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γ9δ2T cells play a critical role in daily cancer immune surveillance by sensing cancer- 
mediated metabolic changes. However, a major limitation of the therapeutic application 
of γ9δ2T cells is their diversity and regulation through innate co-receptors. In order to 
overcome natural obstacles of γ9δ2T cells, we have developed the concept of T cells 
engineered to express a defined γδT cell receptor (TEGs). This next generation of chi-
meric antigen receptor engineered T (CAR-T) cells not only allows for targeting of hema-
tological but also of solid tumors and, therefore, overcomes major limitations of many  
CAR-T and γδT cell strategies. Here, we report on the development of a robust man-
ufacturing procedure of T  cells engineered to express the high affinity Vγ9Vδ2T  cell 
receptor (TCR) clone 5 (TEG001). We determined the best concentration of anti-CD3/
CD28 activation and expansion beads, optimal virus titer, and cell density for retroviral 
transduction, and validated a Good Manufacturing Practice (GMP)-grade purification 
procedure by utilizing the CliniMACS system to deplete non- and poorly-engineered 
T cells. To the best of our knowledge, we have developed the very first GMP manufac-
turing procedure in which αβTCR depletion is used as a purification method, thereby 
delivering untouched clinical grade engineered immune cells. This enrichment method is 
applicable to any engineered T cell product with a reduced expression of endogenous 
αβTCRs. We report on release criteria and the stability of TEG001 drug substance and 
TEG001 drug product. The GMP-grade production procedure is now approved by 
Dutch authorities and allows TEG001 to be generated in cell numbers sufficient to treat 
patients within the approved clinical trial NTR6541. NTR6541 will investigate the safety 
and tolerability of TEG001 in patients with relapsed/refractory acute myeloid leukemia, 
high-risk myelodysplastic syndrome, and relapsed/refractory multiple myeloma.

Keywords: γδTcr, cancer immunotherapy, gMP-manufacturing, T cell engineering, cancer, Teg

inTrODUcTiOn

Chimeric antigen receptor engineered T (CAR-T) cells are currently entering clinical practice with 
remarkable response rates resulting in multiple FDA approvals in 2017 (1). Major limitations of 
current clinical strategies are, however, that CAR-T  cells rarely offer solutions to solid tumors. 
Another restriction of current CAR-T approaches is that target antigens are often present on healthy 
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tissues. Therefore, we introduced the concept of metabolic cancer 
targeting through a defined high-affinity Vγ9Vδ2T cell receptor 
(TCR) (2) and proposed to utilize T cells engineered to express 
a defined γδT  cell receptor (TEGs) as the next generation of 
CAR-T. Vγ9Vδ2TCRs sense spatial and conformational changes 
of butyrophilin 3A1 (CD277) and RhoB mediated by intracel-
lular phosphoantigen accumulation (PAg). Transformed cells 
often have accumulated PAg due to a dysregulated mevalonate 
pathway, enabling γ9δ2T cells to recognize them (3, 4). The TEG 
concept allows for selecting the most potent Vγ9Vδ2TCR and 
targeting of liquid and solid tumors (5). TEGs also overcome the 
diversity of natural γ9δ2T cells (6) and avoid negative regulation 
of the Vγ9Vδ2TCR through innate receptors of γ9δ2T cells (7). 
In addition, as Vγ9Vδ2TCR are introduced in both CD8 effec-
tor and CD4 helper cells, TEGs can deliver professional help 
through, e.g., maturing dendritic cells (5). For clinical testing of 
the TEG concept, we recently selected a highly tumor reactive 
Vγ9Vδ2TCR clone (clone 5) from the natural repertoire of a 
healthy individual (2). This particular Vγ9Vδ2TCR showed a 
strong reactivity toward a broad range of tumor cells within the 
TEG format, including primary leukemic blasts (8) as well as pri-
mary multiple myeloma cells (9). Due to the selection of a high-
affinity Vγ9Vδ2TCR, TEGs also outperform natural γ9δ2T cells 
in terms of direct tumor recognition (2). For administration of 
TEGs in human, we recently proposed a purification step of TEGs 
by depletion of non- and poorly-engineered cells in order to fur-
ther increase activity and definition of the product (8). However, 
a Good Manufacturing Practice (GMP)-grade procedure for a 
TEG drug product has not yet been defined. In this article, we 
describe the developmental process from a “research method” (8) 
to a manufacturing procedure that is fully compliant with GMP. 
Given that this process requires connecting two completely dif-
ferent worlds, a flexible research environment with a rigid GMP 
environment, the reported developmental process can be of high 
interest to researchers who aim at translating research findings 
to the clinic.

MaTerials anD MeThODs

Production of Master cell Bank (McB)  
and Viral Vector stock
The retroviral vector supernatant was produced in 293Vec-RD114 
cells, a 293SF-based packaging cell clone producing RD114 pseu-
dotyped viral particles containing MP71:TCRγ5-T2A-TCRδ5 
transgene cassette, by BioNTech (Idar-Oberstein, Germany) 
(10, 11). To establish this packaging clone, first, a primary seed 
clone was established in a two-step transfection–transduction 
protocol. Candidate monoclonal cells were tested for the pres-
ence of the TCR transgene using qPCR. Transgene-positive 
clones were expanded to 14 cm Petri dishes in order to harvest 
supernatant. Primary seed clones were screened for virus titer 
production and the most productive cell clone (the producer cell 
line) was selected to grow a MCB. The MCB was released accord-
ing to predefined criteria and stored in liquid nitrogen. Sequence 
integrity of the transgene was confirmed by sequence analysis of 
the MCB and TEG001 drug product samples.

Preparation of leukapheresis Material
Patient-derived mononuclear cells obtained by leukapheresis 
were cryopreserved in freezing medium [sodium chloride (NaCl) 
0.9% with 10% dimethylsulfoxide and 5% human albumin (HA)]. 
The material was thawed at 37°C and mixed with five volumes 
of leukapheresis thaw medium [X-VIVO 15 chemically defined 
medium without gentamicin and phenol red (Lonza, Breda, 
The Netherlands), hereafter, called X-VIVO 15, supplemented 
with 10% HA]. After washing, cells were resuspended in culture 
medium with cytokines (X-VIVO 15 medium with 5% human 
serum), 1.7 ×  103  IU/ml of MACS GMP Recombinant Human 
interleukin (IL)-7 (Miltenyi Biotec, Bergisch Gladbach, Germany), 
and 1.5  ×  102  IU/ml MACS GMP Recombinant Human IL-15 
(Miltenyi Biotec).

activation of T cells
The cell suspension was diluted to a concentration of 1  ×  106 
T cells/ml with culture medium containing cytokines. T cells were 
activated by adding anti-CD3/CD28 Dynabeads (Thermo Fisher 
Scientific, Etten-Leur, the Netherlands) to the cell suspension at 
a bead to cell ratio of 1:5 or otherwise indicated, homogenizing for 
30 min at room temperature (RT) under rocking conditions, and 
subsequently incubating for 40–50 h at 37°C/5% CO2.

At Day 2, activated T cells were harvested by centrifugation 
and subsequently resuspended in culture medium containing 
cytokines. Manual cell count using trypan blue exclusion was 
performed and the cell suspension was further diluted with 
culture medium containing cytokines to a target concentration 
of 0.5 × 106 viable cells/ml.

Transduction
Non-tissue culture treated 24-well plates (Thermo Fisher 
Scientific) were coated with Retronectin (Takara Bio, Saint-
Germain-en-Laye, France) at saturating conditions and incubated 
for 40–50 h at 2–8°C. At the day of transduction, the coated plates 
were incubated for 30 min at 37°C with 0.4% HA in NaCl, 0.9% 
to block unspecific binding. Next, viral supernatant was thawed 
at RT and diluted 1:1 with X-VIVO 15 medium, or as described 
in the relevant figure. RetroNectin-coated plates were coated with 
2.0 ml/well diluted viral supernatant by spinning for 90 min at 
500 × g at RT (one-spin hit transduction). The remaining superna-
tant was aspirated and discarded. Subsequently, 1 × 106 activated 
cells were added per well of the viral-supernatant-coated plates 
(2.0 ml cell suspension of 0.5 × 106 cells/ml) and incubated for 
16–24 h at 37°C/5% CO2.

At Day 3, transduced cells were harvested from the 24-well 
plate, centrifuged, and subsequently resuspended in culture 
medium with cytokines. Manual cell count was performed and 
the cell suspension was further diluted with culture medium 
with cytokines to a final target concentration of 0.25 × 106 viable 
cells/ml. The cell suspension was transferred to MACS GMP 
Cell Differentiation Bag(s) (Miltenyi Biotec) and incubated for 
60–80 h at 37°C/5% CO2.

expansion of Transduced cells
Transduced cells were cultured from Day 3 to Day 13. At Day 6,  
samples from cell suspension were taken to determine the  
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concentration of viable cells by trypan blue exclusion. Trans-
duction efficiency was determined by flow cytometry (% γδTCR 
positive T cells). The cell suspension was centrifuged and cultured 
in fresh culture medium supplemented with cytokines to a target 
concentration of 0.25  ×  106 viable cells/ml and incubated for 
36–48 h at 37°C/5% CO2.

At Day 8, manual cell count was performed to determine 
the concentration of viable cells by trypan blue exclusion. The 
cell suspension, if applicable, was diluted to a target viable cell 
concentration of 1  ×  106 cells/ml with fresh culture medium 
without cytokines. The total volume of cell suspension was then 
supplemented with half the cytokine concentration. The cell 
suspension was incubated for 36–48 h at 37°C/5% CO2.

At Day 10, manual cell count was performed to determine 
the concentration of viable cells by trypan blue exclusion. The 
cell suspension was centrifuged and further diluted with fresh 
culture medium supplemented with cytokines to a target viable 
cell concentration of about 1 × 106 cells/ml. The cell suspension 
was incubated for 60–80 h at 37°C/5% CO2.

Purification of Teg001 by research Macs 
Depletion of non- and Poorly-engineered 
immune cells
pMP71: γTCR-T2A-δTCR-transduced T  cells were incubated 
with biotin-labeled anti-αβTCR antibody (clone BW242/412; 
Miltenyi Biotec), followed by incubation with an anti-biotin 
antibody coupled to magnetic beads (anti-biotin MicroBeads; 
Miltenyi Biotec). Next, the cell suspension was applied to an LD 
column in a QuadroMACS™ Separator. αβTCR-positive T cells 
were depleted by MACS cell separation according to the manu-
facturer’s protocol (Miltenyi Biotec).

Purification of Teg001 by cliniMacs 
Depletion of non- and Poorly-engineered 
immune cells
At Day 13, the cell suspension volume was reduced, when neces-
sary, to 150–200 ml by removing supernatant after centrifugation. 
Anti-CD3/CD28 beads were removed from the cell suspension 
of transduced T  cells using a magnet (Dynamag Cell Therapy 
Systems magnet).

The cell suspension was processed as follows:

 a) Washed with phosphate buffered saline/ethylenediaminetet-
raacetic Acid/HA buffer (PBS/EDTA buffer with 0.5% HA) 
and adjusted to a volume of 95 ml with PBS/EDTA/HA buffer.

 b) Incubated with 7.5  ml of TCRαβ-Biotin reagent (biotin-
labeled anti αβTCR antibody (clone BW242/412; Miltenyi 
Biotec)) for 30 min on a swivel plate.

 c) Washed with 600 ml PBS/EDTA/HA buffer and after centrifu-
gation, the volume was adjusted to 190 ml with PBS/EDTA/
HA buffer.

 d) Incubated with 15  ml of anti-Biotin reagent (anti biotin 
antibody coupled to magnetic beads) for 30 min on a swivel 
plate.

 e) Washed by adding PBS/EDTA/HA buffer to a volume of 
about 600 ml and removing supernatant after centrifugation. 

Subsequently, PBS/EDTA/HA buffer was added to a volume 
of about 200 ml and the αβTCR-expressing T cells (non- and 
poorly-engineered cells) were depleted using a CliniMACS 
Plus instrument (Magnetic Activated Cell Sorting) cell sepa-
ration, program “depletion 3.1.”

 f) Washed twice with infusion medium (NaCl 0.9% for infusion 
with 4% HA) and resuspended in infusion medium to obtain 
25 ml TEG001 drug substance.

cells and cell lines
Daudi (CCL-213) was obtained from the American Type 
Culture Collection and ML-1 was obtained from Sigma-Aldrich 
(Zwijndrecht, the Netherlands). Cell lines were authenticated by 
short tandem repeat profiling/karyotyping/isoenzyme analysis. 
All cells were passaged for a maximum of 2 months, after which 
new seed stocks were thawed for experimental use. In addition, 
all cell lines were routinely verified by growth rate, morphology, 
and/or flow cytometry and tested negative for mycoplasma using 
MycoAlert Mycoplasma Kit. Daudi and ML-1 were cultured 
in RPMI  +  1% Pen/Strep  +  10% FCS (Bodinco, Alkmaar, the 
Netherlands). Peripheral blood mononuclear cells (PBMCs) were 
isolated from buffy coats or apheresis material obtained from the 
Sanquin Blood Bank (Amsterdam, the Netherlands).

Flow cytometry
Antibodies used for flow cytometry include: pan-γδTCR-PE 
(clone IMMU510; Beckman Coulter, Woerden, the Netherlands), 
pan-αβTCR-APC (clone IP26; eBioscience, Thermo Fisher 
Scientific), CD4-V450 (clone RPA-T4; BD Biosciences), CD8α-
PerCP-Cy5.5 (RPA-T8; Biolegend), CD3-eFluor 450 (OKT-3; 
eBioscience), CD45-FITC (2D1; BD Biosciences), CD16-FITC 
(3G8; BD Biosciences), CD56-FITC (MY31; BD Biosciences), 
CD27-APC-eFluor780 (O323; eBioscience), CD45RO-PE-Cy7 
(UCHL-1; BD Biosciences). All samples were analyzed on a BD 
LSRFortessa using FACSdiva software (BD Biosciences).

elisPOT and elisa assays
IFNγ ELISPOT was performed as previously described (5, 6). 
Briefly, 15,000 TCR-transduced or mock-transduced (TEG-LM1) 
T cells and 50,000 target cells (ratio 0.3:1) were cocultured for 
24 h in nitrocellulose-bottomed 96-well plates (Merck, Schiphol-
Rijk, the Netherlands), pre-coated with anti-IFNγ antibody 
(clone 1-D1K) (Mabtech, Nacka Strand, Sweden). Plates were 
washed and incubated with a second biotinylated anti-IFNγ anti-
body (clone 7-B6-1) (Mabtech) followed by streptavidin-HRP 
(Mabtech). IFNγ spots were visualized with tetramethylbenzidine 
substrate (Sanquin) and the number of spots was quantified using 
ELISPOT Analysis Software (Aelvis, Hannover, Germany). IFNγ 
ELISA was performed using ELISA-ready-go! Kit (eBioscience) 
following manufacturer’s instructions. Effector and target cells 
(E:T 15,000:15,000) were incubated for 24 h in the presence of 
pamidronate when indicated.

statistical analyses
Differences were analyzed using indicated statistical tests in 
GraphPad Prism 7 for Windows (GraphPad Software Inc., La Jolla,  
CA, USA).
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FigUre 1 | TEG yield depends on the optimal anti-CD3/CD28 bead to T cell 
ratio at the day of T cell activation. Multiple anti-CD3/CD28 bead to T cell 
ratios were tested and compared with respect to total TEG yield at day 10. 
After activation, transduction and expansion TEG numbers were defined by 
combining viable cell count with flow cytometry for γδTCR+ T cell 
percentage. OKT3 + IL2 served as a control activation and expansion 
stimulus. Mean absolute cell number + SD is shown, n = 2–3. The 
differences according to Mann–Whitney U tests are not significant (p > 0.05).
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resUlTs

Defining Optimal activation of Primary  
T cells With anti-cD3/cD28 coated Beads
Stimulation of T cells with immobilized anti-CD3 and anti-CD28 
antibodies provides both an antigen stimulus and co-stimulation 
for optimal T cell activation and expansion (12). Consequently, 
anti-CD3/CD28-coated beads are widely applied to engineer cel-
lular products for different types of adoptive αβT cell therapies 
(13–16). The optimal anti-CD3/28 bead to CD3+ T cell ratio for 
activation, transduction with viral supernatant, and expansion 
of engineered immune cells is, however, frequently dependent 
on the specific transgene and production process. In order to 
define the best anti-CD3/28 bead to CD3+ T  cell number 
for engineering TEGs, PBMCs were first analyzed for CD3+ 
T  cell content by flow cytometry, and then incubated with 
various ratios of anti-CD3/CD28 beads in the presence of the 
cytokines interleukin (IL)-7 and IL-15. As a control stimulus, 
soluble OKT-3 and IL-2 was used. Next, T cells were transduced 
with non-GMP grade retroviral supernatant and expanded as 
described in the Section “Materials and Methods.” After 10 days, 
the total number of TEGs, defined as double positive TEGs 
when expressing γδTCRs and αβTCRs or single positive TEGs 
when expressing γδTCRs only, were assessed by flow cytometry. 
The mean total cell number of single and double positive TEGs 
ranged from 2 to 6 × 106 cells when stimulated with anti-CD3/28 
beads, and peaked at an anti-CD3/28 bead to T cell ratio of 1:5, 
while our standard OKT3 research protocol delivered 3  ×  106 
cells (Figure 1). Due to the limited number of replicates, when 
performing a Mann–Whitney U-test, the difference between 
none of the conditions was significant (p > 0.05). A 1:5 bead to 
T cell ratio was chosen for the activation of T cells in all following 
TEG manufacturing procedures. This ratio is sufficient to acti-
vate T cells and is substantially lower in numbers than advised 
by the manufacturer and, therefore, saves costs during the future 
production procedures.

selection of a gMP-grade retroviral 
Producer cell clone
One of the most critical raw materials of the TEG manufactur-
ing process is the viral vector supernatant used to transduce the 
T cells. Selection of a potent GMP-grade cell clone that produces 
the retroviral vector encoding the γδTCR is, therefore, critical for 
the success of the GMP-grade transduction process. The retroviral 
vector supernatant was produced using 293SF-based packaging 
cells, 293Vec-RD114, by BioNTech (10, 11). A large number of 
engineered producer cell clones were generated and the virus 
titer in the supernatant was assessed by titration experiments on 
Jurkat cells and analysis of γδTCR positive cells by flow cytom-
etry (Figure 2A). The 8 best clones were selected for the second 
round of testing. Two additional clones from the upper midfield  
(#8, #62) were added to confirm the ranking (Figure 2B). Clone 
#73 was selected as the best GMP-grade retroviral producer 
cell line and was, therefore, further expanded and the titer was 
assessed before and after 0.45  µm filtration of the supernatant 
from different harvesting runs (Figure 2C). Filtration was per-
formed in order to eliminate cell debris, a key step for generating 
GMP grade viral supernatant. This associated, however, with an 
up to sixfold reduction in viral particles in different harvesting 
runs (Figure 2C).

Virus Titer impacts Transduction 
efficiency of Primary T cells
In the manufacturing of genetically modified cellular medicines, 
there is a strong relationship between transduction efficiency 
and the ability to produce sufficient cell numbers that meet 
predefined quality criteria (17). To optimize the production 
process we, therefore, assessed the amount of virus needed for 
optimal efficiency in a one-hit transduction. Viral supernatant 
generated in different pre-GMP proof runs from producer cell 
line clone #73 was used with virus titers ranging from 8.7 × 103 
to 2.7 × 106 infectious particles (ip) per milliliters. Transduction 
efficiency was evaluated after 7 and 10 days of expansion with the 
optimized 1:5 anti-CD3/28 bead to T cell ratio. The percentage 
of TEGs was determined by flow cytometry using a pan-γδTCR 
antibody. The total number of both single and double positive 
TEGs was determined. Viral supernatant containing 1 × 106 ip/ml 
provided transduction efficiencies of 60–70% TEGs (Figure 3A). 
The majority of TEGs showed high expression levels of γδTCR 
while being negative for αβTCR due to the successful competition 
of the introduced γδTCR chains against endogenous αβTCRs for 
components of the CD3 complex as reported (8). Thus, virus titers 
around 1 × 106 ip/ml are sufficient for the generation of TEGs.

impact of T cell Density on Transduction 
and expansion efficiency
It has been suggested that the density of activated T  cells dur-
ing the transduction procedure influences the transduction 
efficiency (18). Therefore, the optimal cell concentration during 
transduction was investigated within the context of four different 
virus titers (range 0.03–1.5 × 106 ip/ml), and five different T cell 
densities (range 0.1–2.0 × 106/ml). During the expansion phase, 
T cell densities were adjusted to defined concentrations at day 3 
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FigUre 2 | Selection of a viral vector producer cell clone. Retroviral supernatant was produced in 293vec-RD114 packaging cells. (a) The titer produced by the 
different clones was assessed in Jurkat cells. The clones depicted by the black bars were selected for a second round of testing (B). (c) Clone #73 was picked for 
production of the TEG001 Good Manufacturing Practice retroviral supernatant. The titer was assessed after four rounds of harvest, before, and after filtration.
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and 6 (both 0.25 × 106/ml), and day 8 and 10 (both 1.0 × 106/ml). 
The percentage of γδTCR-positive T cells was determined after 
7 and 10 days by flow cytometry using a pan-γδTCR antibody 
(Figure 3B). Differences in TEG transduction efficiencies were 
only observed for very low virus titer conditions (0.03  ×  106  
ip/ml). A cell concentration of 0.5 × 106/ml was selected as the 
standard cell density during transduction for TEG001 manufac-
turing process.

impact of gMP-grade Virus Titer From 
clone #73 on Transduction efficiency
Due to procedural differences between the manufacturing of 
research-grade and GMP-grade retroviral supernatant, the 
relationship between virus titer and transduction efficiency for 
the final GMP viral supernatant batch, which will be used for the 
production of TEGs for the clinical trial, was further investigated. 
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FigUre 3 | Transduction efficiency depends on the virus titer. T cells were activated with 1:5 CD3/CD28 bead to cell ratio followed by retroviral transduction with 
the γδTCR and expansion. (a) 0.5 × 106 cells per ml were transduced with different concentrations of pre-Good Manufacturing Practice (GMP) viral supernatant. 
The % TEGs are shown as total double positive TEGs (black circles) and single positive TEGs (open triangles) at day 7 and day 10 after activation. (B) The 
relationship between T cell concentration and transduction efficiency was investigated. Transduction efficiency was evaluated after a 7- and 10-day expansion 
period, for a range of T cell concentrations during transduction and four different virus titers. (c) 0.5 × 106 cells/ml were transduced with different concentrations of 
GMP viral supernatant to determine the relationship between virus titer and transduction efficiency after a 6-, 9-, and 13-day expansion period.
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T cells were transduced at a density of 0.5 × 106 cells/ml with 
different dilutions of GMP-grade viral supernatant in a one-
spin hit transduction procedure. The transduction efficiency 
and total γδTCR positive cell numbers were evaluated after  
6, 9, and 13 days by flow cytometry using a pan-γδTCR anti-
body (Figure 3C). The percentage of TEGs with the different 
pre-GMP titers was highest between day 6 (Figure 3C) and day 
10 (data not shown) followed by a small decrease, most likely 

in line with our previous observation that engineered immune 
cells have a slight disadvantage in proliferative capacity early 
after transduction when compared to non engineered immune 
cells (19). In line with the observation for pre-GMP-grade viral 
supernatant, the final GMP-grade viral supernatant that will 
be used for the clinical study provided transduction efficien-
cies of up to 60% TEGs when utilizing a titer of 1.2 × 106 ip/ml 
(Figure 3C).
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FigUre 4 | γδTCR expression defines functional activity. (a) A defined CD4+ T cell clone (20) underwent the transduction procedure but remained untransduced 
(T cells A) or was transduced with the MP71:TCRγ5-T2A-TCRδ5 retroviral vector, resulting in low and intermediate γδTCR single positive cell lines (T cells B and C, 
respectively). Primary T cells were used to generate the cell line with a high single positive γδTCR fraction that was further purified for CD4+ T cells by CD4 MACS 
selection after transduction (T cells D). In all cases, after one cycle of expansion, γδTCR and αβTCR expression was measured in the viable CD45+ gate by flow 
cytometry after which the cells were used in a function assay. (B) Different T cells were coincubated with the indicated tumor target cell lines in the presence of 
pamidronate in triplicate. Daudi is the prototypic TEG001 positive target, ML-1 is the negative control target. TEG-LM1 served as the negative control effector.  
After 20 h at 37°C, supernatant was harvested and analyzed by IFNγ ELISA. Mean IFNγ production + SD is shown.
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higher γδTcr expression increases 
antitumor activity
Defining a potency assay for a medicinal product is critical for 
assessing whether the final product is biologically active. Previous 
reports suggested that γδTCR expression levels correlate with 
activity of TEGs (5, 8). To formally confirm that indeed γδTCR 
expression is key for TEG activity, we used a defined CD4+ T cell 
clone (20), which underwent the transduction procedure but 
remained untransduced (T cells A) or was transduced with the 
MP71:TCRγ5-T2A-TCRδ5 retroviral vector, resulting in low and 
intermediate γδTCR single positive cell lines (T cells B and C, 
respectively). Primary T cells from a GMP proof run were used 
to generate the cell line with a high single positive γδTCR fraction 
that was further purified for CD4+ T cells by CD4 MACS selection 
after transduction (T cells D) (Figure 4A). Next, activity of theses 
γδTCR cell lines with different amounts of single γδTCR-positive 

T cells was compared side by side in the presence of pamidronate 
against Daudi as a positive, or ML1 as a negative tumor target 
(Figure 4B). CD4+ TEGs with higher γδTCR expression had a 
higher activity in terms of IFNγ cytokine secretion when com-
pared to CD4+ T cell clones with lower or literally absent γδTCR 
expression. As control, T cells A–C, which express an endogenous 
allogeneic HLA-DPB1*04:01-reactive αβTCR, were coincubated 
with an HLA-DPB1*04:01 expressing B cell line. This resulted in 
cytokine levels equivalent or higher than from T cells D, indicat-
ing that T cells A–C were highly functional when triggered by the 
endogenous TCR (data not shown). These data are in line with 
previous reports from our group (8) and support the rationale to 
enrich in the GMP process only for TEGs with highest γδTCR 
expression. Therefore, we defined γδTCR-positive expression as 
a potency assay for TEGs and γδTCR single positive TEGs defines 
the functionally most active population.

https://www.frontiersin.org/Immunology/
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FigUre 5 | Successful enrichment of TEGs by CliniMACS depletion. (a) Comparison of TEGs transduction efficiency during production (in-process control, day 6) 
and at the end of production (final product) of six different production batches. (B) After introduction of pMP71:γTCR-T2A-δTCR and expansion of the T cells both 
γδTCR+αβTCR− T cells as γδTCR+αβTCR+ T cells are present. (c) During one of the research scale production batches, the cells at Day 13 were split and the 
non-transduced T cells were depleted using the research MACS or CliniMACS cell separation systems. (D) γδTCR+ cell recovery as percentage of the γδTCR+ cell 
input was measured after each αβTCR CliniMACS depletion. (e) Overview of the Good Manufacturing Practice TEG001 production process.
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enrichment of Tegs by cliniMacs 
Through Depletion of non- and  
Poorly-engineered immune cells
Non- and poorly-engineered cell fractions are usually present in 
genetically engineered T cell products and associate with little or 
no activity as shown also for TEG001 (Figures 4A,B). In addition, 
such cell fractions could even be harmful as they might harbor 
unwanted specificities. To avoid this potential drawback, a pro-
cedure for the depletion of non- and poorly-engineered T cells 

was developed by taking advantage of the observation that upon 
introduction of a γδTCR, the endogenous αβTCR expression is 
substantially decreased or even absent (2, 5). First, we defined 
“in process controls.” During six large-scale proof runs, the 
percentage of γδTCR-positive cells was, therefore, assessed at day 
6 (in process control), before and after the CliniMACS depletion 
procedure. Between 31 and 63% of all cells were positive for 
γδTCR at day 6, and 73–92% at day 13 after CliniMACS deple-
tion (Figure 5A). In addition, we assessed the robustness of the 

https://www.frontiersin.org/Immunology/
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FigUre 6 | TEGs have a predominant effector-memory/effector phenotype. (a) The phenotype of TEGs from four different donors was determined by measuring 
CD45RO in combination with CD27 expression on day 13, after the CliniMACS depletion. CD45RO+/CD27+ is considered as Tcm, CD45RO−/CD27+ as Tn, 
CD45RO+/CD27− as Tem, and CD45RO−/CD27− as Temra (21). (B) TEGs were produced according to the described procedure after which they were stored at 
2–8°C. After 20 h, the TEGs were coincubated with Daudi in the absence and presence of pamidronate (PAM) as a positive target, or TEG LM1 in the absence and 
presence of PAM as a negative target. TEG LM1 as effector served as the negative control. The maximum assay sensitivity was set at 500 spots (dashed line).
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observation that introducing γδTCR substantially outcompetes 
endogenous αβTCRs during different GMP runs. The ratio of 
single positive to double positive TEGs ranged between 1.6 and 
2.5 and was above 1.5 for all runs (Figure 5B). Then, we aimed 
to assess whether a depletion of non- and poorly-engineered 
TEGs could not only be performed with research devices (8), 
but also with GMP-grade αβTCR beads on a CliniMACS device. 
Therefore, we compared side by side the research-scale and large-
scale depletion of non- and poorly-engineered TEGs through 
αβTCR depletion on a CliniMACS. After the depletion proce-
dure, we observed a comparable purity of single positive TEGs 
after both procedures (research-grade: 73% versus clinical-grade: 
76%; Figure  5C), while the remaining αβTCR positive T  cell 
fraction was very low for both research-grade and GMP-grade 
(0.3 and 0.0%, respectively). The αβTCR negative γδTCR nega-
tive populations present in both research-grade and GMP-grade 
depleted products (24 and 27%, respectively) mainly consisted 
of NK  cells (data not shown). This double negative population 
was present at the end of all manufacturing runs (n = 6, range 
8–27%), and was donor and batch dependent. The recovery 
after CliniMACS αβTCR depletion, indicated as percentage of 
γδTCR + T cell output of the respective input, varied between 
19 and 33% (n =  6, Figure  5D). This procedure allowed us to 
produce TEGs in numbers up to 2 × 109 cells and is, therefore, 
sufficient to deliver dosages needed for the planned clinical study. 
The complete manufacturing schedule is depicted in Figure 5E.

immunological Phenotype of Teg001 Drug 
substance
Next, we characterized the immunological phenotype of the 
drug substance TEG001, as the in vivo proliferation capacity and 

function of genetically modified cell therapy products is not only 
determined by the introduced receptor but also by the differen-
tiation phenotype of the individual T  cells. The differentiation 
phenotype of TEGs was determined by measuring the expression 
of CD27 and CD45RO (21) of five pre-GMP production runs. 
The major subset of TEGs was, after a 2-week expansion period, 
T cells with an effector (Teff) and effector memory (Tem) phenotype 
(Figure 6A). In addition, all products contained engineered cen-
tral memory T cells (Tcm), an immune subset enabling potential 
long-term persistence of TEG in vivo (22).

release specifications of Teg001 Drug 
substance and Teg001 Drug Product, 
Batch analyses, and stability
Release specifications are an essential component of quality assur-
ance and protect the patient from receiving a suboptimal cellular 
product. Based on our small-scale runs, we defined, therefore, 
product release specifications. To avoid overly stringent product 
definition criteria, which could result in the discarding of a product 
for clinical use, we defined release criteria for the TEG001 drug sub-
stance as ≥50% γδTCR positive T cells, ≥70% viability, and ≤10% 
αβTCR positive T  cells in addition to standard microbiological 
release criteria (Table 1). All six large-scale runs met these release 
criteria as indicated in Table 2. In addition, after formulation of 
the drug product, stability of TEG001 drug product was assessed. 
This is essential for clinical practice as products are frequently 
administered for logistical reasons within 1 day after production 
is complete. Therefore, a fraction of TEG001 drug product was 
stored for 16 and 20 h at 4°C and tested for viability over time. All 
three tested batches remained stable over the tested time period 

https://www.frontiersin.org/Immunology/
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TaBle 3 | Stability data of TEG001 cell suspension for infusion stored at 2–8°C.

Time point Parameter run (content Teg001 cells per 100 ml drug product)

31
69 × 106

31
12 × 107

32
71 × 106

32
14 × 107

32
26 × 107

33
73 × 107

33
31 × 107

Formulation Viability 97% 97% 100% 100% 100% 100% 99%
T = 0 h Viable cell number recovery 100% 100% 100% 100% 100% 100% 100%

Storage Viability 96% 97% 99% 100% 99% 100% 100%
T = 16 h Viable cell number recovery 93% 94% 99% 94% 90% 100% 97%

Storage Viability 94% 94% 100% 100% 99% 100% 100%
T = 20 h Viable cell number recovery 84% 94% 99% 94% 90% 97% 97%

TEG001 was produced using our Good Manufacturing Practice large scale production protocol in multiple large scale manufacturing runs. TEG001 was formulated in NaCl 0.9% for 
infusion with 4% HA at different cellular concentrations, to study the effect of TEGs density on cell viability and viable cell recovery at T = 0 and after storage at 2–8°C for 16 and 20 h.

TaBle 2 | TEG001 drug substance batch analysis data of large scale runs.

Parameter acceptance criteria run

26 27 28 31 32 33

Identity

 - TEG001 Identity confirmed Pass Pass Pass Pass Pass Pass

Purity
 - % γδTCR-positive T cells
 - Viability

≥50% 84% 73% 92% 86% 88% 87%
≥70% 99% 98% 99% 97% 100% 100%

Impurities
 - % αβTCR-positive T cellsa ≤10% 0.0% 0.0% 0.2% 0.5% 0.4% 0.1%

Microbiology
 - Sterility
 - Mycoplasma
 - Endotoxins

Negative ND ND Negative Negative ND ND
Negative ND ND Negative Negative ND ND

<2.0 IU/ml ND ND Pass Pass ND ND

TEG001 was produced using our Good Manufacturing Practice large scale production protocol in multiple large scale manufacturing runs. TEG001 was formulated after which the 
identity, purity, and viability was assessed using trypan blue exclusion and flow cytometry.
aOnly applicable for patients who previously received an allogeneic hematopoietic stem cell transplantation.

TaBle 1 | Release specifications TEG001 drug substance.

Parameter Method acceptance criteria

Identity
 - TEG001 Flow cytometry Identity confirmed

Purity
 - % γδTCR-positive T cells
 - Viability

Flow cytometry ≥50%
Manual cell count ≥70%

Impurities
 - % αβTCR-positive T cellsa Flow cytometry ≤10%

Microbiology
 - Sterility
 - Mycoplasma
 - Endotoxins

Ph.Eur Negative
Ph.Eur Negative
Ph.Eur <2.0 IU/ml

The TEG001 release specifications as defined in the investigational medicinal product 
dossier.
aOnly applicable for patients who previously received an allogeneic hematopoietic  
stem cell transplantation.
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(Table  3). Next, we tested whether GMP-grade TEG001 drug 
product is functional after storage for 20 h at 4°C, by co-incubation 
of TEG001 and TEG-LM1 (mock control) with the reference target 
cell line Daudi, in the presence of pamidronate (2, 8). TEG001 was 
effective in recognizing Daudi, while there was no recognition by 
mock TEGs when assessed by IFNγ ELISPOT (Figure 6B).

DiscUssiOn

We have developed a robust GMP-grade TEG production pro-
tocol, which not only includes a conventional transduction and 
expansion step but also a very stringent CliniMACS enrichment 
procedure to guarantee high purity of the drug substance. This 
purification procedure can be used for any engineered immune 
cell product, which associates with a reduced expression of the 
αβTCR, like CAR-T introduced in the αTCR locus (23, 24). By 
utilizing this protocol, we have been able to produce and enrich 
TEGs in numbers, which are sufficient to reach the highest dose 
level of our upcoming phase I trial NTR6541. Furthermore, 
we have shown that γδTCR expression can be used as potency 
assay for TEG001, and that the TEG001 drug product is stable 
for at least 20 h at 4°, which allows for provisional release and 
transportation to the location of the infusion.

In current manufacturing processes of CAR-T cells, purifica-
tion steps are often not included. As a consequence, final products 
currently infused into patients harbor only between 15 and 55% 
of engineered immune cells (18, 25, 26). The lack of purity can 
become a major clinical obstacle, in particular, when engineer-
ing T  cells from patients who relapse after allogeneic stem cell 
transplantation. Re-infusion of CAR-T  cells in patients after 
allogenic stem cell transplantation has been reported to associate 
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with incidences of acute and chronic graft versus host disease 
(GvHD), up to 10% (27). GvHD after infusion of CAR-T cells is 
most likely a consequence of endogenous αβTCRs still expressed 
at physiological levels in CAR-T cells, as well as the presence of 
non-engineered immune cells within the product. With our TEG 
concept, we provide comprehensive solutions to these problems. 
First, as suggested from our previous data, not only in the research 
environment (8) but also with our presented GMP manufacturing 
process, endogenous αβTCRs are substantially downregulated in 
TEGs. Reduced expression of endogenous αβTCRs is most likely 
due to the efficient competition of the introduced γδTCR against 
endogenous αβTCR for CD3 components of a T cell. Second, the 
additional GMP enrichment procedure utilizing the CliniMACS 
system achieves purity of TEGs, which can exceed 90%. The 
removal of non- and poorly-engineered cells from the final drug 
substance has another advantage, in addition to the reduced 
risk of GvHD and a more potent product due to enrichment of 
γδTCR-positive cells; the improved competition for homeostatic 
cytokines (28, 29). Other strategies for the refinement of engineered 
immune cells have been developed recently. However, alternative 
purification strategies frequently depend on the introduction of an 
additional truncated protein such as CD19 or epidermal growth 
factor receptor, which are normally absent in the T cell lineage 
(30). Using a transgene cassette with an additional sequence for 
selection purposes can lead to lower transduction efficiencies and 
reduced expression of the introduced immune receptor or alterna-
tive homing (J. Kuball, unpublished observation) and associates 
frequently with unwanted T cell activation and immunogenicity 
(31). To the best of our knowledge, we have developed the very 
first GMP manufacturing procedure in which αβTCR depletion 
is used as a purification method, thereby delivering untouched 
clinical-grade engineered immune cells. Despite an efficient elimi-
nation of non- and poorly-engineered αβT cells, our procedure 
also enriches for NK cells. An additional purification step before 
T  cell engineering might, therefore, be intriguing for the next 
generation of TEG-manufacturing, such as αβTCR+ or CD3+ 
cell selection before T cell activation (32), as proposed by others.

Advanced therapy medicinal products (ATMPs), such as TEGs, 
are individualized and complex biological products that require 
careful consideration of their nature in order to define adequate 
“in process” and “release” tests. ATMPs are also frequently freshly 
prepared and directly infused into patients after production, limit-
ing the possibilities for extensive safety and release testing for an 

individual product. Despite the limited possibilities, regulatory 
authorities oblige a potency assay before batch release. Potency is 
defined as “the specific ability or capacity of the product, as indi-
cated by appropriate laboratory tests or by adequately controlled 
clinical data obtained through the administration of the product in 
the manner intended, to effect a given result” (33). Potency must be 
measured in a robust and biologically relevant way, which reflects 
the mechanism of action. Thus, defining valid potency assays can 
be a major challenge for ATMPs. For CAR019, expression of the 
introduced receptor as a potency assay has been proposed by ven-
dors and accepted by the FDA (17, 34). We provide now evidence 
that for TEGs, γδTCR expression levels are an adequate potency 
assay. However, expression levels of receptors are rather simpli-
fied and surrogate methods to assess for activity will not predict 
efficacy in vivo. Therefore, alternative methods are needed. High-
throughput characterization of TEGs on single cell levels could be 
interesting alternatives, as previously also reported for CAR-T (35).

In conclusion, we have developed a GMP-grade manufacturing 
strategy for TEGs incorporating an αβTCR depletion to obtain 
a final product substantially enriched for TEGs. The described 
process can also be valuable for any CAR-T product interfering 
with endogenous αβTCR expression. We also defined release and 
potency criteria acceptable for competent authorities. TEG001 
will be used for an upcoming phase I dose escalation clinical trial 
registered as NTR6541. This trial aims to investigate the safety 
and tolerability of TEG001 in patients with relapsed/refractory 
acute myeloid leukemia, high-risk myelodysplastic syndrome, 
and relapsed/refractory multiple myeloma.
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