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Watch your thoughts,
for they become your words.

Watch your words,
for they become your actions.

Watch your actions,
for they become your habits.

Watch your habits,
for they become your character.

Watch your character,
for it becomes your destiny.

    Lao Tzu

Let op je gedachten,
want ze worden je woorden.

Let op je worden,
want ze worden je daden.

Let op je daden, 
want ze worden je gewoontes.

Let op je gewoontes, 
want ze worden je karakter.

Let op je karakter, 
want het wordt je noodlot.

    Lao Tzu

Achte auf deine Gedanken,
denn sie werden deine Worte.

Achte auf deine Worte, 
denn sie werden deine Handlungen.

Achte auf deine Handlungen,
denn sie werden Gewohnheit.

Achte auf deine Gewohnheiten,
denn sie werden dein Charakter.

Achte auf deinen Charakter,
denn er wird dein Schicksal.

    Lao Tzu
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PROLOG
Cancer – the “Emperor of all Maladies” (Mukherjee, 2011) is one of the most 
threatening diseases of our times. The word alone has a bitter taste and in one way 
or the other nearly everyone has been affected by this disease. Even if cancer is a 
very old disease, a century ago nearly no one has heard of it while today it seems 
like something ubiquitously present. Newspapers are full of articles discussing 
cancer and recent movies made cancer a major topic. It is a disease which people 
fear, also because cancer is dormant within all of us. The list of carcinogenic foods, 
substances and habits is long and with most of them we have to deal in daily life. 

With the public awareness of cancer also science is now confronted with one of 
its biggest challenges – finding a cure for cancer. Therefore more funding was 
mobilized and invested into cancer research and scientist worldwide are gaining 
knowledge about the complex mechanisms behind cancer biology and finding 
various treatment options for patients. This thesis describes one initiative to advance 
cancer therapy: the generation of a T-cell receptor which recognizes various cancer 
types and can be used as a tool for cell-based cancer immunotherapy. I invite you 
to read more about this scientific journey starting from fundamental molecular 
findings and ending at the preclinical face.
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Figure 1. Adoptive T-cell Therapy. Tumor-specific T-cells are either isolated from the cancer patient or 

are originated by engineering T-cells to express a tumor-reactive T-cell receptor (TCR). Tumor-specific 

T-cells are further expanded and given back to the patient to fight the tumor. 

GENERAL INTRODUCTION

Adoptive T-cell therapy
Cancer immunotherapy seeks to treat cancer with the help of the immune system. 
Promising treatment options include cell-based therapies where immune cells are 
used to detect and destroy cancer. T-cells are immune cells that constantly scan 
the body for foreign invaders and diseased cells. With their T-cell receptors (TCR) 
they are able to recognize small protein structures on the surface of foreign cells 
named antigens and initiate an immune response against diseased or malignant 
cells. To develop a therapy against cancer scientists were trying to isolate T-cells 
that specifically recognize tumor cells and expand them to a defense force that is 
able to fight the tumor. This strategy was realized with the development of Adoptive 
T-cell therapy (Figure 1). 

It is known that tumor tissue itself contains immune cells with antitumor 
reactivity named tumor infiltrating lymphocytes (TILs). Accordingly, tumor-
specific T-cells were isolated from a tumor specimen containing TILs and after ex-
vivo expansion re-infused into the patient together with interleukin-2 (IL2) which 
helps T-cells to proliferate. Metastatic melanoma was successfully treated with 
such therapy and in some patients aggressive tumors melted away in a couple of 
days. The approach for TIL therapy was pioneered by Rosenberg and his colleagues 
and is still improved to progress safety, potency and economic feasibility.

Although additional solid tumors, where specific T-cells are easy to collect, might 
be feasible for TIL therapy, other cancers besides melanoma are currently hard to treat 
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with this approach. Therefore, another therapy using genetically modified T-cells was 
developed. Here, T-cells are given a defined anti-tumor specificity by introducing a 
new receptor that recognizes specific cancer antigens. To introduce a new receptor 
into a patient’s T-cells a viral vector containing the aimed receptor genes is used 
as a vehicle. Via artificial viruses the viral vector is transmitted into the T-cell and 
integrates into its genome so that the TCR genes remain stable in the cell. T-cells that 
now express a new tumor-specific TCR are expanded and given back to the patient to 
induce an immune response against the tumor. Shrinking tumors were observed in 
metastatic melanoma, colorectal cancer and synovial sarcoma applying TCR therapy. 

The choice of a target-antigen and a corresponding specific TCR are critical 
points for an effective TCR therapy. It is necessary to understand how a TCR 
recognizes its target to make the right choice and be able to develop a potent TCR 
based cancer immunotherapy.    

Recognition mechanism of αβTCRs and limitations of αβTCR 
therapy
T-cells play an important role in cell-mediated immunity and are critically 
involved in tumor immunosurveillance. All T-cells develop in the thymus, and 
are characterized by the expression of a T-cell receptor (TCR) on their surface. 
The TCR is a heterodimer of two different protein chains. Conventional αβT-cells 
which comprise 95% of all T-cells in the periphery carry a TCR composed of 
a α- and a β-polypeptide chain. Primarily αβTCRs which specifically recognize 
a tumor-antigen are currently exploited in TCR therapies. αβTCRs recognize 
antigens that are presented by major histocompatibility complex (MHC) 
molecules. Thereby two classes of αβT-cells recognize two different classes of 
MHC molecules. αβT-cells that express the co-receptor CD8 recognize peptides 
presented on MHC class I molecules. MHC I molecules are expressed by all 
nucleated cells of the body and have the function to present protein fragments from 
within the cell to CD8+ T-cells. A healthy cell will be ignored while a diseased cell 
which presents foreign proteins on the surface will be attacked by cytotoxic CD8+ 
T-cells. αβT-cells that express the co-receptor CD4 recognize peptides presented 
on MHC class II molecules and are mainly responsible to activate other effector 
cells of the immune system. MHC II molecules present peptides derived from 
extracellular proteins (like from bacteria) and are mainly expressed on antigen 
presenting cells (APCs) including dendritic cells, macrophages and B-cells. APCs 
ingest foreign antigens via phagocytosis or endocytosis and break it down into 
peptides that are subsequently presented on MHC II. Each class of human MHC 
molecules (also known as HLA) is encoded by several genes which are highly 
polymorph. Therefore each human expresses a different set of MHC molecules 
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and the chance that two unrelated individuals have identical MHCs is rather 
low. Because αβTCRs recognize a MHC:peptide complex, αβT-cells show an 
MHC-dependant antigen recognition. For therapies using αβTCRs it is therefore 
important to match the TCR genetically to the patient. As a result only a limited 
number of patients can be treated with one αβTCR. Furthermore present TCR 
therapies mainly target antigens which are solely expressed on one type of tumor 
which also limits the application in view of other cancer types. Another hurdle 
of genetically engineered αβT-cells is the fact that the introduced α- and βTCR-
chain are able to pair with endogenous TCR-chains of the target T-cell which 
lead to ‘mispaired’ TCRs with potential harmful unknown specificity. Mispaired 
αβTCRs can therefore induce auto-reactivity in the patient. Furthermore the use 
of high affinity αβTCRs directed against tumor antigens can also lead to ‘on-target’ 
auto-reactivity when the targeted antigen is expressed in low levels on healthy 
tissue as well. But also cross-reactivity of the high affinity αβTCRs with other 
proteins expressed on healthy tissue is possible. Therefore scientists are trying 
to develop alternative strategies to overcome these obstacles. Present research 
seeks for an innovation to target tumor antigens which are widely present on 
various tumors and to preserve selective recognition, respectively. Our laboratory 
revealed γδTCRs as tools to cope with these requirements. 

γδTCRs as alternative receptors for TCR therapy 
γδT-cells represent a small subset of T-cells that express a distinct TCR which 
consists of a γ- and a δ-polypeptide chain. Here, we mainly focus on γδT-cells 
that express a γ9δ2TCR.  γ9δ2T-cells are restricted to humans and are mainly 
present in peripheral blood where they comprise around 5% of all circulating 
T-cells. It was demonstrated that γ9δ2T-cells play an important role in mediating 
innate immunity against a wide variety of infections and displays potent and broad 
cytotoxic activity against a variety of human tumor cells. Their mode of recognition 
is completely different compared to αβT-cells since activation of γ9δ2T-cells does 
not require antigen-processing nor antigen presentation by MHC molecules. 
γ9δ2T-cells have a unique responsiveness towards small non-peptide structures 
called phosphoantigens such as isopentenyl pyrophosphate (IPP) which is believed 
to accumulate in cancer cells and other ‘stressed’ cells. The recognition of tumor 
cells by γ9δ2T-cells is a TCR-mediated process and therefore γ9δ2TCRs are 
potent alternative receptors for TCR therapy against cancer. Our lab demonstrated 
that both CD8+ and CD4+ αβT-cells can be efficiently redirected against various 
cancer types by introducing a γ9δ2TCR. The use of γ9δ2TCRs furthermore avoids 
mispairing since γ- and δ-chain cannot pair with α- or β-chain. Another advantage 
is the MHC-independent tumor recognition which makes this T-cell product 
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available for a broad patient population and since γ9δ2TCRs recognize various 
tumor types even different cancers can possibly be treated. This thesis describes 
the generation of a highly tumor-reactive γ9δ2TCR and its way towards clinical 
application. Starting from a molecular view point Chapter II (published in Blood, 
2012) demonstrates that individual γ9δ2TCRs mediate different functional avidity 
which is caused by small structural differences in their δ-chains. Based on these 
results a method named combinatorial-γδTCR-chain exchange (CTE) was found 
to design a highly tumor reactive γ9δ2TCR which can be used to redirect αβT-
cells against various tumors. Chapter III describes the interaction of γ9δ2TCR 
and NKG2D which is another innate-like receptor expressed on γ9δ2T-cells. It 
points out that a functional γ9δ2TCR is necessary for a co-stimulatory effect of 
NKG2D to T-cell effector function and that γ9δ2TCR mediated avidity further 
dictates the potency of NKG2D co-stimulation. In Chapter IV (published in 
Clinical Cancer Research, 2015) the generation of a highly pure γ9δ2T-cell product 
is described approaching the pre-clinical phase. A potent tumor-reactive γ9δ2TCR 
is thereby introduced into αβT-cells using a clinical grade retroviral vector. As a 
result γ9δ2TCR expressing T-cells are generated that match Good Manufacturing 
Practice (GMP) standards. To reach highest purity of γ9δ2TCR+ T-cells a GMP-
grade anti-αβTCR antibody is used to deplete αβT-cells that do not express the 
introduced γ9δ2TCR. Accordingly, a T-cell product with high anti-tumor reactivity 
is obtained and its success in our pre-clinical models points towards a potent tool 
for cancer immunotherapy.These results commonly allude to the potency of innate 
immune receptors for immunotherapies targeting cancer. Chapter V (published 
in Leukemia, 2014) further discusses the clinical impact of innate-like cells and 
their receptors in general while Chapter VI (published in OncoImmunology, 2013) 
concludes by pointing out γδT-cells and the γδTCR as a promising prospect for 
anticancer immunotherapies. 
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ABSTRACT

Immunotherapy with innate immune cells has recently evoked broad interest 
as a novel treatment option for cancer patients. γ9δ2T-cells in particular are 
emerging as an innate cell population with high frequency and strong antitumor 
reactivity, which makes them and their receptors promising candidates for 
immune interventions. However, clinical trials have so far reported only limited 
tumor control by adoptively transferred γ9δ2T-cells. As a potential explanation for 
this lack of efficacy, we found unexpectedly high variability in tumor recognition 
within the physiologic human γ9δ2T-cell repertoire, which is substantially 
regulated by the CDR3 domains of individual γ9δ2TCRs. In the present study, 
we demonstrate that the reported molecular requirements of CDR3 domains to 
interact with target cells shape the physiologic γ9δ2T-cell repertoire and, most 
likely, limit the protective and therapeutic antitumor efficacy of γ9δ2T-cells. Based 
on these findings, we propose combinatorial-γδTCR-chain exchange as an efficient 
method for designing high-affinity γ9δ2TCRs that mediate improved antitumor 
responses when expressed in αβT-cells both in vitro and in vivo in a humanized 
mouse model. 
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INTRODUCTION

Immunotherapy with innate immune cells has become widely used because 
this approach obviates the need to match a cellular product to a defined HLA 
haplotype, allowing adoptive immunotherapies to be used in virtually any cancer 
patient without extensive in vitro selection or manipulation of the cellular product 
1-4. γ9δ2T-cells are promising as an innate cell population for this purpose because 
they are usually observed at high frequencies in the human peripheral blood 
and provide a strong anti-tumor reactivity against various solid and hematologic 
cancers 5. However, within γ9δ2T-cell populations, individual clones display 
great diversity in the repertoire because of the activating or inhibitory receptors 
expressed 6. Selecting innate cell products for certain cell types, such as those with 
a low level of inhibitory receptors, therefore seems plausible, especially considering 
the limited efficacy of adoptively transferred innate immune cells in clinical trials 
7,8. An alternative proposal is to engineer cells to express defined activating innate 
receptors that mediate strong anti-tumor-reactivity, such as a defined γ9δ2T-cell 
receptor (TCR) 9, which could pave the way for readily available and more effective 
cellular products. However, the molecular details of how a γ9δ2TCR interacts with 
its target are not fully understood, making it challenging to select defined γ9δ2T-
cells or to engineer T-cells with defined γ9δ2TCRs.

In ‘classic’ immunoreceptors, such as αβTCRs or Igs, the complementary 
determining regions (CDR) determine affinity and specificity for a specific 
(peptide) epitope. V(D)J recombination allows the creation of a highly variable 
CDR repertoire ensuring recognition of an immense collection of antigens. γ9δ2T-
cells also possess a rearranged TCR that mediates recognition. The phosphoantigen 
isopentenyl pyrophosphate (IPP) has been suggested to be a key player in γ9δ2TCR 
mediated activation 5,10,11, but no direct interaction between a γ9δ2TCR and IPP 
or any other phosphoantigen has ever been demonstrated. It was previously 
suggested that positively charged residues within the γ9δ2TCR are crucial for the 
response to negatively charged phosphoantigens 12,13 and a potential IPP-binding 
groove has also been proposed 12. Interestingly, it appeared that responsiveness 
to phosphoantigens depends in particular on germline-encoded residues within 
all CDRs apart from δCDR3 14, extending the footprint of recognition to a much 
larger region than initially predicted.

Sequence alignment studies suggested that no defined δCDR3 motif is required 
for recognition beyond a hydrophobic residue at position δ109 (by Kabat-numbering 
δ9715), which suggests a less dominant role for δCDR3 14,16,17. Consequently, it is still 
unclear why variations in the γ9δ2CDR3 regions – which are particularly abundant 
in δCDR3 – have evolved in humans and whether this variability is important in 
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regulating the activation of a γ9δ2T-cell. Understanding the reason for this variation 
would help to explain either the specificity or the regulation of functional avidity 
of a γ9δ2T-cell, provide insight into the role of a γ9δ2TCR during the selection 
process of a γ9δ2T-cell, and allow engineering of therapeutic cells with higher anti-
tumor activity. In the present study, we therefore investigated the following research 
questions: 1) what is the clonal diversity in terms of tumor-specificity and functional 
avidity within γ9δ2T-cells once they express an identical set of activating and 
inhibitory receptors, 2) what is the specific role of individual γ9δ2TCRs, and 3) can 
we engineer a γ9δ2TCR with improved and broader anti-tumor-reactivity? 

MATERIALS AND METHODS

Cells and cell lines
PBMCs were isolated from buffy coats obtained from Sanquin Blood Bank 
(Amsterdam, The Netherlands). Primary AML blasts were received after obtaining 
informed consent from the LML biobank UMC Utrecht and were collected 
according to good clinical practice and the Declaration of Helsinki. Cell lines are 
described in the supplemental Methods.   

TCR mutagenesis, cloning and sequencing
γ9δ2TCR modifications are based on codon-optimized genes of γ9- or δ2TCR 
chain G115 flanked by NcoI and BamHI restriction sites (synthesized by GeneArt, 
Regensburg, Germany). To generate alanine mutations, site-directed mutagenesis 
was performed by overlap extension PCR18 or whole-plasmid mutagenesis19,20 

(National Institute of Advanced Industrial Science and Technology, AIST) using 
a proofreading polymerase (Phusion, Bioké). Mutated NcoI-BamHI-digested γ9- 
or δ2TCR chains were ligated into the retroviral vector pBullet and sequenced by 
BaseClear© (Leiden, The Netherlands). 

Retroviral transduction of T-cells
γ9δ2TCRs were transduced into αβT-cells as described previously9 and in 
supplemental Methods. TCR-transduced T-cells were expanded in vitro based on 
a previously described Rapid Expansion Protocol 21.

Flow cytometry
γ9δ2TCR expression was analyzed by flow cytometry using a Vδ2-FITC (clone 
B6, BD) or a pan-γδTCR-PE antibody (clone IMMU510, Beckman Coulter). The 
fold change was calculated based on mean fluorescent intensity values of wild type 
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TCR (γ9-G115wt/δ2-G115wt)- transduced T-cells set to 1 and mock-transduced 
T-cells to 0. Antibodies used in the experiments of the supplementary figures are 
described in supplemental Methods.

Functional T-cell assays
The 51Cr-release assay for cell-mediated cytotoxicity was described previously22,23. In 
brief, target cells were labeled overnight with 100μCu 51Cr (150μCu for primary cells) 
and incubated for 5 hours with transduced T-cells in 5 effector-to-target ratios (E:T) 
between 30:1 and 0.3:1. The fold change compared to reactivity of engineered T-cells 
expressing unmutated γ9δ2TCR was calculated24. IFNγ ELISpot was performed 
using antihuman IFNγ  mAb1-D1K (I) and mAb7-B6-1 (II) (Mabtech-Hamburg, 
Germany) following the manufacturer’s recommended procedure25. Target and 
effector cells (E:T 3:1) were incubated for 24 hours in the presence of pamidronate 
(Calbiochem, Germany) where indicated25,26. IFNγ ELISA was performed using 
the ELISA-ready-go! Kit (eBioscience) following the manufacturer’s instructions. 
Effector and target cells (E:T 1:1) were incubated for 24 hours in the presence of 
pamidronate as indicated. Where specified, fold change compared to reactivity of 
engineered T-cells expressing unmutated γ9δ2TCR was calculated. 

Animal models
To induce tumor xenografts, sublethal total body irradiated (2 Gy), 11- to 17-week-
old RAG-2-/-/γc-/--BALB/C mice (see supplemental Methods) were injected 
intravenously with 0.5x106 Daudi-Luc cells (a kind gift from Genmab Utrecht, 
The Netherlands)9,27 or 5x106 RPMI8226/S-Luc cells (Anton Martens, Utrecht, The 
Netherlands) together with 107 γ9γ2TCR-transduced T-cells. Mice received 0.6x106 
IU of IL2 (Proleukin®, Novartis) in IFA subcutaneously on day 1 and every 21 days 
till the end of the experiment. Pamidronate (10mg/kg body weight) was applied at 
day 1 intravenously and every 21 days intraperitoneally. Outgrowing tumors were 
visualized in vivo by Biospace bioluminescent imaging (BLI). Mice were anesthetized 
by isoflurane before they received an intraperitoneal injection (100µl) of 25mg/ml 
beetle luciferin (Promega). Bioluminescence images were acquired and analyzed 

with M3Vision Version 2.1 software (Photon Imager, Biospace Laboratory).

RESULTS

Antitumor reactivity of individual γ9δ2T-cell clones
To investigate whether individual γ9δ2T-cell clones mediate differential activity 
against tumor cells compared with the parental γ9δ2T-cell population, γ9δ2T-cells 
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from a healthy donor were cloned by limiting dilution and tested against a broad 
panel of tumor cells in an IFNγ ELISpot assay (Table 1). High variability in tumor 
recognition in terms of specificity and functional avidity was observed between 
individual γ9δ2T-cell clones (cl); compared with the original bulk population, cl5 
and cl13 produced twice as many IFNγ spots in response to Daudi and selectively 
generated significant amounts IFNγ when challenged with K562, BT549, and MCF-
7. In contrast, cl3 and cl15 recognized solely Daudi cells. A variable expression of 
natural killer (NK) receptors and killer-cell Ig-like receptors (KIRs) has been reported 
in innate immune cells28-30 and might have contributed to the observed differential 
activity of selected clones. Therefore, surface expression of γ9δ2TCR, NKG2D, 
CD158a, NKAT-2 and NKB-1 was examined (Figure S1). However, no correlation 
was found between receptor expression patterns and antitumor reactivity of the 
tested γ9δ2T-cell clones. We hypothesized that the diversity within the γ9δ2TCR 
contributes to the differential activity of the examined γ9δ2T-cell clones. Therefore, 
γ9δ2TCRs of the highly tumor-reactive cl5 and the weakly tumor-reactive cl3 were 
chosen for detailed analysis and compared with γ9δ2TCR G115 9,12.  

Table 1. Anti-tumor reactivity of individual γ9δ2T-cell clones

αβ γ9δ2 γ9δ2 γ9δ2 γ9δ2 γ9δ2 γ9δ2 γ9δ2 γ9δ2
  T-cells bulk cl3 cl4 cl5 cl7 cl8 cl13 cl15

PBMCs 3 2 10 2 7 0 3 12 13

K562 0 14 9 9 62 181 7 56 12

Daudi 0 206 211 55 458 318 268 500 244

MZ1851RC 0 205 4 94 114 216 77 93 19

BT549 0 2 1 0 44 1 2 41 8

MCF-7 0 2 6 1 64 1 1 58 10

SW480 0 0 11 2 3 1 1 4 11

MDA MB 231 0 4 2 1 12 1 1 14 10

IFNγ spots/15.000 cells: < 40 40 - 100 > 100

Antitumor reactivity mediated by individual γ9δ2TCRs
To elucidate differences among γ9δ2TCRs of tumor-reactive clones, sequences of 
γ9-cl3wt/δ2-cl3wt and γ9-cl5wt /δ2-cl5wt were determined and aligned with γ9δ2TCR 
G115. All 3 γ9δ2TCRs only differed in their CDR3 domains: 1-3 amino acids between 
position γ109 and γ111 in γCDR3 and 4-8 amino acids between δ108 and δ112 in 
δCDR3 (Table S1, numbering according to the international ImMunoGeneTics 
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information system [IMGT]15). To determine whether distinct γ9δ2TCRs mediate 
differential antitumor reactivity, individual γ9δ2TCR chains were cloned into the 
retroviral vector pBullet and linked to a selection marker as described previously 
31. The wildtype-combinations γ9-cl3wt/δ2-cl3wt, γ9-cl5wt/δ2-cl5wt and γ9-G115wt/δ2-
G115wt were transduced into peripheral blood αβT-cells, selected by antibiotics and 
further expanded. γ9δ2TCR G115 (γ9-G115wt/δ2-G115wt) 

9,12 served as a control, as 
did cells transduced with an empty vector cassette (mock). γ9δ2TCR-transduced 
T-cells showed similar γ9δ2TCR expression (data not shown) and were tested for their 
lytic activity against the tumor target Daudi in a 51Cr-release assay (Figure 1A). T-cells 
expressing γ9-cl3wt/δ2-cl3wt had a 50% reduced ability to lyse tumor cells (p<0.01), 
whereas T-cells with γ9-cl5wt/δ2-cl5wt were nearly twice as potent (p<0.01) as the 
control γ9-G115wt/δ2-G115wt. To determine whether the phenotypes of γ9δ2TCR-
transduced cells with decreased or increased functional avidity are also present 
at the cytokine level, a pamidronate-titration assay was performed. Pamidronate 
treatment of Daudi cells blocks the mevalonate-pathway downstream to IPP causing 
the accumulation of IPP and an enhanced cytokine secretion of responsive T-cells. 
To exclude NK-like activation CD4+ γ9δ2TCR-transduced T-cells, which lack the 
expression of major NK-receptors like NKG2D, were selected by MACS-sorting. 
Transductants were tested at different concentrations of pamidronate against the 
tumor target Daudi. Mock-transduced T-cells that underwent equivalent stimulation 
but express an irrelevant αβTCR served as control. IFNγ secretion was measured by 
ELISA and the half maximal effective concentration (EC50) was calculated (Figure 
1B). Consistent with the changes observed for lytic capacity, T-cells transduced 
with γ9-cl3wt/δ2-cl3wt secreted lower amounts of IFNγ (max. 600pg/ml), whereas 
T-cells expressing γ9-cl5wt/δ2-cl5wt produced higher levels of IFNγ (max. 1300pg/
ml) at all pamidronate concentrations relative to control γ9-G115wt/δ2-G115wt (max. 
800pg/ml). Despite different plateaus in IFNγ secretion, all selected clones and the 
wildtype control had a comparable pamidronate-EC50 (~30pg/ml). These results 
indicate that distinct γ9δ2TCR clones mediate different functional avidity, and that 
the high variability among parental γ9δ2T-cell clones in tumor recognition seems to 
be substantially regulated by the CDR3 domains of individual γ9δ2TCRs. Therefore, 
the correlation between CDR3 domains and functional avidity was investigated. 

CTE as a rapid method to modulate functional avidity of engineered 
T-cells
To make the above determination, we devised a strategy called combinatorial-
γδTCR-chain exchange (CTE), which results in the expression of newly combined 
γ9- and δ2-TCR chains on engineered T-cells. During this process, γ9-G115wt was 
combined with δ2-cl3wt or δ2-cl5wt and δ2-G115wt with γ9-cl3wt or γ9-cl5wt. These 
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Figure 1. Anti-tumor reactivity mediated by γ9δ2TCRs. Peripheral blood T-cells were virally transduced 

with indicated wildtype γ9δ2TCRs or CTE-engineered γ9δ2TCRs and tested against Daudi (A, C) 

in a 51Cr-release assay (E:T 3:1). Specific lysis is indicated as fold change 51Cr-release measured in the 

supernatant after 5h. Fold change was calculated when compared to reactivity of γ9-G115wt/δ2-G115wt 

engineered T-cells. (B, D) in an IFNγ ELISA in the presence of indicated amounts of pamidronate or (E) 

different E:T ratios. (F) Percentages of cell-cell conjugates of Daudi and T-cells engineered with indicated 

γ9δ2TCR were determined by flow cytometry. Data represent the mean±SD. *p<0.05, **p<0.01, ***p<0.001 

by 1-way ANOVA. 
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combinations were retrovirally transduced into αβT-cells. In all transductants 
equivalent γδTCR expression was detected, whereas the endogenous αβTCR 
was clearly down-regulated (Figure S2A). This resulted not only into a nearly 
abolished alloreactivity of αβT-cells expressing γ9-G115wt/δ2-G115wt, as reported 
previously9, but also of selected CTE-engineered αβT-cells when compared to 
mock-transduced cells (Figure S2B). Thus, reactivity of CTE-engineered T-cells 
primarily depends on expressed γδTCRs and not on residual endogenous αβTCRs. 
Next, transductants were functionally tested against the tumor target Daudi in a 
51Cr-release assay (Figure 1C). The exchange of γ9- or δ2-chains indeed caused 
notable differences. Compared with the original TCR γ9-G115wt/δ2-G115wt, the 
combination of γ9-G115wt/δ2-cl3wt, γ9-G115wt/δ2-cl5wt or γ9-cl5wt/δ2-G115wt 
mediated 40% to 70% increased specific lysis of tumor cells (all p<0.05). The same 
magnitude of recognition was observed when IFNγ production of CD4+ γδTCR-
transduced T-cells was tested in a pamidronate titration assay (Figure 1D). Only the 
combination γ9-cl3wt/δ2-G115wt led to decreased IFNγ production of transduced 
cells at all pamidronate concentrations (max. 100pg/ml), whereas all other CTE-
γ9δ2TCRs mediated an increased IFNγ-secretion (max. ≥1000pg/ml) compared 
with control TCR γ9-G115wt/δ2-G115wt (max. 800pg/ml). Equal pamidronate-
EC50s of ~30pg/ml were calculated for all responsive γ9δ2TCR-transduced cells.

To determine whether cell-cell interaction influences the response kinetics 
differently than pamidronate stimulation, CTE-γ9δ2TCR γ9-G115wt/δ2-cl5wt which 
mediates improved functional avidity and control TCR γ9-G115wt/δ2-G115wt were 
tested in an E:T titration assay (Figure 1E), and an E:T50 was calculated. Interestingly, 
T-cells with γ9-G115wt/δ2-cl5wt responded differently with an E:T50 of 0.3:1, compared 
to an E:T50 of 1:1 calculated for control cells expressing γ9-G115wt/δ2-G115wt. To test 
whether the interaction between different TCRs and ligands – thus the affinity – is 
indeed increased, cell-cell conjugates between Daudi and T-cells expressing either 
potentially high-affinity (γ9-G115wt/δ2-cl5wt) or low-affinity (γ9-cl3wt/δ2-G115wt) 
TCRs were measured by flow cytometry. Significantly more cell-cell interactions were 
observed when γ9-G115wt/δ2-cl5wt was expressed compared with γ9-cl3wt/δ2-G115wt 
and mock-transduced T-cells (Figure 1F). This effect did not depend on the presence 
of pamidronate (data not shown) and G115wt/δ2-cl5wt is thus a high-affinity γ9δ2TCR. 
Therefore, CTE appears to be an efficient method to rapidly engineer γ9δ2TCRs with 
increased affinity, mediating improved functional avidity in transduced T-cells. 

Residues in δCDR3 and Jδ1 are involved in γ9δ2TCR stability and in 
mediating functional avidity of engineered αβT-cells 
To elucidate the molecular requirements of δCDR3 to mediate optimal functional 
avidity, alanine mutagenesis of a model δCDR3 (clone G115) was performed; the 
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whole Jδ1 segment was included because important residues have also been reported 
within Jγ117. During an initial screening, 5 sequence areas were found to either 
influence TCR expression or functional avidity of γ9δ2TCR transduced T-cells 
(data not shown). To clarify the degree to which single residues are responsible for 
impaired γ9δ2TCR expression and lower TCR-mediated functional avidity, single 
alanine mutations were generated. The mutated and wildtype δ2-G115 chains were 
expressed in combination with γ9-G115wt in αβT-cells and tested for γ9δ2TCR 
expression using a δ2-chain specific antibody (Figure 2A). Three single alanine 
mutations caused a 70% lower TCR expression compared with the unmutated 
δ2-G115wt, namely δ2-G115L116A, δ2-G115F118A and δ2-G115V124A (Table S2). 
Comparable results were observed using antibodies directed against the γ9-chain 
or the constant domain of the γδTCR (data not shown), indicating the importance 
of δ2-G115L116, δ2-G115F118 and δ2-G115V124 for stable TCR expression. The crystal 
structure of γ9δ2TCR G115 supports our findings: δ2-G115L116, δ2-G115F118 and 
δ2-G115V124 are located in hydrophobic cores (Figure 2B) and could thus be crucial 
for the structural stability of the γ9δ2TCR G115. 

To address the impact of single alanine mutations on functional avidity, a 
51Cr-release assay was performed (Figure 2C). As expected, transductants with 
low TCR expression (δ2-G115L116A, δ2-G115F118A and δ2-G115V124A) could not 
lyse tumor cells effectively, as they demonstrated an 80% lower lytic capacity 
compared with cells transduced with δ2-G115wt. However, T-cells with mutation 
δ2-G115L109A and δ2-G115I117A (Table S2) properly expressed the TCR but showed 
a 70% reduced lytic activity when compared to δ2-G115wt expressing cells. Similar 
results were obtained when TCR mutants were transduced into CD4+ Jurkat cells 
and IL-2 production was measured (data not shown). Reduction of lytic activity 
was also seen when alanine substitutions δ2-G115L109A and δ2-G115I117A were 
introduced into the δ2-chain of γδTCR clone 3 (data not shown). These results 
indicate that not only residue δL10914,16,17, but also δI117 in δCDR3 is generally 
important for γ9δ2TCRs to mediate functional avidity (Figure 2D). However, 
sequence alignments between δ2-chains of clones 3, 5, and G115 indicated that 
δL109 and δI117 are conserved (Table S1), making it unlikely that these residues 
mediate different functional avidities of the γ9δ2TCR transduced cells studied 
herein. 

Influence of CDR3 length on functional avidity of γ9δ2TCR 
transduced T-cells
Surprisingly, alanine substitutions during alanine-scanning mutagenesis of 
γ9δ2TCR G115 could replace large parts of the δCDR3 domain without functional 
consequences. This raises the possibility that the crucial factor for the differing 
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Figure 2. γ9δ2TCR expression and functional avidity of transduced T-cells expressing single alanine 

mutated δ2 chain of clone G115. Peripheral blood T-cells were virally transduced with indicated γ9 and 

δ2 TCR chains and (A) analyzed by flow cytometry using a δ2-chain specific antibody. Shown is the fold 

change in mean fluorescent intensity (MFI) in comparison to wildtype control expressing δ2-G115wt. (C) 

Lytic activity of transductants was tested in a 51Cr-release assay against the tumor target Daudi (E:T 10:1). 

Specific lysis is indicated as fold change 51Cr-release measured in the supernatant after 5h. Fold change 

was calculated as compared to reactivity of unmutated wildtype (δ2-G115wt). Arrows indicate mutations 

in δ2-G115 that impaired receptor expression (dashed arrows) or functional avidity (solid arrows).  

(B, D) Crystal structure of γ9δ2TCR G115 indicating relevant amino acids (red arrows), δ-chain (in blue), 

δCDR3 (in green), and γ-chain (in brown). 

functional avidities of distinct γ9δ2TCR combinations is not a defined amino 
acid, but the relative length between the functionally important residues δ2-
G115L109 and the structurally important residue δ2-G115L116. Therefore, different 
δ2-G115 length mutants were generated. Because the triple δ2-G115T113-K115 
is also important for stable surface expression (data not shown), nine length 
mutants (δ2-G115LM) with 0-12 alanines between δ2-G115L109 and δ2-G115T113 
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were generated and equally expressed in αβT-cells, again in combination with γ9-
G115wt (Figure 3A). To determine the functional avidity of δ2-G115LM transduced 
T-cells, CD4+ TCR-transduced T-cells were selected by MACS-sorting, and an 
IFNγ ELISA in response to Daudi was performed in the presence of pamidronate 
(Figure 3B). Interestingly, engineered T-cells expressing δ2-G115LM0 and δ2-
G115LM1 were unable to produce IFNγ, and T-cells expressing δ-G115LM4 or 
δ-G115LM12 secreted only approximately half the amount of IFNγ compared 
with δ2-G115wt transduced cells. All other mutants (δ2-G115LM2, 3, 5, 6, 9) induced 
comparable amounts of IFNγ in engineered T-cells relative to transductants 
expressing δ2-G115wt. Mutants with functional impairment (δ2-G115LM0,1,4,12, 
Table S2) were further tested against increasing pamidronate concentrations and 
an EC50 was calculated. Despite different plateaus in maximal IFNγ secretion, all 
selected δ2-G115LM transduced cells and the wildtype control had a comparable 
pamidronate-EC50S (~30pg/ml) (Figure 3C). Length mutations were also studied 
in γCDR3 of γ9δ2TCR G115 by engineering stretches of 1-6 alanines between γ9-
G115E108 and γ9-G115E111.1 (γ9-G115LM1-6). However, this did not affect functional 
avidity (Figure S3A). 

These results indicate that considerable alanine stretches within γ9 and δ2CDR3 
domains can be tolerated, likely because CDR3 regions are relatively exposed parts 
of the TCR (Figure 3F). However, too short and very long alanine stretches between 
δ2-G115L109 and δ2-G115T113 in particular, as well as stretches with 4 alanines, are 
associated with reduced or absent function of a γ9δ2TCR (Figure 3B and 3C). 
Loss of binding in mutants with short alanine stretches is most likely because the 
middle segment of δCDR3 is crucial for binding to the ligand. That suggests the 
existence of an optimal δCDR3 length for γ9δ2TCRs. Therefore, the CDR3 length 
within the γ9δ2TCR repertoire was studied.

Consequences for the physiological γ9δ2T-cell repertoire
The IMGT database 15 was searched for reported stretches between γ9-G115E109 

and γ9-G115E111.1 as well as δ2-G115L109 and δ2-G115T113. A preferential length for 
reported γ9-chains was found for CDR3 regions corresponding to γ9-G115LM2 

and γ9-G115LM3, but shorter stretches were also reported (Figure S3B). In contrast, 
δ2-chains with short δCDR3 domains, such as δ2-G115LM1 or δ2-G115LM0, were 
not reported (Figure 3D), consistent with our observation that such chains are 
not functional. The majority of listed γ9δ2TCRs contain δCDR3 lengths which 
correspond to δ2-G115LM5,6,7. These findings support the hypothesis that positive 
selection favors γ9δ2TCRs with an optimal δCDR3 length of 5-7 residues between 
δ2-G115L109 and δ2-G115T113. However, the individual sequence might still play a 
role in γ9δ2TCR mediated functional avidity. 
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Figure 3. γ9δ2TCR expression and functional avidity of transduced T-cells expressing γ9δ2TCR G115 with δ2-CDR3 

length mutations. (A) γ9δ2TCR expression of indicated transductants was analyzed by flow cytometry using a γδTCR-

pan antibody. Shown is the fold change in mean fluorescent intensity (MFI) in comparison to wildtype control expressing 

δ2-G115wt. (B) IFNγ secretion of δ2-G115LM transduced T-cells against the tumor target Daudi (E:T 1:1) was measured 

by ELISA after 24h incubation in the presence of 100μM pamidronate. Shown is the fold change in IFNγ production 

when compared to reactivity of transductants expressing wt δ2-G115wt. (C) Transductants expressing δ2-G115LM0,1,4,12 

were tested in a titration assay against the tumor target Daudi with increasing amounts of pamidronate as indicated. 

IFNγ production was measured after 24h by ELISA. (D) Generated δ2-G115LMs were matched in a BLAST search 

with γ9δ2TCRs described in the IMGT database. Shown is the number of citations compared to δ2-G115LM of similar 

δCDR3 length. (E) Transductants with δ2-G115LM2,4,6 were compared side-by-side to transductants expressing individual 

γ9δ2TCRs of the same δCDR3 length. IFNγ secretion of transduced T-cells against the tumor target Daudi (E:T 1:1) 

was measured by ELISA after 24h in the presence of 100μM pamidronate. Shown is the fold change in IFNγ production 

compared to reactivity of transductants expressing wt δ2-G115wt. Data represent the mean±SD. **p<0.01, **p<0.001 by 

1-way ANOVA. (F) Crystal structure of γ9δ2TCR G115; the region that was used for alanine stretches within δCDR3 is 

shown in white, residual δCDR3 in green, δ chain in blue, γ chain in brown. 
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Influence of the CDR3 sequence on γ9δ2TCR mediated functional 
avidity
To test the hypothesis that both the length and sequence of δCDR3 can be important 
to mediate optimal functional avidity, γ9δ2TCR length mutants δ2-G115LM2, δ2-
G115LM4, and δ2-G115LM6 were transduced into αβT-cells in combination with γ9-
G115wt. IFNγ secretion of transductants in response to Daudi was compared with 
cells transduced with wildtype sequences from δ2-cl3wt (corresponds in length 
to δ2-G115LM2), δ2-cl5wt (corresponds in length to δ2-G115LM4), and δ2-G115wt 
(corresponds in length to δ2-G115LM6) (Table S3). Although T-cells transduced 
with δ2-G115LM6 and δ2-G115wt did not differ in the amount of cytokine secretion, 
all other combinations of wildtype chains showed a more than two-fold increase in 
IFNγ compared with the length mutant that selectively contained alanines (Figure 
3E). These results were confirmed when the lytic capacity of transduced cells was 
tested (data not shown). The sequence in δCDR3 is therefore also a significant 
factor for the optimal functioning of a γ9δ2TCR. 

We also investigated the sequential importance of γCDR3. γ9-G115LM1-3 
were transduced into T-cells in combination with δ2-G115wt. IFNγ secretion of 
transductants in response to Daudi was compared with cells transduced with γ9-
cl3wt (corresponds in length to γ9-G115LM1), γ9-cl5wt (corresponds in length to γ9-
G115LM2) and γ9-G115wt (corresponding to γ9-G115LM3) (Table S3). T-cells expressing 
γ9-cl3wt/δ2-G115wt selectively produced lower amounts of IFNγ compared with their 
equivalent γ9-G115LM1 (Figure 4A). Previously, the same γ9δ2TCR combination was 
also found to mediate reduced functional avidity (Figure 1C and 1D). Interestingly, 
loss of activity could be restored to normal levels (referred to γ9δ2TCR G115wt) 
by mutating γCDR3E109 in γ9-cl3wt to γCDR3A109, which demonstrates that a single 
change in the variable sequence of γ9CDR3 is sufficient to regulate functional 
avidity of the γ9δ2TCR transduced T-cells investigated herein.  

In summary, the length and sequence of the δ2CDR3 domain between L109 
and T113 (Table S1) play a crucial role in γ9δ2TCR-mediated functional avidity. 
In addition, the individual sequence between E108 and E111.1 in γ9CDR3 can 
hamper the activity of a γ9δ2TCR, and in G115 γCDR3A109 is most likely crucial for 
ligand interaction (Table S1 and Figure 4B). This provides not only the rationale 
for CTE-engineered γ9δ2TCRs but also for random mutagenesis within both the 
γ9 and δ2CDR3 regions. 

CTE-engineered T-cells as a tool for cancer immunotherapy 
CTE-engineered γ9δ2TCRs with increased activity against tumor cells are 
interesting candidates for TCR-gene therapeutic strategies. This leads to the 
question of whether changes in functional avidity mediated by CTE-γ9δ2TCRs 
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Figure 4. Functional avidity of transduced T-cells expressing γ9δ2TCR G115 with γ9-CDR3 length 

mutations. (A) Peripheral blood T-cells were virally transduced with indicated γ9 and δ2 TCR chains. 

Lytic activity of transductants was compared side-by-side to T-cells expressing individual γ9δ2TCRs of the 

same γ9CDR3 length. Specific lysis is indicated as fold change 51Cr-release measured in the supernatant 

after 5h. Data represent the mean±SD. **p<0.01 by 1-way ANOVA. (B) Crystal structure of γ9δ2TCR G115 

indicating γ9CDR3 in gray including amino acids γ9-G115A109, γ9-G115Q110 and γ9-G115Q111 (red arrows), 

δCDR3 is shown in green; δ chain in blue; γ chain in brown. 

constitute a unique phenomenon of a defined γ9δ2TCR pair in response to the 
B-lymphoblastic cell line Daudi, or if this is a general response to most tumor 
targets. Therefore, CTE-γ9δ2TCRs that mediated increased (γ9-G115wt/δ2-cl5wt) 
or reduced (γ9-cl3wt/δ2-G115wt) activity were tested against various tumors in an 
IFNγ ELISA in the presence of pharmacological concentrations of pamidronate 
(10μM) (Figure 5A)9. Tumor reactivity was significantly increased against a 
whole range of different tumor entities including other hematologic cancers 
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such as RPMI8226/S, OPM2, LME1 (all multiple myeloma), K562 (myelogenous 
leukemia) and solid cancer cell lines such as Saos2 (osteosarcoma), MZ1851RC 
(renal cell carcinoma), SCC9, Fadu (head and neck cancer), MDA-MB231, MCF7, 
BT549 (all breast cancer), and SW480 (colon carcinoma) when taking advantage 
of γ9-G115wt/δ2-cl5wt, compared with γ9-G115wt/δ2-G115wt, and was significantly 
reduced or even absent for all other targets using γ9-cl3wt/δ2-G115wt. Moreover, 
CTE-engineered T-cells with increased activity against tumor cells still did not 
show any reactivity towards healthy tissue such as PBMCs and fibroblasts. Superior 
lytic activity of T-cells engineered with γ9-G115wt/δ2-cl5wt was also observed for 
hematological cancer cells such as RPMI8226/S, OPM2, L363 and solid cancer cell 
lines Saos2, MZ1851RC, SCC9, MDA-MB231, and SW480 compared with control 
T-cells expressing γ9-G115wt/δ2-G115wt (Figure 5B). Therefore, CTE-engineered 
γ9δ2TCRs can provide higher tumor reactivity against a broad panel of tumor cells 
while not affecting normal tissue, and thus have the potential to increase efficacy 
of TCR-engineered T-cells. 

To assess the potential clinical impact of CTE-engineered γ9δ2TCRs, we 
investigated whether an increased efficacy of CTE-γ9δ2TCRs is also present when 
primary blasts of AML patients are chosen as targets. CTE-γ9δ2TCR transduced 
T-cells were tested against 11 primary AML blasts and healthy CD34+ progenitor 
cells in an IFNγ ELISpot assay (Figure 5C). Transductants expressing γ9-G115wt/
δ2-cl5wt recognized 8 out of 11 primary AML samples equally or superiorly 
compared to control γ9-G115wt/δ2-G115wt. Furthermore, CD34+ progenitor cells 
were not recognized by T-cells expressing either γ9-G115wt/δ2-cl5wt or γ9-G115wt/
δ2-G115wt. In light of these findings, CTE-engineered TCR γ9-G115wt/δ2-cl5wt 
appears to be a promising candidate for clinical application. 

Finally, to demonstrate that CTE-γ9δ2TCRs are safe and function with increased 
efficacy compared with the original constructs in vivo, adoptive transfer of T-cells 
engineered with CTE-TCRs was studied in a humanized mouse model: protection 
against outgrowth of Daudi or RPMI8226/S in Rag2-/-γc-/- double knockout mice. 
Peripheral blood αβT-cells were transduced with CTE-TCR γ9-G115wt/δ2-cl5wt 
or control TCR γ9-G115wt/δ2-G115wt. CTE-TCR transduced T-cells showed 
similar expression of homing markers including L-selectin and CCR7 (data not 
shown). Irradiated Rag2-/-γc-/- mice received luciferase-transduced Daudi (0.5x106) 
or RPMI8226/S cells (5x106) and 107 CTE-engineered T-cells by intravenous 
injection. The frequency of T-cell infusion was reduced to 1 intravenous injection 
relative to our previously reported model in which 2 infusions were given in order 
to test superiority of CTE-TCR transduced T-cells under suboptimal conditions 
9. This resulted in loss of protection with TCR G115wt-engineered T-cells when 
tumor growth was measured by bioluminescence imaging (Figure 6A and 6B). 
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Figure 5. Anti-tumor reactivity of T-cells transduced with CTE-engineered γ9δ2TCRs in vitro. 

Peripheral blood T-cells were virally transduced with indicated γ9δ2TCRs and tested against indicated 

tumor cell lines and healthy control tissue. (A) Transductants were incubated with target cells (E:T 1:1) in 

the presence of 10μM pamidronate. IFNγ production was measured after 24h by ELISA. Data represent 

the mean±SD. *p<0.05, **p<0.01, ***p<0.001 by 1-way ANOVA. (B) Transductants were incubated with 

indicated tumor targets loaded with 51Cr (E:T 10:1). Percentage of specific lysis was determined by  
51Cr-release measured in the supernatant after 5h. (C) CTE-engineered T-cells were tested against  

primary AML blasts and healthy progenitor cells in an IFNγ ELISpot assay (E:T 3:1) in the presence of 

10μM pamidronate. Data represent the mean±SD. *p<0.05, **p<0.01, ***p<0.001 by 1-way ANOVA. 
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However, CTE-engineered T-cells expressing γ9-G115wt/δ2-cl5wt clearly reduced 
tumor outgrowth for Daudi (20.000 counts/min, day 42, n=4) and RPMI8226/S 
(80.000 counts/min, day 35, n=7) compared with TCR G115wt-engineered T-cells 

(Daudi: 180.000 counts/min, day 42; RPMI8226/S: 210.000 counts/min, day 35). 
T-cells could be found in the periphery until 1-2 weeks after infusion in mice (data 
not shown), but frequency of T-cells was not correlated with tumor regression. 
Finally, in the rapidly lethal Daudi model only mice treated with CTE-engineered 

Figure 6. Anti-tumor reactivity of T-cells transduced with CTE-engineered γ9δ2TCRs in vivo. The 

functional avidity of T-cells expressing CTE-γ9δ2TCR γ9-G115wt/δ2-cl5wt or control γ9δ2TCR (γ9-G115wt/

δ2-G115wt) was studied in Rag2-/-γc-/- double knockout mice (4-7 mice per group). After total body irradiation 

(2Gy) on day 0, mice were intravenously injected with 0.5x106 Daudi-luciferase or 5x106 RPMI8226/S-

luciferase cells and 107 CTE-γ9δ2TCR transduced T-cells at day 1. Additionally, 6x105 IU IL2 in IFA and 

pamidronate (10mg/kg body weight) were injected at day 1 and every 3 weeks until the end of the experiment. 

(A,B) Tumor outgrowth was assessed in vivo by bioluminescence imaging (BLI) by measuring the entire area 

of mice on both sides. Data represent the mean of all animals measured (Daudi: n=4, RPMI8226/S: n=7). 
*p<0.05, **p<0.01 by 1-way ANOVA (Daudi: day 42; RPMI8226/S: day 35). (C) Overall survival of treated 

Daudi mice was monitored for 72 days. *p<0.05, **p<0.01 by logrank (Mantel-Cox) test. 
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T-cells had a significant increased overall survival of approximately 2 months 
relative to mice treated with T-cells expressing γ9-G115wt/δ2-G115wt (Figure 
6C). These results indicate that CTE-engineered γ9δ2TCRs efficiently mediate 
antitumor reactivity in vivo, which suggests that CTE is a potential tool with which 
to optimize γ9δ2TCRs for clinical application. 

DISCUSSION

γ9δ2T-cells are innate lymphocytes that provide strong antitumor reactivity against 
solid and hematological cancers 32,33. However, despite positive preclinical data, 
adoptive transfer of γ9δ2T-cells in clinical studies has provided only limited tumor 
control8. In the present study, we determined one factor preventing the successful 
translation of this strategy into humans: the strong tumor-reactive potential of 
γ9δ2T-cells is not a universal feature among all γ9δ2T-cells. Individual γ9δ2T-cell 
clones differ in their antitumor reactivity in specificity and functional avidity. The 
latter is substantially regulated by CDR3 domains of individual γ9δ2TCRs. Most 
likely, single amino acid substitutions in CDR3 affect the affinity of a γ9δ2TCR to 
its ligand. We have also provided a means to engineer immune cells that harbor 
γ9δ2TCRs with increased antitumor reactivity in vitro and in vivo, and these are 
promising candidates for clinical applications.

Limited evidence has been provided for an important role of the variable 
domains of a γ9δ2TCRs in mediating function. The requirement for germline 
encoded residues has been reported only within γCDR3 and a hydrophobic residue 
at position δ109 within δCDR314,16. In the present study, Jδ1 residue I117 was 
found to be important for tumor recognition, which shows that another germline 
encoded residue is mandatory in the δ2TCR chain. Mutation of residue δ109 
or δI117 partially abrogates γ9δ2TCR-mediated activation, indicating that such 
residues may be crucial for a first binding of a γ9δ2TCR to its target. However, 
we have shown that single amino acids in the highly variable part of CDR3, 
such as γCDR3A109, can clearly affect functional avidity. In the γ9δ2TCR G115, 
γCDR3A109 points back towards the γ-chain, whereas γCDR3Q110 and γCDR3Q111 
point towards the back of the TCR but without contacting any δ-chain residues. 
In combination with our functional data, this modeling suggests that γCDR3A109 
in G115 is important for directly mediating ligand interactions. However, the 
A/E and Q/E substitutions are fairly nonconservative and could also indirectly 
alter the structure of the γCDR3 loop and the TCR binding site through global 
conformational changes. In addition, our data indicate that diverse amino acid 
compositions in δ2CDR3 can affect functional avidity; the combination of a defined 
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γ9 and δ2 chain is particularly important. We hypothesize that the highly variable 
parts of γ9 and δ2CDR3 complement each other to form a structure or allow a 
conformational change that is favorable or unfavorable for target recognition. 
Therefore, in contrast to previous results34, we have shown herein that δCDR3 
alone does not correctly reflect the full interaction of a γ9δ2TCR with its target. 
Receptor flexibility is apparently necessary, for example to adjust to a variable cell 
surface of an antigen that might be presented in different ways35 or to respond 
with different affinities, as was recently demonstrated for T22 reactive γδT-cells 
with variable δCDR3-domains in mice36. This is also consistent with a two-step 
binding model reported for αβTCRs, which requires a preliminary interaction and 
then adjustment37. However, these hypotheses are limited by the fact that no direct 
interaction of a γ9δ2TCR with a ligand has been reported, which prevents further 
visualization of the proposed receptor-ligand interactions. 

Our present data suggest that certain limitations in the γ9δ2TCR repertoire are 
mediated by the δCDR3 length. If δCDR3 is too short, γ9δ2TCRs are not functional, 
and such receptors have not been reported within the human δ2TCR repertoire. 
Although the IMGT database for human γ9δ2TCR repertoire used herein is 
certainly not complete, it is plausible that alterations in δCDR3 in particular can 
limit the positive selection of a γ9δ2T-cell. The functionally tolerated variability in 
CDR3 sequences and lengths reported in the present study support the observation 
that γ9δ2T-cell responses to phosphoantigen stimulation do not further select for 
defined CDR3 sequences38,39. Consistent with this, we observed identical dose-
response kinetics in pamidronate titration experiments, although the magnitude of 
response differed significantly. The observation that equal pamidronate EC50s were 
calculated for all responsive γ9δ2TCR-transduced cells which only differ in their 
CDR3 domains indicates that γ9 and δ2CDR3 binding does not involve substrates 
directly regulated by pamidronate. Because IPP is enhanced by pamidronate in 
the mevalonate pathway it seems unlikely that IPP contacts γ9 or δ2CDR3 directly 
and is in turn able to regulate the functional avidity of γ9δ2TCR-transduced cells, 
as suggested recently40. However, these theories support the hypothesis that a 
secondary signal is present41 and therefore a rather multimolecular signature is 
required for recognition, as has been reported for other γδTCRs42. 

Interestingly, T-cells engineered to express defined γ9δ2TCRs did reflect 
the functional avidity of the original γ9δ2T-cell clone tested here. Therefore, 
differences in CDR3 domains of γ9δ2TCRs can be responsible for differential 
functional avidities observed between individual γ9δ2T-cell clones. However, it is 
still likely that the functionality of distinct γ9δ2T-cells is orchestrated by different 
stimulatory molecules, such as NKG2D43, and costimulatory signals derived from 
molecules that are also expressed on γ9δ2T-cells41. The plethora of specificities 
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and functional avidities of distinct γ9δ2T-cell clones must therefore be taken into 
account when such cells are ex vivo expanded and adoptively transferred1.

To generate tumor-reactive T-cells that mimic the reactivity of a γ9δ2T-cell, we 
proposed to engineer αβT-cells to express a defined γ9δ2TCR9. This allows rapid 
engineering of tumor-reactive T-cells that are not limited by HLA-restrictions and 
are readily available for nearly any patient with any cancer. Moreover, it allows a 
γδT-cell repertoire to be repleted. The functionality of this repertoire is usually 
heavily impaired in cancer patients44. To further improve functional avidity 
mediated by a TCR, laborious display strategies have been used for αβTCRs45. 
Based on our observation that mainly the γ9 and δ2CDR3 domains are involved in 
mediating functional avidity, we have proposed the concept of CTE as an efficient 
method to design γ9δ2TCRs that mediate broad and strong antitumor responses. 
The CTE-γ9δ2TCR transduced T-cells tested remained tumor specific and did not 
respond to healthy tissue. This indicates that pairing distinct γ9 or δ2 chains only 
strengthens the response towards malignant cells instead of altering specificity, 
which reduces the likelihood of unwanted specificities. We conclude that CTE-
engineering provides an elegant strategy to redirect T-cells more effectively against 
a broad range of tumor cells.
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Figure S1. Expression pattern of individual γ9δ2T-cell clones. Surface expression of (A) γδTCR (B) 

NKG2D (C) CD158a (D) NKAT-2 and (E) NKB-1 on individual γ9δ2 T-cell clones was analyzed by flow 

cytometry using the following antibodies: pan-γδTCR-PE (clone IMMU510), NKG2D-PE (clone 1D11), 

NKAT2-PE (clone DX27), CD158a-FITC (clone HD-3E4) and NKB1-FITC (clone HP-3E4).
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Figure S2. αβTCR downmodulation and reduced alloreactivity of CTE-engineered T-cells. (A)  

γ9δ2TCRs were virally transduced into peripheral blood T-cells and analyzed for αβTCR and γδTCR 

expression, respectively, using an αβTCR-pan and a δ2-chain specific antibody. The mean fluorescence 

intensity (MFI) of αβTCR and γδTCR are indicated. (B) Alloreactivity of CTE-engineered T-cells were 

tested aginst EBV-LCLs in an IFN-γ ELISpot assay. Only EBV-LCLs which elicited alloreactivity against 

mock are shown. Data represent the mean±SD as compared to mock transduced cells. *p<0.05, **p<0.01, 

***p<0.001 by 1-way ANOVA.     
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Figure S3. Functional avidity of γ9δ2TCR transduced T-cells with different γCDR3 length. γ9δ2TCRs 

with γCDR3 length mutations (γ9-G115LM) or unmutated wt (γ9-G115wt) were virally transduced in 

peripheral blood T-cells. (A) Lytic activity of transductants was tested in a 51Cr-release assay against 

the tumor target Daudi (E:T 10:1). Specific lysis is indicated as fold change 51Cr-release measured in the 

supernatant after 5h. Fold change was calculated as compared to reactivity of unmutated wt (δ2-G115wt). 

(B) Generated γ9-G115LM were matched in a BLAST search with γ9δ2TCRs described in the IMGT 

database. Shown is the number of citations compared to γ9-G115LM of the same length. 
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SUPPLEMENTARY MATERIAL AND METHODS

Cells and cell lines
Daudi, MDAMB231, SW480, K562, MCF-7, BT-549, Phoenix-Ampho and Jurkat 
cells were obtained from ATCC, MZ1851RC from Barbara Seliger (University Halle, 
Germany). Saos2 was kindly provided by Arnold Levine (Princeton University, 
USA), FaDu and SCC9 by Niels Bovenschen (UMC Utrecht, The Netherlands) 
and Mogens Claesson (University Copenhagen, Denmark), RPMI8226/S, OPM2, 
LME1, L363, UM9 and U266 was kindly provided by Anton Martens (UMC 
Utrecht, The Netherlands), Psf5 and MRC5 by Bodo Plachter (Mainz, Germany). 
Phoenix-ampho cells were cultured in DMEM+1%Pen/Strep (Invitrogen) 
+10%FCS (Bodinco), all other cell lines in RPMI+1%Pen/Strep+10%FCS.

Retroviral transduction of T-cells
Packaging cells (phoenix-ampho) were transfected with gag-pol (pHIT60), env 
(pCOLT-GALV) and two retroviral constructs (pBullet) containing either γ9-chain-
IRES-neomycine or δ2-chain-IRES-puromycine, using Fugene6 reagent (Takara, 
Gennevilliers, France). Human PBMC activated with αCD3 (30ng/ml) (Orthoclone 
OKT®3, Janssen-Cilag, Tilburg, The Netherlands) and IL2 (50 IU/ml) (Proleukin®, 
Novartis, Arnhem, The Netherlands) were transduced twice with viral supernatant 
within 48 hours in the presence of 50IU/ml IL2 and 4mg/ml polybrene (Sigma-
Aldrich, Zwijndrecht, The Netherlands). Transduced T-cells were expanded by 
stimulation with αCD3/CD28 DynabeadsTM (0.5x106 beads/106 cells) (Invitrogen) 
and IL-2 (50IU/ml) and selected with 800mg/ml geneticin (Gibco, Karlsruhe, 
Germany) and 5mg/ml puromycin (Sigma-Aldrich, Zwijndrecht, The Netherlands). 

Flow Cytometry
γ9δ2TCR expression was analyzed by flow cytometry using the following antibodies: 
Vd2-FITC (clone B6, BD), pan-gdTCR-PE (clone IMMU510, Beckman Coulter), 
Vγ9-PE (clone B3, BD), and gdTCR–APC (clone B1, BD). The expression pattern of 
individual γ9δ2T-cell clones was analyzed using the following antibodies: NKG2D-
PE (clone 1D11, Biolegend), NKAT2-PE (clone DX27, BD), CD158a-FITC (clone 
HD-3E4, BD) and NKB1-FITC (clone DX9, BD). Cell-cell conjugate assays were 
performed with CFSE (Invitrogen)-labelled T-cells and Lavacell (Active Motif Europ)-
labeled Daudi cells at room-temperature for 2 hours and analyzed by flow cytometry.

Animal model
The RAG-2-/-/gc-/--BALB/C mice originally obtained from AMCAS b.v. 
(Amsterdam, The Netherlands), were bred and housed in the specific pathogen-
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free (SPF) breeding unit of the Central Animal Facility of Utrecht University. 
Experiments were conducted according to Institutional Guidelines after acquiring 
permission from the local Ethical Committee and in accordance with current 
Dutch laws on Animal Experimentation.

Table S1. CDR3 sequence alignment of γ9δ2TCR G115, clone 3 and clone 5 

γ9-chain γCDR3 JγP

104 105 106 107 108 109 110 111 111.1 112.1 112 113 114 115 116 117 118 119 120 121 122 123 124 125 126 127

γ9-cl3wt C A L W E E · · E L G K K I K V F G P G T K L I I T

γ9-cl5wt C A L W E I · Q E L G K K I K V F G P G T K L I I T

γ9-G115wt C A L W E A Q Q E L G K K I K V F G P G T K L I I T

δ2-chain δCDR3 Jδ1

104 105 106 107 108 109 110 111 111.1 112.2 112.1 112 113 114 115 116 117 118 119 120 121 122 123 124 125 126 127 128

δ2-cl3wt C A C D L L G · · · · Y T D K L I F G K G T R V T V E P
δ2-cl5wt C A C D A L K R · · T D T D K L I F G K G T R V T V E P
δ2-G115wt C A C D T L G M G G E Y T D K L I F G K G T R V T V E P
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Table S3. CDR3 length mutants of γ9δ2TCR G115 and length matched CDR3 domains of clone 3 and clone 5

γ9-chain γCDR3 JγP

104 105 106 107 108 109 110 111 111.1 112.1 112 113 114 115 116 117 118 119 120 121 122 123 124 125 126 127

γ9-cl3wt C A L W E E · · E L G K K I K V F G P G T K L I I T

γ9-G115LM1 C A L W E A · · E L G K K I K V F G P G T K L I I T

γ9-cl5wt C A L W E I · Q E L G K K I K V F G P G T K L I I T

γ9-G115LM2 C A L W E A · A E L G K K I K V F G P G T K L I I T

γ9-G115wt C A L W E A Q Q E L G K K I K V F G P G T K L I I T

γ9-G115LM3 C A L W E A A A E L G K K I K V F G P G T K L I I T

δ2-chain δCDR3 Jδ1

104 105 106 107 108 109 110 111 111.1 112.2 112.1 112 113 114 115 116 117 118 119 120 121 122 123 124 125 126 127 128

δ2-cl3wt C A C D L L G · · · · Y T D K L I F G K G T R V T V E P

δ2-G115LM2 C A C D T L A · · · · A T D K L I F G K G T R V T V E P

δ2-cl5wt C A C D A L K R · · T D T D K L I F G K G T R V T V E P

δ2-G115LM4 C A C D T L A A · · A A T D K L I F G K G T R V T V E P

δ2-G115wt C A C D T L G M G G E Y T D K L I F G K G T R V T V E P

δ2-G115LM6 C A C D T L A A A A A A T D K L I F G K G T R V T V E P











NKG2D contribution to effector functions 
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ABSTRACT

Human γ9δ2T-cells play a crucial role in tumor immunosurveillance and the 
defense against various infections. However, the complex mechanisms regulating 
their activation via a variety of activating and inhibitory receptors are still puzzling. 
Conflicting data have been reported whether the γ9δ2TCR itself or NKG2D play 
the dominant role in mediating γ9δ2T-cell effector function. In addition recent 
reports suggested different γ9δ2TCR affinities. Therefore we investigated the 
impact of NKG2D for γ9δ2T-cell activation in the context of defined γ9δ2TCRs 
that mediate different functional avidities. We demonstrate that a functional 
γ9δ2TCR is required for a contributing effect of NKG2D to T-cell effector function. 
The strength of γ9δ2TCR activation further dictates whether NKG2D is recruited 
to the immunological synapse and also the potency of NKG2D co-stimulation. 
The contributing effect of NKG2D was most valuable for the recognition of tumor 
cells when engineered T-cells mediated a low functional avidity and added little if 
the γ9δ2TCR alone mediated already a profound T-cell activation.
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INTRODUCTION

In recent years the boundaries between innate and adaptive immunity are 
increasingly melting to create space for cell types that resemble both characteristics. 
Emerging insights of these innate-like cells, including NK-cells and certain subsets 
of T-cells, not only broaden our immunological understanding but simultaneously 
paved the way towards novel cellular based therapies to treat disease. γ9δ2T-cells 
are a minor population of circulating T-cells with an innate-like character that 
play a crucial role in tumor immunosurveillance and the defense against various 
infections1. γ9δ2T-cells are typified by the expression of a γδT-cell receptor (TCR) 
which is composed of a γ9 and a δ2 polypeptide chain. The γ9δ2TCR is necessary 
for γ9δ2T-cell activation when recognizing elevated levels of the phosphoantigen 
isopentenyl pyrophosphate (IPP), a process that involves the butyrophilin family 
member BTN3A12-4. IPP is a ubiquitous intermediate of the mevalonate pathway 
which is important for isoprenoid synthesis, and accumulates in the host cell 
after infection or malignant transformation5;6. Notably, recognition of γ9δ2T-cells 
can be pharmacologically enhanced by the application of bisphosphonates like 
pamidronate or zoledronate which block the mevalonate pathway downstream to 
IPP causing further accumulation7. γ9δ2TCR triggering results in cytolytic activity 
and the production of pro-inflammatory cytokines such as IFNγ and TNFα. 

However, besides γ9δ2TCR mediated target recognition also other activating 
mechanisms similar to NK-cells are described for γ9δ2T-cells. Likewise γ9δ2T-
cells express a set of inhibitory and activating NK-receptors that balance their 
activation8-10. Eminent for γ9δ2T-cells is thereby the frequent expression of the 
central activating NK-cell receptor NKG2D. NKG2D recognizes the stress-
induced self ligands MHC class I related protein A and B (MICA and MICB)11;12 
and UL16-binding proteins 1 to 6 (ULBP1-6)12-14. In view of γ9δ2T-cells the 
hierarchy between NKG2D and γ9δ2TCR signals remains controversial: various 
studies emphasized the unique contribution of NKG2D for γδT-cell mediated 
tumor immunosurveillance with no involvement of the TCR15-17 while other 
studies did not find NKG2D-induced γδT-cell activation without coincident 
γ9δ2TCR stimulation.18 To provide an explanation for this discrepancy would help 
to understand the context of the γ9δ2TCR-NKG2D-interplay and evaluate the 
significance of NKG2D for γ9δ2T-cell activation.  

To address this question we utilized a panel of recently characterized γ9δ2TCRs 
that mediate distinct functional avidities in response to malignant cells19 and 
hypothesized that NKG2D involvement might be regulated by γ9δ2TCR affinity. 
By gene transfer experiments of defined receptors we investigated whether a 
functional γ9δ2TCR is necessary for a contributing effect of NKG2D and how 
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T-cells engineered with γ9δ2TCRs that mediate different functional avidity affects 
NKG2D co-stimulation.   

MATERIALS AND METHODS

Cells and cell lines
PBMCs were isolated from buffy coats obtained from Sanquin Blood Bank 
(Amsterdam, The Netherlands). Daudi, Phoenix-Ampho and Jurkat cells were 
obtained from ATCC, OPM2 was kindly provided by Anton Martens (UMC Utrecht, 
The Netherlands). Phoenix-ampho cells were cultured in DMEM+1%Pen/Strep 
(Invitrogen) +10%FCS (Bodinco), all other cell lines in RPMI+1%Pen/Strep+10%FCS.

Generation of γ9δ2TCRs and retroviral transduction of T-cells
The non-functional (NF), low avidity (LA) and high avidity (HA) γ9δ2TCRs were 
generated by combinatorial-γδTCR-chain exchange (CTE) as previously described19. 
For retroviral transduction packaging cells (Phoenix-Ampho) were transfected with 
gag-pol (pHIT60), env (pCOLT-GALV)20 and two or three retroviral constructs 
(pBullet) containing either γ9-chain-IRES-neomycine, δ2-chain-IRES-puromycine 
or NKG2D, using Fugene6 reagent (Takara, Gennevilliers, France). Human PBMC 
activated with αCD3 (30ng/ml) (Orthoclone OKT®3, Janssen-Cilag, Tilburg, The 
Netherlands) and IL2 (50 IU/ml) (Proleukin®, Novartis, Arnhem, The Netherlands) 
were transduced twice with viral supernatant within 48 hours in the presence of 
50IU/ml IL2 and 4mg/ml polybrene (Sigma-Aldrich, Zwijndrecht, The Netherlands). 
Transduced T-cells were expanded by stimulation with αCD3/CD28 DynabeadsTM 

(0.5x106 beads/106 cells) (Invitrogen) and IL2 (50IU/ml) and selected with 800mg/
ml geneticin (Gibco, Karlsruhe, Germany) and 5mg/ml puromycin (Sigma-Aldrich, 
Zwijndrecht, The Netherlands). γ9δ2TCR-transduced T-cells were expanded in vitro 
based on a previously described Rapid Expansion Protocol21.

Isolation and staining of effector T-cells
Expanded γ9δ2TCR-transduced T-cells were stained with specific antibodies 
including CD4-APC (clone RPA-T4, BD), CD8-PerCP (clone SK1, BD), δ2-chain-
FITC (clone B1, BD) and NKG2D-PE (clone 1B11, Biolegend). CD4+γ9δ2TCR+ 
T-cells and CD4+γ9δ2TCR+NKG2D+ T-cells were isolated by FACS sort, expanded 
in vitro based on a previously described Rapid Expansion Protocol21 and tested for 
γ9δ2TCR and NKG2D expression using above mentioned antibodies specific for 
the δ2-chain and NKG2D. Mock transduced T-cells and T-cells transduced with 
NKG2D alone were used as control. 
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Measurement of cytokines
IFNγ ELISpot was performed using anti-huIFNγ  mAb1-D1K (I) and mAb7-B6-1 
(II) (Mabtech-Hamburg, Germany) following the manufacturer’s recommended 
procedure22. Target and effector cells (E:T 3:1) were incubated for 24h in the presence 
of pamidronate (Calbiochem, Germany) where indicated 22;23. IFNγ, IL2 and 
TNFα ELISA were performed using ELISA-ready-go! Kit (eBioscience) following 
manufacturer’s instructions. Effector and target cells (E:T 1:1) were incubated for 
24h in the presence of pamidronate as indicated. Where specified, fold change of 
CD4+γ9δ2TCR+NKG2D+ T-cells was calculated relative to CD4+γ9δ2TCR+ T-cells 
lacking NKG2D. 

Measurement of granule release
To discriminate target and effector cells, target cells were labeled with Pacific 
Blue Succinimidyl Esther (PBSE, Life Technologies) according to manufacturer’s 
instructions. Labeled cells were incubated with CD4+ effector T-cells for 6h (E:T 1:1) 
in the presence of pamidronate as indicated. The expression of the degranulation 
marker CD107a on CD4+ T-cells was analyzed by FACS using a CD107a specific 
antibody (CD107a-PE, clone H4A3, BD).

Microscopy
For microscopy OPM2 cells were labeled with Pacific Blue Succinimidyl Ester 
(PBSE, Life Technologies) according to manufacturer’s instructions. Pre-labeled 
tumor cells were incubated for 2.5h with CD4+γ9δ2TCR+NKG2D+ T-cells in the 
presence of 10µM pamidronate to allow conjugate formation. Conjugates were 
carefully pipetted on a poly-L-Lysine coated microscopic slide and fixed with 
4% PFA. Cells were washed and stained with specific antibodies for NKG2D 
(clone 1B11-Alexa Fluor 647) and for the δ2-chain (clone B6 δ2-biotin in a first 
staining and streptavidin-Alexa Fluor 488 in a second staining). Fixed and stained 
conjugates were analyzed with a Zeiss LSM 510 confocal microscope including 
software and the image processing program ImageJ.   

RESULTS

Contribution of NKG2D depends on the functional avidity mediated 
by a γ9δ2TCR 
To elucidate whether NKG2D involvement depends on γ9δ2TCR avidity the 
interaction of NKG2D and three individual γ9δ2TCRs that mediate different 
functional avidities was studied. These included a previously described non-
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functional (NF) γ9δ2TCR with a mutation in its variable domain that prevent 
target cell recognition19, a γ9δ2TCR that mediates low functional avidity (LA) 
and a γ9δ2TCR that mediates high functional avidity (HA), both generated by 
combinatorial-γδTCR-chain-exchange (CTE). Thereby the variable domain of 
either γ9- or δ2TCR-chain was exchanged between two individual γ9δ2TCRs 
resulting in newly combined γ9δ2TCRs that mediate lower or higher functional 
avidity compared to the original TCR19.

To study the interplay between γ9δ2TCRs that mediate different functional 
avidity and NKG2D the γ9δ2TCR chains of NF-, LA- and HA-γ9δ2TCR as well 
as NKG2D were cloned into the retroviral vector pBullet, respectively, and linked 
to a selection marker as described 24;25. The NF-, LA- and HA-γ9δ2TCR were 
transduced into peripheral blood αβT-cells alone or in combination with NKG2D. 
To examine the impact of the individual receptors in the absence of other NK-like 
receptors transduced αβT-cells were further selected by FACS sorting for CD4+ 
T-cells that naturally lack NKG2D. Engineered cells were CD4+, showed similar 
γ9δ2TCR expression and engineered NKG2D+ T-cells expressed comparable levels 
of NKG2D (suppl. Figure 1). 

To assess the additional functional impact of NKG2D, engineered immune cells 
were tested side-by-side in an IFN-γ ELISpot assay against the Burkitt’s lymphoma 
cell line Daudi in the presence or absence of physiological concentration (10µM) 
pamidronate (Figure 1A). CD4+ T-cells transduced with NKG2D only and CD4+ 
T-cells transduced with an empty vector cassette (mock) served as control. 
Interestingly, CD4+ T-cells transduced with NKG2D alone were unable to produce 
IFN-γ as were CD4+ T-cells expressing a non-functional (NF) γ9δ2TCR alone 
or in combination with NKG2D. In contrast, high avidity (HA) γ9δ2TCR alone 
reprogrammed CD4+ T-cells against Daudi and cytokine secretion further increased 
by 2-fold when NKG2D was co-expressed in the absence of pamidronate. In the 
presence of 10μM pamidronate, which equates a higher level of potential γ9δ2TCR 
ligands, a contributing effect of NKG2D to IFN-γ production was visible for CD4+ 
T-cells that express a low avidity (LA) γ9δ2TCR where NKG2D co-expression 
resulted in a more than 2-fold elevated IFN-γ production. These results indicate 
that NKG2D contributes to IFN-γ production of T-cells only when co-expressed 
with a functional γ9δ2TCR and this effect depends on TCR-mediated functional 
avidity.

Notably, Daudi cells express a low level of NKG2D ligands such as MICA/B 
and ULBPs1-4 as determined by FACS analysis (suppl Figure 2). Thus, the lacking 
functional impact of NKG2D could merely reflect the low expression level of its 
ligand. To further test the impact of NKG2D in the presence of abundant ligands 
for NKG2D the multiple myeloma cell line OPM2 expressing high levels of NKG2D 
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ligands MICA/B and ULBP2 (suppl. Figure 2) was introduced as target against 
the panel of engineered immune cells in an IFN-γ ELISpot assay (Figure 1B). 
Interestingly, comparable results were obtained targeting OPM2. HA-γ9δ2TCR 
expressing cells already responded to OPM2 without pamidronate treatment 
and produced nearly double the amount of IFN-γ spots when NKG2D was co-
expressed. When OPM2 cells were treated with 10μM pamidronate also the LA-
γ9δ2TCR+ cells responded and IFN-γ production increased 2-fold in the presence 
of NKG2D. In contrast control cells expressing NKG2D alone or in combination 
with a non functional (NF) γ9δ2TCR were unable to produce IFN-γ. These results 
underline that NKG2D contributes to T-cell effector function only in the presence 
of a functional γ9δ2TCR even though abundant NKG2D ligands are present. Thus, 
abundant expression of NKG2D ligands cannot overcome a missing γ9δ2TCR 
signal in this model.  

NKG2D contribution is most prominent in the presence of limited 
amount of γ9δ2TCR ligand and primarily affects cytokine secretion
To elucidate whether the NKG2D-dependent increase in cytokine production 
depends on the amount of γ9δ2TCR ligand, effector function of HA-
γ9δ2TCR+CD4+ T-cells with or without NKG2D were now tested in the presence 
of different concentrations of pamidronate. Thereby secretion of IFN-γ, IL-2 and 
TNF-α was measured by ELISA targeting the tumor cell line Daudi (Figure 2A). 
Notably, CD4+ T-cells that co-expressed NKG2D were clearly superior in IFN-γ 
and IL-2 production compared to CD4+ T-cells lacking NKG2D in the presence 
of 100µM and 1000µM pamidronate. Furthermore co-expression of NKG2D lead 
to significant higher TNF-α secretion already at10µM pamidronate and this effect 
was also seen at 100µM pamidronate. A similar effect was observed when OPM2 
served as a target (Figure 2B). At practically all tested pamidronate concentrations 
CD4+ T-cells that co-expressed NKG2D secreted significantly more IFN-γ, 
IL-2 and TNF-α than T-cells which did not expressed NKG2D. However, it is 
most interesting that the contributing effect of NKG2D to cytokine production 
decreases with increasing pamidronate concentration for both targets (Figure 2C). 
For OPM2 the highest contribution of NKG2D to IFN-γ production with up to 
30-fold increase in IFN-γ is seen in the absence of pamidronate while NKG2D has 
only a minor additive effect of 1.6-fold increase in IFN-γ production in presence 
of 1000μM pamidronate. Similarly the contributing effect of NKG2D to IL-2 
production in response to OPM2 decreases with increasing levels of pamidronate: 
25-fold more IL-2 was produced at 10µM pamidronate and only 4-fold more 
IL-2 at 1000µM pamidronate. Evenly, the fold change in TNF-α secretion of HA-
γ9δ2TCR+NKG2D+CD4+ T-cells relative to HA-γ9δ2TCR+CD4+ T-cells was more 
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pronounced in the presence of 10µM pamidronate compared with 100µM. The 
same trend is visible for Daudi where NKG2D contribution to IFN-γ, IL-2 and 
TNF-α similarly tend so decreases with increasing pamidronate concentration. 
Furthermore it appears that NKG2D co-expression induces a more significant 
increase in IFN-γ, IL-2 and TNF-α production in response to OPM2 than to Daudi 
at similar pamidronate concentrations, most likely reflecting the higher expression 
of NKG2D ligands in OPM2 as compared to Daudi.   

To study whether NKG2D also co-stimulates degranulation of γ9δ2TCR 
activated T-cells a degranulation assay was performed. Thereby HA-
γ9δ2TCR+CD4+ T-cells with or without NKG2D were co-incubated with tumor 
cells for 6h and analyzed for the expression of the degranulation marker CD107a 
by FACS. In response to Daudi CD4+ T-cells that co-expressed HA-γ9δ2TCR and 
NKG2D showed a significant higher percentage of CD107a+ T-cells at all used 
pamidronate concentrations compared to CD4+ T-cells lacking NKG2D (Figure 
3A). Similar results were observed when engineered T-cells were co-cultured 
with OPM2 (Figure 3B). At all tested pamidronate concentrations NKG2D co-
expression resulted in a significant higher number of CD107a expressing cells 
compared to T-cells without NKG2D. To elucidate whether NKG2D contribution 
to cytotoxicity varies at different pamidronate concentration the fold change 

Figure 1. Interplay between NKG2D and the functional avidity of γ9δ2TCR engineered T-cells. 

Peripheral blood T-cells were virally transduced with a non-functional (NF), low avidity (LA) or high 

avidity (HA) γ9δ2TCR and NKG2D where indicated. CD4+NKG2D+, CD4+γ9δ2TCR + and CD4+γ9δ2TCR 

+NKG2D+ T-cells were sorted by FACS and functionally tested in an IFNγ ELISpot assay (E:T 3:1) with 

10µM pamidronate where indicated (A) against the Burkitt’s lymphoma cell line Daudi and (B) against 

the multiple myeloma cell line OPM2. IFNγ production is shown as IFNγ spots per 15.000cells. Data 

represent the mean±SD. ***p<0.001 by 2-way ANOVA. 
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Figure 2. NKG2D contribution when γ9δ2TCR ligands are titrated. Peripheral blood T-cells were virally 

transduced with a high avidity (HA) γ9δ2TCR in combination with or without NKG2D. CD4+NKG2D+, 

CD4+γ9δ2TCR+ and CD4+γ9δ2TCR+NKG2D+ T-cells were sorted by FACS, respectively, and functionally 

tested in a pamidronate titration assay for IFN-γ, IL-2 and TNF-α production by ELISA (E:T 1:1) targeting 

(A) Daudi and  (B) OPM2 (C) The contributing effect of NKG2D to IFN-γ, IL-2 and TNF-α was calculated 

by  the fold-change in cytokine levels of CD4+γ9δ2TCR +NKG2D+ T-cells compared  to CD4+γ9δ2TCR + 

T-cells. Data represent the mean±SD. *p<0.01, **p<0.01, ***p<0.001 by 2-way ANOVA. 

in CD107a expression of HA-γ9δ2TCR+NKG2D+CD4+ T-cells relative to HA-
γ9δ2TCR+CD4+ T-cells was calculated (Figure 3C). Notably, CD107a expression 
was 1.5-fold increased for Daudi in the absence of pamidronate and 1-fold enhanced 
at 10µM and 100µM pamidronate when NKG2D was co-expressed. When HA-
γ9δ2TCR+NKG2D+CD4+ T-cells were challenged with OPM2 a 1-fold increase of 
CD107a+ cells were observed at all here tested pamidronate concentrations. These 
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Figure 3. NKG2D contribution to degranulation of γ9δ2TCR stimulated T-cells. Peripheral blood T-cells 

were virally transduced with a high avidity (HA) γ9δ2TCR in combination with or without NKG2D. 

CD4+NKG2D+, CD4+γ9δ2TCR+ and CD4+γ9δ2TCR+NKG2D+ T-cells were sorted by FACS, respectively, 

and functionally tested in a CD107a degranulation assay (E:T 1:1) at different pamidronate concentrations. 

After 6h coincubation CD107a expression levels of effector T-cells (A) in response to Daudi and (B) in 

response to OPM2 were determined by FACS. (C) The contributing effect of NKG2D to CD107a expression 

was determined by the fold change in CD107a levels of CD4+γ9δ2TCR +NKG2D+ T-cells relative to 

CD4+γ9δ2TCR +T-cells. Data represent the mean±SD. **p<0.01, ***p<0.001 by 2-way ANOVA. 
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results allow the conclusion that NKG2D co-expression leads to an increase in 
degranulation which is rather similar at different pamidronate concentration, 
hence, not influenced by the amount of γ9δ2TCR ligand.    

In summary NKG2D contributes significantly to IFN-γ, IL-2 and TNF-α 
production but rather modest to degranulation of γ9δ2TCR-activated T-cells. 
Thereby the most notable effect of NKG2D co-stimulation is seen at low 
pamidronate concentrations and is gradually decreasing with rising γ9δ2TCR 
stimulation at higher pamidronate concentrations, thus a more abundant presence 
of the γ9δ2TCR ligand. 

NKG2D surface expression is enhanced after γ9δ2TCR activation 
To elucidate whether γ9δ2TCR activation influences NKG2D surface expression 
γ9δ2TCR+NKG2D+CD4+ T-cells expressing a non-functional (NF), low avidity 
(LA) or high avidity (HA) γ9δ2TCR were incubated with OPM2 cells for 24h 
followed by analysis of γ9δ2TCR and NKG2D expression using FACS. Notably, the 
surface expression of HA-γ9δ2TCR was clearly upregulated when stimulated with 
OPM2 cells in the presence of 10µM pamidronate (MFI=850) and increased even 
more at 100µM pamidronate (MFI=1200) (Figure 4A). Interestingly expression 
of NKG2D increased similarly when co-expressed with the HA-γ9δ2TCR in the 
presence of 10µM pamidronate (MFI=540) and even more at 100µM pamidronate 
(MFI = 720) (Figure 4B). A slight increase in NKG2D expression was also seen 
for the LA-γ9δ2TCR at 100µM pamidronate. In contrast, no increase in NKG2D 
expression was seen when NKG2D was expressed alone or in combination with 
a NF-γ9δ2TCR. The surface molecule CD4 has been stable in expression (Figure 
4C), suggesting that γ9δ2TCR triggering can selectivity enhance both γ9δ2TCR 
and NKG2D surface expression.  

 
Recruitment of NKG2D to the immunological synapse depends on 
the strength of γ9δ2TCR activity
To further investigate whether NKG2D and γ9δ2TCR co-locate at the tumor 
site the immunological synapse between γ9δ2TCR+NKG2D+CD4+ T-cells and 
OPM2 cells was studied by confocal microscopy (Figure 5A). OPM2 cells were 
incubated with NKG2D+CD4+ T-cells expressing either a LA-γ9δ2TCR or HA-
γ9δ2TCR in the presence of 10µM pamidronate for 2.5h to allow conjugate 
formation. CD4+ T-cells transduced with an empty vector cassette (mock) 
served as control. All CD4+ T-cells formed conjugates with OPM2. However, in 
the conjugate between OPM2 and T-cells that co-expressed LA-γ9δ2TCR and 
NKG2D both receptors were equally distributed on the surface of the whole T-cell 
and were not concentrated in the immunological synapse. In contrast, NKG2D 
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Figure 4. γ9δ2TCR, NKG2D and CD4 expression at different pamidronate concentrations. CD4+ T-cells 

expressing NKG2D and NF-, LA- or HA-γ9δ2TCR were incubated with OPM2 cells in the presence of 

0µM, 10µM and 100µM pamidronate for 24 h. The MFI of the γ9δ2TCR (A), the MFI of NKG2D (B) and 

the MFI of CD4 (C) was analyzed by FACS. 
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Figure 5. NKG2D and γ9δ2TCR in the immunological synapse. (A) CD4+ T-cells expressing NKG2D and 

LA- or HA-γ9δ2TCR were incubated for 2.5h with OPM2 cells which were pre-stained with Pacific Blue 

Succinimidyl Ester (PBSE). Subsequently conjugates were fixed on a microscopy slide and stained with 

specific antibodies for NKG2D (clone 1B11-Alexa Fluor 647, visualize in red) and for the δ2-chain (clone 

B6 δ2-biotin visualized with streptavidin-Alexa Fluor 488, in green). OPM2 cells were visualized in blue 

to discriminate from T-cells. Cell conjugates were analyzed with a confocal microscope (Zeiss). The fold-

change in mean fluorescence of NKG2D was calculated for the synapse area compared to the whole cell for 

the conjugates between OPM2 and a T-cell expressing a LA-γ9δ2TCR (B) or a HA-γ9δ2TCR (C)

and γ9δ2TCR clearly co-locate in the interface between HA-γ9δ2TCR+NKG2D+T-
cell and tumor cell and are evidently enriched in the immunological synapse. In 
addition the mean fluorescence of NGK2D was calculated for the whole cell and 
the synapse area, respectively. NKG2D did not accumulate in the synapse between 
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T-cell expressing LA-γ9δ2TCR and OPM2 (0.6-fold less compared to the mean 
fluorescent of the whole cell) (Figure 5B). In contrast the synapse between OPM2 
and the HA-γ9δ2TCR+T-cell showed a 1.8-fold enrichment of NKG2D (Figure 
5C). These results underline that the co-location of NKG2D and γ9δ2TCR in the 
immunological synapse is strongly dependent on the functional avidity of T-cells 
engineered with defined γ9δ2TCRs. 

DISCUSSION

The controversial discussion whether γ9δ2TCR and NKG2D expressed on γ9δ2T-
cells function individually or as co-receptors asked for an experimental approach 
to study both receptors in a controlled setting. We took advantage of γ9δ2TCRs 
that mediate different functional avidities which were genetically transferred 
and co-expressed with NKG2D in CD4+ αβT-cells. In our model system NKG2D 
proved to be a factual co-receptor to the γ9δ2TCR. We demonstrate that a 
functional γ9δ2TCR is a prerequisite for a contributing effect of NKG2D to T-cell 
effector function; suggestively because only in the presence of γ9δ2TCR triggering, 
NKG2D is recruited to the immunological synapse. Interestingly we found that 
the strength of NKG2D co-stimulation is the most profound when γ9δ2TCR 
activation is suboptimal, either due to lower TCR-affinity or less availability of 
potential ligand. In contrast, NKG2D co-stimulation influenced activation of 
T-cells with high functional avidity only to a lower extent. 

Several previous studies addressed the contribution of either the γ9δ2TCR or 
NKG2D stimulation in γδT-cell activation by using monoclonal antibodies to block 
or stimulate the γ9δ2TCR15;16;18 and thereby most likely underestimated the impact 
of γ9δ2TCR affinity. In contrast, we addressed the co-play of γ9δ2TCR and NKG2D 
in γδT-cell function with novel tools such as γ9δ2T-cell receptors which differ only 
in their CDR3 domain and mediate different functional avidities in the presence 
of equivalent amount of antigens19 side-by-side with experiments selectively 
modulating the amount of potential ligand by titrating pamindronate. Importantly, 
expressing γ9δ2TCR and NKG2D receptors in αβT-cells allowed to study their 
role in the absence of various co-stimulatory molecules that are normally widely 
expressed on primary γδT-cells26 but not on CD4+ αβT-cells. Our data emphasize the 
impact of individual γ9δ2TCR-ligand affinities on tumor recognition demonstrating 
that either a low-affinity γ9δ2TCR or limited amount of phosphoantigen present at 
the tumor cell site can lead to poor activation of γδT-cells. 

It was suggested that recognition of hematopoietic tumors by γ9δ2T-cells is a 
2-step process where γ9δ2TCR stimulation as ‘signal 1’ leads to effector lymphocyte 
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activation but the actual tumor specificity is achieved by NKG2D as ‘signal 2’27. In 
contrast, our data emphasize that a γ9δ2TCR does not depend on a secondary 
signal for T-cell activation and NKG2D rather supports T-cells as co-stimulator, 
especially when γ9δ2TCR signaling becomes suboptimal. In line with αβTCR-
mediated activation in CD8+ T-cells, NKG2D was up-regulated in activated T-cells, 
a mechanisms most likely involving the adapter protein DAP1028. We further show 
that NKG2D triggering alone does not lead to T-cell activation and demonstrate 
that NKG2D clearly needs a second partner as also reported for NK cells29. Since 
our model used αβT-cells engineered with one defined γδTCR in combination 
with NKG2D we obviously cannot exclude the possibility that primary γδT-cells 
could be activated by NKG2D in a γδTCR-independent way, but then most likely 
utilizing other NK-like receptors.

Our data indicate that synapse formation initiated by a functional γ9δ2TCR is 
crucial for an optimal T-cell activation and confirms data by others that NKG2D 
is also recruited to the immunological synapse30. Additionally, our model system 
reveals that NKG2D recruitment to the immunological synapse is not a universal 
feature of γ9δ2TCR mediated T-cell activation, as it has been reported previously30, 
but is absent in synapses that are formed by suboptimal γ9δ2TCR activation. It is 
possible that the T-cell activation threshold is partially regulated by the physical 
separation of the γ9δ2TCR from NKG2D in the synapse, allowing complete T-cell 
activation only when the required γ9δ2TCR signaling is strong enough. One 
cannot exclude though that the absence of NKG2D from the synapse of a weaker 
agonist γ9δ2TCR is only temporary, and a weaker TCR activation would lead to a 
delayed co-receptor recruitment similarly to αβT-cells31. 

It seems that contribution of NKG2D co-stimulation to γ9δ2TCR activation 
differently affects T-cell effector functions: while the co-stimulatory effect of 
NKG2D on cytotoxicity of γ9δ2TCR T-cells was barely influenced by the amount 
of pamidronate, IFN-γ, IL-2 and TNF-α production showed the most announced 
NKG2D-dependence at low pamidronate concentrations (≤10µM pamidronate) that 
strongly decreased at high pamidronate concentrations. Thus, a favorable effector 
γ9δ2T-cell response under physiological conditions (10µM pamidronate) requires 
a γ9δ2TCR that mediates high functional avidity and simultaneously provides 
the best co-stimulatory effect of NKG2D under such circumstances. Therefore in 
vivo expansion of unselected γ9δ2T-cells using aminobisphosphonates, as it was 
done in several clinical studies with limited success32, may select for γ9δ2T-cells 
expressing γ9δ2TCRs that mediate low functional avidity and miss out γ9δ2T-
cells with beneficial co-receptors such as NKG2D. Therefore the right choice of 
a γ9δ2T-cell population with optimal antitumor reactivity is a critical factor for 
the clinical success. Our laboratory demonstrated that γ9δ2TCRs can efficiently 
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redirect αβT-cells against various types of cancer25;33 and provide an interesting tool 
for immuno-gene therapeutic approaches. Therefore γ9δ2TCRs which mediate 
high functional avidity would be preferred for optimal therapeutic use to generate 
a T-cell product with high antitumor reactivity. However, our findings also point 
out, that γ9δ2TCR gene transfer preferably into NKG2D expressing immune cells 
would allow benefiting from its co-stimulatory effect. 

In summary we demonstrate that a functional γ9δ2TCR is necessary for the 
contribution of NKG2D to T-cell effector functions. Thereby the functional avidity 
mediated by the γ9δ2TCR in engineered T-cells further dictates the contributing 
effect of NKG2D. In view of immunotherapeutic approaches using γ9δ2T-cells 
these findings underline the importance to select for γ9δ2T-cell populations with 
beneficial features targeting cancer. That includes high expression levels of an 
optimal γ9δ2TCR which mediates high functional avidity and the expression of 
advantageous receptors, such as NKG2D. 
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Suppl. Figure 1. γ9δ2TCR and NKG2D expression of transduced T-cells. Peripheral blood T-cells were 

virally transduced with a non-functional (NF), a low avidity (LA) or a high avidity (HA) γ9δ2TCR in 

combination with or without NKG2D. CD4+NKG2D+, CD4+γ9δ2TCR+ and CD4+γ9δ2TCR+NKG2D+ 

T-cells were sorted by FACS and analyzed for (A) γ9δ2TCR and (B) NKG2D expression using specific 

antibodies. Data represents the median fluorescent intensity (MFI) of transduced T-cells. Mock-

transduced cells served as a control. 

Suppl. Figure 2. NKG2D ligand expression on tumor cell lines Daudi and OPM2. (A) The Burkitt’s 

lymphoma cell line Daudi and (B) the multiple myeloma cell line OPM2 were analyzed for the expression 

of NKG2D ligands MICA, MICB and ULBPs1-4 by FACS using specific antibodies. Data represents the 

fold change in ligand expression relative to control antibody. 
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ABSTRACT
Purpose
Engineering T cells with receptors to redirect the immune system against cancer has most recently 
been described as a scientific breakthrough. However, a main challenge remains the GMP-grade 
purification of immune cells selectively expressing the introduced receptor in order to reduce 
potential side effects due to poorly or nonengineered cells. 

Experimental design
In order to test a novel purification strategy, we took advantage of a model γδT cell receptor 
(TCR), naturally interfering with endogenous TCR expression and designed the optimal retroviral 
expression cassette to achieve maximal interference with endogenous TCR chains. Following 
retroviral transduction, nonengineered and poorly engineered immune cells characterized by a 
high endogenous αβTCR expression were efficiently depleted with GMP-grade anti-αβTCR beads. 
Next, the engineered immune cells were validated for TCR expression, function against a panel of 
tumor cell lines and primary tumors and potential allo-reactivity. Engineered immune cells were 
further validated in two humanized mouse tumor models.

Results
The untouched enrichment of engineered immune cells translated into highly purified receptor-
engineered cells with strong antitumor reactivity both in vitro and in vivo. Importantly, this 
approach eliminated residual allo-reactivity of engineered immune cells. Our data demonstrate 
that even with long-term suboptimal interference with endogenous TCR chains such as in resting 
cells, allo-reactivity remained absent and tumor control preserved. 

Conclusion
We present a novel enrichment method for the production of untouched engineered immune cells, 
ready to be translated into a GMP-grade method and potentially applicable to all receptor-modified 
cells even if interference with endogenous TCR chains is far from complete. 
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INTRODUCTION

Rising clinical data demonstrate the potency of the adoptive transfer of T cells to 
effectively treat cancer, when T cells are genetically engineered to express tumor-
specific receptors (1-4). Although the engineering process of genetically modified 
T cells has been substantially improved during the last decades, to date all cellular 
products usually maintain a fraction of nontransduced and poorly transduced 
immune cells (2, 5). However, nonengineered immune cells have been reported 
to hamper the activity of adoptively transferred cells in an autologous situation 
(6, 7) due to the unwanted transfer of regulatory T cells (8) or by competing for 
homeostatic cytokines (9, 10). In addition, nonengineered or poorly engineered 
immune cells with high endogenous αβTCR expression have a clear potential to 
induce graft versus host disease (GVHD) in the context of allogeneic/third party 
applications (11, 12). 

To date, efforts to enhance purity of engineered immune cells mainly focus on 
positive selection either by expression of an additional transgene such as truncated 
CD34 (13), truncated nerve growth factor receptor (NGFR) (14) or direct binding 
of the introduced therapeutic receptor (15, 16). However, these strategies can 
either result in reduced expression of the desired gene of interest or additional 
introduction of potentially immunogenic components. In addition, the positive 
selection process results in so-called ‘touched cells’ and can mediate activation 
induced cell death (17, 18) directly after isolation or antibody dependent cellular 
cytotoxicity shortly after transfer into the recipient and may hamper long term 
persistence of transferred immune cells. An obvious alternative strategy would be 
the isolation of ‘untouched engineered immune cells’.

Most recently, GMP-grade anti-αβTCR beads became available and are 
currently used in the context of haploidentical transplantation used by others (19) 
and us (NTR2463 and NTR3079). Using such selection beads in combination 
with the knockdown of endogenous αβTCR genes (20) should theoretically result 
in a population of untouched engineered immune cells with high purity and 
substantially reduced “off-target” effects. Despite the fact that various different 
strategies to knockdown endogenous αβTCR expression have been described most 
recently including RNA interference (21, 22), Zinc Finger Nucleases (ZFNs; 20), or 
TALENS (23), clinical application of these elegant techniques is unfortunately far 
from translation. Off-target integration effects and the need for multiple plasmids 
to be expressed in one T cell are some of the reasons as to why clinical translation 
has noticeable obstacles. Alternative simple and cost-effective solutions are clearly 
still needed. Therefore, classical methods such as the interference with endogenous 
αβTCR chains by introducing physiological strong αβTCR competitors for the 



Purified engineered immune cells to treat cancer

79

4

components of the CD3 complex (24-26) such as γδTCR chains (27-29), remain 
valid alternatives in order to substantially reduce endogenous αβTCR expression. 
Besides the reduction of endogenous αβTCR expression γδTCRs are promising 
immune receptors to retarget αβT cells against cancer as reviewed extensively in 
refs. 30 and 31. γδT cells are considered as an innate-like population of immune 
cells recognizing molecular stress signals on infected or malignant cells. A subset of 
γδT cells express a TCR composed of Vγ9 and Vδ2 chains that sense accumulated 
nonpeptidic pyrophosphate molecules (phosphoantigens), intermediates of a 
deregulated mevalonate pathway of isoprenoid synthesis, via BTN3A1 (CD277) 
and reported by us (27-29) and others (32) to display potent cytotoxicity against 
a broad range of tumor species. Other intriguing properties of γδTCRs are the 
absence of forming potentially self-reactive mixed TCR dimers, their HLA-
independency, absence of immunogenicity, which can either result in reduced 
therapeutic efficacy or substantial toxicity and avoidance of education and long 
term tolerance when expressing innate immune receptors out of the context of an 
innate immune cell (30, 31). 

In summary, although major progress in the quality and efficacy of clinical 
engineered T cells has been achieved in the last decades (1-4), a feasible and cost-
effective GMP-compliant system to obtain highly purified engineered immune cells 
is not yet available. By utilizing a novel tumor-specific immune receptor naturally 
interfering with endogenous αβTCR chains (27-30), an optimized expression system, 
and clinical grade anti-αβTCR beads, we developed a highly pure engineered cellular 
product with improved antitumor activity. The production process can be readily 
translated to meet GMP-grade standards and the resulting cellular medicine can be 
applied as part of an immune intervention strategy in a broad population of cancer 
patients in autologous, allogeneic, and third party situations. 

MATERIALS AND METHODS

Cells and cell lines
Daudi (CCL-213) and Phoenix-Ampho (CRL-3213) cells were obtained from 
the American Type Culture Collection at the initiation of the study in 2010 
[Authentication by short tandem repeat (STR) profiling/karyotyping/isoenzyme 
analysis]. OPM2, RPMI8226/S, OPM2-Luciferase (OPM2-Luc) and RPMI8226/
S-Luciferase (RPMI-Luc) were kindly provided by Anton Martens in 2012 
(University Medical Center Utrecht, Utrecht, The Netherlands) and Daudi-
Luciferase (Daudi-Luc) by Genmab in 2013 (Utrecht, The Netherlands). The 
EBV-transformed lymphoblastoid cell lines (EBV-LCL) were a kind gift from 
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Tuna Mutis in 2010 (University Medical Center Utrecht) and not authenticated 
since receipt. All cells were passaged for a maximum of 2 months, after which 
new seed stocks were thawed for experimental use. All cell lines were routinely 
verified by growth rate, morphology and/or flow cytometry and tested negative 
for mycoplasma using MycoAlert Mycoplasma kit. Phoenix-ampho cells were 
cultured in DMEM+1%Pen/Strep (Invitrogen) +10%FCS (Bodinco), all other 
cell lines in RPMI+1%Pen/Strep+10%FCS. Peripherl blood mononuclear cells 
(PBMCs) were isolated from buffy coats obtained from the Sanquin Blood Bank 
(Amsterdam, The Netherlands) or from the Institute for Transfusion Medicine and 
Immunohematology (Frankfurt, Germany). PBMC samples from acute myeloid 
leukemia (AML) patients were a kind gift from Matthias Theobald (Mainz, 
Germany) and from the University Medical Center Utrecht Biobank and were 
collected according to GCP and Helsinki regulations. 

TCR gene cassettes in retroviral vectors
The highly tumor reactive γ9δ2TCR chain genes were obtained via combinatorial-
γδTCR chain exchange (28). The TCRγ chain was derived from γδT cell clone G115 
(33) and TCRδ chain from clone 5 (28), codon optimized (Geneart Life Technologies) 
and cloned into the retroviral vector pBullet as single TCR chain vectors containing 
either γ-chain-IRES-neomycine or δ-chain-IRES-puromycine. In addition, four 
different transgene cassettes containing both γ and δTCR chains were designed by 
exchanging two different 2A peptide linker sequences, F2A and T2A (34), and the 
order of TCR chains (δ-F2A-γ, γ-F2A-δ, δ-T2A-γ, γ-T2A-δ) (Fig. 1A). These γδTCR 
cassettes were cloned into the optimized retroviral vector pMP71 (kindly provided by 
Miriam Heemskerk, Leiden University Medical Center, Leiden, The Netherlands) to 
express both TCR chains simultaneously. A nonsense murine αβTCR, consisting of 
the alpha chain derived from the MDM2/HLA-A2 TCR (35) and the beta chain from 
the p53/HLA-A2 TCR (36), was used as control TCR in both the pBullet and the 
pMP71 retroviral vector system. Also truncated Nerve Growth Factor Receptor in 
pMP71 was used as control in retroviral transduction experiments (pMP71:ΔNGFR; 
kindly provided by Miriam Heemskerk). 

Retroviral transduction of T cells
γδTCRs were transduced into αβT cells as previously described (27). In brief, 
packaging cells (phoenix-ampho) were transfected using FugeneHD reagent 
(Promega, Madison, Wisconsin, USA) with helper constructs gag-pol (pHIT60), 
env (pCOLT-GALV) (35) and two retroviral constructs (pBullet) containing either 
γ-chain-IRES-neomycine or δ-chain-IRES-puromycine, or one retroviral construct 
(pMP71) containing both γδTCR chains separated by a 2A sequence. Human 
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PBMC were pre-activated with αCD3 (30ng/ml) (Orthoclone OKT®3, Janssen-
Cilag, Tilburg, The Netherlands) and IL-2 (50 IU/ml) (Proleukin®, Novartis, 
Arnhem, The Netherlands) and transduced twice with viral supernatant within 48 
hours in the presence of 50 IU/ml IL-2 and 6 mg/ml polybrene (Sigma-Aldrich, 
Zwijndrecht, The Netherlands). Transduced T cells were expanded by stimulation 
with anti-CD3/CD28 Dynabeads (0.5x106 beads/106 cells) (Life Technologies, 
Carlsbad, California, USA) and IL-2 (50IU/ml) and in case of pBullet retroviral 
system selected with 800mg/ml Geneticin (Gibco, Karlsruhe, Germany) and 5mg/
ml puromycin (Sigma-Aldrich). Next, TCR-transduced T cells were expanded 
based on a previously described rapid expansion protocol (REP; ref. 27).

Depletion of non-engineered T cells 
αβT cells were transduced with pMP71:γ-T2A-δ and incubated with a biotin-
labeled anti-αδTCR 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 onto an 
LD column and αβTCR positive T cells were depleted by MACS cell separation 
according to the manufacture’s protocol (Miltenyi Biotec). After depletion, γδTCR 
positive T cells were expanded using T cell REP.

Flow cytometry
Antibodies used for flow cytometry included: pan-γδTCR-PE (clone IMMU510), pan-
αβTCR-PE-Cy5 (clone IP26A, both Beckman Coulter, Woerden, The Netherlands), 
mouse TCRβ-chain-PE (clone H57-597), CD4-FITC (clone RPA-T4, both BD 
Biosciences, San Jose, USA), CD8-PerCP-Cy5.5 (clone RPA-T8, Biolegend, San 
Diego, USA), CD20 (Rituximab, Roche, Basel, Switzerland) and Goat-anti-Human-
IgG-PE (Jackson ImmunoResearch Laboratories, West Grove, PA, USA). All samples 
were analyzed on a FACSCanto II using FACSdiva software (BD Biosciences). 

Functional T-cell assays
51Chromium-release assay for cell-mediated cytotoxicity was previously described 
(28). In brief, target cells were labeled overnight with 100μCu 51Cr and incubated 
for 4-5h with transduced T-cells in five effector-to-target ratios (E:T) between 30:1 
and 0.3:1. Percentage of specific lysis was calculated as follows: (experimental cpm 
– basal cpm)/(maximal cpm – basal cpm) x 100 with maximal lysis determined in 
the presence of 5% triton and basal lysis in the absence of effector cells.

IFNγ ELISPOT was performed using anti-hu IFNγ  mAb1-D1K (I) and 
mAb7-B6-1 (II) (Mabtech-Hamburg, Germany) following the manufacturer’s 
recommended procedure. Target and effector cells (E:T 1:3) were incubated for 24h 
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in the presence of pamidronate (10 µM) (Calbiochem, Germany) where indicated.  
IFNγ ELISA was performed using ELISA-ready-go! Kit (eBioscience, San Diego, 

CA, USA) following manufacturer’s instructions. Effector and target cells (E:T 1:1) 
were incubated for 24h in the presence of pamidronate when indicated. 

TCR surface expression assay was performed with T cells that were rested for 
21 days and starved of fresh medium and IL-2 supplement for 6 days. T-cells were 
either stimulated in a 24 wells plate with anti-CD3/CD28 Dynabeads at a bead-
to-cell ratio of 1:1 in a final volume of 2 ml medium or with EBV-LCLs in a 96 
wells plate at an E:T ratio of 1:3 in a final volume of 200 ml medium supplemented 
with 30 IU/ml IL-2.  After a stimulation period of 4h, 24h and 48h at 37°C and 
5% CO2, cells were stained with mAbs against the introduced and/or endogenous 
TCR and analyzed by flow cytometry. TCR cell surface expression was calculated 
as follows: (mean fluorescence intensity (MFI) of T cells stimulated with beads / 
MFI of unstimulated T cells) x 100 and indicated as % TCR of control. 

Animal models
The RAG2-/-/γc-/--BALB/C mice, originally obtained from AMCAS b.v. (Amsterdam, 
The Netherlands), were bred and housed in the specific pathogen-free (SPF) breeding 
unit of the Central Animal Facility of Utrecht University. Experiments were conducted 
according to Institutional Guidelines after acquiring permission from the local Ethical 
Committee and in accordance with current Dutch laws on Animal Experimentation. 
For the experiments female mice from 8 to 12 weeks of age were used. 107 γδTCR 
or Mock TCR transduced T-cells were i.v. injected together with 0.5x106 Daudi-Luc 
or 5x106 OPM2-Luc cells. Mice received 0.6x106 IU of IL-2 in IFA s.c. on day 1 and 
every 21 days till the end of the experiment. Pamidronate (10 mg/kg body weight) 
was applied in the indicated groups at day 1 i.v. and every 21 days until the end of the 
experiment. For the OPM2 tumor rechallenge experiment, mice treated with γδTCR 
T cells that remained tumor free for more than 120 days were rechallenged with 5x106 
OPM2-Luc cells without prior irradiation. Naïve and non-irradiated mice were used 
as control for tumor outgrowth. Tumors were visualized in vivo by bioluminescent 
imaging. Mice were anesthetized by isoflurane before they received an i.p. injection 
(100µl) of 25mg/ml Beetle Luciferin (Promega). Bioluminescence images were 
acquired by using a third generation cooled GaAs intensified charge-coupled device 
camera, controlled by the Photo Vision software and analyzed with M3Vision software 
(all from Photon Imager; Biospace Laboratory, Paris, France).

Statistical analyses
Differences were analyzed using indicated statistical tests in GraphPad Prism 
(GraphPad Software Inc., La Jolla, CA, USA).
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RESULTS

Optimal competition and expression of introduced TCR chains with 
an individualized transgene cassette 
The first goal of the study was to obtain the strongest antitumor reactivity and 
maximal interference with endogenous αβTCRs (24), by no other means than 
selectively introducing optimally a strong competitor for components of the 
CD3 complex such as a novel and highly tumor-reactive γ9δ2TCR (γG115/δ5), 
obtained by combinatorial-γδTCR-chain exchange (28). General consensus is 
lacking regarding the optimal TCR transgene cassette for adoptive cell therapy 
with TCR-engineered T cells (37-41). Therefore, we designed four different 
γδTCR transgene cassettes (Fig 1A) to test both the influence of γδTCR-
chain orientation as described for αβTCR transgene cassettes (37) as well as 
a particular 2A ribosomal skipping sequence, F2A versus T2A (34). All genes 
were codon optimized, cloned into the clinical-grade retroviral vector pMP71 
(42) and introduced into αβT cells from multiple donors in order to test general 
applicability. Placing the γ chain 5’ and the δ chain 3’ of the F2A sequence 
(γ-F2A-δ) increased transduction efficiency more then 2-fold, depicted as 
fold-increase relative to transduction efficiency of the δ-F2A-γ cassette and 
corresponded with significantly higher TCR expression (Fig 1B, left). However, 
the T2A sequence significantly enhanced transduction efficiency and MFI for 
both γδTCR chain orientations (Fig 1B, right). Flow cytometric plots from a 
representative experiment with the four γδTCR transgene cassettes are shown in 
Supplementary Fig S1. To determine whether the increased γδTCR expression 
was associated with increased specific cytolytic capacity, transductants were 
cocultured with Daudi (Burkitt’s lymphoma) or OPM2 (multiple myeloma) cells 
(Fig 1C). T cells transduced with δ-F2A-γ did not induce significant lysis of tumor 
cells and an opposed orientation of γ- and δ-chain could only minimally increase 
lysis at the highest effector-to-target (E:T) ratio. In contrast, T cells transduced 
either with δ-T2A-γ or γ-T2A-δ efficiently lysed target cells. We used T cells 
transduced with both T2A containing transgene cassettes to examine whether the 
γδTCR chain-orientation influenced tumor-specific release of effector cytokines 
(Fig 1D). Although lytic activity was not significantly enhanced, γ-T2A-δ 
transductants produced significant higher amounts of IFNγ compared to T cells 
transduced with δ-T2A-γ and argued for the use of the γ-T2A-δ as our clinical 
candidate transgene cassette. Given these results, it is worthwhile to individually 
optimize transgene cassettes for each particular clinical candidate TCR in order 
to achieve the most efficient competition with endogenous αβTCR chains as well 
as the strongest expression and activity of introduced receptors.
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Figure 1. The γ-T2A-δ TCR transgene cassette improves γδTCR expression and function. (A) Schematic overview of four 

different γδTCR transgene cassettes in the retroviral vector pMP71. TCRδ chain was derived from clone 5 (δ) and TCRγ from 

clone G115 (γ) (28) and F2A (derived from the foot-and-mouth disease virus) and T2A (derived from the Thosea asigna virus) 

refer to two different 2A ribosomal skipping sequences. (B) Following retroviral transduction of αβT cells, γδTCR expression 

was evaluated by flow cytometry using a pan γδTCR antibody. The percentages γδTCR positive T cells after transduction were 

calculated as fold increase compared to the percentage γδTCR positive T cells transduced with the δ-F2A-γ transgene. Data is 

presented as mean fold increase of 6 independent experiments (+ SEM) in the left panel. Mean Fluorescent Intensity (MFI) of 

γδTCR surface expression on γδTCR positive T cells was compared and presented as mean from 6 independent experiments 

(+SEM) in the right panel. (C) The four different γδTCR-engineered T cell populations from (B) were tested for their anti-

tumor function. Tumor cells Daudi (Burkitt’s Lymphoma) and OPM2 (Multiple Myeloma) were loaded with 51Cr and incubated 

with T cells at indicated E:T ratios for 4-5 hours. T cells transduced with a combination of two pBullet vectors containing a 

single MDM2/HLA-A2 TCRα and a single p53/HLA-A2 TCRβ chain were used as control T cells (referred to as pB:αMDM2/

βp53). γδTCR expression at the time of assay was the following: γ-T2A-δ: 46%; δ-T2A-γ: 35%; γ-F2A-δ: 5%; δ-F2A-γ: 3.5%. 

Percentage of specific lysis is shown as mean of triplicates (+/- SD). (D) T cells transduced with the δ-T2A-γ (20% γδTCR+) 

or γ-T2A-δ (30% γδTCR+) transgene cassette were incubated with Daudi, OPM2, RMI/S8226S tumor cells or healthy donor 

derived PBMCs in the presence of 10µM pamidronate. pB:αMDM2/bp53 transduced cells were used as control T cells. After 

20 hours incubation supernatants were harvested and analyzed for IFNγ secretion by ELISA. Data are presented as mean IFNγ 

production in pg/ml (+ SD). Statistical significances were calculated with by one-way anova; *p<0.05; **p<0.01; ***p<0.001.
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Enrichment of untouched engineered T cells using a GMP-grade 
antibody
Although retroviral transduction efficiencies have been greatly increased over 
the past decades and clinical αβTCR-engineered T cell products contain up 
to 60-85% TCR positive T cells, the inter-patient variation remains significant 
(2, 43). To overcome this problem and obtain a pure γδTCR-engineered T cell 
product for clinical application we introduce a new procedure for the depletion of 
nontransduced or poorly transduced T cells, taking advantage of the observation 
that upon introduction of a γδTCR, the endogenous αβTCR expression is decreased 
(refs. 27, 29; and Supplementary Fig S1 and Fig 2A). This procedure is based on 
a monoclonal antibody against the αβTCR complex (clone BW242/412, Miltenyi 
Biotec) currently used to deplete αβT cells from stem cell grafts resulting in a mean 
4 logs αβT cell depletion (NTR2463, NTR3079 and ref. 19). In short, αβT cells 
were transduced with pMP71:γ-T2A-δ and incubated with the biotin-labeled anti-
αβTCR antibody followed by incubation with an anti-biotin antibody coupled to 
magnetic beads for the depletion of αβTCR positive T cells by MACS cell separation. 
After depletion, γδTCR T cells were expanded utilizing a previously described T 
cell expansion protocol (44). This procedure resulted in near complete depletion 
of single αβTCR positive T cells (from 51% to 0.4%) and a dramatic increase in 
γδTCR single positive T cells (from 20% to 77%) (Fig 2A). Importantly, the αβTCR/
γδTCR double positive T cells that remained were characterized by relative low 
surface expression of the endogenous αβTCR. This phenotype was stable until day 
5 after stimulation, when T cells were highly activated and proliferative. However, 
the phenotype changed at day 9 towards a major population of αβTCR/γδTCR 

double positive T cells (68%) and a decreased percentage of γδTCR single positive 
cells (25%) when T cells reside in a more resting phase (Fig 2A). 

The reappearance of endogenous αβTCR chains in more resting cells allowed us 
to test whether early αβTCR T cell depletion still provides a functional advantage 
when interference with endogenous TCR chains is far from complete. The 
functionality of the purified engineered immune cell product was therefore tested 
10 days after selection and expansion and compared to a bulk engineered cell 
product without αβTCR depletion. Indeed, αβTCR T cell depletion significantly 
increased specific lysis of Daudi cells (p<0.01; Fig 2B) as well as IFNγ production 
in response to three different tumor cell lines (p<0.001; Fig 2C). These results 
demonstrate that αβTCR T cell depletion increased the antitumor potential of the 
engineered cell product. 

In order to test whether highly purified engineered immune cells in a resting 
state with suboptimal expression of introduced γδTCR chains still provide a 
therapeutic advantage compared to primary γδT cells with optimal γδTCR 
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Figure 2. Improved anti-tumor activity of pure γδTCR-engineered T cells after αβTCR T cell depletion. Enrichment of 

γδTCR engineered T cells by GMP grade depletion of αβTCR positive T cells. (A) Flow cytometric representation of pMP71:γ-

T2A-δ transduced αβT cells before and directly after αβTCR T cell depletion (αβTCR T cell depleted). Depleted T cells were 

followed up during T cell expansion for their γδTCR transgene as well as endogenous αβTCR expression using a pan-γδTCR 

and a pan-αβTCR antibody for flow cytometry analysis. Percentages of cells in each quadrant are indicated. (B) γδTCR 

transduced T cells (bulk, 9% γδTCR+) and αβTCR depleted (41% γδTCR+) T cells were incubated with 51Cr loaded Daudi 

cells at indicated E:T ratio’s for 4-5 hours. pB:αMDM2/bp53 transduced cells were used as control T cells. Percentage of specific 

lysis is shown as mean of triplicates (+/-SD). Statistical significances were calculated by two-way anova; **p<0.01; ***p<0.001 

(C) γδTCR transduced bulk (6 % γδTCR+) and αβTCR depleted (51 % γδTCR positive) T cells were incubated with different 

tumor target cells as indicated and IFNγ secretion was measured by IFNγ ELISPOT. pMP71:ΔNGFR transduced T cells were 

used as control T cells. IFNγ spots per 15.000 T cells are shown as mean of triplicates (+SD). T cells only did not produce 

any significant levels of IFNγ. Statistical significances were calculated by two-way anova; *p<0.05; **p<0.01; ***p<0.001.                     

(D) Primary AML tumor samples (AML 1-16) were incubated with γδTCR transduced T cells that were αβTCR depleted 

(>70% γδTCR+) or with a bulk population of primary γδT cells (only AML 1-9) with or without 10µM pamidronate (PAM) 

and IFNγ secretion was measured by ELISPOT. IFNγ spots per 15.000 T cells is shown as mean of triplicates (+SD). 50 

spots/15.000 cells were considered as a positive anti-tumor response and indicated by the black horizontal line. 
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expression but polyclonal γ9δ2TCR usage, antitumor activity of primary bulk 
γ9δ2T cells and GMP-grade T cells engineered to express an optimized γ9δ2TCR 
were tested at day 10 against a panel of primary leukemic cells from AML patients. 
Treatment of leukemic cells with pamidronate to block the mevalonate pathway 
downstream to induce accumulation of isopentenyl pyrophosphate resulted in 
IFNγ secretion by T cells in response to 9 out of 16 AML samples. In 5 out of 
8 tested samples the optimized γδTCR-engineered T cells produced significantly 
enhanced levels of IFNγ compared to primary polyclonal γ9δ2T cells isolated from 
a healthy donor (Fig 2D). This result suggests that transfer of optimized engineered 
γδTCR T cells, as part of a clinical immune intervention strategy, is preferred over 
a polyclonal γδT cell product. Together, we propose here a depletion procedure 
using a GMP-grade antibody for the enrichment of untouched γδTCR engineered 
T cells resulting in a highly tumor-reactive clinical cell product even in the absence 
of a complete interference with the expression of endogenous αβTCR chains. 

Abolished allo-reactivity following enrichment of engineered T cells 
The enrichment procedure that resulted in a pure γδTCR transduced T cell 
population with low or absent expression of αβTCR may reduce the allo-reactive 
potential of the T cell product in an allogeneic setting. However, this advantage 
could theoretically be counterbalanced by the latter upregulation of endogenous 
αβTCRs in resting engineered immune cells (Fig 2A). To further simulate a 
resting T cell following in vivo transfer with substantial reoccurring expression 
of endogenous αβTCR chains, we pushed the system to a greater extend by using 
engineered T cells that lacked stimulus for more than 20 days and were starved 
of IL2 for 6 days. Mock (ΔNGFR transduced), γδTCR-engineered and γδTCR-
engineered αβTCR depleted T cells were tested against a panel of 13 mismatched 
EBV-LCL cell lines or healthy donor derived PBMCs in an IFNγ ELISPOT assay 
(Fig 3A and B; see Fig 3C, top, for γδTCR versus endogenous αβTCR expression 
in rested T cells). Although Mock T cells produced IFNγ in response to 9 out 
of 13 EBV-LCL cell lines, allo-reactivity of γδTCR engineered bulk T cells was 
greatly reduced (significant reduction for 8 out of 9 EBV-LCL lines) and more 
importantly even completely abolished in the γδTCR-engineered αβTCR depleted 
T cell population. The reduced allo-reactivity of γδTCR engineered T cells was 
even more apparent when the different T cell populations were tested against a 
panel of 20 different healthy donor derived PBMCs (Fig 3B). No allo-reactivity was 
detected in the γδTCR transduced T cell populations, but Mock T cells produced 
IFNγ in response to 9 out of 10 PBMC donor combinations. Importantly, while 
allo-reactivity was abolished, both γδTCR engineered populations maintained 
their antitumor reactivity (Fig 3A and B). 
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Figure 3. Abolished allo-reactivity but preserved anti-tumor activity of rested γδTCR-engineered T cells after 

αβTCR T cell depletion. T cells were retrovirally transduced with pMP71:γ-T2A-δ, enriched for γδTCR transduced  

T cells (αβTCR depleted and 65% γδTCR +) or not (bulk and 9% γδTCR+) or pMP71:ΔNGFR as control and expanded 

as described. T cells were cultured without stimulus for more than 20 days and starved of IL-2 for the last 6 days and 

considered to be resting T cells. (A) Resting T cells were co-cultured with OPM2 tumor cells and a panel of HLA-

mismatched EBV-LCLs for 24 hours and IFNγ ELISPOT assay was used to measure both anti-tumor activity and allo-

reactivity. IFNγ spots per 15.000 T cells is shown as mean of triplicates (+SD). (B) A panel of 20 HLA-mismatched healthy 

donor derived PBMCs were irradiated and cells from 2 different donors were mixed, indicated by the donor numbers, and 

used as allo-reactive target cells. Resting T cells were co-cultured with Daudi tumor cells and the allo-reactive target cells 

for 24 hours and IFNγ ELISPOT assay was used to measure both anti-tumor activity and allo-reactivity. IFNγ spots per 

15.000 T cells is shown as mean of triplicates (+SD). (C) T cells described in A and B, were either left untreated (rested  

T cells, upper panel) or incubated with anti-CD3/CD28 beads for 4 days (αCD3/CD28 stimulated T cells, lower panel).  

T cells were stained with a pan αβTCR- and pan γδTCR-specific antibody and analyzed by flow cytometry. Percentages 

of cells in each quadrant and the MFI of αβTCR+ cells are indicated.  Statistical significances were calculated with by  

two-way anova; *p<0.05; **p<0.01; ***p<0.001.
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One possible explanation for the reduced allo-reactivity in γδTCR transduced T 
cells despite their significantly recovered endogenous αβTCR may be the preferential 
hit of memory T cells and not allo-reactive naïve T cells in the transduction 
procedure. However, this explanation could be excluded because CD45RA depleted 
(memory) and CD45RO depleted (naïve) T cells were transduced with identical 
transduction efficiencies (data not shown). Meanwhile, reduced surface expression 
of the endogenous αβTCR in γδTCR transduced T cells may partially account for 
reduced allo-reactivity. In unstimulated resting cells, the total amount of αβTCR, as 
indicated by the MFI, in γδTCR engineered cells was reduced for bulk cells by 4% 
(MFI: 12546) and for αβTCR depleted cells by 14% (MFI: 11334) when compared to 
ΔNGFR transduced cells (MFI: 13117) (Fig 3C, top). Finally, a preferential recovery 
of introduced as compared to endogenous TCR chains upon antigen encounter may 
also contribute to this effect. Indeed, upon stimulation of resting T cells with anti-
CD3/CD28 beads the expression of the retrovirally introduced γδTCR decreased 
less profoundly, was restored within 24 hours and reached higher levels than before 
T cell stimulation within 48 hours (Fig 3C, bottom and Supplementary Fig S2A-
S2D). This quick restoration and high level of TCR surface expression following T 
cell reactivation was not restricted to γδTCRs, thus most likely a property of the 
expression system used here, since expression kinetics of a retrovirally introduced 
αβTCR were comparable (Supplementary Fig S2). These results suggest that although 
the endogenous αβTCR is reexpressed in resting engineered T cells, reactivation 
preferentially decreases endogenous αβTCR expression (Fig 3C, bottom). To formally 
address this hypothesis in a more physiologically relevant setting we cocultured 
resting γδTCR-engineered αβTCR-depleted T cells with an HLA-mismatched EBV-
LCL that induced an allo-reactive IFNγ response by ΔNGFR transduced cells (LCL1 
from Fig 3A). Co-culturing these cells resulted in a down-regulated endogenous 
αβTCR expression, which reached a minimal level after 48 hours, while the γδTCR 
expression remained largely stable over time (Supplementary Fig S2E). Thus, we 
confirm that in γδTCR engineered T cells T cell reactivity, such as allo-reactivity, 
is prevented and the expression of retrovirally introduced tumor-specific TCRs is 
favored and anti-tumor reactivity maintained. These data question the need of a 
complete elimination of endogenous αβTCR chains in purified engineered immune 
cells when expressing strong αβTCR competitors with an optimal expression system.

Improved in vivo tumor control by optimized engineered T cell 
product 
We evaluated the clinical potency of the optimized γδTCR T cell product in relation 
to γδTCR-engineered T cells produced with the extensively used pBullet retroviral 
transduction and antibiotic selection system (45), referred to as pB:γδTCR T cells. 
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Figure 4. Improved tumor control of purified γδTCR T cell product. T cells were retrovirally transduced with 

pMP71:γ-T2A-δ, pB:γ/δ and pB:αMDM2/βp53 as control TCR and underwent αβTCR T cell depletion 

in case of pMP71:γ-T2A-δ or antibiotic selection in case of pBullet vector-engineered T cells prior to 

expansion. pMP71:γ-T2A-δ refers to αβTCR T cell depleted engineered cells (A) γδTCR expression was 

evaluated by flow cytometry and histogram plots illustrate γδTCR expression and MFI values are indicated. 

(B) T cells were incubated for 4-5 hours with 51Cr loaded Daudi, OPM2 or RPMI tumor cells at indicated 

E:T ratios. Percentage of specific lysis is shown as mean of triplicates (+/-SEM). Statistical significances of 

pB:γ/δ versus pMP71:γ-T2A-δ T cells were calculated by one-way anova; *p<0.05; **p<0.01, ***p<0.001. 

(C) RAG2-/-γc-/- double knock-out mice were irradiated on day 0 and injected i.v. with 0.5x106 Daudi-Luc 

cells and 107 γδTCR engineered or control T cells at day 1. Mice were injected s.c. with 6x105 IU IL-2 in 

IFA and i.v. with pamidronate (10 mg/kg body weight) at day 1 and every 3 weeks until the end of the 

experiment. Bioluminescence Imaging was used to monitor tumor growth every 7 days. Data represent 

mean of all mice per group (n=4-7) (+/-SEM) and is presented in the left panel. Statistical significances 

were calculated by one-way anova; *p<0.05; **p<0.01. Overall survival of treated mice was monitored until 

the end of the experiment and is presented in the right panel. Statistical significances were calculated by 

log-rank (Mantel-Cox) test; *p<0.05; **p<0.01. (D) RAG2-/-γc-/- double knock-out mice were irradiated 

on day 0 and injected i.v. with 5x106 OPM2-Luc cells and 107 γδTCR-engineered or control T cells at  

day 1 (see result cancer free survival in Fig S3). Mice that remained tumor free until day 120 (4 out of 7) 

were re-challenged with 5x106 OPM2-Luc cells without prior irradiation and 5 non-irradiated naïve mice 

were used as control mice. Tumor growth was measured as in (C) and presented in the left panel. Statistical 

significances were calculated by two-way anova; ***p<0.01. Cancer free survival of rechallenged mice was 

monitored and presented in the right panel. Statistical significances were calculated by log-rank (Mantel-

Cox) test; **p<0.01.
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Following transduction of peripheral blood αβT cells and selection with antibiotics 
(pBullet) or enrichment with αβTCR depletion beads (pMP71) and subsequent T 
cell expansion, both immune products were evaluated. Interestingly, not only the 
percentage γδTCR positive T cells was higher for the αβTCR depleted γδTCR T 
cell product, but also the number of γδTCR complexes per cell increased more 
than 2-fold compared with pB:γδTCR T cells as measured by MFI (Fig 4A). In 
addition, lysis of three tested tumor cell lines was significantly enhanced by αβTCR-
depleted γδTCR T cells transduced with the pMP71:γ-T2A-δ vector cassette 
as compared with pB:γδ TCR T cells (Fig 4B). To test if the superior antitumor 
activity of αβTCR-depleted γδTCR T cells is reflected in vivo we used a humanized 
mouse tumor model for adoptive transfer of γδTCR-engineered T cells. Irradiated 
RAG2-/-gc

-/- double-knockout mice were injected with Luciferase-positive Daudi 
tumor cells and either with γδTCR or Mock TCR engineered T cells and tumor 
growth was evaluated by bioluminescence imaging. Both γδTCR-engineered T cell 
products significantly inhibited tumor growth compared to Mock TCR T cells, but 
αβTCR-depleted γδTCR T cells further delayed tumor outgrowth and significantly 
increased survival compared to pB:γδTCR T cells (Fig 4C). 

In a second tumor model of multiple myeloma the antitumor activity of 
the optimized αβTCR-depleted γδTCR-engineered cell product was assessed. 
Irradiated Rag2-/-gc

-/- double-knockout mice were injected with Luciferase-positive 
OPM2 cells and γδTCR or Mock TCR engineered T cells and tumor growth was 
evaluated by bioluminescence imaging. Interestingly, tumor growth was completely 
prevented by clinical-grade γδTCR T cells in 4 out of 7 mice (Supplementary Fig S3). 
120 days after first tumor and T cell injections, tumor free mice were re-challenged 
with a second injection of tumor cells without prior irradiation and nonirradiated 
naïve mice were used as control for tumor outgrowth. Selectively re-challenged 
mice remained tumor free indicating that adoptive transfer of engineered immune 
cells can mediate long-term tumor protection in vivo (Fig 4D). In summary, these 
data underscore the potency of a cost-effective purified engineered immune cell 
product for clinical application taking advantage of an optimal expression system, 
strong competitors for endogenous TCR chains such as a γδTCR, and GMP-grade 
anti-αβTCR beads.

DISCUSSION

Adoptive cell therapy using gene-engineered lymphocytes has moved towards 
a feasible and effective treatment modality for cancer as demonstrated by 
exciting clinical results during the last decade (1-5). However, large-scale clinical 
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implementation of this promising immunotherapy still awaits some critical hurdles 
to be taken such as the generation of a purified engineered immune product. 
We provide evidence that the combination of an optimized and individualized 
expression system with strong αβTCR competitors and clinical anti-αβTCR 
beads is a highly efficient system, even if interference with endogenous αβTCR 
expression is far from complete. Thus, we present to our best knowledge the first 
enrichment procedure using a clinical grade anti-αβTCR mAb for the production 
of untouched gene-engineered immune cells suitable for autologous, allogeneic or 
third party immune intervention platforms which can be valuable for expression-
receptor formats interfering with endogenous αβTCR chains.

Optimal gene expression is crucial when interference with αβTCR chains 
is not mediated via siRNA (21), ZFN (20), or TALENS (23). Therefore, an 
individualized testing of existing expression systems was essential when utilizing 
a natural occurring strong competitor for the CD3 complex (27). Although virus-
derived 2A ‘ribosomal skipping sequences’ are widely used to obtain equimolar 
expression of introduced genes, there are a handful of different 2A sequences 
available. A T2A sequence was superior to the F2A and we can unfortunately 
not provide a reasonable explanation for this observation. Our data revealed a 
preferred position of the TCRδ chain downstream of the 2A cleavage element 
and this is in line with an optimal αβTCR gene cassette described by Leisegang 
and colleagues (37).

Our selection procedure utilizes a GMP-grade clinical bead, which is currently 
employed in the stem cell transplantation field by others (19) and us (NTR2463 and 
NTR3079) in order to deplete αβT cells from the donor. This procedure resulted 
in removal of nontransduced and poorly transduced bystander cells, improved 
γδTCR surface expression levels and resulted in almost 100% γδTCR-engineered 
cells in the end product, which was translated into an increased antitumor function 
both in vitro and in vivo. Interestingly, when compared to a non-engineered 
polyclonal primary γδT cell population, selected γδTCR-engineered T cells not 
only recognize an increased number of primary AML patient samples but also 
clearly produce higher amounts of IFNγ in case the tumor cells are recognized. 
This encouraging feature of our engineered immune cells is likely due to the choice 
for a high avidity γδTCR in contrast to a polyclonal usage of γδTCRs in a primary 
γδT cell population in combination with high γδTCR surface expression as a result 
of the selection procedure. 

The substantial upregulation of endogenous αβTCR chains in resting 
engineered immune cells allowed us to thoroughly investigate pitfalls if 
interference with endogenous αβTCR chains is not complete. Even after 3 weeks, 
tumor control remained preserved in engineered immune cells in vitro and in 
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vivo and allo-reactivity could not be observed. This is most likely due to (I) a still 
reduced surface expression of αβTCR when compared to non-engineered cells 
and (II) faster and higher up-regulation of introduced TCR surface expression 
after antigen encounter. This observation is in line with previous data showing 
that in contrast to the endogenous TCR, introduced TCR expression under the 
control of an optimized viral promoter is restored and increased shortly after 
antigen-specific stimulation of either the endogenous or introduced TCR (46). 
The observed down-modulation of the endogenous αβTCR upon introducing a  
tumor-specific immune receptor paves the way towards the broader applicability  
of our strategy: the combination of siRNA (47), ZFNs (20) or TALENS (23) to  
knock down endogenous TCRs with the introduction of other innate receptors 
followed by the depletion with anti-αβTCR beads. This would yield cellular end 
products with pure populations of engineered cells that do not express their 
endogenous receptor and significantly increase the efficacy and safety both in an 
autologous and allogeneic scenario. However, our data stress also that a complete 
long-term interference with endogenous αβTCR chains is most likely not necessary 
for safety and efficacy. Residual expression of endogenous TCR chains might be 
even needed for an optimal long-term homeostatic proliferation (47).

Surprisingly, we also observed a relatively low allo-reactivity in non-engineered 
bystander cells, questioning whether our read-out systems have been sensitive 
enough. We excluded a preferential transduction of naïve T cells and subsequent 
down-regulation of endogenous αβTCRs in naïve T cells which have been reported 
as more potent GVHD mediators than memory T cells (48, 49). However, our 
observation is also in line with the recent clinical observation that the transfer of 
nonselected CAR-engineered donor T cells with intact endogenous αβTCR chains 
in human did not associate with substantial GVHD (50) and might reflect a rather 
reduced αβTCR expression in such extensively cultured and rapidly expanded cells 
prior infusion. In line with this observation and in contrast to reports by others 
(11, 20) we did not observe substantial GVHD in different humanized mouse 
models after adoptive transfer of engineered immune cells despite the fact that 
some models have employed similar mouse strains (refs. 11, 20; T.Streatemans and 
J.Kuball unpublished data). 

All together, we provide a novel, feasible and cost-effective strategy that is ready 
to be translated into a GMP-grade procedure to generate untouched engineered 
immune cells by taking advantage of an individualized expression system in 
combination with a strong competitor for endogenous αβTCR chains and clinical-
grade αβTCR beads. We also demonstrate that the interference with endogenous 
αβTCR chains does not necessarily need to be complete in terms of long-term 
competition in order to obtain a safer and more efficient product. We conclude 
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that the by us developed depletion strategy is therefore applicable to nearly 
any engineered immune product interfering temporarily or permanently with 
endogenous αβTCR chains. 
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SUPPLEMENTARY MATERIAL

Figure S1. Increased γδTCR surface expression with a pMP71:γ-T2A-δ vector cassette. T cells  

were retrovirally transduced with four different γδTCR transgene cassettes in pMP71 (see for details  

Fig. 1A) or pB:αMDM2/βp53 TCR as control. Flow cytometry plots of a representative experiment out of 

6 independent experiments are shown and percentages of cells in each quadrant indicate γδTCR versus 

αβTCR positive T cells.
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Figure S2. Fast and increased re-expression of retrovirally introduced TCR following T cell 

stimulation. αβT cells, from the same healthy donor as in figure 3, that were transduced with a γδTCR 

(pMP71:γ-T2A-δ) (A) or an αβTCR (pMP71:β-T2A-α) (B), cultured without stimulus for 20 days and 

starved from IL-2 for 6 days were stimulated with anti-CD3/CD28 dynabeads as described (Fig 3C). A 

pure population of primary γδT cells (C) and T cells transduced with pMP71:ΔNGFR (D) were used 

as control for endogenous TCR expression in non-TCR engineered cells and also stimulated with anti-

CD3/CD28 dynabeads. (E) Resting γδTCR transduced T cells from (A) were used and stimulated with 

an HLA-mismatched EBV-LCL (LCL1 from Fig 3C). The kinetics of endogenous TCR (endo-TCR) or 

introduced TCR (intro-TCR) expression were followed for 48 hours after stimulation by flow cytometry 

and compared with TCR expression without stimulation (control TCR) and indicated as % MFI TCR 

relative to control TCR.
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Figure S3. Prevention of multiple myeloma growth by purified γδTCR engineered T cells in vivo. 

RAG2-/-γc-/- double knock-out mice were irradiated on day 0 and injected i.v. with 5x106 OPM2-Luc cells 

and 107 γδTCR-engineered or control T cells at day 1. Overall survival of treated mice was monitored until 

day 120. Mice that remained tumor free until day 120 were used for an OPM2 rechallenge experiment (Fig 

4D). Statistical significances were calculated by log-rank (Mantel-Cox) test; *p<0.05.
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INTRODUCTION 

After the first allogeneic stem cell transplantation (allo-SCT) was conducted more 
than half a century ago, allo-SCT is still the preferred treatment option for many 
patients with poor-prognosis hematological malignancies (1). Even though to date 
it is the most successful adoptive immunotherapy, it is also potentially the most 
detrimental to patients, as the outcome of allo-SCT is still substantially hampered 
by life-threatening complications such as graft-versus-host disease (GVHD), a 
misdirected immune response of donor T cells against recipient healthy tissue, 
and relapse of the tumor. In addition, an incomplete immune reconstitution early 
after transplantation and immunosuppressive therapy to counter GVHD renders 
allo-SCT patients susceptible to viral infections. In particular reactivations of the 
common cytomegalovirus (CMV) cause substantial mortality and morbidity after 
transplantation. Immunotherapeutic concepts to tackle these obstacles have focused 
primarily on components of the adaptive immune system. For example, the adoptive 
transfer of cytotoxic αβT cells targeting tumor- or virus-associated antigens have 
so far yielded provocative and promising data but also demonstrated substantial 
limitations (2-5). However, the MHC-restricted antigen recognition of αβT cells 
critically depends on a careful genetic matching between donor and recipient, making 
suitable donor choices challenging. As a consequence, there is a pressing need for 
a reconsideration of current immunotherapeutic strategies to treat hematological 
malignancies. NK cells and γδT cells, innate-like cells that combine characteristics of 
innate and adaptive immunity (6,7), have increasingly come into focus as tools to cope 
with these requirements. These cells target alternative classes of antigens on a broad 
spectrum of tumors and virus-infected cells, while preserving selective recognition to 
avoid detrimental reactivity toward healthy tissue. Moreover, the mechanisms of virus 
and tumor recognition by NK and γδT cells do not depend on antigen presentation 
via classical MHC molecules, and thus largely obviate the need for genetic matching 
of stem cell donors and recipients. Substantial breakthroughs have been made 
recently in the understanding of the molecular mechanisms of target recognition by 
NK cells and γδT cells (8-12), as well as in the elucidation of novel links between 
the cross-recognition of virus-infected cells and cancer cells (13,14). Importantly, 
these advances not only shed new light on puzzling clinical observations such as an 
improved leukemia control in allo-SCT patients with CMV-reactivation (15,16), but 
also contribute to the development of novel innate-like immunotherapies to improve 
clinical outcome of patients with hematological cancers. This review therefore aims 
to summarize the recent advances in NK and γδT cell immunobiology, discuss their 
common and distinct features, and highlight the exciting therapeutic potential and 
challenges for these two major innate-like cell populations. 



Hunting for translation with innate-like cells

107

5

TARGET RECOGNITION BY NK CELLS AND γδT 
CELLS

NK cells: activating NK receptors and their ligands
NK cells were initially identified as lymphocytes with non-MHC-restricted 
cytotoxicity against tumor cells without the need for prior sensitization (7). Since 
then, accumulating evidence has suggested important functions for NK cells 
in immunity against tumor and viruses, both by exerting direct cytotoxicity to 
transformed and infected cells as well as by the secretion of cytokines. In humans, 
two major NK cell subsets have been identified based on expression of the adhesion 
molecule CD56 and the Fc receptor CD16. Potent cytotoxicity against transformed 
and infected cells is provided by the majority of circulating NK cells which are 
characterized by a CD56dimCD16+ phenotype, while CD56brightCD16- NK cells are 
enriched in secondary lymphoid tissues and are suggested to play important roles 
in regulating adaptive immune responses by secreting high levels of cytokines 
(17). The activation state of NK cells depends on signaling of both activating and 
inhibitory receptors that concertedly discriminate healthy from diseased cells 
by sensing stress-induced cellular changes (Fig. 1). Thus, the intricate balance 
between triggering of a variety of antagonistic stress-surveillance mechanisms by 
target cells either prompts NK cell activation or induces tolerance. 

Major activating receptors on NK cells, including NKG2D and the natural 
cytotoxicity receptors (NCRs) NKp30, NKp44 and NKp46, recognize pathogen-
derived or self ‘stress’ molecules on diseased target cells, including tumor cells. 
NKG2D, by far the best-studied of these receptors, recognizes the stress-induced 
self-proteins MHC class I related protein A and B (MICA and MICB) (18) 
and unique long 16 (UL16)-binding proteins (ULBPs) (19), all of which share 
homology with MHC class I molecules. Surface expression of these NKG2D 
ligands is selectively increased on transformed cells from hematological and 
solid origin (18,20), allowing NK cells to distinguish healthy from aberrant cells 
through NKG2D. In patients treated for hematological malignancies, genetic 
polymorphisms in ULBPs correlate with relapse-free survival (21), demonstrating 
the relevance of NKG2D ligands to clinical outcome. 

Alongside NKG2D, the NCRs play major roles in tumor cell lysis by NK cells 
(22-24), although so far only few NCR ligands have been identified. B7H6, a 
homolog of CD80 (B7-1) and CD86 (B7-2), which is expressed on hematological 
tumor cells but not healthy cells, has recently been identified as a ligand for NKp30 
(25). In addition, NKp30 recognizes HLA-B-associated transcript 3 (BAT3), a 
nuclear factor that is secreted and translocated to the cell surface in stressed and 
transformed cells (26). Importantly, expression of alternatively spliced isoforms 



108

Chapter 5

of NKp30 such as the immunosuppressive NKp30c associates with unfavourable 
prognosis of cancer patients (9), emphasizing the relevance of NKp30-mediated 
tumor recognition in vivo. Most recently, a variant isoform of mixed-lineage 
leukemia-5 (MLL5) has been identified as a ligand for NKp44 (8). Although MLL5 
is expressed on all healthy tissues, the variant isoform is selectively expressed on 
tumor cells, where it is able to induce NKp44-mediated NK cell activation in vitro 
(8). Evidence suggests that also non-protein stress signatures may be recognized 
by NCRs, as recent studies demonstrated that NCRs may bind heparan sulfate 
proteoglycans (HSPG) (27,28). These sugar moieties are ubiquitously expressed 
on normal tissue cells, but may be overexpressed or presented as unique tumor-
associated variants on tumor cells (29), providing NK cells with additional tumor 
sensing capabilities through NCRs. Although the identification of these NCR 
ligands has helped the understanding of NCR-mediated NK cell cytotoxicity, it is 
most likely that other ligands are yet to be identified. Moreover, detailed insights 
into NCR-mediated NK cell cytotoxicity are just emerging, as exemplified by 
the identification of proliferating cell nuclear antigen (PCNA) as a ligand for 
the activating NCR NKp44, an interaction that paradoxically leads to inhibition 
rather than activation of NK cells through an immunoreceptor tyrosine-based 
inhibitory motif (ITIM) in NKp44 (30). Thus, substantial gaps still remain in the 
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Figure 1. Target recognition by innate-like receptors on NK cells and γδT cells. Selective recognition of 

malignant and virus-infected cells by NK cells and γδT cells is mediated by both activating and inhibitory 

receptors. NK and γδT cells do not respond to healthy tissue cells due to ubiquitous expression of MHC 

class I molecules (HLA-A/B/C/E) that bind inhibitory receptors (KIRs and NKG2A/CD94), as well as the 

lack of molecular stress signals to activate NKG2D, NCRs or (in the case of γδT cells) the γδTCR (left 

panel). Upon malignant transformation or viral infection, loss of MHC class I molecules together with the 

upregulation of stress molecules causes signalling of activating receptors that overrule inhibitory signals, 

resulting in activation of NK cells and γδT cells. (pAg: phosphoantigen)
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understanding of NCR-mediated tumor recognition, and this represents a major 
obstacle for current clinical efforts aimed at using NK cells for the treatment of 
hematological cancers.

NK cells: inhibitory KIRs and the concept of allogeneic NK cells
In addition to activating receptors, NK cells express inhibitory receptors that 
continuously sense the presence of MHC class I molecules constitutively expressed 
on virtually all healthy cells (31). Expression of class I MHC molecules may be 
down-regulated upon viral infection or malignant transformation to escape 
detection by conventional T cells, and NK cells are capable of sensing this ‘loss 
of self ’ via reduced signaling through their inhibitory receptors. In humans, two 
main types of inhibitory receptors are responsible for the continuous surveillance 
against missing self (Fig. 1). Inhibitory killer cell immunoglobulin-like receptors 
(KIRs) detect classical MHC class I molecules, also termed human leukocyte 
antigens (HLA) -A, -B, and -C, while the NKG2A-CD94 complex binds the non-
classical MHC molecule HLA-E (31). The classical HLA molecules comprise a 
highly polymorphic family of HLA-A, -B and -C alleles, and each of the seven 
identified inhibitory KIRs preferentially recognizes a distinct subset of HLA alleles. 
Importantly, each individual inherits a KIR repertoire, or haplotype, with a subset 
of available KIR alleles, resulting in a wide variability between KIR haplotypes 
among individuals. Consequently, a hallmark report by Ciccone and colleagues 
demonstrated that NK cells that express inhibitory KIRs matched to self HLA 
alleles kill allogeneic cells when their inhibitory KIRs are not engaged due to a 
mismatch in HLA alleles (32). Implications of such ‘alloreactivity’ by NK cells have 
been demonstrated in animal organ transplant models, where KIR/HLA-mismatch 
leads to attack of the transplant by alloreactive NK cells and subsequent graft 
rejection (33). In the setting of hematopoietic stem cell transplantation, the impact 
of NK cell alloreactivity on transplantation outcome has been demonstrated by the 
introduction of haploidentical transplantation protocols (i.e. donor and recipient 
share one HLA haplotype but are fully mismatched for the other). In haploidentical 
transplantation, which can be applied in the absence of a suitable HLA-matched 
donor, T cells are frequently depleted from the graft to prevent GVHD caused by 
the substantial lack of HLA matching (1). This results in a prominence of innate-
like cells after allo-SCT which is usually not observed after non-T cell depleted 
transplantations (34-36), and thus allows to study the impact of a juvenile innate-
like immune system on the control of leukemia and infections. Remarkably, 
patients with a KIR/HLA-mismatched stem cell donor generally develop NK cells 
alloreactive against host cells, including leukemic cells, while having a reduced 
risk of developing GVHD (37,38). Nevertheless, translating these findings into 
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the clinic has so far been challenging due to the complexity and inter- and intra-
individual plasticity of the KIR system (39). This includes, but is not limited to, 
different avidities of defined KIRs with their HLA counterpart (40). KIR allelic 
variations (41,42). and most importantly a rapid induction of NK cell tolerance 
due to a regulatory immune environment which can render active NK cells into 
useless bystanders (43,44).

NK cells: can virus-reactive NK cells cross-recognize tumor cells?
Although NK cells were first described for their anti-tumor-reactivity, they play 
important roles in the immune response against pathogens as well (45). As discussed 
above, NK cells sense the viral immune-evasive down-regulation of MHC class I 
molecules, for example by the CMV-encoded proteins UL16 and UL142, through 
inhibitory KIRs. However, such immune evasion mechanisms may also inhibit 
surface expression of the MHC class I-related proteins MICA/B and ULBPs, rendering 
target cells undetectable through NKG2D on NK cells (46,47). Similarly, the CMV 
tegument protein pp65 serves as a ligand for the activating receptor NKp30, but 
instead of leading to activation of NK cells this interaction results in the inhibition of 
NK cytotoxicity by disrupting the NKp30-CD3ζ activating complex (48). Although 
these mechanisms could in principal impede NK cell-mediated antiviral immunity, 
for example after an allo-SCT, important roles for NK cells in controlling CMV 
infection have been implied by the observation that CMV reactivation associates 
with marked increases in circulating NK cells in allo-SCT patients but also healthy 
immunocompetent individuals (49,50). These CMV-induced NK cells displayed a 
cytotoxic CD56dim phenotype and could be characterized by expression of the HLA-
E-specific activating NK receptor NKG2C. More evidence for a protective role for 
NK cells in CMV infection comes from reports showing that the expression of 
certain activating KIRs (KIRs that lack the inhibitory ITIM domains of inhibitory 
KIRs but instead associate with activating signalling molecules (31)) associates with 
decreased CMV reactivation after stem cell transplantation (51,52). Nevertheless, the 
mechanisms leading to NK-mediated protection from CMV, including the viral or 
self-ligands recognized by the activating KIRs, so far remain unclear. It is noteworthy 
that the expansion of cytotoxic NK cells in response to viral infection could have 
important consequences for tumor control in patients after allo-SCT, as expression of 
activating KIRs has also been associated with protection from leukemic relapse (53-
56). Moreover, the expression of additional tumor-sensing receptors such as NCRs 
and NKG2D by virus-driven NK cells could allow a broad cross-reactivity not only 
against viral infection but importantly also against leukemic cells (57,58). However, 
these hypotheses and indirect assumptions have never been formally investigated 
in patients receiving an allo-SCT. Thus, to date it is difficult to judge whether NK 
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cells that are expanded upon CMV reactivation truly have a beneficial impact on 
controlling leukemia, as previously suggested (15).

γδT cells: a surprising clonal diversity in anti-tumor function makes 
translation challenging 
The biological importance of γδT cells is emphasized by a recent report demonstrating 
that γδT cell signatures occurred in vertebrate ancestors already roughly 500 million 
years ago (59), thus having survived extremely long evolutionary selection pressures 
to date. Similar to NK cells and in agreement with their innate-like character, 
γδT cells are implicated in the rapid response to a variety of disease conditions, 
including malignant transformation, by lysing target cells and secreting high 
amounts of cytokines such as IFNγ (6). Underlying this functional resemblance is 
a surprising overlap in transcriptional profiles of NK cells and γδT cells (60). γδT 
cells express, like NK cells, activating and inhibitory NK receptors that modulate 
their activation (61) (Fig. 1), although the exact involvement of these receptors in 
γδT cell activation remains puzzling. This is in part due to the expression of an 
additional unique activating immune receptor by γδT cells, namely the somatically 
rearranged T cell receptor (TCR). γδT cells exclusively express TCRs composed of 
a γ and a δ chain, and these γδTCRs can strongly contribute to γδT cell activation 
alongside NK receptors. For example, engagement of NKG2D serves to augment 
TCR-mediated activation of γδT cells in some settings (62), while in others NKG2D 
triggering may be sufficient for γδT cell activation without involvement of the 
γδTCR (63). Furthermore, as reported for NK cells, NKp30, NKp44 and NKp46 have 
been shown to be sufficient for inducing γδT cell cytotoxicity against tumor cells, 
although strikingly the expression of these NK receptors on γδT cells depended on 
prior activation via the γδTCR (64). Together, these observations have been used to 
suggest differential and complementary functions of the TCR and NK receptors on 
γδT cells, where binding of the γδTCR to its cognate antigen is frequently required 
for cellular activation while NK receptors mediate a further fine-tuning through an 
additional discrimination between healthy and diseased cells (61). 

Definition of cognate antigens for γδTCRs has proven extremely challenging 
and this lack of knowledge has substantially hampered the progress in preclinical 
and clinical investigation of this cell population. The general assumption has so far 
been that the γδTCR recognizes a variety of molecular stress signals on infected or 
transformed cells. Thus, in contrast to conventional αβTCRs, γδTCRs do not rely on 
antigen presentation by classical MHC molecules. Two distinct subsets of γδT cells have 
been identified based on tissue localization and associated expression of defined TCRγ 
and TCRδ chains. In human peripheral blood the predominant γδT cell subset carries 
Vγ9Vδ2+ TCRs and comprises 1-5% of circulating T cells, while γδT cells located in 
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epithelial tissues express diverse Vγ chains paired with mainly Vδ1 or Vδ3 chains and 
represent approximately 50% of all local T cells (65). Although ligands of γδTCRs have 
only scarcely been identified (Fig. 1), it seems that this apparent distinction based on 
localization and TCR gene usage is also reflected in the antigens that are recognized by 
both subsets. Vγ9Vδ2 T cells are activated by self or pathogen-derived non-peptidic 
prenyl pyrophosphates (also termed phosphoantigens), of which intracellular levels 
are elevated in tumor cells due to a dysregulation of the mevalonate pathway of 
isoprenoid synthesis (66). Importantly, recent efforts have implicated a key role for the 
butyrophilin BTN3A1 in mediating phosphoantigen-dependent activation of Vγ9Vδ2 
T cells (10,12). BTN3A1 is a member of the B7 family, like the NKp30-ligand B7H6, and 
is ubiquitously expressed in healthy tissues. Thus, Vγ9Vδ2 T cells respond to tumor-
associated elevations in phosphoantigen levels via BTN3A1, although mechanistically 
it remains unclear how phosphoantigens and BTN3A1 together form a cellular stress 
signature that is recognized by Vγ9Vδ2 TCRs. Importantly, work from our group has 
clearly demonstrated that individual Vγ9Vδ2 TCRs associate with distinct affinities 
towards their target (67). The functional avidity of individual Vγ9Vδ2 γδT cells towards 
tumors varies therefore widely between Vγ9Vδ2 γδT cell clones and is mediated by 
at least three components: (a) clonal diversity in the complementarity-determining-
region 3 (CDR3) of γδTCRs of different clones (67), as well as the heterogeneity in 
the expression of (b) activating NCRs and (c) inhibitory KIRs. This suggests that 
so far pursued strategies based on the application of unselected γδT cells e.g. from 
donor peripheral blood might also transfer largely ineffective or even unwanted cell 
populations. These new insights have important implications for therapeutic concepts: 
even though phosphoantigen-reactivity appears to be a universal feature of Vγ9Vδ2 
T cells, distinct clones within the polyclonal Vγ9Vδ2 T cell population contribute 
differentially to tumor-recognition, suggesting that selection of optimal Vγ9Vδ2 T cell 
subpopulations will be crucial for successful clinical application. 

Rather than responding to small phosphoantigens, ligands of γδTCRs on 
epithelial tissue-localized γδT cells (also called Vδ2neg γδT cells) include MHC class 
I-related molecules such as MICA/B and CD1 (11,68-71) (Fig. 1). Stress-related 
upregulation of MICA/B expression is observed on tumors of both epithelial (18) and 
hematological (20) origin. Interestingly, on γδT cells that express γδTCRs specific 
for MICA/B, NKG2D competes with the γδTCR for binding to MICA/B (72), 
suggesting a complex interplay between at least these two receptors in the process 
of γδT cell activation. Other subsets of Vδ2neg T cells may recognize CD1, a family of 
MHC class I-like molecules that is involved in the presentation of lipid antigens. In 
humans, five CD1 molecules are expressed (CD1a to CD1e) and so far, CD1a, c and 
d have been identified as ligands of Vδ2neg γδTCRs (11,68,70,71). Since few tumors 
express CD1, recognition of CD1 by γδT cells more likely serves to modulate other 
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immune functions, including adaptive immune responses. For example, Vδ2neg 
γδT cells that recognize stress-induced self-lipids presented by CD1c on dendritic 
cells (DCs) produce high levels of TNFα that reciprocally induce the maturation of 
these DCs (73). These matured DCs were in turn able to efficiently present peptide 
antigen and to activate naïve αβT cells, demonstrating how γδT cell-mediated stress 
surveillance could contribute to the initiation of adaptive immune responses (71,73). 
Immunomodulatory roles of γδT cells are further emphasized by observations that 
γδT cells are themselves capable of functioning as antigen-presenting cells (APCs) 
with efficacies that rival DCs (74,75), and of directly interacting with B cells and T 
cells (65). Thus, γδT cells might not only shape adaptive immune responses under 
physiological conditions but could also serve as vehicle for alternative therapeutic 
vaccines, being easily accessible and at least as potent as DCs. 

γδT cells: a valuable cross-reactivity to viral infection and cancer
Important roles for γδT cells have been described in immunity against viruses, 
including CMV (76). In both healthy individuals as well as immunocompromised 
patients such as after organ transplantation, CMV infection associates with 
marked expansions of γδT cells of the Vδ2neg subset (77,78). We and others 
have recently expanded these observations to patients with hematological 
malignancies, where CMV reactivation after allo-SCT correlated with increased 
numbers of circulating Vδ2neg γδT cells (13,79). CMV-reactive γδT cells also 
expanded upon CMV reactivation in patients receiving umbilical cord blood 
grafts, suggesting that CMV-reactive γδT cells can also be obtained from a naïve 
innate-like immune repertoire (13), and emphasizing the value of such third-
party stem cell sources for use in allo-SCT. Importantly, subsets of CMV-reactive 
γδT cells are capable of cross-recognizing solid (80) as well as hematological 
(13) cancers, underscoring the potential clinical value of such γδT cells in 
e.g. the setting of allo-SCT, where these cells could provide protection against 
both CMV disease and leukemic relapse. Indeed, recent studies in large allo-
SCT cohorts show a strong favourable association between CMV reactivation 
after allo-SCT and a reduced risk of leukemic relapse (15,16), and CMV- and 
leukemia-crossreactive γδT cells provide a likely explanation for these puzzling 
observations (81). However, little is known about the antigenic signature that is 
recognized by γδT cells on CMV-infected cells. The γδTCR plays an important 
role in surveillance against CMV infection, as demonstrated recently by the 
identification of the novel γδTCR ligand endothelial protein C receptor (EPCR) 
which is upregulated on the cell surface of infected cells (14). Strikingly, EPCR 
expression is also increased on epithelial tumor cells and facilitated the cross-
recognition of solid tumor cells by Vδ2neg γδT cells. Expression of EPCR on 
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target cells alone was not sufficient for activation of Vδ2neg γδT cells however, 
which also required costimulation via LFA-1/ICAM-1 (14). In this line, we 
have recently identified CD8αα, which is commonly expressed on γδT cells, as 
a costimulatory molecule for activation of defined tumor-reactive Vδ1 TCRs 
by hematological malignancies (13), although the ligand of CD8αα on tumor 
cells remains unclear. In addition to the γδTCR, other receptors such as KIRs 
are likely to be involved in the sensing of CMV infection, as we reported that 
recognition of leukemic tumor cells, but not CMV-infected cells, was mediated 
by the γδTCR of cross-reactive γδT cell clones (13). 

In summary, the innate-like NK cell and γδT cell immune populations are 
capable of responding rapidly to a wide variety of infections and solid and 
hematological malignancies, and they have been attributed direct and indirect 
roles in tumor immunosurveillance and disease. This is mediated by shared 
but also unique receptors that in part recognize related antigens (such as the 
B7 family members BTN3A1 and B7H6, and the MHC-like molecules MICA/B 
and CD1), reflecting unifying tumor-sensing mechanisms of these innate-like 
immune cells. The emerging insights into cross-reactivity of innate-like cells 
to malignancies and viral infection combined with the lack of classical MHC-
restriction in the process of antigen recognition, put NK cells, γδT cells and 
their individual receptors in a new spotlight as attractive tools to overcome the 
obstacles associated with hematological cancers and allo-SCT. Consequently, 
efforts to apply these innate-like immune cells in the clinic are growing 
exponentially.

CLINICAL RESULTS USING INNATE-LIKE CELLS 
AGAINST HEMATOLOGICAL CANCERS

NK cells: heterogeneity in clinical outcome
The first NK cell-based clinical trials to address relapse after hematopoietic stem 
cell transplantation depended on the administration of low dose interleukin-2 
(IL-2) to activate patient NK cells in vivo (82,83) (Table 1). Overall however, 
before the emerging insights into KIR/HLA-mismatching and NK cell 
alloreactivity a rather limited efficacy of such NK cell-based strategies has 
been reported across trials (82,84). Consequently, the concept of HLA/KIR-
mismatching was implemented in haploidentical transplantation trials by taking 
advantage of the genetic disparity between leukemia patients and the stem cell 
donor. Transplantation of haploidentical stem cell grafts containing alloreactive 
NK cells to leukemia patients associated with reduced relapse risk and increased 
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survival in the absence of GVHD (38,85), although transplantation parameters 
appear to be of critical importance, as studies using different protocols failed 
to replicate these findings (86,87). Of note, the beneficial effect of KIR/HLA-
mismatch is most prominent in grafts depleted of T cells rather than non-
depleted grafts (86,88), presumably because the beneficial effect of alloreactive 
NK cells is overruled by alloreactivity of T cells in the graft (89). The activation 
of NK cells seems to be crucial for anti-tumor efficacy as well, as suggested by 
the observation that infusion of IL-2-preactivated allogeneic NK cells, obtained 
from haploidentical donors by lymphapheresis, combined with a repeated IL-2 
injection regime induced in vivo NK cell expansions and complete remission 
in ~30% of poor-prognosis leukemia patients (90). More recently also in HLA-
matched (i.e. non-haploidentical) transplantations the mismatch between 
activating KIRs on NK cells transplanted as part of a stem cell graft and defined 
HLA-C alleles has been suggested as a possible mechanism to increase the graft-
versus-tumor effect by increasing allo-reactivity of NK cells (91). However, the 
usage of such strategies critically depends on the genetic background of donors 
and recipients, making suitable donor choices challenging.

γδT cells: first steps into the clinic
To date, all trials using γδT cells focused on autologous Vγ9Vδ2 γδT cells that were 
either activated in vivo by injecting cancer patients with aminobisphosphonates 
(compounds that specifically activate Vγ9Vδ2 γδT cells) combined with IL-2, or 
activated and amplified ex vivo and adoptively transferred into the patient (92). 
Most clinical trials have been conducted on solid tumors, with only three trials 
reported so far to apply γδT cells in the hematological setting (Table 1). Two trials 
relied on the administration of low dose IL-2 together with aminobisphoshonate to 
activate autologous γδT cells in patients with diverse hematological malignancies 
in a non-transplantation setting (93,94). Treatment was generally well-tolerated, 
and clinical responses, including partial remission and disease stabilization, were 
observed in both trials. In one additional small-scale pilot study, autologous 
γδT cells which had been activated ex vivo with aminobisphosphonate and IL-2 
were applied to non-transplanted myeloma patients, and disease stabilization 
was observed in ~65% of patients (95). Despite these promising results, clinical 
outcome has generally been limited. Possible causes for a lack of clinical efficacy 
can be found in trials aimed at applying γδT cells against solid tumors, where γδT 
cells have been found to be incapable of (a) expanding to sufficient cell numbers 
in a substantial number of patients in vivo or ex vivo (96), (b) homing properly 
to tumor sites (97), and (c) displaying sufficient anti-tumor cytotoxicity (98). As 
for NK-cell based therapies, factors limiting clinical outcome may also include a 
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missing genetic disparity between γδT cell donor and recipient and the application 
of heterogeneous cell populations.  

In the context of allo-SCT to treat hematological malignancies, we and others 
have employed an ‘innate-enriched’ approach where allogeneic stem cell grafts were 

Table 1. Key clinical results using innate-like cells to treat hematological cancers

Innate-like 
cell type Strategy Type of 

cancer Clinical outcome Remarks Reference

NK cells Repeated administration 
of low dose IL2 after 
autologous stem cell 
transplantation

NHL and 
breast cancer

No clinical evaluation, but 
a ~10-fold increase in 
circulating CD56hi NK cells 
with increased ex vivo 
lytic capacity was observed

Phase I trial to 
determine feasibility of 
IL2 administration for in 
vivo NK cell activation 

(83)

Haploidentical allo-SCT 
with and without KIR ligand 
incompatibility between 
donors and recipients

ALL and AML HLA/KIR mismatch: 0% 
relapse in AML patients
HLA/KIR match: 75% 
relapse in AML patients

The first trial to avoid 
NK cell self-tolerance 
by exploiting HLA/KIR 
mismatch between 
donor and recipient

(38)

Adoptive transfer of 
haploidentical NK cells in a 
non-transplantation setting

HL, AML, 
RCC and 
melanoma 

CR in 26% of AML patients Demonstrated the 
potential value of 
allogeneic NK cell 
infusion irrespective of 
the use of allo-SCT

(90)

Retrospective analysis of 
KIR/HLA-mismatches in 
HLA-matched allo-SCT

AML HLA/KIR mismatch: 27% 
relapse in AML patients
HLA/KIR match: 33% 
relapse in AML patients

Showed that also in 
HLA-matched allo-SCT 
a mismatch between 
activating KIRs and 
HLA-C 

(91)

γδT cells Administration of 
aminobisphosphonate and 
low-dose IL2 to activate 
autologous γδT cells 

NHL and MM 33% PR, but only in 
patients selected for 
positive in vitro γδT cell 
proliferation

The first trial 
demonstrating 
therapeutic potential of 
in vivo activation of 
γδT cells

(94)

Repeated administration 
of autologous ex vivo 
expanded γδT cells and IL2

MM 65% SD The only trial focused 
on hematological 
malignancies to infuse 
ex vivo expanded γδT 
cells so far

(95)

Administration of 
aminobisphosphonate and 
low-dose IL2 to activate 
autologous γδT cells

AML, 
RCC and 
melanoma

25% PR in AML patients Treatment resulted 
in objective clinical 
responses in AML 
patients, but not in RCC 
and melanoma patients

(93)

CR: complete response; PR: partial response; SD: stable disease; RCC: renal cell carcinoma; Allo-SCT: 

allogeneic stem cell transplantation; ALL: acute lymphoid leukemia; AML: acute myeloid leukemia; NHL: 

non-Hodgkin lymphoma; HL: Hodgkin lymphoma; MM: multiple myeloma
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depleted of αβT cells and B cells, but not γδT cells and NK cells (trial-registration 
NTR2463 and NTR3079, J. Kuball, and ref. (99), Fig. 2). Previous work has shown 
that increased numbers of donor γδT cells after stem cell transplantation correlates 
with better overall survival of leukemia patients without increased risk of GVHD 
(100). Although survival data of currently running trials are yet unavailable, these 
trials have pointed not only to direct effector functions but more importantly also 
to intriguing immunomodulatory roles of γδT cells. Firstly, γδT cells can activate 
NK cells to kill tumors (101), and thus might be able to solve the crucial problem 
of impaired NK cell activation after adoptive transfer that is usually faced in so 
far pursued clinical protocols. Secondly, αβTCR/CD19-depleted but usually not 
CD3/CD19-depleted haploidentical stem cell grafts rapidly reconstitute a broad 
donor αβT cell repertoire in the absence of αβT cell-mediated GVHD (J. Kuball, 
unpublished observations, and ref. (99)). Although the mechanisms behind this 
observation are yet unclear, we reported that repopulating donor γδT cells after 
allo-SCT are able to partially mature DCs in an antigen-independent fashion 
(13). Given that partial maturation of DCs favors induction of αβT cell tolerance 
rather than alloreactivity (102), αβTCR/CD19-depleted grafts that still contain 
γδT cells may contribute to a tolerized αβT cell reconstitution after allo-SCT via 
interaction with DCs. Considering the first clinical data it is therefore tempting to 
speculate that γδT cells mediate a well-balanced ‘innate immune-crosstalk’ which 
is able to kick-off a shaped adaptive immune response that does not associate 
with extensive GVHD, but allows to at least partially control infections such as 
CMV. However, whether the reconstituting immune-repertoire has the ability to 
sufficiently control leukemia remains unclear. 

TOWARDS ENGINEERING OF INNATE ANTI-
TUMOR IMMUNITY

Without any doubt, the non-MHC-restricted recognition of a wide variety of 
hematological tumors and viruses by NK cells and γδT cells makes these innate-
like cells very attractive candidates for the development of innovative therapies 
for hematological malignancies, as well as for tackling the current complications 
of allo-SCT due to relapse, infection or GVHD. However, technical obstacles arise 
through the largely underappreciated diversity of innate-like cells, as obtaining 
sufficient numbers of the right NK and/or γδT cells from generally scarce immune 
populations consequently requires extensive ex vivo expansion, frequently leading 
to exhaustion of cells before reinfusion into the patient (103). Thus, limited 
and highly variable clinical responses in trials are most likely a consequence of 
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the fact that these strategies so far relied on poorly defined, heterogeneous cell 
preparations that express varying levels of activating and inhibitory receptors. 
As discussed above, receptors such as γδTCRs may appear identical at first sight, 
but can mediate different affinities to the very same ligands. In addition, recent 
evidence shows that γδT cells have the potential to differentiate into regulatory 
cells that suppress adaptive anti-tumor responses (104,105), and that they may be 
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Figure 2. Designing immunotherapies in the context of hematological malignancies using innate-like cells 

and receptors. In the setting of an allo-SCT, ‘innate’ stem cell grafts depleted of αβT cells and B cells may 

be engineered to improve adaptive immune reconstitution and anti-tumor protection in the absence of 

graft-versus-host disease (A). Alternatively, blocking antibodies against inhibitory KIRs (B) and soluble 

chimeric receptors that exploit the antigen recognition specificity of receptors such as NKG2D or NCRs 

(C) may be engineered, produced and administered to patients. Finally, T cells or NK cells isolated from 

cancer patients may be engineered to express tumor-reactive innate-like receptors such as defined γδTCRs 

or chimeric NKG2D receptors, and after expansion be reinfused into the patient (D). 
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involved in the pathogenesis of inflammatory diseases by producing high amounts 
of pro-inflammatory cytokines such as interleukin-17 (IL-17) (106,107). Thus, 
cellular therapeutic products contain so far not only cytotoxic but also regulatory 
and pro-inflammatory subsets with partially opposite biological impacts resulting 
in a potential self-neutralization of the product in vivo. Most importantly, many 
interactions of innate-like immune cells depend on a certain genetic mismatch 
which is usually not found in an autologous situation. Reactivity is furthermore 
frequently shut down with a progressing in vivo education of innate-like cells 
(31), resulting in loss of potency of such strategies over time. To overcome these 
obstacles, recent preclinical efforts have focused on designing immune cells to 
express defined tumor-reactive innate-like receptors, thus allowing the selection of 
non-MHC-restricted receptors with the highest anti-tumor and anti-viral activity 
without causing detrimental GVHD, as well as the uncoupling of defined receptors 
from potential education or silencing mechanisms of parental cells. 

For example, engineering immune cells using NK receptors has been explored. 
Chimeric receptors linking NKG2D to the cytoplasmic domain of CD3ζ have been 
used to redirect αβT cells to various cancers (108,109) (Fig. 2). Importantly, owing 
to the recognition of multiple tumor antigens by NKG2D, transduced T cells were 
capable of suppressing in vivo tumor growth of multiple related tumor types (110). 
In the context of treating hematological malignancies, autologous or, in an allo-SCT 
setting, donor αβT cells could therefore be equipped with such chimeric receptors, 
be expanded and infused into the patient. Nevertheless, such engineered αβT cells 
still express endogenous αβTCRs with the potential to cause GVHD, a drawback 
that may be avoided by using NK cells (111) or γδT cells as an alternative vehicle 
for such receptors. As an alternative to primary NK cells, NK cell lines have been 
generated that display potent cytotoxicity towards various tumors due to a lack of 
inhibitory KIR expression (112), and such cell lines have been tested in clinical trials 
(113). NK cell lines furthermore readily allow genetic engineering to express tumor-
reactive (chimeric) receptors (114). In alternative attempts, soluble versions of NK 
receptors have been generated, such as a bispecific fusion protein that engages tumor 
cells through an NKG2D domain and recruits and stimulates T cells through an anti-
CD3 single-chain variable fragment (115). Chimeric NCRs mimicking antibody-
based immunotherapy have also been generated, such as a fusion protein where the 
tumor-recognizing extracellular domain of NKp30 is fused to the constant region 
of IgG to allow recruitment of antibody-mediated immune components (116). 
Importantly, infusion of these chimeric NK receptors into tumor-bearing mice 
substantially reduced tumor burden. Additionally, soluble anti-KIR antibodies have 
been developed in order to overcome in vivo silencing of innate immune cells and 
such very interesting compounds are currently tested in clinical trials (117) (Fig. 2).
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As an alternative strategy, work from our laboratory demonstrates that αβT cells 
can be efficiently reprogrammed against a broad range of solid and hematological 
tumor cells by introducing defined Vγ9Vδ2 or Vδ1 TCRs (13,20,67) (Fig. 
2). Working with γδTCRs overcomes the major drawbacks of current T cell 
engineering concepts using αβTCRs, namely the classical HLA-restriction of 
αβTCRs and the formation of potentially auto-reactive TCRs due to mispairing of 
introduced with endogenous αβTCR chains (118,119). γδTCRs are furthermore, 
in contrast to chimeric antigen receptors (120), genetically unmodified and 
therefore non-immunogenic. Expression of γδTCRs in αβT cells moreover 
induces the down-regulation of surface expression of the endogenous αβTCR, 
resulting in reduced in vitro alloreactivity against HLA-mismatched healthy cells 
(20,67). γδTCR-engineered αβT cells obtained from for example allogeneic stem 
cell donors therefore will presumably have a reduced risk of causing αβTCR-
mediated GVHD in allo-SCT patients, although this premise will need to be tested 
in clinical trials. γδTCRs can also be further engineered by a technique we termed 
combinatorial-γδTCR-chain exchange (CTE), where TCRγ and TCRδ chains of 
distinct tumor-reactive γδTCRs are newly combined to generate high-affinity 
γδTCRs with enhanced functional avidity towards tumors but not healthy cells 
(67). Finally, this strategy overcomes draw-backs of γδT cells by taking advantage 
of the proliferative capacity of αβT cells, which unlike that of γδT cells, is still 
preserved in advanced stage patients (118). In this way, cells engineered with 
innate receptors are uncoupled from further education which usually occurs in 
innate immune cells.

Concluding remarks
Taken together, NK cells and γδT cells represent innate-like immune populations 
with highly diverse contributions to the immunosurveillance against cancer 
and infection, and with unique advantages for the application in the context of 
hematological malignancies and allo-SCT. Their functions are mediated by a 
crucial cross-talk not only between these two subsets but importantly also with 
components of adaptive immunity. In addition, it becomes increasingly clear 
that a careful genetic matching is not only vital for strategies taking advantage 
of adaptive but also of these innate-like immune cells. Focusing on engineering 
of immune cells with innate-like recognition features could therefore overcome 
limitations of many current adoptive immunotherapies by: (a) focusing on defined 
receptors with sufficient affinity and broad reactivity to multiple tumor types (b) 
that do not require to be completely HLA-matched to the recipient patient; (c) 
uncoupling engineered immune cells from silencing of conventional innate-like 
cells by e.g. KIRs; and (d) allowing the generation of high numbers of cytotoxic 
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immune cells or compounds within the time constraints of developing disease. 
Clinical trials will need to be pursued in order to test efficacy and safety of the 
application of such strategies.
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ABSTRACT

Human γδT cells possess broad anti-tumor reactivity and are involved in 
controlling viral infections. In our recent work we describe multifunctional γδT 
cells induced by CMV after allo-SCT, putting γδT cells and their receptors in the 
spotlight for novel immunotherapies.
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Over the last decades, CMV reactivation has been seen as a major life-threatening 
complication of allo-SCT. Nowadays, sensitive monitoring for early presence of 
CMV reactivation combined with the availability of effective antiviral treatment 
options has made CMV-related death post-transplantation a rare event. 
Fortuitously, this improved control of CMV disease has facilitated recent unexpected 
observations in studies with large cohorts of allo-SCT patients, where a surprising 
beneficial association was observed between CMV reactivation and a reduced risk 
of leukemic relapse (1). So far however it is unclear how viral reactivation could 
provide protection from leukemic relapse. It has been proposed that NK-cells may 
cross-react to CMV-infected cells and tumor cells by responding to CMV-infected 
residual AML blasts (1). In this year’s January issue of Leukemia we propose an 
additional or even physiologically more relevant explanation for this paradoxical 
observation, namely that γδT cells may play a pivotal role in this CMV-induced 
clearance of tumor (2). We observed that these unconventional T cells expand in 
CMV-reactivating patients after allo-SCT, and moreover that these CMV-induced 
γδT cells not only react to CMV-infected cells but also cross-recognize leukemic 
cells. Thus, we propose that these multifunctional γδT cells could substantially 
contribute to CMV-associated protection from leukemic relapse after allo-SCT.

In humans, γδT cells are a minor population in peripheral blood where they 
mostly express TCRs containing Vδ2 and Vγ9 gene segments (so-called Vδ2pos 
γδT cells) (3). In contrast, γδT cells that reside in epithelial locations carry TCRs 
composed of mainly Vδ1 or Vδ3 chains (Vδ2neg γδT cells) and may express 
CD8αα. Over the last decade, many studies have implicated Vδ2neg γδT cells in 
the anti-CMV response and in tumor immunosurveillance, but the first report 
on Vδ2neg γδT cell cross-reactivity to CMV and cancer came from work on Vδ2neg 
γδT cell clones isolated from kidney transplant recipients (4). At least for some 
of these clones, this dual reactivity was mediated by the γδTCR recognizing a 
common stress antigen upregulated on CMV-infected and transformed intestinal 
epithelial cells (5), explaining why CMV-infection alone could induce an immune 
population with reactivity to both CMV and cancer. In our study however, gene 
transfer experiments using γδTCRs isolated from cross-reactive Vδ2neg γδT cell 
clones showed a crucial involvement of the γδTCR in tumor reactivity but not in 
recognition of CMV-infected cells, suggesting that for these clones CMV-reactivity 
was performed by receptors other than the γδTCR. Importantly, this brings up a 
major issue in the γδT cell field, namely that mechanisms of γδT cell activation 
and antigens of γδTCRs are still poorly defined. In this respect, one important 
finding of our study is the identification of CD8αα as a costimulatory molecule for 
activation of defined γδTCRs (2). Expression of CD8αα on γδT cells has been long 
described, however so far there were no reports on its function. In αβT cells, the 
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CD8αβ heterodimer serves as coreceptor for the αβTCR, restricting cytotoxic T 
cells to antigens presented by class I MHC molecules. γδTCRs however recognize 
antigens independently of MHC, suggesting that the coactivating function 
of CD8αα is likely to rely on alternative mechanisms. Although the precise 
functioning of CD8αα in this setting remains to be elucidated, we observed a 
striking increase in circulating CD8αα+ γδT cells in CMV-reactivating patients in 
our allo-SCT cohort as well as in an additional independent cohort of congenitally 
CMV-infected neonates, implying also in vivo relevance of CD8αα expression by 
γδT cells.

Our observations of γδT cells cross-recognizing CMV and a broad panel 
of hematological cancers make these cells particularly attractive for clinical 
application, such as adoptive immune therapies. In the context of an allo-SCT, a 
design favouring reactivity against CMV and leukemia in the absence of GVHD 
might be achieved with stem cell grafts enriched for γδT cells (see figure). Clinical 
trials using stem cell grafts depleted for αβT cells and B-cells are therefore 
currently being conducted by us (trial registration NTR2463 and NTR3079) and 
others (6). Intriguingly, in particular αβTCR/CD19-depleted but usually not CD3/
CD19-depleted transplantations show a very rapid reconstitution of a broad αβT 
cell repertoire (J. Kuball, unpublished observations), suggesting even a broader 
immune regulatory role for γδT cells, as suggested also recently by others (7). 
Alternatively, umbilical cord blood grafts could be used as a third party source 
of stem cells. These grafts typically contain high percentages of γδT cells and we 
demonstrate that CMV- and leukemia-reactive γδT cells can also be obtained 
from this CMV-naïve repertoire. Importantly, all GMP-grade clinical tools for 
preparation of enriched stem cells grafts are available. Finally, CD8αα+ γδT cells 
could be isolated as our results suggest a role for these cells in the anti-CMV 
response, although their precise involvement will first need to be investigated.

Complementary to this ‘innate allo-SCT’ approach, γδTCRs with broad 
tumor-reactivity could be characterized and used to reprogram patient-derived 
conventional αβT cells (8) (see figure). Given the non-MHC-restricted antigen 
recognition by γδTCRs, defined γδTCRs could thus - in contrast to αβTCRs - 
be applied to a broad patient population in the absence of matched HLA types. 
Also, introduced γδTCR chains do not pair with endogenous αβTCR chains, 
preventing creation of novel TCRs with unpredictable auto-reactivity. As we have 
shown previously, introducing defined γδTCRs effectively reprograms αβT cells 
to kill a broad collection of tumors both in vitro and in vivo (9). We furthermore 
introduced a technique called combinatorial-γδTCR-chain engineering (CTE), 
allowing design of γδTCRs with enhanced functional avidity towards tumors but 
not healthy tissues (10). By exploiting the abundance, potent cytotoxic machinery, 
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and in particular the proliferation competence of αβT cells even in advanced stages 
of disease, an engineering of autologous immune cells with such receptors allows 
the generation of large numbers of tumor-reactive T cells while tackling the major 
limitations of current approaches using engineered αβTCRs. Taken together, we 
therefore advocate the application of γδT cells and their receptors as a promising 
new avenue in adoptive antitumor therapies. 
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Figure 1. Application of antitumor strategies using γδT cells. In an “innate allo-SCT” (A) stem cell 

grafts from conventional or third party sources may selectively contain or be enriched for γδT cells to 

provide anti-CMV and anti-tumor protection in the absence of GVHD. In a complementary “autologous 

engineered transplantation” (B) T cells are isolated from cancer patients and are expanded and engineered 

to express (CTE-optimized) γδTCRs ex vivo. Reprogrammed T cells are subsequently reinfused into the 

patient, where they recognize and kill tumor. 
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SUMMARIZING DISCUSSION

I look back on four years of research dealing with γδTCR-engineered T-cells as 
a new instrument to develop a potent cancer immunotherapy. It is an interesting 
approach and I enjoyed being part of a research project describing a potent 
tumor-reactive γ9δ2TCR and its development towards a promising clinical tool 
in T-cell receptor gene therapies. In the following the main ideas of this thesis are 
summarized and reflected to the current state-of-the-art of engineered T-cells for 
adoptive cellular immunotherapy in cancer.

The ability of T-lymphocytes to mediate cancer regression in patients was 
demonstrated by the adoptive transfer of autologous tumor infiltrating lymphocytes 
(TILs) which has been used to successfully treat patients with metastatic 
melanoma1-3. Unfortunately, melanoma appeared to be the only cancer which 
could be reproducibly treated with TIL therapy. Therefore, the longing to widely 
apply such adoptive cell therapy to different human tumors lead to the development 
of therapies using genetically engineered T-cells. Thereby, T-lymphocytes are 
redirected to recognize malignant cells by the genetic introduction of defined 
tumor-reactive receptors. T-lymphocytes genetically engineered with a αβT-cell 
receptor (TCR) recognizing specific tumor antigens have shown activity against 
various human cancer cells and tumor regression in patients with metastatic 
melanoma was observed4-6. However, issues of specificity have generated questions 
regarding the applicability, efficacy and safety of αβTCR-gene therapy. The clinical 
application of T-cells engineered with a αβTCR is naturally restricted due to their 
MHC-dependant antigen recognition and as a result only a limited number of 
patients can be treated with one αβTCR. Another hurdle of genetically engineered 
αβT-cells is the fact that the introduced α- and βTCR-chain are able to pair with 
endogenous TCR-chains of the target T-cell which lead to ‘mispaired’ TCRs with 
potential harmful unknown specificity. Mispaired αβTCRs can therefore induce 
auto-reactivity in the patient. Furthermore the use of high affinity αβTCRs 
directed against tumor antigens can also lead to ‘on-target’ auto-reactivity when 
the targeted antigen is expressed in low levels on healthy tissue as well. But also 
cross-reactivity of high affinity αβTCRs with other proteins expressed on healthy 
tissue is possible. Such toxic effects were observed in patients with melanoma, 
renal cancer and metastatic colorectal cancer5-7. One initiative to overcome several 
hurdles of αβTCR gene therapy was the generation of chimeric antigen receptors 
(CARs). CARs can be created by linking the variable regions of an antibody to an 
intracellular signaling domain such as CD3-zeta. Such constructs can provide a 
MHC independent recognition of cell surface molecules and can be transduced 
into T-cells using viral vectors. Engineered T-cells expressing a CAR targeting 
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the B-cell antigen CD19 was shown to mediate regression of an advanced B cell 
lymphoma and is presently tested in clinical tirals8,9. However, CARs are capable 
to induce toxicity against self-antigens as well10.  Furthermore, present TCR/
CAR therapies mainly target antigens which are solely expressed on one type of 
tumor which also limits the application in view of other cancer types. Present 
research seeks for an innovation to target tumor antigens which are widely present 
on various tumor types and to preserve selective recognition, respectively. Our 
laboratory revealed γδTCRs as tools to cope with these requirements. γ9δ2T-cells 
are innate-like cells that provide a strong antitumor reactivity against various 
cancer types in an MHC-independent manner. Human γ9δ2T-cells were found to 
selectively recognize small non-peptidic structures called phosphoantigens such 
as isopentenyl pyrophosphate (IPP) which is an intermediate of the mevalonate 
pathway. Stressed or transformed cells accumulate IPP due to a deregulated 
pathway and elevated IPP levels can induce the activation of γ9δ2T-cells. 

Tumor-recognition of γ9δ2T-cells is a TCR-mediated process and therefore 
γ9δ2TCRs are potent alternative receptors for TCR therapy against cancer. 
In contrast to CARs γδTCRs are furthermore genetically unmodified and are 
therefore non-immunogenic. Starting from a molecular point of view this thesis 
describes the generation of a highly tumor-reactive γ9δ2TCR and its way towards 
clinical application. 

Chapter II reveals that the strong tumor-reactive potential of γ9δ2T-cells is not 
a universal feature among all γ9δ2T-cells. Individual γ9δ2T-cell clones differ in 
their antitumor reactivity in specificity and functional avidity. The latter is caused 
by small structural differences in the variable part of the γ9δ2TCR namely the 
CDR3 domains of γ9- and δ2TCR-chain. Thereby not only the sequence of γCDR3 
and δCDR3 but also the δCDR3 length is a crucial factor in mediating function. 
Based on these findings a method named combinatorial-γδTCR-chain exchange 
(CTE) is proposed to design highly tumor-reactive γ9δ2TCRs that mediate strong 
antitumor responses. With this strategy γ9- and δ2TCR chains are newly combined 
to create a novel γ9δ2TCR which mediates enhances antitumor activity against 
tumor cells. To generate tumor-reactive T-cells which mimic the reactivity of a 
γ9δ2T-cell it is suggested to engineer conventional αβT-cells to express a defined 
γ9δ2TCR.  This allows the rapid generation of T-cells that target a broad range of 
tumor cells, are not limited by HLA-restriction and are readily available for a broad 
patient population. However, it is important to understand how exactly a γ9δ2TCR 
recognizes a tumor cell for clearance of the tumor recognition mechanism in detail, 
which is also compelling to use γ9δ2TCRs in a clinical setup. It is still not fully 
understood how a γ9δ2TCR mediates tumor recognition. Unlike conventional 
αβT-cells that recognize protein structures presented on MHC molecules, γ9δ2T-
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cells respond towards elevated levels of the phosphoantigen IPP. Recognition of 
IPP involves the membrane-expressed butyrophilin BTN3A1 (CD277)12-14 which 
possibly undergo membrane alterations upon binding to IPP 12-15.  This hypothesis 
would fit to the here suggested γ9δ2TCR flexibility which is apparently necessary, 
for example, to adjust to a changeable cell surface of an antigen or to respond 
with different affinities. Interestingly, current studies suggest very low affinity 
interactions between TCR and resting BTN3 molecules13,14 which leave indeed the 
possibility that occurrence of conformational changes of the extracellular domain 
of BTN3 could in turn enhance affinity of γ9δ2TCR/BTN3 interactions. This also 
points towards a conserved mode of stress sensing which interestingly was already 
proposed to be shared by murine and human γδT-cells15. That seems plausible 
since γ9δ2T-cells survived extremely long evolutionary selection pressure of 
around 500 million years16. 

However, it is still likely that the functionality of distinct γ9δ2T-cells is 
orchestrated by different stimulatory and co-stimulatory molecules. In this 
regard, an interesting aspect in γ9δ2T-cell activation is the mode of action of 
NKG2D, an activating receptor expressed on NK-cells but also frequently on 
γδT-cells. Conflicting data were reported which either emphasized that NKG2D 
alone mediates activation against tumor cells17 or that NKG2D activation needs 
coincident γ9δ2TCR stimulation18. Chapter III studies therefore the interaction 
of γ9δ2TCR and NKG2D in a defined setting. γ9δ2TCRs that mediate different 
functional avidities were co-expressed with NKG2D and the co-play of both 
receptors was investigate. NKG2D proved to be a factual co-receptor to the 
γ9δ2TCR: a functional γ9δ2TCR is a prerequisite for a contributing effect of 
NKG2D to T-cell effector function. The strength of γ9δ2TCR activation further 
dictates whether NKG2D is recruited to the immunological synapse and also the 
potency of NKG2D co-stimulation. The contributing effect of NKG2D was most 
valuable when the γ9δ2TCR mediated a low functional avidity and added little 
if the γ9δ2TCR alone mediated already a profound T-cell activation. In view of 
immunotherapeutic approaches using γ9δ2T-cells these findings underline the 
importance to select for γ9δ2T-cell populations with beneficial features targeting 
cancer. That includes high expression levels of a highly tumor reactive γ9δ2TCR 
which mediates strong functional avidity and the expression of advantageous 
receptors such as NKG2D. 

Adoptive cell therapy is a more complex therapy compared to other cancer 
treatment options and has often been criticized as not practical and too costly 
for general use.  One problem is the generation of a pure T-cell population with 
strong antitumor reactivity in a large scale before infused to the patient. Although 
major progress in the quality and efficacy of clinical engineered T-cells for 
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adoptive immune therapies against cancer has been achieved in the last decades, 
no additional purification step for engineered immune cells is being applied 
due to the lack of suitable tools and strategies. This results in the transfer of also 
nonengineered and poorly engineered immune cells into patients19;20, which 
can substantially dampen therapeutic effects21;22 due to the unwanted transfer 
of regulatory T-cells23 or by competing for homeostatic cytokines24;25 and limit 
additional clinical applications such as the transfer of third-party populations26;27. 
In Chapter IV we developed therefore a system to obtain highly purified γδTCR 
engineered immune cells that can be readily translated into a GMP-compliant 
production process. The generation of a highly pure γ9δ2T-cell product is described 
approaching the pre-clinical phase. A potent tumor-reactive γ9δ2TCR which was 
generated by combinatorial-γδTCR-chain exchange (described in Chapter II) is 
thereby introduced into αβT-cells using a clinical-grade retroviral vector. A novel 
enrichment method is established using a clinical grade anti-αβTCR antibody 
for the production of untouched γ9δ2TCR-engineered immune cells with high 
purity that can be readily translated into a good manufacturing practice (GMP) 
compliant production process. The engineered cells are superior in efficacy, and 
provide long-term tumor control in two humanized mouse models without allo-
reactivity. This approach yields a cellular medicine that can be part of an immune 
intervention in a broad cancer patient population. 

Without doubt, the non-MHC restricted recognition of a variety of tumor cells by 
γδT-cells makes these innate-like cells very attractive for cancer immunotherapies. 
Chapter V further discusses the clinical impact of innate-like cells and their 
receptors in general, focusing on γδT-cells and NK-cells. The innate-like NK-cell 
and γδT-cell immune populations are capable of responding rapidly to a wide 
variety of infections as well as solid and hematological malignancies, and they have 
been attributed direct and indirect roles in tumor immunosurveillance and disease. 
This is mediated by shared but also unique receptors that in part recognize related 
antigens (such as the B7 family members BTN3A1 and B7H6, and the MHC-like 
molecules MICA/B and CD1), reflecting unifying tumor-sensing mechanisms 
of these innate-like immune cells. Chapter VI summarizes the features of a 
dual-reactive γδT-cell clone which cross-recognized cytomegalovirus (CMV) 
and hematological cancer cells. The expressed γδTCR was crucially involved in 
mediated activity against tumor cells but not in the recognition of CMV-infected 
cells, suggesting the involvement of other receptors recognizing CMV. One 
important finding is the discovery of CD8αα as co-stimulatory molecule for the 
activation of defined γδTCRs. However, it also brings up the issue of the still 
poor understanding of the exact mechanisms of γδT-cell activation. For a better 
characterization of a tumor-reactive cell population defined γδTCRs with broad 
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tumor reactivity could be an elegant tool to reprogram conventional αβT-cells 
against various tumor types. Such engineering of immune cells to gain innate-
like recognition features could overcome limitations of many current adoptive 
therapies by: (a) focusing on defined receptors with sufficient affinity and broad 
reactivity to multiple tumor types (b) that do not require to be completely HLA-
matched to the recipient patient and (c) allowing the generation of high numbers 
of cytotoxic immune cells to treat disease. 

In summary, the interest for new innovations using innate-like cells and their 
receptors is clearly on the rise. As described in this thesis, γδT-cells are well equipped 
to recognize different tumor targets and are therefore interesting candidates for 
immune interventions. In this context alternative interesting approaches are 
presently on the way as a potent future perspective to improve the activation of 
γ9δ2T-cells. One study presents the use of agonist anti-BTN3 antibodies to induce 
activity against acute myeloid leukemia cells28. Also the stimulation of γ9δ2T-cells 
with bisphosphonates in combination with IL-15 or the local administration of 
autologous γ9δ2T-cells with zaledronate was investigated resulting in activity 
against brain and ovarian tumors15. Furthermore new reagents are generated like a 
[(Her2)2 x Vγ9] tribody which induced a significant bioactivity against pancreatic 
ductal adenocarcinoma (PDAC), for which scarcely any treatment is existing to 
date29. A major potential advantage of the approach described in this thesis has 
been the utilization of a defined high affinity γ9δ2TCR, which is expressed outside 
the context of conventional innate immune cells. This strategy combines the 
maximal tumor reactivity of innate receptors while preventing innate education 
and silencing. Whether this strategy can be successfully translated into an 
applicable therapy will be tested in clinical trials which are currently underway.  
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SUMMARY

The thesis entitled “It’s all in the mix – γδTCR meets αβT-cell for therapy” describes 
an attempt to advance current T-cell based cancer immunotherapies. The goal of 
this thesis is the development of a tumor-reactive γδT-cell receptor (TCR) which 
recognizes tumor cells of different origin. This γδTCR can be used as a tool to 
generate TCR-engineered T-cells that can be applied in immunotherapies against 
various cancer cells. 

_________________________________________________________

Cancer – the “Emperor of all Maladies” is one of the most threatening diseases of 
our times.  Therefore a lot of attention is drawn on the development of a therapy 
to treat this complex disease. Cell-based cancer immunotherapy tries to use cells 
of the immune system to generate a potent antitumor response. Immunotherapy 
with innate immune cells has thereby evoked broad interest because this approach 
obviates the need to match a cellular product to a defined HLA-haplotype. γ9δ2T-
cells are innate-like cells that provide a strong antitumor reactivity against various 
cancer types which is mediated by their γ9δ2T-cell receptor (TCR). γ9δ2T-cells 
and their TCRs are therefore promising candidates for immune interventions. This 
thesis describes the generation of a highly tumor-reactive γ9δ2TCR and its way 
towards clinical application. 

Chapter II reveals that the strong tumor-reactive potential of γ9δ2T-cells is not 
a universal feature among all γ9δ2T-cells. Individual γ9δ2T-cell clones differ in 
their antitumor reactivity in specificity and functional avidity. The latter is caused 
by small structural differences in the variable part of the γ9δ2TCR namely the 
CDR3 domains of γ9- and δ2TCR-chain. Thereby not only the sequence of γ- 
and δCDR3 but also the δCDR3 length is a crucial factor in mediating function. 
Based on these findings a method named combinatorial-γδTCR-chain exchange 
(CTE) is proposed to design highly tumor-reactive γ9δ2TCRs that mediate strong 
antitumor responses. With this strategy γ9- and δ2TCR chains are newly combined 
to generate a novel γ9δ2TCR. To generate tumor-reactive T-cells which mimic 
the reactivity of a γ9δ2T-cell it is suggested to engineer conventional αβT-cells to 
express a defined γ9δ2TCR.  This allows the rapid generation of T-cells that target 
a broad range of tumor cells, are not limited by HLA-restriction and are readily 
available for a broad patient population.  

Chapter III studies the interaction of γ9δ2TCR and NKG2D which is another 
activating receptor on γ9δ2T-cells. γ9δ2TCRs that mediate different functional 
avidities were co-expressed with NKG2D to investigate the co-play of both 
receptors.  NKG2D proved to be a factual co-receptor to the γ9δ2TCR: a functional 
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γ9δ2TCR is a prerequisite for a contributing effect to T-cell effector function. The 
strength of γ9δ2TCR activation further dictates whether NKG2D is recruited to 
the immunological synapse and also the potency of NKG2D co-stimulation. The 
contributing effect of NKG2D was most valuable when the γ9δ2TCR mediated a 
low functional avidity and added little if the γ9δ2TCR alone mediated already a 
profound T-cell activation. In view of immunotherapeutic approaches using γ9δ2T-
cells these findings underline the importance to select for γ9δ2T-cell populations 
with beneficial features targeting cancer. That includes high expression levels of a 
highly tumor reactive γ9δ2TCR which mediates strong functional avidity and the 
expression of advantageous receptors such as NKG2D. 

In Chapter IV the generation of a highly pure γ9δ2T-cell product is described 
approaching the pre-clinical phase. A potent tumor-reactive γ9δ2TCR which was 
generated by combinatorial-γδTCR-chain exchange (described in Chapter II) is 
thereby introduced into αβT-cells using a clinical-grade retroviral vector. A novel 
enrichment method is established using a clinical grade anti-αβTCR antibody 
for the production of untouched γ9δ2TCR-engineered immune cells with high 
purity that can be readily translated into a good manufacturing practice (GMP) 
compliant production process. The engineered cells are superior in efficacy, and 
provide long-term tumor control in two humanized mouse models without allo-
reactivity. This approach yields a cellular medicine that can be part of an immune 
intervention in a broad cancer patient population.

Chapter V further discusses the clinical impact of innate-like cells and their 
receptors in general focusing on γδT-cells and NK-cells. It reviews the rapid process 
in the understanding of molecular mechanisms by which γδT-cells and NK-cells 
recognize malignancies and viral infections, and the value of this knowledge to 
complement current strategies to treat cancer. Focusing on engineering of immune 
cells with innate-like recognition features could overcome limitations of many 
current adoptive therapies by: (a) focusing on defined receptors with sufficient 
affinity and broad reactivity to multiple tumor types (b) that do not require to be 
completely HLA-matched to the recipient patient and (c) allowing the generation 
of high numbers of cytotoxic immune cells to treat disease. 

Chapter VI describes a short summary of a dual-reactive γδT-cell clone which 
co-recognized cancer cells and cytomegalovirus (CMV) infected cells. It became 
clear that tumor recognition was mediated by the γδTCR which was not involved 
in the recognition of CMV infected cells. Furthermore, CD8αα was identified as a 
co-receptor for certain γδTCRs. These results demonstrate that the exact activation 
mechanisms of γδT-cells are still poorly understood and further investigations are 
needed to fully understand γδT-cell activity.

To generate an effective immune population for cellular therapy we suggest 
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to transfer the genetic material of a tumor-reactive receptor into αβT-cells. Such 
modified T-cells are able to recognize and destroy tumor cells. Thereby, γ9δ2TCR-
engineered αβT-cells stand out as a promising avenue to generate potent tumor 
responses and are applicable for a broad patient population.   
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NEDERLANDSE SAMENVATTING

Het proefschift getiteld ‘Het komt aan op het juiste mengsel - γδTCR ontmoet 
αβT-cel voor therapie’ beschrijft een strategie om kankerbehandelingen op basis 
van T-cellen te verbeteren. Het doel van dit proefschift is de beschrijving van een 
tumor-reactieve receptor, meer specifiek een zogenaamde γδT-cel receptor, die 
verschillende tumor typen kan herkennen. Deze receptor kan vervolgens gebruikt 
worden om T-cel receptor-gemodificeerde T-cellen te produceren welke dan 
mogelijk tegen verschillende soorten tumoren kunnen worden gebruikt.

Kanker is een van de meest bedreigende ziektes van onze tijd en op de een of 
andere manier wordt iedereen geraakt door deze ziekte. Aan de wetenschap is 
nu de taak om een breed inzicht te geven in de complexe mechanismen van de 
kanker biologie en nieuwe behandelingen voor kanker patiënten te ontwikkelen. 
De klinische successen van kankerbehandelingen op basis van immuuncellen 
toont de potentie van immuntherapieën, die kunnen resulteren in specifieke en 
duurzame responsen tegen kankercellen. Eén van deze nieuwe therapeutische 
strategieën gebruikt gemodificeerde T-cellen om kankercellen te herkennen. 
Hierbij wordt in conventionele αβT-cellen het genetisch materiaal van een 
tumor-specifieke receptor gebracht. Vervolgens kunnen deze gemodificeerde 
αβT-cellen worden gebruikt om tumorcellen veel beter te herkennen. De 
inhoud van dit proefschift beschrijft een γ9δ2T-cell receptor (TCR) die heel 
goed verschillende tumorcellen kan herkennen en daarom zeer geschikt is voor 
toepassing in T-cel therapie. De γ9δ2TCR is de activerende receptor van γ9δ2T-
cellen welke een klein onderdeel uitmaken van het totale aantal T-cellen, maar 
onder andere belangrijk zijn voor de detectie en het opruimen van kankercellen.  
 
In hoofdstuk II observeerden we dat niet alle γ9δ2T-cellen dezelfde antitumor 
reactie geven. Sommige γ9δ2TCRs zijn beter in het herkennen van tumorcellen 
dan andere. Wij hebben uit het bloed van een gezonde donor γ9δ2T-cellen klonen 
geïsoleerd, vervolgens het DNA van de TCRs bestudeerd αβT-cellen met dit DNA 
uitgerust. Hierdoor konden we de eigenschappen van de γ9δ2TCRs verglijken. Wij 
observeerden dat sommige γ9δ2TCRs beter waren in het herkennen van tumorcellen 
dan anderen. Bijvoorbeeld, het verschil in reactietijd tegen tumorcellen wordt 
veroorzaakt door kleine verschillen in de structuur van de γ9δ2TCRs. We ontdekten 
dat de lengte en eiwitsequentie van de δ2-keten, meer specifiek van het zogenaamde 
δ2CDR3 domein, van belang was, maar ook de combinatie van bepaalde γ9- en 
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δ2-ketens kan resulteren in een efficiëntere anti-tumor reactie. Veranderingen in 
de eiwitsequentie zowel van de γ9- als de δ2-keten kon het reactievermogen van 
de γ9δ2TCR-gemodificeerde T-cellen op tumorcellen veranderen. Met een nieuwe 
techniek genoemd Combinatorial-γδTCR-chain Exchange (CTE) hebben wij een 
geoptimaliseerde γ9δ2TCR gegenereerd met sterke activiteit tegen verschillende 
typen tumorcellen. Als het DNA van deze γ9δ2TCR wordt ingebracht in αβT-
cellen, kun je een grote hoeveelheid T-cellen genereren, die tumoren goed 
herkennen. Deze γ9δ2TCR-gemodificeerde αβT-cellen kunnen potentieel 
duurzame responsen tegen kankercellen bewerkstelligen en kunnen als onderdeel 
van een immuuntherapie de toekomstige kankerbehandelingen verbeteren.  
 
In hoofdstuk III onderzochten we de interactie van γ9δ2TCR en NKG2D. De 
activerende receptor NKG2D (natural-killer group 2, member D) komt voor op 
Natural Killer (NK) cellen en maar ook op het oppervlak van γ9δ2T-cellen, terwijl 
de functie van de NKG2D receptor op deze cellen controversieel is. In een in vitro 
model brachten we γδTCRs met een verschillende anti-tumor aviditeit tot expressie 
samen met de NKG2D receptor. We laten zien dat NKG2D een zogenaamde co-
receptor is voor de γδTCR en dat een functionele γ9δ2TCR onmisbaar is voor 
een co-stimulatie signaal van de NKG2D receptor. Daarnaast is de sterkte van 
γ9δ2TCR signalering van belang bij het rekruteren van de NKG2D receptor naar 
de immunologische synaps en ook belangrijk voor de potentie van het NKG2D 
costimulatie signaal. De NKG2D receptor kan de activiteit tegen kankercellen 
verhogen en dit effect is hoger indien de γδTCR signalering zwakker is. Deze 
observaties laten zien hoe belangrijk het is om juist die γ9δ2T-cell populatie te 
selecteren met de optimale anti-tumor immuun receptoren voor de toepassing in 
een cellulaire immuuntherapie tegen kanker. De genetische herprogrammering 
van T-cellen met een combinatie van tumor-specifieke γ9δ2TCR signalering 
en een potente costimulatie van andere receptoren zoals NKG2D kan een 
waardevolle verbetering zijn van de huidige cellulaire TCR gentherapie.  
 
Hoofdstuk IV beschijft de strategie om een zuivere populatie van γ9δ2TCR-
gemodificeerde T-cellen te maken om toe te passen als immuuntherapie. Een 
specifieke γ9δ2TCR met sterke activiteit tegen verschillende kankercellen was 
gegenereerd met combinatorial-γδTCR-chain exchange (CTE) en het DNA van 
deze receptor wordt ingebracht in αβT-cellen door middel van een retrovirale 
transductie methode. Een problem voor cellulaire TCR-therapieën is dat er 
nog maar weinig middelen beschikbaar zijn voor de verrijking van cellen die 
de geïntroduceerde TCR in hoge mate tot expressie brengen. Wij introduceren 
een nieuwe zuiveringsmethode waarbij een anti-αβTCR antilichaam ingezet 



Nederlandse samenvatting

161

+

wordt om de cellen die geen γ9δ2TCR hebben gekregen te verwijderen en 
zodoende een zuivere γδTCR-gemodificeerde T-cel populatie te produceren. 
Zoals eerder beschreven zijn γ9δ2TCR-gemodificeerde T-cellen zeer goed 
in het herkennen van tumorcellen en dit zuivere γδTCR T-celproduct is een 
veelbelovend cellulair medicijn welke duurzame responsen tegen kankercellen 
kan bewerkstelligen en geschikt is voor een brede populatie kankerpatiënten.  
 
Hoofdstuk V geeft een algemeen overzicht van de huidige stand van zaken 
met betrekking tot het succes van het gebruik van immuuncellen van het 
aangeboren afweersysteem zoals γδT-cellen en NK-cellen. De kennis van de 
activatiemechanismen van deze cellen is een enorm toegenomen de afgelopen 
jaren en deze kennis kan gebruikt worden om de huidige immuuntherapieën tegen 
kanker te verbeteren. Er is grote variatie is klinische resultaten tussen patiënten en 
volledige genezing komt helaas maar weinig voor. Het gebruik van tumorspecifieke 
receptoren van γδT-cellen en NK-cellen voor het genetisch herprogrammeren 
van immuuncellen kan de effectieve behandeling met gemodificeerde cellen van 
kanker verbeteren: (a) door het gebruikt van goed gekarakteriseerde receptoren 
met voldoende affiniteit en reactiviteit tegen meerdere tumortypen (b) die niet 
afhankelijk zijn van het type HLA en (c) die kunnen gebruikt worden om een groot 
aantal cytotoxische immuuncellen te genereren voor de behandeling van kanker.  
 
Hoofdstuk VI beschrijft γδT-cel klonen welke zowel kancercellen als 
cytomegalovirus (CMV) geïnfeceerde cellen kunnen herkennen. De geïsoleerde 
γδTCRs waren verantwoordelijk voor de herkenning van kankercellen 
maar niet voor herkenning van de CMV-infectie. CD8αα was verder 
geïdentificeerd als een coreceptor voor bepaalde γδTCRs. Dit resultaaten 
laten wederom zien dat de moleculaire mechanismen die verantwoordelijk 
zijn voor γδT-cell activatie nog maar in beperkte mate bekend zijn. 
 
Voor een optimaal cellulair medicijn stellen wij voor om αβT-cellen te 
herprogrammeren met het genetisch materiaal van een tumor-specifieke 
γδTCR. Vervolgens kunnen deze gemodificeerde αβT-cellen een breed 
spectrum van tumorcellen herkennen. γ9δ2TCR gemodificeerde αβT-cellen 
zijn een veelbelovende strategie om duurzame responsen tegen kankercellen te 
bewerkstelligen en daardoor een veelbelovende manier om kankerbehandelingen 
op basis van T-cellen te verbeteren. 
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DEUTSCHE ZUSAMMENFASSUNG

Die Doktorarbeit mit dem Titel „Auf die Mischung kommt es an - γδTCR 
ersucht αβT-Zelle zur Therapie“ beschreibt eine Strategie zur Verbesserung von 
Krebsbehandlungen auf Basis von T-Zellen. Ziel dieser Arbeit ist die Entwicklung 
eines tumorreaktiven γδT-Zell-Rezeptors (TCR), welcher Tumorzellen 
verschiedenen Ursprungs erkennen kann. Mit diesem γδTCR können folglich 
TCR-modifizierte T-Zellen hergestellt werden, die potenziell gegen verschiedene 
Krebserkrankungen eingesetzt werden könnten.

Krebs – auch als der „Imperator aller Krankheiten“ bezeichnet - ist eine der 
bedrohlichsten Krankheiten unserer Zeit. Sie scheint allgegenwärtig und auf die ein 
oder andere Weise sind wir alle von dieser Krankheit betroffen. Die Wissenschaft 
ist nun gefragt, eine verbesserte Einsicht in die komplexen Mechanismen der 
Krebsbiologie zu geben und aussichtsreiche Therapien für Krebspatienten zu 
entwickeln. Die klinischen Erfolge von Krebsbehandlungen mit Immunzellen haben 
gezeigt, dass Immunotherapien das Potenzial besitzen, spezifische und beständige 
Reaktionen gegen Krebszellen hervorzurufen. Einer dieser therapeutischen Ansätze 
setzt genmodifizierte T-Zellen ein, um Krebszellen zu erkennen und unschädlich 
zu machen. Dabei wird ein tumorspezifischer Rezeptor, welcher Tumorzellen 
erkennen kann, in αβT-Zellen eingebracht. Solch modifizierte αβT-Zellen können 
potenziell gegen verschiedene Krebserkrankungen eingesetzt werden. In dieser 
Arbeit wird ein vielversprechender γ9δ2T-Zell-Rezeptor (γ9δ2TCR) beschrieben, 
der verschiedene Krebsarten erkennen kann und dadurch für eine T-Zell-Therapie 
in Frage kommt. Der γ9δ2TCR ist ein aktivierender Rezeptor der von γ9δ2T-Zellen 
exprimiert wird. γ9δ2T-Zellen sind eine kleine Untereinheit aller peripheren 
T-Zellen mit unspezifischen Eigenschaften, die bei der Krebszellenerkennung eine 
wichtige Rolle spielen.
 
In Kapitel II wurde festgestellt, dass nicht alle γ9δ2T-Zellen die gleiche Reaktivität 
bezüglich ihrer Spezifität und Intensität der Immunreaktion gegen Krebszellen 
besitzen. In dieser Studie wurde dazu aus einer Anzahl von individuellen 
γ9δ2T-Zellen eines gesunden Individuums der γ9δ2TCR isoliert und erkannt, 
dass manche γ9δ2TCRs eine sehr gute Aktivität gegen Tumorzellen vermitteln, 
während andere γ9δ2TCRs nur geringfügig zur Aktivierung von γ9δ2T-Zellen 
beitragen. Wir zeigen, dass dieser Aktivitätsunterschied auf kleinen strukturellen 
Abweichungen im aktiven Zentrum des γ9δ2TCRs basiert. Differenzen in 
der Sequenz oder Länge der δ2-Kette, genauer gesagt der δ2CDR3-Region, 
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waren dabei entscheidend, aber auch die Kombination bestimmter γ9- und δ2-
Ketten. Veränderungen in der Proteinsequenz, sowohl der γ9-, als auch der δ2-
Kette, können das Reaktivitätsvermögen von γ9δ2TCR-modifizierten T-Zellen 
gegen Tumorzellen beeinflussen. Durch diese Erkenntnisse konnten wir eine 
neue Methode entwickeln, die wir als Combinatorial-γδTCR-chain Exchange 
(CTE) bezeichnen. Bei diesem Verfahren werden definierte γ9- und δ2-Ketten 
miteinander kombiniert, um dadurch neuartige γ9δ2TCRs zu generieren, die 
eine starke Reaktivität gegen verschiedene Tumortypen aufweisen. Wird solch 
ein γ9δ2TCR in αβT-Zellen zur Expression gebracht, kann man eine große 
Anzahl tumorreaktiver T-Zellen herstellen, die Krebszellen erkennen und 
zerstören können. γ9δ2TCR-modifizierte αβT-Zellen sind eine vielversprechende 
Möglichkeit, um eine zielgenaue Reaktion gegen Tumorzellen hervorzurufen 
und dadurch Krebsbehandlungen mit tumorreaktiven T-Zellen zu verbessern. 
 
Neben dem γ9δ2TCR besitzen γ9δ2T-Zellen weitere Rezeptoren, die zur 
Aktivierung dieser Zellen beitragen. Das genaue Zusammenspiel dieser Rezeptoren 
bei der Tumorerkennung ist Thema heutiger Forschungsfragen und bislang nicht 
im Detail aufgeklärt. In Kapitel III wurde die Interaktion von γ9δ2TCR und 
NKG2D untersucht. Der aktivierende Rezeptor NKG2D wird von Natürlichen 
Killer-Zellen (NK-Zellen) aber auch von einer Vielzahl γ9δ2T-Zellen exprimiert. 
NKG2D erkennt Tumorzellen durch Stresssignale an der Oberfläche der Zelle und 
trägt damit aktiv zur Tumorerkennung bei. Im Bezug auf γ9δ2T-Zellen ist seine 
Funktion als individueller Rezeptor einerseits und als Co-Rezeptor des γ9δ2TCRs 
andererseits umstritten. Deshalb wurde in dieser Studie das Zusammenspiel von 
NKG2D und genau definierten γ9δ2TCRs untersucht, um herauszufinden, wie 
unterschiedliche γ9δ2TCR-Aviditäten die Aktivität von NKG2D beeinflussen. Wir 
zeigen, dass ein funktioneller γ9δ2TCR eine Voraussetzung für die Co-Stimulation 
durch NKG2D ist. Weiterhin ist die Stärke des γ9δ2TCR-Signals entscheidend 
für das Ausmaß an NKG2D-Co-Stimulation. NKG2D kann die Aktivität gegen 
Krebszellen erhöhen, aber die Stärke dieses aktivierenden Signals ist abhängig 
von der γ9δ2TCR-Avidität. Vermittelt der γ9δ2TCR eine hohe Avidität trägt die 
NKG2D-Co-Stimulation nur begrenzt zur Aktivierung der T-Zelle bei, während die 
NKG2D-Co-Stimulation bei einer geringen γ9δ2TCR-Avidität die Aktivierung der 
T-Zelle maßgeblich erhöht. Hinsichtlich zellulärer Immuntherapien zeigen diese 
Ergebnisse, wie wichtig die Selektion einer γ9δ2T-Zellpopulation ist, die optimale 
Eigenschaften besitzt, um Tumorzellen erfolgreich zu erkennen, beispielsweise die 
hohe Expression eines tumorreaktiven γ9δ2TCRs und die Co-Stimulation von 
Rezeptoren, die zur Aktivitätserhöhung beitragen können, zum Beispiel. NKG2D.  
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Kapitel IV beschreibt eine neuartige Aufreinigungsmethode zur Herstellung von 
γ9δ2TCR-modifizierten T-Zellen für die klinische Anwendung. Ein definierter 
γ9δ2TCR mit starker Aktivität gegen Krebszellen verschiedenen Ursprungs wurde 
dabei mittels Combinatorial-γδTCR-chain Exchange (CTE) generiert und mit Hilfe 
eines klinisch erprobten viralen Vektors in αβT-Zellen eingebracht. Ein Problem 
für zellulare TCR-Therapien ist, die Zellen zu einer großen Anzahl anzureichern, 
die den eingebrachten TCR in hohem Maße exprimieren. Wir stellen hier eine 
neue Aufreinigungsmethode vor, wobei ein klinisch erprobter anti-αβTCR 
Antikörper eingesetzt wird, um γ9δ2TCR-modifizierte T-Zellen mit hohem 
Reinheitsgrad zu produzieren. Auf diese Weise können T-Zellen mit einer hohen 
Expression des eingebrachten γ9δ2TCR auf effiziente Weise angereichert werden. 
γ9δ2TCR-modifizierte T-Zellen sind hervorragend geeignet um Tumorzellen zu 
erkennen und sind Basis einer zellulären Medizin, welche beständige Effekte gegen 
Krebszellen erzielen kann und für eine große Anzahl von Patienten anwendbar ist. 
 
Kapitel V gibt einen allgemeinen Überblick über den heutigen Wissensstand 
des Erfolges mit dem Einsatz von Immunzellen, die unspezifische Eigenschaften 
besitzen, wobei ausführlich auf γδT-Zellen und NK-Zellen eingegangen wird. 
Die Aufklärung der Aktivierungsmechanismen dieser Zellen geht enorm schnell 
voran und mit diesem Wissen können gegenwärtige Krebsbehandlungen auf Basis 
von Immunzellen verbessert werden. Der Erfolg klinischer Studien variiert aber 
stark zwischen einzelnen Patienten und eine vollständige Genesung kommt leider 
nur selten vor. Tumorreaktive Rezeptoren von γδT-Zellen und NK-Zellen können 
jedoch die effektive Behandlung von Krebs durch genetisches Umprogrammieren 
von T-Zellen verbessern. Diese Rezeptor-modifizierten T-Zellen sind (A) mit 
definierten Rezeptoren ausreichender Affinität und weitreichender Reaktivität 
gegen mehrere Tumortypen ausgestattet, (B) vom HLA-Typ des Patienten 
unabhängig und (C) können eingesetzt werden, um eine große Anzahl definierter 
tumorreaktiver Immunzellen zur Behandlung von Krebs  zu generieren.  
 
In Kapitel VI werden γδT-Zellen beschrieben, die neben Tumorzellen auch 
mit Cytamegalovirus (CMV) infizierte Zellen erkennen können. Anhand von 
Experimenten mit isolierten γδTCRs wurde festgestellt, dass der γδTCR für die 
Erkennung von Krebszellen verantwortlich war, nicht aber für die Erkennung von 
CMV-infizierten Zellen. Als weiterer wichtiger Punkt wurde CD8αα als ein Co-
Rezeptor für bestimmte γδTCRs identifiziert. Diese Resultate lassen erkennen, 
dass die molekularen Mechanismen, welche für die γδT-Zell-Aktivierung 
verantwortlich sind, bislang nur in begrenztem Maße genau beschrieben wurden 
und es noch viele Details zu ergänzen gilt.
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Für eine bessere Definition einer klinisch einsetzbaren Zellpopulation gegen 
Krebs schlagen wir vor das genetische Material eines tumorreaktiven γδTCRs in 
αβT-Zellen einzubringen. γ9δ2TCR-modifizierte T-Zellen können verschiedene 
Krebszellen erkennen und stellen eine vielversprechende Möglichkeit dar, um eine 
hohen Anzahl von Krebspatienten zu therapieren.



Acknowledgment

167

+

ACKNOWLEDGMENT

This thesis would not be as it is without the input and support of various people 
who accompanied my way and to whom I owe a debt of gratitude. 

I would like to thank:

My promoter Prof. Dr. Jürgen Kuball. Lieber Jürgen, Danke für Deine helfende 
Hand in dieser intensiven Zeit. Dadurch habe ich viel erreicht und viel gelernt 
über die verschiedenen Fassetten der Wissenschaft. „Perfect is the enemy of Good“ 
klingt mir jetzt noch in den Ohren und dieser Spruch begleitet mich bis heute, und 
ich benutze ihn sogar gelegentlich selbst! Ich wünsche Dir alles Gute für all Deine 
Ideen und weiterhin viel Erfolg mit γ und δ.

Group Kuball – I am happy that I ended up working in the Kuball group with all 
the pleasant work discussions and lovely group uitjes we enjoyed together.

Dear Vica, you left the group much too early for my taste. I really enjoyed working 
with you and had a good start with my project under your guidance. Thanks for 
organizing such lovely dinners at your place, celebrating Chanukka with you and 
your family meant a lot to me. 

Dear Sabine, it was a pleasure to see how you developed into a really fine technician. 
We went through a lot of technical hurdles together (I just say i.v. injection…) and 
I’m happy we always could motivate each other to manage them! 

Dear Suus, you are one of the reasons why I joined the Kuball group. I thought if 
you will work with such a nice and open minded colleague it just can go right. You 
filled the AIO kamer III with so much positivity and I really missed to hear your 
‘Hallotjes!’ when you left. I’m sure you are a wonderful doctor and wish you all the 
best for everything you are planning to do. 

Dear Wouter, I often have our bike trip in the snow on my mind: our way was not 
the easiest, the road sometimes slippery but in the end we managed to go through 
everything with a smile on our faces. Thanks for all the nice (work) discussions we 
had. I’m sure you will become a fine scientist and wish you all the best for that and 
for your life with lovely Mariette. 



168

Appendix

Dear Sam - woman with the magic hands! Thanks for your positive energy and 
your experience that lead to a huge amount of excellent data! It was a pleasure to 
work with you and everyone who ever has the chance to do so can call himself 
lucky! I appreciate the way you treat life and hope you stay as positive with all that 
you do.  

Dear Esther, you came as a master student and you left as a friend. You were such 
a great help and I enjoyed our time together a lot. I hope you manage well with you 
PhD and wish you all the best for whatever comes next. 

Dear Zsolt, I always appreciated your scientific input and all the help in the lab, 
especially with microscopy. It was a true pleasure to work with you and you were 
always an appreciated bench neighbour . Cycling to the UMC and back to 
Utrecht Centraal, having a coffee on the way… such little pleasures always count 
in the end. I hope you always will spend a good time in your lovely garden and 
elsewhere in the world with charming people around.   

Dear Trudy, why you didn’t join the group earlier? Your appearance had such a 
positive impact to our lab life and I really enjoyed working with you on our project! 
I wish I could be there when our γδTCR becomes part of a therapy. But even more 
exciting was to go through pregnancy together, it’s such a precious experience and 
I’m glad we could share it. I hope Pepijn and Alicja will meet some day. All the best 
for your second baby and your growing family!

Dear Lotte, you started the baby boom! Luckily  Thanks for taking me once to 
the clinic, I really appreciate that. 

Dear Cristina, Henrieke, Elselien, Zuzana, Kirsten, Liane, thank you for your 
input and assistence in the time we were working together!  

Dear Petra, it was a pleasure to work at your side in the lab. You are a very special 
person and I always appreciated your calm and friendly character. 

Friends and Family are strengthening your back outside this crazy scientific life 
and this is priceless and more than needed.  

My dear Lukasz, I’m so happy that you are not a scientist and that I always could 
come home and relax with you in our little house in Gouda. This was my oasis, my 
favorite place to be. Thank you for being there for me with all that you are. 



Acknowledgment

169

+

My dear Ela, I’m so glad that I met you and that I found such a great friend in you. 
You made my life in the Netherlands so valuable and colorful! All those places we 
went to, all these discussions and ideas that we had, all the laughter and tears that 
we shed – thanks for sharing all that with me. 

Meine liebe Heike, es ist so toll das sich unsere Wege gekreuzt haben! Du hast 
mein Leben auf so schöne Weise bereichert und ich hör mich jetzt noch fröhlich 
summend durch die Straßen von Delft laufen nach einer Gesangsstunde bei Dir . 
Deine Energie war so ansteckend und ich bin froh über all die Momente die wir 
zusammen genießen konnten – das hat mir immer super viel Kraft gegeben. Ich 
hoffe wir machen irgendwann ein verrücktes Projekt zusammen – das kann nur 
gut werden .

Liebe Denise, danke für das Cartoon!

Liebste Eltern, so weit weg und trotzdem ganz nah. Danke für alles was ihr 
für mich getan habt in dieser Zeit. Allein die beiden Umzüge waren die reinste 
Herausforderung, doch auf euch kann man sich einfach immer verlassen und 
wenn das auch heißt innerhalb von 2 Tagen nach Gouda und zurück zu brausen. 
Den Mut zu finden in die Welt hinaus zu gehen um dort zu leben und dadurch 
Erfahrungen sammeln zu können ist vor allem der Gewissheit zu danken dass ich 
bei euch immer ein zu Hause finde, egal was passiert. Umso mehr genieße ich es 
jetzt wieder da zu sein und euch in meiner Nähe zu wissen. 

Und auch noch ein dickes Dankeschön an meine zwei Brüder, immer da wenn’s 
brenzlig wird! Wir alle sind schon ein verdammt gutes Team .  



170

Appendix

CURRICULUM VITAE 

Elsa Cordula Gründer was born on the 16th of July 1982 in Dresden (Germany) as 
daughter of Martina and Joachim Gründer. With her two brothers she grew up in 
Dresden where she also went to secondary school at the ‘Bertolt-Brecht-Gymnasium’ 
which offered a focused education in natural science. After completing secondary 
education she decided to travel for three month through the Middle East before 
she started to study ‘Applied Natural Science’ in Freiberg (Germany). During her 
studies she received a Socrates/Erasmus scholarship in 2005 for a study semester 
of Biotechnology (specialisation Genetics and Physiology) in Clermont-Ferrand 
(France). Before she started her diploma work she spent another study semester in 
Wroclaw (Poland) where she deepened her knowledge in medical biotechnology. 
The study exchange was realized by a scholarship of the ‚Gemeinschaft für 
studentischen Austausch in Mittel- und Osteuropa (GFPS) e.V.‘ in 2008. Later that 
year she started to work at the Center for Regenerative Therapies Dresden (CRTD) 
on her diploma thesis entitled ‘Functional Analysis of Interleukin 34’, which she 
defended in 2009. Afterwards she moved to the Netherlands and started to work 
in the lab of Jürgen Kuball on γδT cell receptor gene transfer strategies for cancer 
immunotherapy at the University Medical Center Utrecht (UMCU). During that 
time she focused on the development of a strongly tumorreactive γδT-cell receptor 
as a tool to generate γδTCR-modified T-cells for clinical application in cell-based 
cancer immunotherapies. The results are presented in this thesis. 

Cordula currently lives together with Lukasz and their two daughters near Dresden 
in the country side.  



171

+

Curriculum Vitae




