation of these critically ill and refractory patients with leukemia
leads to inconsistent cellular compositions at start of the procedure including high blast counts and low T-cell numbers
with exhausted phenotype. Nevertheless, a robust T-cell product was achieved (mean CD4* =50%, CD8% =39%, transduc-
tion=27%, Tcm =50%, Tscm=46%). Strong proliferative potential (up to > 100-fold), specific cytotoxicity and low expres-
sion of co-inhibitory molecules were documented. CAR T cells significantly released TH1 cytokines IFN-y, TNF-a and
IL-2 upon target-recognition. In conclusion, partly automated GMP-generation of CAR T cells from critically small blood
samples was feasible with a new stimulation protocol that leads to high functionality and expansion potential, balanced CD4/
CDS8 ratios and a conversion to a Tcm/Tscm phenotype.
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Abbreviations

6-MP 6-Mercaptopurine

6-TG 6-Thioguanine

ARA-C Cytarabine

B-NHL B-cell non-Hodgkin’s lymphoma
cALL Common acute lymphoblastic leukemia
CNS Central nervous system

DNR Daunorubicin

FMO Fluorescence minus one

HIDAC High-dose cytarabine

HSA Human serum albumin

MOI Multiplicity of infection

MTX Methotrexate

PB Peripheral blood

PEG-ASP  Pegylated asparaginase

Pre-B ALL B-precursor acute lymphoblastic leukemia
Tem Central memory T cells

TCT T-cell transduction

Teft Effector T cells

Tem Effector memory T cells

Tscm Stem cell-like memory T cells
VCN Vector copy number

VCR Vincristine

VP16 Etoposide

Introduction

Treatment with genetically modified T cells has the potential
to induce sustained clinical remissions even in patients with
relapsed or primary refractory disease. In particular, T cells
genetically directed against the B-cell lineage antigen CD19
are currently evaluated in more than 40 clinical phase I/I1 tri-
als. Preliminary results underline their enormous potential in
B-lineage malignancies. Especially in pediatric pre-B ALL,
response rates of up to 95% have been shown in refractory,
heavily pre-treated patients [5—10]. Those T cells are typi-
cally generated by retro- or lentiviral transduction of patient-
derived autologous T cells with a vector encoding for a chi-
meric antigen receptor (CAR) consisting of the anti-CD19
single-chain variable fragment (ScFv) fused to CD3( as a
domain of the T-cell receptor (TCR) complex [11]. How-
ever, low cell number in pediatric samples, exhausted T cells
under treatment protocols and the presence of leukemic cells
in the starting fraction are challenges for stable production
of functionally active CAR T-cell products.

Although the vast majority of pediatric ALL patients
respond to second generation anti-CD19 CAR T-cell treat-
ment, there are patients not responding or relapsing after
T-cell therapy. Leukemia relapse or initial non-response

@ Springer

is typically caused by early loss or non-engraftment of
anti-CD19 CAR T cells [6, 12, 13]. Although associated
with B-cell aplasia, Maude et al. underlined the impact
of prolonged anti-CD19 CAR T-cell persistence through
sustained in vivo proliferation on long-term outcome of
pediatric ALL patients [12]. Thus, we aimed at generat-
ing CAR T cells with a T-cell phenotype in favor of high
proliferative potential. Central memory (Tcm) or stem
cell-like memory (Tscm) T cells are known to be best
candidates for a sustained in vivo response after adop-
tive T-cell transfer as they display good effector func-
tions while maintaining their high proliferative capacity
[14-16]. Moreover, leukemic cells are known to up-reg-
ulate inhibitory molecules such as PD-L1 to circumvent
T-cell mediated TH1 attack [17]. Generation of anti-CD19
CAR T cells with low sensitivity to inhibitory checkpoint
signals thus might play a crucial role for sustained remis-
sions after T-cell therapy [18].

Although CAR T-cell generation is well established in
many laboratories, it is a complex procedure originally
involving many hands-on/open steps [19]. To simplify and
to facilitate standardization of the process, a protocol for
partly automated large scale CAR T-cell manufacturing was
established on a closed, GMP-compatible device requiring
only few open hands-on steps [20]. As the activity protocol
has a modular structure, it can be adapted for various con-
ditions such as different starting cell counts, varied CD4/8
proportion, feeding or washing steps and final formulation.
Here, we demonstrate feasibility of partly automated, GMP-
compatible clinical-scale manufacturing of anti-CD19 CAR
T cells on a closed device even from very small pediatric
patients’ samples.

Materials and methods
Patients

Patients’ characteristics are shown in Table 1.

Peripheral blood mononuclear cell (PBMC)
generation

PBMCs were generated from 100 to 120 ml PB of pediat-
ric ALL patients by density gradient centrifugation (Bio-
coll, Biochrom, Berlin, Germany). Cells were frozen in 5%
human serum albumin (HSA) (Biotest, Dreieich, Germany)
containing 10% DMSO (Sigma, Taufkirchen, Germany).
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Table 1 Characteristics of patients and anti-CD19 CAR T-cell products

Patient CAR0O1 Patient CAR002  Patient CAR003 Patient CAR004
Patient-related information
Gender Female Female Female Female
Age at time-point of blood 18 15 14 18
sampling
Diagnosis cALL cALL cALL cALL relapse
Age at diagnosis 17 15 14 18
Initial diagnosis: 13
CNS state Negative Negative Negative Negative
Cytogenetics TEL deletion 12p13 BCR-ABL fusion My* High-hyperdiploid karyotype
MLL deletion 11q23
ABL trisomy 9q34
Treatment protocol CoALL Protocol 08/09 EsPhALL- CoALL Protocol 08/09 ALL REZ BFM Protocol
CoALL Proto-
col 08/09
Day of blood sampling according Before start of day 92 treatment ~ Before treatment Before treatment After first R2 block
to protocol
Systemic chemotherapy received Prednisolone None None Dexamethasone
for current diagnosis until date  DNR, VCR, HIDAC, PEG-ASP, VCR, MTC, PEG-ASP,
of blood sampling MTX, VP16, ARA-C, 6-MP, ARA-C
6-TG IDA, CPM, 6-TG, 6-MP,
VDS, IFO, DNR

Disease activity at time-point of
blood sampling

MRD negative

Process-related information

Volume of blood sample (ml) 120

T-cell count after CD4/8 separa-  1.74x 107
tion

T-cell count of final product 3.35x10°

T-cell transduction rate (%) 40.4

Absolute number of CAR* T 1.35%10°

cells in final product

71% blasts in PB

64% blasts in PB

MRD negative

100 100 100
4.89%107 3.86%107 9.36x 10°
1.53%10° 4.87x10% 8.87x10°
19.6 19.3 28.5
3.00x10% 9.40x107 2.53x10%

cALL common acute lymphoblastic leukemia, CNS central nervous system, DNR daunorubicin, VCR vincristine, HIDAC high-dose cytarabine,
PEG-ASP pegylated asparaginase, MTX methotrexate, VP16 etoposide, ARA-C cytarabine, 6-MP 6-mercaptopurine, 6-7G 6-thioguanine, MRD

minimal residual disease, PB peripheral blood

Flow cytometry

Cells were stained for CD3-FITC, CD8-APC-Vio 770,
CD4-VioGreen, CD69-PE-Vio 770, CD25-PE, CD137-
APC, CD56-PE, CD14-PerCP, CD19-PE-Vio 770, 7-AAD,
CD45R0-PE-Vio 770, CD62L-VioBlue, CD95-APC,
CD95-PE, OX-40-PE-Vio 770 (Miltenyi Biotec), CD4-
BV650, CTLA-4-APC, CD3-BUV395 (Becton, Dickinson
and Company (BD), Franklin Lakes, NJ, USA), CD8-PE/
Cy7, CD137-BV421, CD56-BV421, 2B4-APC, BTLA-
BV421, CD10-APC, TIM-3-BV785, PD-1-BV421, CTLA-
4-PE/Cy7, PD-L1-BV421, CD8-PerCP/Cy5.5 (Biolegend,
San Diego, CA, USA), VISTA-APC (R&D Systems, Min-
neapolis, MN, USA), TIGIT-APC, LAG-3-PE, Fixable
Viability Dye eFluor 780 (eBioscience/Thermo Fisher Sci-
entific, Waltham, MA, USA). Transduction rate was evalu-
ated by staining with 5 ng/ml Biotin-Protein L (GenScript,

Piscataway, NJ, USA) and anti-Biotin-APC or -PE (Miltenyi
Biotec). Intracellular stains for IFN-y-PE (BD) and TNF-a-
PacificBlue (Biolegend) were performed using Fix and Perm
Cell Permeabilization Kit (Thermo Fisher Scientific). Flow
cytometric measurements were performed on a MACSQuant
Analyzer 10 (Miltenyi Biotec) or BD LSRFortessa (BD).

T-cell transduction process

Material of the CliniMACS process was from Miltenyi Bio-
tec, Bergisch Gladbach, Germany, unless otherwise stated.
The CliniMACS Prodigy is an automated, closed system
constructed for large-scale generation of immunotherapeu-
tic T-cell products in a GMP-accredited way. It consists of
24 valves into which a sterile, closed tubing set is inserted
without direct contact to the device. All parts intended to
come into contact with the cellular product are sterile and
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single-use materials. The tubing set contains a single-use
culture chamber which is fixed into the CentriCult Unit of
the CliniMACS Prodigy where optimal culturing conditions
of 37 °C/5% CO, are achieved and the cell product can be
centrifuged and shaken during the process.

After written informed consent from patients/their par-
ents, 100—120 ml PB were taken from the patients’ central
venous access (Hickman catheter/port), PBMCs were gen-
erated and frozen. The frozen product was thawed in pre-
warmed TexMACS GMP medium and immediately trans-
ferred to the CliniMACS Prodigy on day O by sterile tube
welding without additional washing steps. Tubing set Clini-
MACS Prodigy TS520 was used together with TCT software
version 1.0. CliniMACS PBS/EDTA supplemented with
0.5% HSA (Grifols, Barcelona, Spain) served as process
buffer for separation with CliniMACS CD4/CD8 reagent.
Cell culture was set-up after selection for CD4*/CD8" cells
by modular programming the activity matrix of the process
(Supplementary Table 1). Culture medium consisted of Tex-
MACS GMP medium, 3% human AB serum (Institute for
Clinical Transfusion Medicine, Ulm, Germany), 12.5 ng/ml
MACS GMP Recombinant Human IL-7 and IL-15. Medium
bag was exchanged for a fresh one on day 6 containing only
interleukins, no serum was added. For activation, one vial
TransAct T Cell Reagent-Large Scale, human was used
according to manufacturer’s recommendations (working
dilution of 17.5 of the vial). Activation reagent was washed
out together with the lentivirus on day 2 of the process, no
magnetic bead removal step was required. One day after
activation, T-cell transduction was performed with a second
generation CAR lentiviral vector encoding for anti-CD19
single-chain variable fragment (scFv), 4-1BB (CD137)
co-stimulatory domain and CD3{ chain. ScFv sequence
was derived from mouse hybridoma FMC-63 (AA 1-267,
GenBank ID: HM852952.1), (GGGGS); was used as linker
domain as described by Schneider et al. [21]. Lentivirus was
thawed at room temperature and diluted with TexMACS
GMP medium to a final volume of 10 ml. The suspension
was transferred to a 150 ml Transfer Bag which was welded
to the tubing set. Multiplicity of infection (MOI) rates are
shown in Supplementary Table 2. Activation reagent/virus
were washed out on day 2. On day 12, cells were harvested
in a final volume of 100 ml TexMACS GMP medium. Cells
were frozen in 5% human serum albumin (Grifols, Barce-
lona, Spain) containing 10% DMSO (Sigma, Taufkirchen,
Germany). Flow cytometric/functionality analyses were
either performed immediately after harvest or from frozen
cells which were thawed in warm TexMACS GMP medium.
Untransduced MOCK controls were taken from reappli-
cation bag after separation for CD4/8. MOCK cells were
cultured in 48-well plates (Corning, Corning, New York,
USA) and treated similar to large scale runs except for trans-
duction. Samples were taken whenever needed using the
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automated sterile sampling system. In case three sampling
pouches were not sufficient, an additional Triple Sampling
Adapter was welded to the tubing set. Sterile tube weld-
ing was performed with an SC-201AH TSCD Sterile Tube
Welder (Terumo).

PBMC isolation, buffer/medium/virus preparation and
cryopreservation required grade A clean room conditions
(open/manual steps). Spiking and sealing procedures are
indicated in Fig. 1. All other steps were performed in the
closed device (CliniMACS Prodigy placed in clean room
grade B or C).

Small scale runs to compare CD4/CD8-separated cells
with PBMCs were performed similar to the large scale pro-
tocol. The amount of virus for transduction was calculated
based on the T-cell count. 1x 10° T cells were transduced
with 2 x 10° particles.

Cytotoxicity assay

Target cells were labeled according to CellTrace Violet Cell
Proliferation Kit (Thermo Fisher Scientific) and co-cultured
with CAR T cells for 24 h. Effector-cell count was calculated
based on transduction rate (CARY cells) which was analyzed
by flow-cytometric staining for Protein-L. Absolute count
of remaining CellTrace Violet-positive cells was calculated
with the MACSQuant Analyzer 10 (Miltenyi Biotec) and set
into relation to the count of CellTrace Violet-positive cells
of control wells (target cells only).

Proliferation assay

T cells were labeled according to CellTrace Violet Cell Pro-
liferation Kit (Thermo Fisher Scientific) and co-cultured
with Jeko cells at an E:T ratio of 5:1 (2% 10* target cells).
Effector-cell count was calculated based on transduction rate
(CAR™ cells) which was analyzed by Protein-L stain. T cells
were re-stimulated every 24 h with 2 x 10* target cells. Cell
proliferation was measured on a MACSQuant Analyzer 10
(Miltenyi Biotec) before stimulation with targets and 24 h
after each re-stimulation.

MACSPlex assay

CAR T cells were co-cultured with target cells at an E:T
ratio of 1:2. Effector-cell count was calculated based on
transduction rate (CAR™ cells) analyzed by flow-cytometric
staining for Protein-L. Supernatant of co-cultures was har-
vested after 24 h and frozen at — 20 °C. For analysis, super-
natant was thawed and diluted 1:5 with buffer supplied with
the MACSPlex Cytokine 12 kit (Miltenyi Biotec). Flow-
cytometric measurement was performed according to sup-
plier’s information.
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Fig. 1 Schematic representation of T-cell transduction (TCT) process
on the CliniMACS Prodigy: PBMCs from pediatric ALL patients
were thawed and immediately transferred to the device on day 0.
After automated CD4/8 separation and CD3/28 activation, transduc-
tion with the lentiviral anti-CD19 CAR vector was performed on day
1. CAR T cells were expanded for 12 days until final CAR T-cell
product was harvested from the device. For the clinical setting, the

qPCR

To determine lentiviral copy numbers, real-time qPCR was
used. Amplification of vector-specific sequences (gag) was
compared to host-specific sequences (PTBP2) using Tagman
Fast Advanced Master Mix (Thermo Fisher Scientific) and
the BIO-RAD CFX96 Touch Real-Time PCR Detection
System.

Statistics

Statistical analyses were performed using Graphpad Prism 7.

CliniMACS Prodigy is currently located in GMP grade B or C. Open
steps (GMP grade A), spiking (1) and sealing (T) procedures are indi-
cated in the lower part of the figure. Cells are cultured in safety level
S2. Due to multiple washing and dilution steps, the final product is
downscaled to safety level S1. PBMC peripheral blood mononuclear
cells, PB peripheral blood, CAR chimeric antigen receptor, GMP
good manufacturing practice

Results

Anti-CD19 CAR T-cell generation using small
peripheral blood samples from pediatric ALL
patients

Autologous anti-CD19 chimeric antigen receptor (CAR)
T-cell products were generated on the CliniMACS Prod-
igy from 100 to 120 ml peripheral blood of four different
pediatric patients. The CliniMACS Prodigy is an auto-
mated, closed system constructed for large-scale genera-
tion of T-cell products in a GMP-accredited way (Fig. 1).
Patients’ characteristics are shown in Table 1. Patients’ age
ranged from 14 to 18 years (mean 16.25 years). All four
patients were female and suffered from B-precursor acute
lymphoblastic leukemia (common ALL, cALL), either after
relapse (n=1) or after primary diagnosis (n=3). None of the
patients had central nervous system (CNS) disease. Patients
were either pre-treated with standard chemotherapy accord-
ing to CoALL 08/09 protocol (n=1) or ALL REZ BFM
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2012 protocol (n=1), respectively, or evaluated at time-point
of diagnosis, and thus prior to chemotherapeutic treatment
(n=2). Blood of pre-treated patients was taken between
two cycles of chemotherapy after lymphocyte counts had
resolved to > 500/ul. Blood was not taken during treatment
with corticosteroids to avoid inhibitory effects on the T cells.
At time-point of sampling, minimal residual disease of two
patients was lower than detection limit by polymerase chain
reaction (PCR) in the bone marrow, whereas the other two
patients suffered from morphological disease (71 or 64%
blasts in peripheral blood, respectively).

Initial T-cell count of the starting fraction of the four
patients ranged between 9.36 x 10° and 4.89 x 107 T cells
(mean 2.86 % 107) after CD4/8 separation. Although the
process is optimized for an initial cell product of 1x 108 T
cells, generation of sufficient amounts of anti-CD19 CAR
T cells was feasible from these very low T-cell numbers
(Table 1). After 12 days of expansion on the CliniMACS
Prodigy, a mean of 4.99 x 10® CAR* T cells (range 9.4 x 10’
to 1.35 % 109) was achieved, suitable for the treatment of a
100 kg patient with a dose of up to 4.99 x 10® CAR* T cells/
kg body weight.

Anti-CD19 CART cells derived from pediatric
patients show high expansion potential
and transduction rates

T cells were activated on day O of the process with a new
anti-CD3/-CD28-based activation reagent (TransAct T
Cell Reagent-Large Scale, human) and were cultured in
the presence of IL-7 and IL-15. Microscope pictures of
the integrated microscope showed clustering of T cells 24
and 48 h after activation indicating efficient T-cell activa-
tion (Fig. 2a). When analyzed by flow cytometry 48 h after
activation, T cells expressed activation markers CD69,
CD25 and CD137 (Fig. 2b). Cell count/viability were eval-
uated on day 0, 2, 5, (6), 7, 9 and at the end of the pro-
cess by sterile sampling from the device. Mean expansion
rate of lymphocytes within the culture was 48-fold (range
14.7-102.4) although two out of four patients had received
corticosteroids in previous chemotherapy cycles (Fig. 2c).
A slight decrease in cell count was detectable on day 2 of
the process possibly due to cell death caused by thawing,
activation and transduction. Viability did not fall below a
mean of 95.8% during the process (Fig. 2d). For CAR002,
cell count decreased below detection threshold on day 2 of
the process and survival of T cells was confirmed by re-
concentration through additional centrifugation of the mate-
rial provided in the sampling pouch. Microscope pictures of
the culture chamber showed massive cell clumps associated
with the destruction of leukemic cells. Viability and cell
count resumed within the next three days of culture. A trend
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towards decreased T-cell expansion in the presence of blasts
was observed (Fig. 2e).

Lentiviral transduction was performed on day 1 after ster-
ile welding the virus-containing bag to the tubing set of the
device. A viral concentration of 2 x 10® particles per 100 ml
was used, irrespective of T-cell counts. Frequency of CAR*
T cells was analyzed by flow-cytometric stain for Biotin-
protein L and detected by anti-Biotin-APC or -PE (Fig. 3a).
Mean T-cell transduction rate at the end of the process was
26.95% (Fig. 3b). Multiplicity of infection (MOI) and cor-
responding transduction rates are shown in Supplementary
Table 2. Transduced cells consisted of mainly CD4 and CD8
T cells, although a small amount of CD3*/CD56" NKT cells
was also transduced. The cellular composition among CAR*
cells showed a slight but not statistically significant predomi-
nance of CD4* T cells followed by CD8" T cells (Fig. 3c¢).
No B cells or leukemic blasts were transduced. Transduced
NKT cells displayed a predominant CD3*/CD8* NKT-cell
phenotype (Supplementary Figure 1). The number of viral
copies (vector copy number) determined by real-time PCR
of genomic DNA did not exceed 2.3 per cell (mean 1.72),
and thus met the requirements of authorities to decrease the
potential risk of insertional mutagenesis.

Balanced CD4/CD8 ratio with predominance of Tcm
and Tscm T-cell phenotype and low expression
of inhibitory checkpoint molecules

Cellular composition was evaluated by flow cytometry prior
to and after CD4/CDS separation on day 0 as well as on
day 5 and at the end of the process (Fig. 4a). Gating strate-
gies/exemplary plots are shown in Supplementary Figure 4.
The patient-derived initial product showed a huge variety
in cellular composition including high blast and mono-
cyte counts and a mean of only 22% CD4* T cells (range
2.74-39.5%) and 16.73% CD8* T cells (range 1.7-28%).
Although CD4/8 separation led to enrichment of both cell
types (mean of 45.25% for CD4™ cells and 20.84% for CD8™*
cells), monocytes and blasts were still present in the cul-
ture after separation. Already after five days of IL-7/-15-
based expansion, no B cells, leukemic blasts or monocytes
were detectable anymore. The final product contained a
robust cellular composition with a mean of 50.3% CD4*
and 38.7% CD8™ cells. A mean of 10.2% of the cells were
NKT cells. The T-cell phenotype of the initial and the final
product was analyzed by flow cytometric stain for CD62L,
CD45RO and CD95 (Fig. 4b). Gating strategy is shown in
Supplementary Figure 5. Whereas the initial product showed
a broad variety and rather exhausted phenotype, the final
CAR T-cell product consisted mostly of Tcm and Tscm cells
which are known to have excellent proliferative potential and
functionality in vivo. No increased expression of exhaus-
tion/senescence markers CD57, 2B4, PD-1 and LAG-3
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Fig.2 Activation, expan-

sion and viability during TCT
process. a Exemplary micro-
scope pictures of the T-cell
culture before, 24 and 48 h after
activation with CD3/CD28-
based TransAct T Cell Reagent
showed clustering of T cells

as a sign of T cell activation
(400-fold magnification, taken
with microscope included

in the CliniMACS Prodigy).

b T cells expressed various
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was measurable on the CAR™ or CAR™ T cells of the final
product (Fig. 4c). Only isolated expression of TIM-3 was
found on CAR™ and CAR™ T cells (data not shown). Low
sensitivity to inhibitory signals caused by leukemic cells
was detected by low surface expression of inhibitory check-
point molecules BTLA, PD-1, VISTA, TIGIT and CTLA-4
(Fig. 4d). A significantly different expression between CAR"
and CAR™ cells was not detectable.

TH1 driven specific functionality of anti-CD19 CART
cells

After co-culture with a CD19% cell line, anti-CD19 CAR
T cells dose-dependently killed up to 80% of the target

T T T T T T T T
DANLDKHO0A DIINMG
Day of process

N KD 0A DADD

Day of process

cells at an E:T ratio of 5:1 (Fig. 5a). Anti-CD19 CAR T
cells co-cultured with a CD197 cell line served as control.
CAR T cells proliferated up to 20-fold when co-cultured
with a CD19% cell line even after several re-stimulations
(Fig. 5b, c). In a second step, cytokine release was measured
in the co-culture supernatant by flow cytometry (Fig. 6a).
After contact to a CD19" cell line, CAR T cells were able
to secrete GM-CSF, IFN-y, IL-2, and TNF-a, indicating a
strong TH1 response of the CAR T cells. IL-5 and IL-10
were also secreted significantly higher compared to nega-
tive controls but stayed at very low concentrations (mean
of 63.36 pg/ml for IL-5, mean of 138.79 pg/ml for IL-10).
Interestingly, although many clinical studies detect high
amounts of IL-6 after anti-CD19 CAR T-cell infusion, a
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