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Introduction  

After the overwhelming clinical success of targeting hematological 
malignancies with CAR-T cells1,  the first signals of treatment are seen for solid 
tumors targeted by engineered immune cells2. However, targeting solid 
tumors with this kind of immunotherapy still remains a challenge3,4. There are 
multiple mechanisms that make it difficult for adoptive cellular therapies to 
effectively target solid tumors.  

First, most solid tumors lack homogeneous expression of a tumor-specific 
antigen making it difficult to find appropriate receptors to target them5. The 
selection of targetable tumor antigens needs careful consideration to avoid 
targeting of healthy tissue, especially when considering engineered cellular 
therapies against solid cancers, where potent and safe antigens are rare 6. 
Additionally, the microenvironment of solid tumors holds unique features 
such as expression of immunosuppressive molecules and hypoxia that have a 
huge impact on T cell fitness4,7,8. Finally, a combination of extracellular matrix 
deposition and anti-inflammatory signals, like attracting mesenchymal 
derived suppressor cells (MDSCs), prevent effective infiltration of T cells 
towards the tumor site 9.  

In this article we will further discuss the roadblocks facing successful 
implementation of T cell therapies for the treatment of solid malignancies 
focusing on γδT cells and their receptors since they provide a new avenue to 
target novel tumor antigens.  Characterization of these cells and their 
receptors holds the potential to generate novel strategies for targeting cancer 
and provide new engineering strategies to potentially overcome these hurdles. 

Gamma delta T cells as source of novel tumor-targeting receptors  

The infiltration of γδT cell in tumors has been associated in many studies to 
have a favorable impact on patient survival10-16, while some other studies 
made in murine models report that  interleukin-17 (IL-17) producing γδT cells 
are tumor promoting17, 18. While these data are very insightful, it has to be 
carefully handled when translating it to human clinical practices given that 
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1 
human and mouse γδT cell repertoires and functions are not fully compatible.    
Regardless of the ultimate effector function, activation of γδT cells is 
contingent upon the engagement of their surface receptors with antigens on 
the tumor cell. γδ T cells can be divided into two groups, Vδ2+ and Vδ2-, with 
Vδ1 forming the majority of Vδ2- T-cells.  Vδ2- T cells are predominantly found 
in peripheral tissue and have also been shown to be enriched in carcinomas 11, 

19-21.  Multiple studies reported a correlating favorable clinical outcome either 
with the presence of Vδ2- T-cells12, 13 or with γδT in general22. This tissue-
association might be advantageous for targeting and infiltrating solid tumors 
when using Vδ1TCR T cells as effector cells. Vδ2- TCRs can recognize a wide 
variety of ligands that are expressed on infected and malignant cells 23. A large 
number of studies have shown that numerous Vδ2- TCRs can recognize 
nonpolymorphic MHC I-like molecules MR1 and CD124, 25. Most CD1 isoforms, 
CD1a, CD1b, and CD1c, are mainly found on cells of hematological origin and 
declassify them as potential ligands for solid tumors26, but both MR1 as CD1d 
have been found to be expressed on solid tumors 26, 27. Other γδTCR ligands 
expressed on solid tumors and are recognized by specific Vδ2- TCR clones are 
endothelial protein C receptor (EPCR)28, Annexin A229, and EphA230. Based on 
the wide breath of ligands recognized by Vδ2- TCRs23, it is to be expected that 
many more ligands for this subset will be identified in the future. While many 
of these Vδ2- TCR ligands are also expressed on the surface healthy cells, 
such as EPCR on endothelial cells31 and CD1d on APCs32, no major safety 
concerns have been reported. For example, a study demonstrating that while 
an EPCR reactive Vδ2- TCR clone recognized cytomegalovirus (CMV)-infected 
or malignant endothelial cells it was not reactive against normal endothelial 
cells, due to increased expression of immune modulating molecules such as 
CD54 and CD5828. Additionally, to avoid toxicity towards healthy, antigen 
presenting cells (APCs), lipid-specific CD1d reactive Vδ2- TCRs can be used33.  

Unlike above discussed Vδ2- T cells,  Vδ2+ T cells, also referred as Vγ9Vδ2 T 
cells are mainly present in blood and their role of cancer immune surveillance 
have been studied the most among all γδT cells 34. The process of identifying 
the ligand complex for the invariant Vγ9Vδ2 TCRs has been a long and winding 
path, that started with the identification of phosphoantigens 35 that are bound 
by the intracellular domain of butrophylin 3A1 (BTN3A1)36. This process leads 
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to a re-localization of BTN3A1 to the cell surface37, 38, where it can form a 
complex with BTN2A139-41. Only when this phosphoantigen driven complex of 
BTN3A1 and BTN2A1 is formed on the plasma membrane, Vγ9Vδ2 TCRs can 
be activated. This multistep ligand complex formation serves a safety 
threshold that prevents Vγ9Vδ2 TCR mediated toxicity towards healthy tissue 
but enables the eradication of tumors in many preclinical models42-44.  

While γδT cells have their natural potential to target cancer, as described 
above, the most clinical trials to date, that have assessed the efficacy and 
safety of γδT cells as adoptive cellular therapy did show moderate clinical 
efficacy45-48 where only incidentally e.g. prolonged survival of patients has 
been reported 47. However, the potential of natural, tumor infiltrating γδT cells 
has recently been demonstrated in colorectal cancer10 and kidney cancer16, 
supporting the idea to further investigate the details of receptors present on 
γδT cells for the treatment of cancer. While providing an emerging universe of 
tumor specific receptors, one has to carefully assess possible toxicity against 
healthy tissues in advanced 3-dimensional preclinical models42, 43, 49 that 
resemble the homeostatic environment of the human body.    

Improving T-cell fitness for durable tumor control 

T cell dysfunction has been one of the major causes of failure of CAR-T cell 
treatments as it results in poor T cell expansion and short-term persistence 
resulting in reduced anti-tumor efficacy 8, 50. Despite efforts to improve CAR 
designs, CAR-T cell exhaustion remains one of the main limitations of this kind 
of therapy 51-53. Thus, although CAR-T field has significantly growth in the last 
years, some studies advocate for the use of natural TCR signaling to reduce 
exhaustion of T cells54, 55. The main reason for this is that CAR’s artificial design 
accelerates exhaustion of T cells when compared to TCR based therapies, 
mostly due to the described tonic signaling in the absence of antigen55-57. In 
this line, several designs have been explored to make CAR more TCR-like, 
such as HLA-independent TCR (HIT) or synthetic TCR and antigen receptor 
(STAR)58, 59. The CAR scFv sequence in these receptors is fused to the constant 
domains of an αβTCR, thereby preserving TCR signaling while using the CAR’s 
ability to recognize tumors in an HLA independent way. An elegant alternative 
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to these designs is engineering αβ T cells to express tumor-reactive Vγ9Vδ2 
TCRs (called TEGs)42, 60. In this way, the use of γδTCRs in T cell therapy appear 
to be advantageous when compared with CARs or αβTCRs, as they supply T 
cells with natural TCR signaling while preserving the ability of recognize 
tumors in an HLA-independent way45.  

Optimal co-stimulation has been described as key to overcome exhaustion 
and improve T cell fitness and persistence in the context of cancer61-63. 
Therefore, as costimulatory signals are highly involved in T cell metabolic 
reprogramming64, 65 and T cell exhaustion is closely related with metabolic 
dysfunction, manipulation of co-stimulation in T cell therapies will result in 
improved metabolic T cell fitness, which is key to achieve robust anti-tumor 
responses64. One example is the addition of co-stimulatory domains to the 
first generation of CARs, which has shown to improve persistence of these 
cells66, 67. This led to the development of second and third generation of CARs 
with improved proliferation ability. Therefore, combining natural TCR signaling 
properties, by using γδTCRs to target tumors, with improved co-stimulation 
might be the answer to CAR-T limitations.  

One way to improve the co-stimulation of T cells can be achieved by 
expressing chimeric costimulatory receptors (CCRs) in combination with a 
CAR or a TCR68-71. These receptors preserve the structure of conventional 
second-generation CARs but lack the CD3ζ domain, therefore providing only 
costimulatory signals to the T cell. Uncoupling of signal 1 (CD3 signal) and 
signal 2 (co-stimulation) by this dual targeting has been shown to be 
beneficial72-74 as T cells will only activate once synergistic signals are delivered 
upon encounter of both antigens. While these receptors improve T cell 
proliferation, they also reduce exhaustion72 thereby improving T cell 
persistence in the tumor niche and leading to an improved therapeutic effect72, 

75.  

A type of CCRs are the so-called switch chimeric co-receptors76-79, which use 
the extracellular domain of a described inhibitory receptor (such as PD-1 or 
TIGIT) and link it to the intracellular domain of activating costimulatory 
receptors (such as CD28 or 4-1BB) or eventually DAP10, when expressed in 
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γδT cells71. Thus, these receptors turn inhibitory signals, that would normally 
induce exhaustion of T cells, into activating signals. This strategy improves not 
only T cell fitness, by improving co-stimulation, but also makes engineered T 
cells resistant to tumor microenvironment immunosuppressive factors.  

Finally, it is important to further investigate the mechanisms that impact T cell 
fitness as not all the T cells subsets respond equal to the same stimulus. For 
example, TGF-β has been shown to improve cytotoxic activity of Vδ2+ T cells80 
while it is been described to suppress αβ T cells function81. Furthermore, IL-
15 has been shown to improve tumor killing capacity of γδT cells isolated from 
AML patients82. Therefore, comprehensive studies and rational engineering it 
is key to develop effective therapies.  In conclusion, to achieve durable anti-
tumor responses the next generation of T cell-based immunotherapies should 
include fine-tuning of co-stimulation, to preserve T cell fitness, ensure 
persistence, and skew the T cells to the most potent phenotype.  

Tackling the tumor microenvironment  

The lack of efficacy observed for different T cell treatments targeting various 
antigens in solid tumors suggest the presence of general barriers that inhibit 
the efficacy of these immunotherapies. The cellular and extra-cellular 
composition of the tumor microenvironment can influence the tumor biology 
and response to immune therapy83. The dense extracellular matrix (ECM) of 
solid tumors is a physical barrier for T cells to penetrate leading to low 
numbers of infiltrating, endogenous T cells in solid tumors 4. Meanwhile, 
immunosuppressive cells such as myeloid-derived suppressive cells and 
regulatory T cells in the tumor microenvironment (TME) inhibit antitumor 
activity of T cells that do infiltrate in the TME84. Different engineering strategies 
are being developed to overcome these general barriers of T-cell therapies in 
solid malignancies. 

Modulation of the chemokine signaling of the tumor-reactive T cells can lead 
to improved T cell infiltration by increasing chemotaxis towards the tumor site. 
For example, expression of the colony stimulating factor receptor (CSF-R) in 
CAR-T cells improved migration towards solid tumor models producing CSF85. 
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Arming T cells with other chemokine receptors have shown similar results 
where CCR4, CCR2b and CXCR3 overexpression in the T cell products led to 
increased infiltration in the TME and thereby increased tumor targeting86-88. 

Upon infiltration of immune cells in the TME, multiple mechanisms can render 
the T cells inactive via expression of immunosuppressive molecules. Well-
known checkpoint molecules such as PD-1 and TIM3 are not only affecting αβ 
T cells but also act on γδ T cells as has been recently shown10 in colorectal 
cancer. However, γδ T cells are also often regulated  by unique sets of 
inhibitory natural killer (NK) receptors: for example, tumor and stromal cells 
can express ligands for immune checkpoints in T cells like HLA-E binding 
NKG2A on γδ tumor infiltrating lymphocytes (TILs)89. To overcome this, 
numerous cytokines have been tested to make armed CAR-T cells also known 
as T cell redirected for antigen-unrestricted cytokine-initiated killing 
(TRUCKs)90. CAR-T cells targeting different solid tumor models were shown to 
improve their anti-tumor activity, increase their resistance to regulatory T cell 
signaling and improve local proliferation upon arming the T cells with IL-12 
expression91-93. Expression of other cytokines such as IL-7, IL-15 and IL-18 
have shown to provide similar results by increasing therapy efficacy via 
increasing local inflammation in the TME93-95. Chemokine and cytokine arming 
of γδTCR based T cell therapies could increase efficacy since other T cell 
engineering approaches for CAR-T cells. 

Additionally, CAR-T cells can be engineered to express ECM-modifying 
enzymes to facilitate better penetration to the tumor site. Heparinase 
expressing GD2 CAR-T cells improved their infiltrating capacity in solid tumor 
models compared to CAR-T cells lacking heparin expression96, 97. Arming CAR-
T cell with prolyl endopeptidase is another approach for targeting the ECM in 
the TME98. Expression of prolyl endopeptidase in CAR-T cells improved their 
anti-tumor activity, however some toxicity towards healthy tissue was 
observed with both ECM targeting approaches. Introducing these types of 
modifications could be very promising for improving the therapeutic effect of 
γδTCR T cells in solid tumors. 
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Future Perspectives  

Current developments in the field of engineered adoptive cellular therapies, 
especially CAR-T cell therapies show promising results in the treatment of 
haematological malignancies; more specifically B cell-derived tumors. 
However, adapting these T cells therapies to solid tumor treatments options 
requires overcoming certain impediments posed by solid malignancies and 
their TME (Figure 1). Fortunately, these T cells-based therapies allow for ex 
vivo modifications of the treatment to address these tumor-specific 
challenges posed in the TME of solid tumors where lesson learned from tumor 
specific γδT may provide a possible solution.   

Selection of the tumor-reactive receptor and the tumor specific/associated 
antigen remains the first important step in optimizing T cell therapies in solid 
tumors. To this end, γδTCRs are an interesting option due to their unique 
recognition patterns. Secondly, the addition of a co-stimulatory signal, 
especially in combination with a naturally low affinity γδTCR can help improve 
T cell fitness via either one of the three suggested signalling approaches. 
Expressing a chimeric costimulatory receptor to mimic signal 2 will help the T 
cells to retain their anti-tumor activity upon prolonged exposure in the TME. 
Furthermore, the induction of inflammation via secretion of cytokines such as 
at the tumor site can help the tumor infiltrating γδTCR T cells to overcome the 
immunosuppressive signals present in the TME. Finally, expression of 
chemokine(receptors) or ECM modifying molecules can help increase T cell 
infiltration in the solid tumor microenvironment.  

In conclusion, promising approaches for improving the efficacy and scope of T 
cell therapies are being developed to overcome the current roadblocks in the 
treatment of solid malignancies. Using γδTCRs as tumor-reactive receptors, 
and combining these with appropriate co-stimulation via expression of 
additional chimeric costimulatory receptor to improve fitness and providing 
additional mechanisms to improve γδTCR T-cell infiltration like boosting 
chemotaxis, will be key assets to enhance efficacy of T cell therapies for solid 
malignancies. While further modifying the T cells does contain risks, these 
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solutions will help to optimize efficacy of engineered T cell therapies and 
introduce this technology for a more widespread use in anticancer therapy.   

 

Figure 1. Schematic representation of T-cell engineering approaches. Biological  mechanisms that 
prevent effective adoption of gd T-cell therapies for the treatment of solid malignancies and suggested 

engineering strategies to overcome these hurdles are shown 
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As outlined in our review in Chapter 1 promising approaches for improving the 
efficacy and scope of T-cell therapies are being developed to overcome the 
current roadblocks in the treatment of solid malignancies. Using γδTCRs as 
tumor-reactive receptors, and combining these with appropriate co-
stimulation via expression of additional chimeric costimulatory receptor to 
improve T-cell fitness will be key assets to enhance efficacy of T-cell therapies 
for solid malignancies. While further modifying the T-cells does contain risks, 
it will help to optimize efficacy of engineered T-cell therapies and introduce 
engineered T-cell therapies for a more widespread use in anticancer therapy. 
In this thesis, we aimed to develop new T-cell based therapies by harnessing 
the capacity of γδTCRs to target tumor cells. We explored different designs, 
either as soluble formats, by developing bispecific T-cell engagers (chapters 
3 and 4), or membrane embedded formats (chapters 5 and 6), by co-
expression of different γδTCRs together with natural or chimeric co-receptors 
in an αβT cells. Finally, inspired by a concept originally developed for γδTCRs, 
we aimed to further improve product purity when using αβTCRs to engineer 
αβT cells (chapter 7). 

In Chapter 3 we developed a novel bispecific T-cell engager by fusing the 
extracellular domains of a tumor reactive γδTCR to an anti-scFV-CD3, 
creating γδTCR anti-CD3 bispecific molecules (GABs). GABs are able to bind 
αβT-cells through their anti-CD3 domain and redirect them to recognize tumor 
cells through their γδTCR domain. GABs were able to target both 
hematological and solid tumors in vitro without harming healthy tissues, and 
decreased tumor outgrowth in a subcutaneous multiple myeloma xenograft 
model. Thereby we harness the potential of γδTCR to target a broad range of 
tumor cells, and combine it with the advantage of an off-the-shelf treatment 
such as a bispecific molecule, thus shortening the time to infusion as well as 
treatment cost when compared with other therapies like CAR-T cells.   

In Chapter 4 we study the impact of the affinity of the anti-CD3 arm on GABs 
efficacy. We demonstrated that increasing the affinity of the anti-CD3 scFV 
improves GABs efficacy in vitro. Moreover, GABs containing a high affinity anti-
CD3 increased tumor control in a multiple myeloma xenograft model and were 
found to be bound longer to T-cells in vivo.  
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In Chapter 5 we aimed to improve TEG011 (αβT-cells engineered to express 
an allo-HLA-A*24:02-restricted Vγ5Vδ1-TCR called FE11) efficacy by co-
expressing CD8a. FE11-TCR activity has been shown to be CD8α-dependent. 
Introduction of CD8α into TEG011 CD4+ cells improved in vivo persistence 
and tumor infiltration of these cells, resulting in enhanced tumor control.  

In Chapter 6 we describe a novel strategy to target tumors from different origin 
by combining targeting of tumor metabolic reprogramming and stress ligands. 
To do this, we harness the metabolic sensing of Vγ9δ2-TCRs to target a large 
variety of tumors by using the clinical candidate TEG001 (αβT-cells expressing 
the Vγ9δ2-TCR called Cl5), combined with a NKG2D or anti-CD277 based 
chimeric co-receptor that recognizes the stress ligands and provide co-
stimulation once TCR is engaged. NKG2D-CD28 and NKG2D-4-1BB chimeric 
co-receptors were able to increase tumor control in a multiple myeloma 
xenograft model. Moreover, NKG2D-4-1BB chimera increased proliferation in 
vivo, decreased tumor outgrowth in a head and neck subcutaneous xenograft 
model and transcriptionally reprogrammed CD4+ TEG001 towards a less 
exhausted phenotype. On the other hand, the anti-CD277 chimeric co-
receptor (103-4-1BB) reprogrammed both CD4+ and CD8+ cells and induced 
the eradication of liquid and solid tumors in vivo. Combining targeting of 
tumors through Vγ9δ2-TCRs with either NKG2D-4-1BB chimera or anti-
CD277 chimera relies on the targeting of two types of universal tumor-
associated antigens, and therefore it increases the number of tumors that can 
be treated with one single therapy when compared to other T-cell based 
therapies such as CARs, opening a broad range of opportunities to improve 
already existing T-cell based therapies.    

In Chapter 7 we describe a method to increase the product purity for αβTCR-
based therapies, in which two amino acids in the constant domain of the 
αβTCR are exchanged by their mouse counterpart. Modifying binding sites at 
the αβTCR was inspired by an isolation strategy using γδTCR 1, 2. Mutation of 
these two amino acids abrogate the binding of a GMP-grade human anti-
αβTCR antibody, which can be used to deplete the non-engineered or poorly 
engineered T-cells resulting in significantly increased percentage of 
engineered T-cells in the total product. Moreover, mutation of seven extra 
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amino acids in the constant region allowed for the depletion of engineered T-
cells by using an anti-mouse αβTCR antibody, which could be exploited in the 
future to specifically eliminate engineered T-cells in vivo.  

Chapter 8 summarizes and discusses the findings of the previous chapters in 
the context of the latest literature within the field of the γδ and αβT-cell 
immunotherapies. 
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Abstract 

Background: γ9δ2 T cells hold great promise as cancer therapeutics because 
of their unique capability of reacting to metabolic changes with tumor cells. 
However, it has proven very difficult to translate this promise into clinical 
success.  

Methods: In order to better utilize the tumor reactivity of γ9δ2T cells and 
combine this with the great potential of T cell engager molecules, we 
developed a novel bispecific molecule by linking the extracellular domains of 
tumor-reactive γ9δ2TCRs to a CD3-binding moiety, creating gamma delta TCR 
anti-CD3 bispecific molecules (GABs).  GABs were tested in vitro and in vivo 
for ability to redirect T lymphocytes to a variety of tumor cell lines and primary 
patient material.  

Results: GABs utilizing naturally occurring high affinity γ9δ2TCRs efficiently 
induced αβT cell mediated phosphoantigen-dependent recognition of tumor 
cells. Reactivity was substantially modulated by variations in the Vδ2 CDR3-
region and the BTN2A1-binding HV4-region between CDR2 and CDR3 of the 
γ-chain was crucial for functionality. GABs redirected αβT cells against a 
broad range of hematopoietic and solid tumor cell lines and primary acute 
myeloid leukemia. Furthermore, they enhanced infiltration of immune cells in 
a 3D bone marrow niche and left healthy tissues intact, while eradicating 
primary multiple myeloma cells. Lastly, GABs constructed from natural high 
affinity γ9δ2TCR sequences significantly reduced tumor growth in vivo in a 
subcutaneous myeloma xenograft model.  

Conclusions: We conclude that GABs allow for the introduction of metabolic 
targeting of cancer cells to the field of T cell engagers. 
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Introduction 

Among all immunological subtypes, γδT cells stand out in an unbiased 
computational analysis for their association with improved overall survival of 
patients with many different tumor types 1. γδT cells are innate like T cells that 
are present in both blood and tissue, and are known to be important for 
recognition of foreign pathogens, stress signatures of infected cells, and of 
cancer cells 2. In vitro, γδT cells display very potent and broad tumor 
recognition; they can target and lyse cancer cells of both hematological and 
solid origin 3, 4. In contrast to αβT cells, γδT cells do not rely on HLA for target 
cell recognition 5. γ9δ2 T cells, a γδ subset mainly present in the blood, are 
known to recognize an increase in intracellular phosphoantigens (pAg), which 
can be caused by microbial infections but are also found in many cancers 6. 
Recognition of intracellular pAg levels by γ9δ2 TCRs relies on an inside out 
mechanism involving RhoB, BTN3A1, and BTN2A1 7-11. The metabolic targeting 
of tumor cells by γ9δ2 cells paves the way for novel tumor antigens for 
immunotherapy 12. Unfortunately, the adoptive transfer of ex vivo expanded 
polyclonal γδT cells associates so far with few clinical responses 13, most 
likely because of a significantly underestimated diversity, and many 
mechanisms of tolerance in advanced cancer patients that act against this 
particular immune subset 12, 14. Most recently, restoring the αβ / γ9δ2 T cell 
balance by BTN3A1 blocking antibodies has been suggested to hold great 
therapeutic promise as a new checkpoint inhibitor 15; but only a fraction of 
tumors is infiltrated by γ9δ2 T cells 1. T cells engineered to express a defined 
γδTCR (TEGs) have been proposed as an alternative strategy 11, 16-24 in line with 
the development of chimeric antigen receptor transduced T cells (CAR-T) 25, 26. 
However, advanced therapy medicinal products (ATMPs) such as genetically 
engineered T cells are delivered to patients with a substantial price tag 27, and 
production processes, as well as clinical implementation are cumbersome 28. 

To avoid the practical and economic challenges of ATMPs while still utilizing 
the immune system to attack cancer, an alternative strategy is currently 
employed for classical antigens like CD19. Bispecific antibodies (bsAb) have 
been developed, fusing a tumor-targeting domain to a T cell binding domain, to 
recruit cytotoxic T cells to tumors. Such a bispecific T cell engager (BiTE) 
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combining an anti-CD19 and anti-CD3 domain is now used in daily clinical 
practice 29, and many other bsAb for cancer immunotherapy are in various 
phases of clinical development30. The selection of suitable tumor-associated 
target antigens for these novel therapies, however, remains very challenging, 
currently limiting the broad application of CAR-T and bsAb therapy 31. 

An alternative T cell engager strategy arose by linking  the extracellular domain 
of an αβTCR as a tumor antigen binding domain to a single chain variable 
fragment (scFv) of a CD3 antibody 32. These αβTCR-bispecifics recognize 
intracellular peptides presented by MHC molecules, creating the possibility of 
targeting novel tumor-specific antigens that are not expressed at the cell 
surface. HLA restriction, however, also limits the use of such αβTCR-
bispecifics to tumors with high mutational loads and defined HLA-types. 
Furthermore, down-regulation of HLA is observed as an immune-escape 
mechanism in approximately 40 to 90% of all human tumors 33, thereby greatly 
limiting the applicability of therapies based on αβTCR mediated tumor 
recognition.   

To overcome these limitations and to combine the tumor specificity and 
therapeutic potential of γδT cells with the recent success of T cell engagers, 
we fused the extracellular domain of a γ9δ2TCR to an anti-CD3 scFv. We 
demonstrate that these GdTCR Anti-CD3 Bispecific molecules (GABs) with 
natural high affinity γ9δ2TCR can mimic the rather complex more pattern-like 
mode of action mediated by a γ9δ2TCR 7, 8, 34 without the need of additional 
affinity maturation. GABs efficiently redirect αβT cells towards several tumor 
cell lines of both hematologic and solid origin, as well as primary patient 
material in vitro. Furthermore, we show significant reduction of tumor growth 
after GAB treatment in a subcutaneous myeloma xenograft model. We 
conclude that GABs open an avenue towards metabolic cancer targeting 
tumors with a bispecific format.  

Material and Methods 

Generation of Bispecific constructs  
A customized pcDNA3-NEO vector, which allows consecutive expression of 
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two genes of interest under their own CMV promoter, was a kind gift of Jan 
Meeldijk (LTI protein facility, UMC Utrecht, The Netherlands). First the 
antiCD3-scFv (OKT3) 35 gene was cloned into multiple cloning site one. In 
addition to the antiCD3-scFv gene, the DNA fragment also contained bases 
encoding, a (G4S)3 flexible linker at the 5’ end and poly histidine tag on the 3’ 
end. At the 5’ end of the flexible linker a BsiWI restriction site was present for 
the subsequent introduction of the TCR gamma chain in the vector, resulting 
in the TCR gamma-CD3scFv fusion gene. The TCR delta chain was cloned into 
the second multiple cloning site. TCR domain boundaries were used as in 
Allison et al. 36. Most γ9 and δ2 TCR sequences were reported previously 11, 24, 

36, while other γδTCR sequences were obtained from randomly picked clones 
(Table 1).   

Expression and purification of Bispecifics 
His-tagged GABs were expressed in 293 F cells. 293 F cells were cultured in 
Gibco Freestyle Expression medium, as transfection reagent 
Polyethylenimine (PEI) (25 kDa linear PEI, Polysciences, Germany) was used. 
Transfection was done using 293 F cells at a density of 1.10^6 cells/ml mixed 
with 1.25 µg DNA and 3.75 µg PEI per million cells. DNA and PEI were pre-
mixed in freestyle medium (1/30 of transfection volume), incubated for 20 
minutes, and added dropwise to the cell cultures. The cultures were 
maintained shaking at 37 °C 5% CO2.. Cell culture supernatant was harvested 
after 5 days and filtered through a 0.22 µm filter top (Milipore, United States). 
Supernatant was adjusted to 25 mM Tris (Sigma Aldrich, Germany), 150 mM 
NaCl (Sigma Aldrich, Germany) and 15 mM Imidazole (Merck, Germany) (pH 
8). Supernatant was loaded on a 1 ml HisTrap FF column (GE healthcare, 
United States) using the ÄKTA start purification system (GE healthcare, United 
States).  Column was washed with IMAC loading buffer (25 mM Tris,150 mM 
Nacl 15 mM Imidazole (pH 8), and protein was eluted using a linear imidazole 
gradient from 21 to 300 mM in 20 CV. Fractions containing the GAB were 
pooled, concentrated and buffer exchanged to TBS ( 25 mM tris, 150 mM 
NaCl, pH 8) using vivaspin 4 10 kD spin columns (Sartorius, Germany). Protein 
was diluted 100 times in IEX loading buffer (25 mM Tris pH 8), and loaded onto 
a  HiTrap Q HP 1 ml column (GE healthcare, United states)  using the ÄKTA 
start purification system, for a second purification step. Column was washed 
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with 10 column volumes IEX loading buffer, and protein was eluted using a 
linear NaCl gradient form 50 to 300 mM in 25 CV. Fractions containing the GAB 
were pooled, concentrated using vivaspin 4 10 kD spin columns (Sartorius, 
Germany) and examined by SDS-PAGE and staining with Instant blue protein 
stain (Sigma Aldrich, Germany). Protein concentration was measured by 
absorbance on Nanodrop and corrected for the Extinction coefficients. 
Protein was snap frozen and stored at -80°C and thawed before use.   

Cell lines, Flow cytometry, IFNγ Elispot,  CD107 degranulation assay, 
luciferase based cytotoxicity and the animal model are reported in 
supplementary methods. 

In vitro bone-marrow model  
The 3D model was previously described in detail 20. In short: primary CD138+ 
were selected from the mononuclear cells (MNCs) of myeloma bone marrow 
from two patients by MACS separation using microbeads (Miltenyi Biotec, 
Germany). The CD138+ cells and the RPMI 8226 tumor cells were stained 
with Vybrant DiO (Thermo Fisher, United States) and seeded in Matrigel 
(Corning, United States) together with multipotent mesenchymal stromal 
cells (MSCs) and endothelial progenitor cells (EPCs), both stained with 
Vybrant DiD (Thermo Fisher, United States). After four days, T cells were 
stained with Vybrant DiI (Thermo Fisher, United States) and administered to 
the model together with CL5 or LM1 GAB (30 μg/ml) and 10 μM PAM 
(Calbiochem, United States). One day later the culture medium was refreshed 
with medium containg 30 µg/ml GAB. Tumor-, T - and stromal cells within and 
surrounding the matrigel were visualized two days later by confocal imaging. 
Afterwards, the Matrigel was dissolved using Dispase (Corning, United States) 
to retrieve the cells from the model. The cells were quantified by FACS using 
Flow count Fluorospheres (Beckman Coulter, United States), and normalized 
to mock treatment. 

Results 

Production of highly pure GABs 
In line with the observation that not only antibodies but also high affinity αβTCR 
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can be linked to anti-CD3scFvs to redirect T cells to tumor cells 32,  we 
assessed whether the γ9δ2TCR CL5  (Table 1) was able to mediate anti-tumor 
reactivity in a bispecific format. GdTCR Anti-CD3 Bispecific molecules (GABs) 
were cloned with an anti-CD3scFv derived from the anti-CD3ε antibody OKT3 
linked to the C terminus of the gamma chain of a soluble γ9δ2TCR, using a 
flexible (G4S)3 linker (Figure 1A). 
 
Table 1 GAB sequences. Depicted are sequences used for generation of GABs  

 
CL5 GAB was expressed in mammalian freestyle 293F cells as secreted 
protein, and purified from the culture supernatant using His-tag purification, 
followed by a second ion exchange purification step, to ensure a highly pure 
protein product. As expected, the two different chains of the GAB, 
ectoGamma-CD3scFv and ectoDelta, were both clearly visible on gel (Figure 
1B). This indicates that during expression, the two separate chains of the GAB 
associate properly, resulting in a heterodimeric bispecific molecule.  

GAB REF CDR3δ CDR3γ 
CL5 24 CACDALKRTDTDKLIF CALWEIQELGKKIKVF 
6_2 this report CACDTLPGAGGADKLIF CALWEVQELGKKIKVF 
CL13 24 CACVPLLADTDKLIF CALWEVIELGKKIKVF 

G115 36 CACDTLGMGGEYTDKLIF CALWEAQQELGKKIKVF 
AJ8 this report CACDTAGGSWDTRQMFF CALWEAQQELGKKIKVF 

A1 11 CACDTLLLLGDSSDKLIF CALWEAQQELGKKIKVF 
A3 11 CACDAWGHTDKLIF CALWEAQQELGKKIKVF 
A4 11 CACDALGDTGSDKLIF CALWEAQQELGKKIKVF 

C1 11 CACDPVPSIHDTDKLIF CALWEAQQELGKKIKVF 
C3 11 CACDTVSGGYQYTDKLIF CALWEAQQELGKKIKVF 

C4 11 CACDTLALGDTDKLIF CALWEAQQELGKKIKVF 
C5 11 CACDLLAPGDTSFTDKLIF CALWEAQQELGKKIKVF 

C7 11 CACDMGDASSWDTRQMFF CALWEAQQELGKKIKVF 
LM1 24 CACDTLLATDKLIF CALWEAQQELGKKIKVF 
DLC4 46 CACDPAILGDELSWDTRQMFF CALWEVRQELGKKIKVF 

MOP 38 CACDPVVLGDTGYTDKLIF CALKELGKKIKVF 
RIG1 9 CACDPVQVTGGYKVDKLIF CALWEVHELGKKIKVF 

RIG6 9 CACDPLIGSERLGDTGIDKLIF CALWESQELGKKIKVF 
DGSF68 45 CACDTVAHGGGTDKLIF CALWEVGELGKKIKVF 
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GABs bind to αβT cells  
To further address proper folding of GABs, we employed a flow cytometry 
based analysis. αβT cells were incubated with CL5 GAB, followed by a 
secondary staining using fluorochrome labeled antibodies against Vδ2, Vγ9 or 
panγδ-TCR (Figure 1C). A strong and specific staining could by observed with 
all three antibodies, further indicating that the CD3scFv and both TCR chains 
are properly associated and folded. Following GAB binding on the cell surface 
of T lymphocytes that were coated with CL5 GAB over time, shows GAB 
binding up to four days after initial binding to CD3 (Figure 1D), with a declining 
signal after 2 days implying, as for other bispecific  molecules 37, that 
continuous presence of the molecule will be needed to maintain efficacy.  
 

 
 

Figure 1. GAB design and binding to CD3+T cells. (A) Schematic representation of the GAB design, 
showing the extracellular γδTCR domain linked to an anti-CD3 scFv via a flexible linker. (B) Purified GAB 
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was run on SDS-page gel and stained with Coomassie brilliant blue protein stain, visualizing the ectoγ-
CD3scFv and ectoδ-chain. (C,D) Coating of αβT cells with GAB (10 µg/mL (C) or 90 µg/mL (D)), followed by 
staining with fluorochrome labeled anti-Vγ9, Vδ2 or pan γδ antibodies. MFI was measured by flow 
cytometry and represented in histograms. GAB, gamma delta TCR anti-CD3 bispecific molecules 

GABs induce pAg-dependent tumor recognition by αβT cells which is 
influenced by variations in the Vδ2 TCR chain  
γ9δ2T cells are known to recognize SCC9 cells, a squamous cell carcinoma 
cell line. This recognition can be enhanced by treating tumor cells with 
pamidronate (PAM), which causes an increase in the intracellular 
phosphoantigen (pAg) levels by inhibiting the mevalonate pathway 24. To test 
whether GABs can also induce recognition of this cell line, αβT cells and SCC9 
target cells were co-incubated with and without PAM,  and CL5 or LM1 GAB. 
LM1 GAB was generated to serve as negative control, LM1 GAB harbors a γ9δ2 
TCR where the CDR3 region of the δ chain is replaced by a single alanine, 
making the γ9δ2 TCR non-functional.24 As anticipated, CL5 - but not LM1 GAB, 
induced recognition of SCC9 target cells by αβT cell in the presence of PAM 
(Figure 2A), suggesting that the mode of recognition by GABs is comparable to 
recognition mediated by  γ9δ2TCRs expressed at a cell membrane 11. 

We 11, 24 and others 38-40 reported on the impact of changes in the CDR3 region 
of δ2TCR chains on TCR function. To assess the impact of variations in the 
CDR3 region of the δ2TCR chain on GAB activity, we generated a larger panel 
of GABs, derived from previously published γ9δ2TCRs 11, 24, 36 and randomly 
picked γ9δ2T cell clones, varying in CDR3 δ-chain (Table 1). To assess activity, 
the different GABs were co-incubated with αβT cells and SCC9 target cells in 
the presence of PAM. Most GABs efficiently induced an IFNγ response, though 
activity substantially differed between different constructs (Figure 2B), 
although all showed similar binding to αβ T cells (Figure S1). GABs in which the 
CDR3δ was reduced to one alanine (LM1) did not induce IFNγ production at 
any concentration (Figure 2B). Titrating GAB concentrations allowed for 
further analysis of the differences in efficacy between the different CDR3δ 
sequences. We observed large differences in GAB activity with an EC50 of 0.8 
µg/ml for the best performing GAB to an EC50 of 25 µg/ml for the lowest 
activity. EC50 of several non- or very low active receptors could not formally be 
assessed (Figure 2B and Table 2). 
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Figure 2. GABs induce pAg dependent tumor recognition by αβT cells . (A–E) IFNγ production was 
measured by elispot, if separate spots could not be distinguished, spot count was set to a maximum value 
of 800. (A) αβT cells were co-incubated with SCC9 target cells in the presence or absence of PAM (100 µM) 
and LM1 or CL5 GAB (10 ug/mL), values are corrected for T cells only (n=4). (B) T cells were incubated with 
SCC9 target cells, PAM (100 µM) and an increasing concentration of GABs derived from different 
Vγ9Vδ2TCRs. A representative experiment is shown. (C) γ-chain HV4 mutations shown to hamper TCR  
binding were tested in the GAB format, αβT cells and target cells were co-incubated with the wildtype or  
mutant GABs (10 µg/mL) and PAM (100 µM) n=2. (D) AJ8 GAB (10 µg/mL) was co-cultured with T 
lymphocytes, HL60, HEK293FT WT or BTN3A1 knockout cells with and without PAM (100 µM) n=1 in duplo. 
(E) CL5 and AJ8 GAB (10 µg/mL) were tested in a coculture of T cells and a larger panel of target cell lines 
with and without the addition of PAM (100 µM), and compared with mock GAB LM1 n=2. Error bars 
represent SD, significance was calculated using a multiple T test (A) or one -way ANOVA (C–E). * 
P<0.05,**p<0.001, ***p<0.0001. ANOVA, analysis of variance; GAB, gamma delta TCR anti-CD3 bispecific 
molecules; PAM, pamidronate.  
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Table 2. EC50 of GAB for IFNγ release. EC50 of GABs was calculated from Figure 2A. n.d. not determined. 

 

γ-TCR loop and BTN3A are critical for GAB mediated αβT cell activation  
The HV4 region between the CDR2 and the CDR3 of the γ-chain is critical for  
γ9δ2TCR activity by binding to BTN2A1 expressed on target cells  9-11. To 
assess whether GABs also depend on this mode of action, we focused on GAB 
CL5, one of the most active TCR sequences from the tested panel, and 
introduced two mutations in the γHV4 region of  CL5 GAB (E70D72→K70L72 
(CL5EDKLGAB) and H85→R85 (CL5HR GABs)), reported to cause loss of activity in 
membrane expressed γ9δ2TCRs 41. CL5, CL5EDKL and CL5HR GABs were added 
to a co-culture of αβT cells with the well-described breast cancer cell line 
(MDA-MB231) or multiple myeloma cell line (RPMI 8226) 11, 24 in the presence 
of PAM. CL5EDKL  and CL5HR GAB lost activity, assessed by IFNγ production, 
when compared to the wild type CL5 GAB (Figure 2C), highlighting the 
importance of the γHV4 region for target cell engagement by GABs. 

BTN3A has also been recognized as a crucial factor in phosphoantigen 
dependent γ9δ2TCR reactivity. Loss of BTN3A membrane expression on 
target cell leads to a complete loss of membrane-bound γ9δ2TCR reactivity 

GAB EC50 (µg/ml) Confidence interval (µg/ml) R2 

CL5 0.7524 0.6285 to 0.9086 0.9956 

A3 0.8344 0.7055 to 0.9888 0.9637 

A4 2.417 2.038 to 2.882 0.9851 

C4 3.528 2.934 to 4.198 0.9916 

C5 4.028 3.304 to 4.818 0.9801 

AJ8 4.586 3.816 to 5.444 0.9777 

G115 8.537 7.127 to 10.23 0.9923 

6_2 9.811 7.777 to 12.17 0.9267 

C1 11.46 9.356 to 13.81 0.9471 

C3 12.30 10.14 to 14.74 0.9740 

CL13 27.70 21.50 to 42.50 0.9301 

A1 n.d. n.d. n.d. 

C7 n.d. n.d. n.d. 

LM1 n.d. n.d. n.d. 
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to pAgs 11, 42. By testing GAB mediated recognition of HEK293FT WT and 
BTN3A knock-out, we confirmed that GAB induced recognition after PAM 
treatment also depends on BTN3A expression (Figure 2D). These findings 
support the assumption that there is a similar binding mode between 
membrane-expressed γ9δ2TCRs and GABs, both depending on encounter of 
BTN2A1 through the γ-chain and a second signal, which is pAg and BTN3A 
depended. 

GABs retarget αβT cells to a wide variety of tumor cells  
Next, we addressed whether GABs can redirect αβT cells to a broader variety 
of tumor cells, and whether GABs with different EC50 against SCC9 target cells 
also have different activities against a broader range of hematological and 
solid tumor cells. GABs with lower (AJ8) and higher (CL5) EC50 or the negative 
control LM1 GAB were co-incubated with αβT cells, and previously defined 
panel of tumors targets cells 43. A significant increase in IFNγ production was 
observed for CL5 and AJ8 GABs against most tumor targets except for HL60 
and MDA-MB157, while LM1 GAB did not induce cytokine secretion (Figure 
2E). For most cell lines, CL5 GAB had a slightly higher activity compared to AJ8 
GAB, although not always significant. Isolated CD4+ and CD8+ αβT cells 
induced IFNγ release after co-incubation with CL5 GAB (Figure S2A). 
However, as expected we observed that the relative contribution of CD4+ and 
CD8+ αβT cells differed between donors and target cells, with CD4+ αβT cells 
producing more cytokines in general.  

As in blood up to 5% of the CD3+ T lymphocytes are comprised of Vδ2+ T cells, 
we next investigated GAB activity in combination with Vδ2+ and αβT cells side 
by side. Vδ2+ and αβT cells were isolated from a healthy donor and IFNγ 
release was measured after a co-culture with two recognized (RPMI8226, 
SCC9) and one unrecognized cell line (ML-1) with and without CL5 GAB and 
in the absence or presence of PAM (Figure S2B). LM1 GAB was added as extra 
control to the Vδ2+ T cells.  As expected, the Vδ2+ T cells alone recognized 
the positive target cell lines after PAM treatment, surprisingly however this 
recognition was lower compared to αβT cells co-incubated with CL5 GAB. 
Activity of Vδ2+ T cells was not blocked by the addition of the mock LM1 GAB, 
and addition of GAB CL5 did not lead to a further increase in activation of the 
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Vδ2+ T cells. These data imply that GABs will most likely not activate Vδ2+ T 
cells, which could be a consequence of the differences in CD3 composition of 
Vδ2+ T cells versus αβT cells 44. This is also in line with the previous 
observation that Vδ2+T cell expansion protocols usually do not use CD3 
engagers, but rather rely on agents that directly engage the TCR, such as 
phytohaemagglutinin (PHA) 4, 43. 

To this point, IFNγ production was used as a read out for GAB activity. 
However, the clinical activity of bispecific molecules comes through their 
ability to mediate killing of target cells. Therefore, as the next step, we 
assessed CD8+ αβT cell-mediated toxicity by utilizing a degranulation assay 
detecting surface expression of the lysosomal-associate membrane 
glycoptrotein-1 (LAMP-1/CD107a) by FACS. αβT cells were co-cultured with 
three different target cell lines and CL5, AJ8 or negative control LM1 GAB, with 
and without PAM for 7 hours (Figure 3A). As an extra control, αβT cells and 
GABs were incubated together without target cells. Similar to the IFNγ release 
data, GABs induced degranulation of CD8+ αβT cells upon binding to a target 
cell line in a PAM dependent manner, while no upregulation of CD107a was 
observed when co-incubated with the negative control cell line HL60. To 
formally asses the ability of GABs to kill tumor targets, we employed a 
luciferase-based cytotoxicity assay. RPMI 8226 and SCC9 tumor cells stably 
transduced with a luciferase gene were co-cultured with GABs and αβT cells 
at different effector to target (E:T) ratios. After a co-culture of 16 hours, the 
bioluminescence was measured by adding beetle luciferin to the co-culture. 
The amount of viable cells was determined by comparing the 
bioluminescence signal to untreated target cells (Figure 3B). Both CL5 and AJ8 
GAB efficiently induced up to 60-80% lysis of the tumor cells at the lower 
effector to target cell ratios, while LM1 GAB had as little activity as αβT cells 
alone.  

To extend our findings to GABs harboring sequences published by others 9, 38, 

45, 46, a second set of five GABs were generated (Table 1)  and tested for ability 
to induce target cell lysis after co-incubation with αβ T lymphocytes and the 
multiple myeloma target cell line RPMI 822611 in the presence of PAM. As 
benchmark we used the previously identified GABs with lower (AJ8) and higher 
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(CL5) EC50 and as negative control LM1 GAB. Again, we observed differences 
in activity, GABs harboring sequences from CL5 were superior to all other 
tested GABs. Only the GABs derived from DGSF68 and MOP TCR were not 
significantly different from the lysis induced by AJ8 GAB, while the other 3 
tested GABs were inferior to the AJ8 GAB (Figure S3). 

 

 
 
Figure 3. GABs induce T cell mediated lysis of cancer cell lines.  (A) CD8+T cell degranulation was 
measured by staining with CD107a antibody during a 7-hour co-incubation of T cell effector and three 
different target cell lines in the presence and absence of GAB (10 µg/mL) and PAM (100 µM). Golgistop was 
added during the incubation. N=2 (for LM1 GAB and MZ1851RC N=1) significance was not calculated 
because of amount of data points. (B) T effector and luciferase transduced RPMI 8226 and SCC9 target 
cells were co-incubated for 16 hours in the presence and absence of GAB (10 µg/mL) and PAM (100 µM) at 
different E:T ratios. Percentage viable cells were determined by comparing luminescence signal to 
untreated target cells, representing 100% viability. N=3, error bars represent SD, significance was 
calculated using a one-way ANOVA. * P<0.05, **p<0.001, ***p<0.0001. ANOVA, analysis of variance; GAB, 
gamma delta TCR anti-CD3 bispecific molecules 
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GABs are active against primary leukemia but not against primary healthy 
tissues  
To test whether GABs can mediate recognition of not only tumor cell lines, but 
also of primary tumors such as primary AML, αβT cells were co-cultured with 
AJ8 GAB and primary AML blasts of 4 patients, with and without PAM. GABs 
induced a significant increase in IFNγ production upon PAM treatment against 
two out of the four patient samples (Figure 4A). 

Given the broad activity of GABs, we next assessed their ability to sense 
healthy tissues in a resting or stressed situation. To this end, we isolated B 
cells, monocytes and CD34+ cells from a healthy donor, and tested reactivity 
of CL5 and LM1 GAB against these cells and against healthy donor-derived 
fibroblasts in an IFNγ release assay. Recognition of the cells was tested in 
resting, but also activated or stressed conditions, such as after irradiation or 
chemotherapy treatment. Neither CL5 nor LM1 GAB induced recognition of 
healthy cells, in resting, activated or stressed conditions, while the positive 
control, RPMI 8226 tumor cells, induced cytokine release when incubated 
with CL5 GAB (Figure 4B). 
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Figure 4. GABs induce recognition of primary AML samples but not of healthy hematopoietic cells or 
fibroblasts. (A) αβT cells were incubated with AML blasts with or without 100 µM PAM, and 10 µg/mL AJ8 
GAB. IFNγ production was measured by elispot after 24 hours. Fold change in IFNγ production on addition 
of pamidronate was calculated N=1. (B) αβT cells were co-cultured with healthy hematopoietic cells or 
fibroblasts and LM1 or CL5 GAB (10 µg/mL). Target cells were activated as indicated, or stressed by 
irradiation or a combination treatment with cyclophosphamide (Cyclo) and fludarabine (Fluda). IFNγ 
release was measured by elispot. The figure represents pooled data from four different target cell donors 
(CD19+ and CD14+) or two donors (CD34+ and fibroblasts). αβT effector cells were derived from four 
different donors (CD19+ and CD14+) or two donors (CD34+ and fibroblasts). Error bars represent SD, 
significance was calculated using a multiple T test. * P<0.05, **p<0.001, ***p<0.0001. GAB, gamma delta 
TCR anti-CD3 bispecific molecules. 

Favorable efficacy toxicity profile of GABs in the bone marrow niche 
In vivo, the tumor microenvironment is often important for survival and 
proliferation of tumor cells. Therefore, we tested whether GABs can also 
eradicate primary tumor material without harming healthy tissues in a more 
natural environment, using a previously described 3D bone marrow niche 
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model 20. In this model, mesenchymal stem cells (MSC) and endothelial 
progenitor cells (EPC) are used as stromal support for the growth of a multiple 
myeloma (MM) cell line (RPMI 8226) or primary CD138+ MM cells derived 
from patients. CD138+ MM cells from two patients, and the MM cell line RPMI 
8226 were stained and seeded in matrigel together with MSCs and EPCs. After 
four days, labeled αβT cells, together with CL5 or LM1 GAB and PAM were 
added to the model. One day later fresh medium with GABs was added to the 
model to ensure constant GAB coating on the αβT cells. After two days 
visualizing αβT cells infiltrated into the tumor bearing matrigel by confocal 
microscopy indicated an increased αβT cell infiltration in the presence of Cl5, 
but not LM1 GAB (Figure 5A). This observation was supported by a subsequent 
FACs based quantification of the αβT cells present in the matrigel (Figure 5B). 
To further study specific αβT cell activation by GABs, we measured several 
cytokines in the supernatant of the 3D model containing primary MM tumor 
cells. Next to IFNγ, we also observed a significant increase in the levels of 
other Th1 cytokines, IL2 and TNFα for the CL5 GAB condition (Figure 5C).  

The most important measurement remains the elimination of tumor cells. 
Therefore, the amount of tumor cells remaining in the model after CL5 GAB 
treatment was determined by FACs analysis and cell numbers were 
normalized to treatment with mock LM1 GAB. Treatment with CL5 GAB 
induced a signification reduction of CD138+ MM cells compared to the mock 
treatment with LM1 GAB, for both patient samples and the MM cell line RPMI 
8226. (Figure 5D).  Healthy stromal cells were also quantified, showing no 
differences between CL5 or LM1 GAB treatment (Figure 5D), suggesting that 
surrounding healthy tissues are not affected by the treatment with active GAB.  
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Figure 5. GABs mediate recognition and lysis of primary multiple myeloma in a 3D model.  The RPMI 
8226 tumor cell line or primary MM patient material was cultured in a 3D bone marrow niche consisting of 
matrigel and stromal cells. After 4 days, αβT cells were added together with PAM (10 µM PAM) and GAB (30 
µg/mL). (A) Confocal images showing cell localization within and around the 3D model (boundaries 
indicated by the white line) with the tumor and stromal cells, respectively, in green and blue and T cells in 
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red. (B) Two days after addition of the T cells, the matrigel was dissolved to retrieve the cells from the model. 
αβT lymphocytes were quantified by flow cytometry and normalized to mock treatment. (C) Cytokines were 
measured in the supernatant by luminex. (D) Tumor and stromal cells were collected from the dissolved 
matrigel and quantified by flow cytometry. Cell numbers were normalized to mock treatment. Significance 
was calculated by a paired T test. *P<0.05, **p<0.001, ***p<0.0001. N=4 with technical du plo’s. GAB, 
gamma delta TCR anti-CD3 bispecific molecules 

GABs control tumor growth in vivo 
To test whether treatment with GABs can also affect tumor growth in vivo, we 
established a xenograft model by injecting RPMI 8226 multiple myeloma cells 
subcutaneously (s.c) into NSG mice. For this in vivo experiment we generated 
RPMI 8226 B2M knock-out cells that we injected s.c, as in previous 
experiments i.v injected WT RPMI 8226 cells were rejected when co-engrafted 
with human PBMC, most likely due to allo-reactivity (Figure S4). One week 
after tumor cell injection, mice received an i.v injection of human PBMCs 
(Figure 6A). Next, the mice were randomized over two groups, based on tumor 
size, and received treatment for 7 consecutive days with CL5 GAB or the mock 
LM1 GAB. Moreover, an additional group in which mice received tumor and 
PBMCs but no GABs was included as extra control to monitor co-engraftment 
of PBMCs and tumor in NSG mice. Tumor volume was measured three times 
per week for 30 days. Treatment with CL5 GAB significantly decreased tumor 
growth compared to the control group treated with LM1 GAB (Figure 6B). 
Furthermore, mice treated with LM1 GAB showed similar tumor outgrowth 
compared to the PBMC only group. Persistence of GABs bound to αβ T cells in 
the blood was determined by flow cytometry 1, 2 and 8  days after GAB 
injection by calculating absolute number of αβTCR- and αβTCR/γδTCR double 
positive (GAB coated) T cells. Figure 6C shows that 24 hours after the first GAB 
injection (day 10), and 48 hours after the last GAB injection (day 17), around 
30% of the total αβTCR positive cells are αβTCR/γδTCR double positive, 
meaning that there are still GABs bound to the T cells. Furthermore, we found 
that 8 days after the last GAB injection (day 23) this double positive population 
was no longer present.    
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Figure 6. In vivo control of tumor growth by GABs.  (A) Schematic representation of experimental design. 
NSG mice were irradiated at day −1, and injected subcutaneous (s.c) with 10*106 RPMI 8226 tumor cells 1 
day later. After 7 days, the mice were randomized over three groups, based on tumor size (N=10). F rom day 
9 to 15, mice in two groups were treated with one intravenous injection per day of CL5 or LM1 GAB (2,7 
mg/kg). Tumor size was measured three times per week for 3 weeks after start of the GAB treatment (B) and 
is plotted as percent change in tumor volume compared with the initial tumor volume at the start of the 
GABs treatment. (C) Amount of αβTCR single positive and αβTCR/γδTCR double positive cells in the mice 
was determined by flow cytometry on day 10, 17 and 23 after tumor injection, which corres ponds to 24 
hours after the first GAB injection and 48 hours and 8 days after the last GAB injection. Data are shown as 
mean of percentage of total αβTCR positive cells. PBMC only N=4, LM1/CL5 GAB N=10. Error bars 
represent SEM, significance was calculated by mixed-effects model with repeated measures. * P<0.05, 
**p<0.001, ***p<0.0001. GAB, gamma delta TCR anti-CD3 bispecific molecules.  



Chapter 3                                                     GABs as novel immunotherapeutic compounds 

52 

3 

Discussion 

In this study we developed a novel bispecific T cell engager format, GdTCR 
Anti-CD3 Bispecific molecules (GABs), based on the fusion of a soluble γ9δ2 
TCR to an anti-CD3 scFv. With GABs, we introduce the targeting of cancer as 
a metabolic disease to the field of bispecific T cell engagers. GAB activity 
against tumor but not healthy tissues was observed when utilizing naturally 
occurring high affinity γ9δ2 TCR and relied, as for membrane bound γ9δ2 TCR, 
on the complex orchestration of BTN2A1 and BTN3A1 and was modified by 
intracellular phosphoantigen levels 8, 11, 12. 

Most T cell engagers use tumor targeting domains with binding affinities in the 
nanomolar range, a 10-100 fold affinity maturation has been reported to 
further enhance activity 37, 47. For T cell engagers with an αβTCR as tumor 
binding domain, affinity maturation from the micromolar to picomolar range is 
needed to overcome the rather low overall avidity mediated by a low density 
of tumor associated molecules within the context of MHC molecules, in order 
to create functional T cell engagers 48. Therefore, it was initially surprising that 
a γ9δ2TCR is active in the bispecific format without artificial affinity 
maturation, while natural αβTCR showed only a little activity 32. Most recent 
studies estimated the binding affinity of the γ9 chain to BTN2A1 to be around 
40 µM 9 which is in the range of αβTCRs 49. However, the number of BTN2A1 
molecules that are present on the cell surface for binding to the γ9 TCR chain 
is most likely substantially higher compared to tumor associated antigens in 
HLA complexes, potentially generating a higher avidity for γ9δ2TCR based T 
cell engagers compared to αβTCRs. This however does not explain why, in our 
data set, only a selected group of defined γ9δ2 TCR clones was active in the 
GAB format.  

The reported affinity of the γ9 chain to BTN2A1 9 is presumably an 
underestimation of the binding affinity of the γ9δ2 TCR to its complete 
interacting complex, as the TCR binding is not solely mediated by the γ9-chain. 
This assumption is supported by our previous observation that apart from the 
γ-chain, variations in the CDR3 region of the δ2 chain also contribute 
substantially to the overall functional avidity of γ9δ2 TCRs once expressed in 
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a T cell 11, 24. δ2TCR sequences that were previously reported to mediate high 
overall efficacy when expressed at the cell membrane 11, also mediated high 
activity when used in the GAB format, e.g CL5 and A3. Vice versa, sequences 
which mediated lower efficacy in the TEG format were even poorer performers 
in the GAB format, e.g. A1. Thus, as both the γ9- and δ2-chain contribute to the 
affinity of a γ9δ2 TCR to its complex, a careful selection of δ2TCR sequences 
is needed guarantee a functional GAB. 

Transforming cold- into hot tumors is a key success factor for immune 
therapies.50 Novel αβTCR based biologics have been reported to warm “cold” 
tumors 51. By using a 3D bone marrow niche model for primary MM cells 20, we 
provide evidence that γ9δ2TCR, when provided in the GAB format, can initiate 
infiltration of immune cells into the tumor microenvironment. This was further 
confirmed by the in vivo model, showing that GABs can reduce tumor growth 
of a subcutaneously growing RPMI 8226 tumor.  

Furthermore, as the utilized 3D model was comprised of healthy MSC and 
EPC to guarantee survival and proliferation of MM cells in vitro 20, this model 
also allowed us to assess the impact of GABs on healthy tissues, and 
extended our in vitro safety data for GAB. This current data confirms the 
previously reported lack of toxicity of targeting BTN2A1 and BTN3A1 when 
utilizing a high affinity γ9δ2TCR in the TEG format 17, 20, 23, 24 or when 
administering BTN3A1 targeting antibodies15. 

In this report we tested the reactivity of GABs to patient material from several 
AML patients, and found that GABs were reactive to two out of the four 
samples. This observation is in line with our previous report assessing larger 
tumor panels, including 16 AML patients, which suggest that approximately 
50% of all tumor cells are recognized by primary γδT cells or TEGs 23. Mode of 
action studies investigating requirements for γ9δ2TCR mediated tumor cell 
recognition, conducted in order to elucidate this differential tumor recognition, 
pointed to multiple factors such as pAg dependent rearrangement of the 
BTN2-BTN3 complex involving RhoB and the intracellular B30.1 domain of 
BTN3A1 9-11. However, these studies also imply that a yet to be defined second 
ligand, binding to the CDR3δ is most likely involved. Thus, although a lot of 
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knowledge has been obtained over the past years, tumor recognition mediated 
by a γ9δ2TCR cannot be fully explained and predicted yet 11. Therefore, further 
investigation into the complex γ9δ2TCR mediated target cell recognition, and 
the identification of novel biomarkers that can help identifying patient 
populations that are susceptible to γδ based therapies will be key for a 
successful clinical translation 12.  

The GAB format outperformed natural γ9δ2T cells, as reported previously for 
TEGs 11, 43, most likely reflecting the careful selection of a high affinity γ9δ2TCR 
in the GAB or TEG design. Despite this superior activity, a limiting factor for 
γ9δ2TCR mediated target cell recognition remains the requirement for pAg 
accumulation, also GAB mediated recognition of many cancer cells required 
additional treatment with amino-bisphosphonates to increase pAg levels. To 
elucidate why tumor cells differ in the dependence on PAM to enhance 
γ9δ2TCR recognition further investigation will be needed, but it is most likely 
a consequence of different availabilities of all the characterized key 
components for γ9δ2TCR binding, including, but not limited to, the 
intracellular accumulation of pAgs. The dependence on increased 
intracellular pAg levels for recognition of many tumors, does however imply 
that γ9δ2TCR based therapeutic strategies most likely need to be combined 
with amino-bisphosphonate treatment, a state of the art drug safely combined 
with many different treatments including γ9δ2T infusions 12.  

In conclusion, we have shown that a γ9δ2TCR bispecific format can mimic the 
rather complex metabolic cancer targeting usually mediated by membrane 
bound γ9δ2TCR 7, 8, 34, though requires a very careful selection of the used 
sequences and then allows for the introduction of the unique tumor targeting 
potential of γ9δ2T cells to the field of bispecific T cell engagers. Our findings 
imply also that, in contrast to previously reported data for αβTCR derived 
bispecifics, selecting an endogenously occurring high affinity γ9δ2TCR for use 
in a bispecific format could omit the need for affinity maturation. Since the use 
of affinity matured TCRs poses the risk of altering the TCR specificity or 
introducing cross-reactivity 52, 53, using a therapy based on the endogenous 
TCR affinity could be a preferred strategy. This approach might overcome 
cumbersome engineering efforts, and provide with GABs and TEGs, two 



Chapter 3                                                      GABs as novel immunotherapeutic compounds                            
 

55 

complementary or even additive strategies as reported for CAR-T. 
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Supplementary Figures  

 

Supplementary Figure 1. GAB coating of CD4 and CD8+ αβT cells. Coating of αβT cells with GAB (90 
μg/ml), followed by staining with fluorochrome labeled anti pan γδ, CD4 and CD8 antibodies. MFI was 
measured by flow cytometry, histograms represent MFI for γδ for CD4+ and CD8+ T lymphocytes.  
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Supplementary Figure 2. Differential GAB mediated activation of CD4+, CD8+ αβ T cells and Vδ2+ T 
cells. IFNγ release was measured using ELISA after a co-culture of (A) MACS separated CD4 and CD8 αβ 
T cells from 2 different T cells donors with 3 different target cells in the presence of different concentration 
of CL5 GAB, with and without PAM (100 μM). (B) bulk αβ T cells or bulk Vδ2+ T cells with 2 recognized (RPMI 
8226 + SCC9) and 1 unrecognized cell line (ML-1) with and without LM1/CL5 GAB (15 μg/ml) and PAM (100 
μM). N=1 error bars represent SD from technical duplicates.  
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Supplementary Figure 3. Higher activity CL5 GAB compared to GABs derived from publicly available 
γ9δ2 TCRs. A) T effector and luciferase transduced RPMI 8226 cells were co-incubated for 16 hours in the 
presence of GABs (10 μg/ml) derived from different Vγ9Vδ2 TCRs and PAM (30 μM) at 10:1 E:T ratio. 
Percentage specific lysis was determined by comparing luminescence signal to untreated target cells, 
representing 100% viability. N=2, with technical duplos error bars represent SD, significance was 
calculated using a one-way ANOVA; * P<0.05, **P<0.001, ***P<0.0001 

 

 

Supplementary Figure 4. Poor outgrowth of IV injected RPMI 8226 in NSG mice when co-engrafted 
with huPBMCs. NSG mice were irradiated at day -1, and injected intra venous (i.v) with 10*10^6 RPMI 8226 
tumor cells one day later, after 10 days the mice were randomized over two groups. One group was injected 
i.v with 10*10^6 huPBMCs (n=5 right panel) while the other group received no further treatment (n=4 left 
panel). Tumor growth was monitored by bioluminescence imaging (BLI) once a week and plotted overtime, 
each line represents one mouse.  



Chapter 3                                                      GABs as novel immunotherapeutic compounds                            
 

63 

Supplementary Material and Methods 

Cells, Cell lines, and Primary Material. 
PBMCS were isolated by Ficoll-Paque (GE Healthcare, Eindhoven, The 
Netherlands) from buffy coats obtained from Sanquin Blood Bank 
(Amsterdam, The Netherlands). αβT cells were expanded from PBMCs using 
CD3/CD28 dynabeads (Thermo Fisher scientific, United States) and (1.7 × 
103 IU/ml of MACS GMP Recombinant Human interleukin (IL)-7 (Miltenyi 
Biotec, Germany), and 1.5 × 102 IU/ml MACS GMP Recombinant Human IL-15 
(Milteny Biotec, Germany).  CD4+ and CD8+ αβT cells were selected using 
MACS isolation with CD4- and CD8- microbeads respectively (Miltenyi Biotec, 
Germany). γδ T cells were first selected from PBMCs by MACS isolation using 
TCR  γδ+ isolation kit (Miltenyi Biotec, Germany), after which the Vδ2+ T cells 
were isolated via FACS sort based on positive staining for Vδ2-FITC (clone B6, 
Biolegend). Vδ2+ cells were expanded using the previously described rapid 
expansion protocol 1 RPMI 8226 stably expressing GFP-luciferase was 
generated by a previously described retroviral transduction protocol 2. The 
plasmid containing the GFP and luciferine transgenes was kindly provided by 
Jeanette Leusen (UMC Utrecht, Utrecht, Netherlands). The following cell lines 
were obtained from ATCC between 2010 and 2018, HL60 (CCL-240), ML-1 ( 
CVCL_0436), MDA-MB231 (HTB-26), RPMI 8226 (CCL-155), Saos-2 (HTB-
85), SCC9 (CRL-1629), HEK293T (CRL-3216). HEKBTN3 knock-out was a gift 
from Erin Adams (Chicago, United States). BV173 (ACC 20) was obtained 
from DSMZ. MZ1851RC was a kind gift from Barbara Seliger (University Halle, 
Germany). MDA-MB157 was kindly provided in 2016 by Thordur Oskarsson 
(Deutschen Krebsforschungszentrum, Heidelberg, Germany). Freestyle 293-
F cells (R790-07) were obtained from Invitrogen (United States). HL60, RPMI 
8226 ML-1 and BV173 were cultured in RPMI (Gibco, United states), 10% FCS 
(Bodinco, Alkmaar, The Netherlands), 1% Pen/Strep (Invitrogen, United 
States). Freestyle 293-F in Freestyle expression medium (Gibco). All other cell 
lines in DMEM, 10% FCS, 1% Pen/Strep. RPMI 8226 B2M knockout was 
created using Alt-R Crispr-CAS9 system (IDT, United States) according to the 
manufacturers protocol, with guide RNA sequence 
AAGTCAACTTCAATGTCGGA. Transfection was done with Neon Transfection 
system ( Thermo Fisher Scientific) using the following settings: pulse voltage 
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1050 V, pulse width 20, 3 pulses.  

Primary Material 
Primary acute myeloid leukemia and multiple myeloma blasts were obtained 
from the biobank of the University Medical Center, Utrecht in accordance with 
good clinical practice and the Declaration of Helsinki regulations. All patients 
gave their consent prior to storage in the biobank (TCBio 16-088). B cells and 
monocytes were isolated from PBMCs by MACS-separation using CD19 and 
CD14-microbeads (Miltenyi Biotec, Germany) respectively, according to the 
manufacturers’ protocol. Fibroblasts were a kind gift from Marieke Griffioen 
(Leiden University Medical Centre, Leiden, The Netherlands) and cultured in 
DMEM medium containing 10% FCS, 100 U/ml penicillin and 100 µg/ml 
streptomycin. Multipotent mesenchymal stromal cells (MSCs) were isolated 
from healthy bone marrow (Hematology Department, UMC Utrecht, The 
Netherlands) by adherence to tissue culture flasks, and cultured in MSC-
medium; α-minimal essential media (Gibco, USA) containing 0.2 mM L-
ascorbic acid 2-phosphate, 10% FCS, 100 U/ml penicillin and 100 µg/ml 
streptomycin. Endothelial progenitor cells (EPCs) were isolated from healthy 
umbilical cord blood by density-gradient centrifugation using Ficoll-paque. 
The isolated MNCs were seeded on collagen I-coated tissue flasks and 
expanded in EGM-2 medium (Lonza, Switzerland) containing 10% FCS, 100 
U/ml penicillin and 100 µg/ml streptomycin CD34+ were isolated from human 
umbilical cord blood using magnetic bead selection (Milteny Biotec, 
Germany). Umbilical cord blood was obtained after informed consent and 
approval by the ethics committee of the University Medical Center Utrecht 
(TC-bio 15-345). To induce stress, cells were irradiated with 3500 cGy, or 
treated with 5mM cyclophosphamide (Sigma Aldrich, Germany) and 20 μM 
fludarabine (Sigma Aldrich) Activation was done with huCD40LT (Milteny 
Biotec, Germany) 400 ng/ml for 72 hours prior to assay (CD19+), IFNy (R&D 
systems, Canada) 1000IU/ml 16 hours prior to assay (CD34+, Fibroblasts), 
LPS 100ng/ml (Invitrogen, United States) added during the assay (CD14+).   

Flow cytometry 
0.2*10^6 T cells were incubated with GAB (10 μg/ml if not indicated 
differently)  in 20 μl FACS buffer ( PBS, 1% BSA (Sigma Aldrich, Germany), 0.01 
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% sodium azide (Severn Biotech Ltd, United Kingdom) for 30 minutes at room 
temperature. Cells were washed once in FACS buffer and incubated with the 
appropriate secondary antibody mix for 30 minutes at room temperature. 
Cells were washed 2 times in FACS buffer and fixed in 1% paraformaldehyde 
(Merck, Germany) in PBS. Data acquisition was done on FACS Canto and 
analyzed using FACS Diva software (BD, United States) or FlowJo. Antibodies 
that were used are pan-γδTCR-PE (Beckman Coulter, United States, clone 
IMMU510, 1:10 ), pan-γδTCR APC (BD Pharmigen, United States, clone B1,1:5 
), Vδ2-FITC (Biolegend, United States, clone B6, 1:10) and Vγ9-PE (BD 
pharmingen, clone B3, 1:25). 

IFNγ Elispot  
15.000 effector cells and 50.000 target cells were incubated together, with or 
without GAB (10 μg/ml if not indicated differently) for 16 hours at 37 °C 5% 
CO2. In PAM conditions, 100 µM PAM (Calbiochem, United States) was added 
to the cells. The co-culture was done in nitrocellulose-bottomed 96-well 
plates (Millipore, United States) pre-coated with α-IFNγ antibody (clone 1-
D1K) (Mabtech, Sweden).  After 16 hours, the plates were washed with PBS 
and incubated with mAb7-B6-1 (II; Mabtech, Sweden) followed by 
Streptavadin-HRP (Mabtech, Sweden)  IFNγ spots were visualized with TMB 
substrate (Mabtech, Sweden) and  analyzed using A.EL.VIS ELISPOT wcanner 
and analysis software (A.EL.VIS, Germany).   

CD107 degranulation assay  
300.000 target cells were incubated with 100.000 T cells,  GAB (10 μg/ml) and 
100 µM PAM (Calbiochem, United States) in the presence of aCD107α-PE 
(BD, United States, clone AB4, 1:200) for 7 hours, after 2 hours Golgistop (BD, 
United States) was added (1:1500). After 7 hours, cells were washed in FACs 
buffer and stained with aCD3-eFluor450 (eBioscience, United states, clone 
OKT3, 1:50) and aCD8-PerCP-Cy5.5 (Biolegend, United States, clone RPA-T8, 
1:1000). Cells were washed 2 times in FACS buffer and fixed in 1% 
paraformaldehyde (Merck, Germany) in PBS. Data acquisition was done on 
FACS Canto and analyzed using FACS Diva software (BD) 
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Luciferase based cytotoxicity  
5000 RPMI 8226 target cells stably expressing luciferase were incubated with 
T cells at different E:T ratios (1:1 to 1:30), with or without 10 μg/ml GAB in the 
presence of 0.1 mM PAM (calbiochem, United States). After 16 hours, beetle 
luciferin (Promega, United States) was added to the wells (125 µg/ml) and 
bioluminescence was measured on SoftMax Pro plate reader. The signal in 
treatment wells was normalized to the signal measured for untreated targets, 
which was assumed to represent 100% living cells.  

Animal model 
NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ (NSG) mice were obtained from Jackson 
Laboratory (Bar Harbor, ME, USA). Experiments were conducted under 
institutional guidelines after permission from the local Ethical Committee and 
in accordance with the current Dutch laws on Animal Experimentation. Mice 
were housed in sterile conditions using an individually ventilated cage (IVC) 
system and fed with sterile food and water. Irradiated mice were given sterile 
water with antibiotic ciproxin for the duration of the experiment. Adult female 
mice (16 weeks old) received sublethal total body irradiation (1.75 Gy) on Day 
-1. For the iv model, mice received a subcutaneous injection of 10 x 106 RPMI 
8226-luc cells in PBS on day 0. Ten days later, mice were randomized into two 
groups of 4 or 5 mice and one group was intravenously injected with 10 x 106 
huPBMCs. Tumor growth was measured once a week by bioluminescence 
imaging (BLI). For the subcutaneous model, mice received a subcutaneous 
injection of 10 x 106 RPMI 8226-luc B2M knockout cells in PBS, on day 0. One 
week later, mice were randomized based on tumor volume into two groups of 
10 mice and intravenously injected with 10 x 106 huPBMCs. Next, mice 
received 7 consecutive injections of either CL5 GAB or LM1 GAB (2,7 mg/kg 
body weight). Pamidronate (10 mg/kg body weight) was injected together with 
the GABs on days 9 and 12. Moreover, an extra group (n=4) that received tumor 
and huPBMCs but no GABs was included as additional control. Tumor volume 
was measured three times a week as primary outcome measure. Percent 
change in tumor volume was calculated using the formula: (Vf-V0)/V0*100, 
where V0 = volume at the beginning of the treatment, and Vf = final volume. 
Mouse peripheral blood samples were obtained via cheek vein (maximum 50–
80 μl/mouse) once a week. Red blood cell lysis was performed for blood 
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samples using 1× RBC lysis buffer (Biolegend) before cell staining. Blood 
samples were stained with γδTCR-PE (clone RPA-T4, Biolegend), αβTCR-FITC 
(Clone IP26, Invitrogen), huCD45-PB (Clone HI30, Sony). The persistence of 
GABs bound to αβ T cells was measured in peripheral blood by quantifying the 
absolute αβTCR positive and αβTCR+/γδTCR double positive cell number by 
flow cytometry using using Flow-count Fluorospheres (Beckman Coulter). 
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Abstract  

We previously developed a novel T cell engager construct: Gamma Delta TCR 
Anti-CD3 Bispecific T cell engager molecule (GAB), by fusing the ectodomains 
of a Vγ9Vδ2 TCR to an anti-CD3 single chain variable fragment (scFv). GABs 
mirror the unique tumor sensing capacity of Vγ9Vδ2T cells, which is mediated 
by BTN2A1, and a phosphoantigen- and RhoB-dependent orchestration of 
BTN3A1 at the cell membrane of target cells. Amongst various variables, the 
binding affinity of the anti-CD3 scFv has been identified as an important 
determinant of in vitro and in vivo potency of bispecific T cell engagers. In this 
light, we explored the effect of several anti-CD3scFvs, with different binding 
characteristics, on GAB effectivity. We show that in vitro GAB potency 
correlated with CD3 binding strength, and that increasing CD3 binding 
strength also increased GAB-induced IFNγ release and tumor cell killing. 
Within this context we describe a Vγ9Vδ2TCR-aCD3scFv combination that, in 
vitro, observed a low EC50 for tumor cell killing, and a 10-fold higher EC50 for 
cytokine secretion. GABs comprised of a high affinity anti-CD3scFv and a high 
affinity anti-CD3 binding arm also showed improved efficacy in vivo in a 
xenograft model. We detected prolonged GAB binding to T cells in vivo for this 
construct, which might have contributed to the increased efficacy, but was, 
however, also accompanied by a temporary lymphopenia that resolved over 
time. In conclusion, we show that increasing CD3 binding affinity in 
combination with a high affinity Vγ9Vδ2 TCR increases the potency of the GAB 
molecules, both in vitro and in vivo, with an acceptable safety toxicity profile. 
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Introduction 

A variety of immunotherapeutic strategies are currently being developed for 
the treatment of cancer, including checkpoint inhibitors, adoptive T cell 
transfer of TCR or CAR-engineered T cells, and bispecific T cell engagers. 
Bispecific T cell engagers (TCEs) combine a tumor targeting domain with a T 
cell binding domain, often specific for CD3, and can thereby redirect T 
lymphocytes to tumor cells, independent of specific TCR-MHC binding 1, 2. 
Blinatumomab and tebentafusp are currently the only two FDA-approved TCE 
constructs 3, 4, but many other TCEs are under development 2. However, other 
difficulties are currently hampering further TCE development, including the 
identification of novel suitable target antigens, and the occurrence of 
treatment related toxicities, like, for example, cytokine release syndrome.  

We previously developed a novel T cell engager construct: Gamma Delta TCR 
Anti-CD3 Bispecific T cell engager molecule (GAB), by fusing the ectodomains 
of a Vγ9Vδ2TCR to an anti-CD3 single chain variable fragment (scFv)  5. GABs 
duplicate the unique tumor sensing capacity of Vγ9Vδ2T cells, which is 
mediated by the direct interaction of the Vγ9Vδ2TCR, with BTN2A1 further 
modulated by the phosphoantigen-dependent orchestration of BTN3A at the 
cell membrane of target cells 6-8. Phosphoantigen accumulation is found in 
infected cells, but is also often seen during transformation of tumor cells 9, and 
orchestrates BTN3A turnover together with RhoB 10. GABs can efficiently 
induce αβT cell mediated phosphoantigen-dependent recognition of tumor 
cells, and redirect αβT cells against a broad range of hematopoietic and solid 
tumor cell lines, and primary acute myeloid leukemia or multiple myeloma 5. 
Affinity of Vγ9Vδ2TCR to their ligand complex can, however, substantially 
differ 8, 11. We have shown that selection of naturally occurring higher affinity 
Vγ9Vδ2TCR is important for GAB effectivity 5, which is in line with the 
consensus that higher affinity target cell engagement is preferred, to achieve 
potent T cell redirection 12. It was nonetheless surprising that GABs are 
functional when usingVγ9Vδ2TCR. Though GABs constructed with 
Vγ9Vδ2TCR were considered as high affinity within the context of Vγ9Vδ2TCR, 
their binding affinity is substantially lower (in the M range) when compared to 
αβTCR based TCEs, for which affinity maturation to the pM range is necessary 



Chapter 4                                   Impact of CD3 binding affinity on the potency of GABs  

73 

to create potent TCEs 13. Different requirements of TCR affinity for γδ- and 
αβTCR based TCEs might simply reflect the higher expression of the 
respective ligands, as the total amount of surface expressed Vγ9Vδ2TCR 
ligand complex likely exceeds the amount of MHC presented peptides for a 
specific αβTCR.   

In addition to the target binding arm, the choice of CD3 binding domain, often 
an scFv derived from an anti-CD3 monoclonal Ab (mAb), has also been 
reported to influence effectivity of TCEs 12. The interest in determining the 
optimal anti-CD3 scFv for TCEs originated from the first clinical trials using 
bispecific T cell engagers, showing only a short therapeutic window, due to 
early occurrence of cytokine release syndrome (CRS), which was at least 
partially attributed to the high affinity binding of the TCE ’s to CD3 14.  Many of 
the several subsequent reports on the effect of CD3 binding affinity on TCE 
effectivity and tolerability concluded that lowering CD3 binding affinity 
improved in vivo biodistribution, tumor control, toxicity, and kinetics of several 
TCE formats 15-19. Another interesting report showed that, by careful anti-CD3 
scFv selection, it was possible to completely uncouple the TCE mediated 
tumor cell lysis from cytokine release, which would significantly reduce the 
risk for CRS 20.  

Most of such CD3scFv affinity studies with TCEs were conducted with TCEs 
that combine the CD3 engaging arm with a very high affinity tumor target 
binding domain, which might not reflect the situation in which a lower affinity 
target binding domain is used, like, for example the Vγ9Vδ2TCR in the GABs. 
Thus, more studies are needed to assess the right balance when the affinity of 
the tumor binding arm is lower, as biological properties of both arms are likely 
to contribute to overall TCE potency 12, 21. 

In this report, we investigated how different anti-CD3 scFvs in the GAB format 
influence GAB potency in vitro and in vivo. We showed superior T cell 
activation and tumor cell lysis by GABs with a higher affinity anti-CD3 scFv in 
vitro, which demonstrated improved tumor control in vivo, when combined 
with a higher affinity Vγ9Vδ2TCR.  
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Material and methods  

Generation and production of GABs  
The construction of the GAB molecule was described earlier 5. The different 
CD3scFv were interchanged in the GAB-containing vector using a 5’ FSEI site 
and 3’ SALI site. The scFvs sequence were constructed by linking the 3’ 
variable heavy chain via a flexible 3(G4S) linker to the variable light chain (TR66, 
7196,7232 and OKT3) or in the opposite order (UCHT1). The scFv sequences 
can be found in Table 1. TCR domain boundaries were used as in Allison et al. 
22. The γ9 and δ2 TCR sequences used were reported previously AJ8 5 as low 
affinity TCR (γδTCRLO), and high affinity A3 in vitro 8, and CL5 for the in vivo 
experiments (γδTCRHI) 23. GAB expression and purification have been 
extensively described 5.  

Cells and Cell lines  
PBMCS were isolated by Ficoll-Paque (GE Healthcare, Eindhoven, The 
Netherlands) from buffy coats obtained from Sanquin Blood Bank 
(Amsterdam, The Netherlands). αβT cells were expanded from PBMCs using 
CD3/CD28 dynabeads (Thermo Fisher scientific, United States) and 1.7 × 
103 IU/ml of MACS GMP Recombinant Human interleukin (IL)-7 (Miltenyi 
Biotec, Germany), and 1.5 × 102 IU/ml MACS GMP Recombinant Human IL-15 
(Milteny Biotec, Germany).  Mock TCR transduced T cells and RPMI 8226  and 
SCC9 stably expressing GFP-luciferase were generated via a retroviral 
transduction protocol described earlier 23. The plasmid containing the GFP and 
luciferine transgenes was kindly provided by Jeanette Leusen (UMC Utrecht, 
Utrecht, Netherlands). The following cell lines were obtained from ATCC 
between 2010 and 2018, HL60 (CCL-240), RPMI 8226 (CCL-155), SCC9 
(CRL-1629), K562 (CCL-243) and MDA-MB231 (HTB-26). Freestyle 293-F 
cells (R790-07) were obtained from Invitrogen (United States). HL60, RPMI 
8226 and K562 were cultured in RPMI (Gibco, United states), 10% FCS 
(Bodinco, Alkmaar, The Netherlands), 1% Pen/Strep (Invitrogen, United 
States). Freestyle 293-F in Freestyle expression medium (Gibco). SCC9 and 
MDA-MB231 in DMEM, 10% FCS, 1% Pen/Strep. 
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Flow cytometry 
0.2 × 106 bulk αβT cells were incubated with GAB at different concentrations, 
in 20 μl FACS buffer PBS, 1% BSA (Sigma Aldrich, Germany), 0.01% sodium 
azide (Severn Biotech Ltd, United Kingdom) for 30 minutes at room 
temperature. Cells were washed once in FACS buffer, and incubated with 
pan-γδTCR-PE (Beckman Coulter, United States, clone IMMU510, 1:10 ) for 
30 minutes at room temperature. Cells were washed 1 time in FACS buffer 
and fixed in 1% paraformaldehyde (Merck, Germany) in PBS. Data acquisition 
was done on FACS Canto and analyzed using FACS Diva software (BD, United 
States).  

IFNγ ELISA   
50.000 effector cells and 50.000 target cells were incubated together, with or 
without GAB (different concentrations, as indicated) for 16 hours at 37 °C 5% 
CO2, 0.1 mM PAM (calbiochem)  was added to the target cells. The 
supernatant was harvested after 16 hours, and the level of IFNγ was 
determined using the IFN gamma Human Uncoated ELISA Kit (Invitrogen). 

Luciferase-based cytotoxicity 
5000 target cells stably expressing luciferase were incubated with T cells 
transduced with a mock TCR at 3:1 target cell ratio, with different GAB 
concentrations (as indicated) in the presence of 0.1 mM PAM (calbiochem, 
United States). After 16 hours, beetle luciferin (Promega, United States) was 
added to the wells (125 µg/ml) and bioluminescence was measured on 
SoftMax Pro plate reader. The signal in treatment wells was normalized to the 
signal measured for targets and T cells only, which was assumed to represent 
100% living cells. 

Animal model, in vivo cytokine analyses and mouse pathology  
NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ (NSG) mice were obtained from Jackson 
Laboratory (Bar Harbor, ME, USA). Experiments were conducted under 
institutional guidelines after permission from the local Ethical Committee and 
in accordance with the current Dutch laws on animal experimentation. Mice 
were housed in sterile conditions using an individually ventilated cage (IVC) 
system, and fed with sterile food and water. Irradiated mice were given sterile 
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water with antibiotic ciproxin for the duration of the experiment. Adult female 
mice (13 weeks old) received sublethal total body irradiation (1.75 Gy) on Day 
-1. Mice received a subcutaneous injection of 10 x 106 RPMI 8226-luc B2M KO 
cells in PBS on day 0. For the tumor treatment model, the mice were 
randomized, based on tumor size, into three groups of 10 mice on day 7, and 
were intravenously injected with 10 x 106 huPBMCs. Next, mice received 7 
GAB injections every other day, starting at day 8 (2.7 mg/kg body weight). 
Pamidronate (10 mg/kg body weight) was injected together with the GABs on 
days 8 and 14. Moreover, an extra group (n=5) that received tumor and 
huPBMCs, but no GABs was included as an additional control. Tumor volume 
was measured three times a week as the primary outcome measure. For the 
second, short mouse model, mice were randomized over four groups of 5 
mice, and received two GAB injections on day 8 and 10. Peripheral blood 
samples were obtained via cheek vein (maximum 50–80 μl/mouse) on 
indicated days. Red blood cell lysis was performed for blood samples using 
1× RBC lysis buffer (Biolegend) before cell staining. Blood samples were 
stained with γδTCR-PE (clone IMMU510, Beckman Coulter), αβTCR-FITC 
(Clone IP26, Invitrogen), huCD45-PB (Clone HI30, Sony), CD4-APC (clone 
RPA-T4, Biolegend) and CD8 (clone RPA-T8, Biolegend). The persistence of 
GABs bound to αβT cells was measured in peripheral blood by quantifying the 
absolute αβTCR positive and αβTCR+/γδTCR double positive cell number by 
flow cytometry, using Flow-count Fluorospheres (Beckman Coulter). Plasma 
was collected and luminex was performed to measure cytokine levels for IL2, 
IL6, IL10, TNFα, IFNγ, MCP1, MIP1α, MIP1β, CXCL1, and IP10. Tumors were 
collected at the end of the experiment (day 12) and fixed in formalin. Fixed 
tumors were embedded in paraffin and cut into 4 um sections, and 
hematoxylin and eosin (H&E) staining were performed, following the 
previously described protocol 24. The following histologic features were 
evaluated: number of mitotic figures and apoptotic cells: expressed as a range 
per high-power fields (HPFs), calculated in the same, randomly selected 5 
HPFs, 40×); extension of the necrotic tumor tissue was expressed as the 
percentage considering the entire tumor mass. Images were taken using an 
Olympus BX45 microscope with the Olympus DP25 camera, and analyzed 
using DP2-BSW (version.2.2) software.  T cell infiltration was determined 
using immunofluorescent (IF) staining. For IF, after deparaffinization and 
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dehydration, slides were pretreated with 10 mM citrate buffer pH 6.0 for 15 
min, followed by cooling at room temperature for 30 min. Staining was done 
using anti-human Anti-Nuclei Antibody (clone 3E1.3, Merck Millipore BV) and 
anti-human CD3 polyclonal antibody (Agilent Technologies). Slides were 
mounted in VECTASHIELD Antifade Mounting Medium with DAPI (Vector 
Laboratories). Slides were scanned by an Olympus VS200 research slide 
scanner and analyzed by the Olyvia (Olympus) imaging software. The total 
number of double positive cells was counted in the entire tissue section, and 
expressed as a number.  

Results 

CD3scFv panel with different CD3 binding affinity 
To study the effect of CD3 binding affinity on GAB activity, we selected five 
anti-CD3 scFvs (αCD3) to couple to the previously characterized low affinity 
Vγ9Vδ2TCR AJ8 (TCRLO) 5. The selected scFvs were derived from three anti-
CD3 antibodies that have been historically used in different TCEs, listed from 
low to high CD3 affinity: TR66, OKT3 and UCHT1 (Supplementary Table 1) 25. 
In addition, two CD3scFv sequences, 7195 and 7232, were chosen based on 
their binding kinetics 26. 7195 is a high affinity scFv with a long half-life of 117 
minutes, while the intermediate affinity scFv 7232 has a short half-life of only 
7 minutes. After expression and purification, the different TCRLO-αCD3 GABs 
were analyzed on SDS gel, all showing similar bands for the TCRδLO- and 
TCRγLO-αCD3 chain, confirming proper expression of all constructs (Figure 
1A). 

We first assessed T cell binding of the TCRLO-αCD3 GABs by flow cytometry. 
GABs were titrated and incubated with T lymphocytes and the T cells bound 
by GABs were assessed using a pan-yδTCR antibody (Figure 1B). Titration of 
GABs allowed us to determine EC50 values, showing, in line with earlier 
reports, that GABs containing one of the high affinity scFvs UCHT1 and 7195 
were the strongest binders, with an EC50 of 0.2-0.3 µg/ml (Table 1). GABs 
containing one of the intermediate affinity scFvs  7232 and OKT3 s howed 
similar intermediate binding with an EC50 around 1 µg/ml, and GABs 
constructed with the low affinity TR66 had the lowest EC50 at 2.2 µg/ml.  Based 
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on these data, we selected three scFvs with different CD3 binding affinity for 
further functional testing: the high affinity scFv UCHT1 (αCD3HI), OKT3 as 
intermediate binder (αCD3MED) and TR66 with low binding affinity (αCD3LO). 

 

Figure 1. Expression and T cell binding of the GAB molecules with different anti-CD3 scFvs (A) After 
HIS-tag purification, the GABs containing a low affinity γδTCR with different anti-CD3 scFvs  (γδTCRLO-
αCD3) were run on SDS gel, and visualized with Coomassie brilliant blue protein stain. Showing a band for 
the TCRγLO-αCD3 chain at 59 kD and the TCRδLO chain at 24 kD (B) Coating of T lymphocytes with GABs 
containing the different αCD3 scFvs, followed by staining with fluorochrome labeled anti pan-γδ antibody, 
percentage positive T cells was determined by flow cytometry. The EC50 was calculated using a non-linear 
regression model, depicted in the table as µg/ml and mol/L (M) for each anti-CD3 scFv. N=2, a 
representative figure is shown  

Table 1. EC50 of GABs with different CD3scFvs in T cell binding in (µg/ml) and (M) 

CD3scFv EC50 (µg/ml) 
T cell binding 

EC50 (M) 
T cell binding 

UCHT1 0.396 µg/ml 4.7 * 10-9 M 
7195 0.222 µg/ml 2.6 * 10-9 M 
OKT3 0.979 µg/ml 1.2 * 10-8 M 

7232 1.017 µg/ml 1.2 * 10-8 M 

TR66 2.241 µg/ml 2.7 * 10-8 M 

GABs using a high affinity CD3scFv are more potent in inducing IFNγ 
release by T cells, mainly when combined with a lower affinity γδTCR  
To test impact of the anti-CD3 scFv binding affinity on in vitro potency of the 
GABs, we first assessed the TCRLO-αCD3HI/MED/LO GABs in an IFNy 
release assay. The GABs were titrated in a co-culture of T lymphocytes and 
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the recognized target cell lines MDA-MB231 and SCC9. There was a clear 
impact of the different anti-CD3 scFvs on GAB potency against both cell lines, 
γδTCRLO-αCD3HI GAB could already induce IFNy release at low 
concentrations, starting from 0.1 µg/ml. γδTCRLO-αCD3MED and γδTCRLO-
αCD3LO were only able to induce IFNy release at the higher concentrations, 
from 10 µg/ml against SCC9 or 1 µg/ml against MDA-MB231, and did not 
reach a plateau (Figure 2A). 

The different anti-CD3 scFvs were also tested in combination with a higher 
affinity TCR (γδTCRHI) 5. There was again a difference in potency between 
γδTCRHI-αCD3HI and γδTCRHI-αCD3LO GAB. Combining the γδTCRHI with 
the αCD3MED ,  resulted in a GAB with intermediate potency (Figure 2B). 
γδTCRHI-αCD3HI induced more IFNy release at concentrations below 10 
µg/ml compared to γδTCRHI αCD3MED, but at higher concentrations, the 
GAB with αCD3MED induced similar or even higher levels of IFNy against both 
targeted cell lines.  

To test whether activation of T cells through GABs occurs only in the presence 
of the molecular target and is not due to the higher affinity CD3 binding only, 
GABs with the different anti-CD3 scFvs were incubated at a fixed 
concentration of 10 µg/ml with HEK293T-BTN3KO cells, a cell line which 
lacks one of the ligands crucial for Vγ9Vδ2TCR mediated activation. RPMI 
8226 was used as a positive control, and IFNy release was assessed (Figure 
2C). Overall, none of the GABs induced IFNy when co-incubated with the 
negative target cell line HEK293T-BTN3AKO, while they did induce recognition 
when co-incubated with the positive control cell line RPMI 8226. This confirms 
that for all of the anti- CD3 scFvs used here, single T cell engagement is not 
sufficient to induce cytokine release.  

GABs using higher affinity CD3scFvs are more potent in inducing tumor 
cell lysis, and increase the EC50 ratio between killing and cytokine 
secretion   
Creating a more favorable balance for induction of tumor cell killing is the most 
important aspect for TCEs. Therefore, we tested all of the different TCRHI-

αCD3 GABs for their ability to induce tumor cell lysis, using two recognized 
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tumor cell lines: RPMI 8226 and SCC9. The amount of living cells was 
determined after a co-culture of T cells, target cells and GABs at different 
concentrations. In line with the IFNy release data, γδTCRHI-αCD3HI was most 

  

Figure 2. GAB with higher affinity CD3 binding is more potent in induction of IFNγ release and tumor 
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cell lysis. (A+B) IFNγ release was determined after 16 hours 1:1 co-culture of  T cells (A) with RPMI 8226 
or SCC9 targets cells and a titration of GABs with a lower affinity γδTCR  (γδTCRLO) combined with an anti-
CD3 scFv with high (αCD3HI), intermediate (αCD3MED) or low affinity (αCD3LO) in the presence of PAM (100 
µM). (B) or with K562 and SCC9 target cells and a titration of GABs with high affinity γδTCR (γδTCRHI) 
coupled to αCD3HI /αCD3MED /αCD3LO in the presence of PAM (100 µM). (C) GABs with γδTCRHI coupled to 
αCD3HI /αCD3MED /αCD3LO  (10 µg/ml)  were incubated with HEK293T BTN3KO or RPMI 8226 target cells 
and T cells, and IFNγ release was measured after 16 hours. (D) T lymphocytes and luciferase transduced 
RPMI 8226 and SCC9 target cells were co-incubated for 16 hours with γδTCRHI coupled to 
αCD3HI/αCD3MED/αCD3LO at different concentrations and PAM (30 μM) at an E:T ratio of 3:1. Percentage 
viable cells was determined by comparing luminescence signal to the no-GAB condition, representing 
100% viability. N=1 Error Bars represent SD from technical duplicates.  

potent in inducing tumor cell lysis, inducing killing at concentrations as low as 
0.1 µg/ml (Figure 2D). Again γδTCRHI-αCD3MED GAB displayed an intermediate 
phenotype, able to efficiently induce lysis, but at a higher concentration 
compared to the GABs with a high affinity scFvs. GABs with the αCD3LO were 
able to induce lysis only at the highest concentrations.  

Toxicity of TCE is frequently induced by excessive cytokine secretion, and 
therefore TCE’s  with reduced cytokine secretion relative to killing capacity are 
developed 19, 27, 28. Within this context, we analyzed EC50 in target cell lysis and 
IFNγ release for the γδTCRHI-αCD3 GABS with high, medium or low CD3 
affinity, using the target cell line SCC9 (Table 2). Interestingly, the EC50 for 
target cell lysis was substantially lower compared to IFNγ release for all 
tested anti-CD3 scFvs. The largest difference in EC50 values was observed for 
γδTCRHI-αCD3HI, with 10-fold less GABs needed for target cell killing when 
compared to IFNγ release, while the other tested GABs had smaller 
differences, a 4.4 fold difference for γδTCRHI-αCD3MED and a 1.5 fold 
difference γδTCRHI-αCD3LO. Our data imply that, despite having the strongest 
activity for both killing and cytokine secretion, γδTCRHI-αCD3HI could have the 
best therapeutic efficacy/toxicity window for later clinical application.  

Table 2 EC50 γδHI-αCD3HI/MED/LO GABs IFNγ release and target cell lysis with SCC9 target cells  

 EC50 
IFNγ release 

EC50 
Target cell lysis 

γδHI-αCD3HI 0.712 µg/ml 0.068 µg/ml 

γδHI-αCD3MED 5.722 µg/ml 1.350 µg/ml 
γδHI-αCD3LO 12.18 µg/ml 7.755 µg/ml 
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GABs with the high affinity anti-CD3 scFv show better in vivo tumor 
control compared to GABs with an intermediate affinity.   
Others reported that selecting the most potent in vitro T cell engager does not 
necessarily result in the best in vivo efficacy in mice 16. Therefore, we tested 
whether the most potent GAB, with the best efficacy-toxicity profile when 
assessed in vitro (γδTCRHI-αCD3HI), was superior in vivo when compared to 
the less potent GAB in vitro (γδTCRHI-αCD3MED). To this end, NSG mice were 
injected with the multiple myeloma cell line RPMI 8226-β2M KO 
subcutaneously, and human PBMC intravenously one week later to 
reconstitute the human immune system (Figure 3A) as described previously 5. 
Starting from day 8, the mice received injections with γδTCRHI-αCD3HI, 
γδTCRHI-αCD3MED, or γδTCRMOCK-αCD3MED, with mock TCR LM1 23 coupled to 
αCD3MED as a negative control, every second day until day 20. Tumor size was 
determined until day 35, showing that both γδTCRHI-αCD3HI and γδTCRHI-
αCD3MED significantly reduced tumor size compared γδTCRMOCK-αCD3MED, 
while the mock group did not differ significantly from the PBMC only group 
(Figure 3B). Moreover, the GAB with αCD3HI was significantly better in tumor 
control, compared to the αCD3MED. 

Superior in vivo performance of γδTCRHI-αCD3HI could be due not only to its 
increased killing efficacy (e.g. Table 2), but also potentially to extend 
persistence in the bloodstream due to prolonged binding to T cells. To 
investigate this hypothesis, mice were bled on day 9,10 and 21, 22 and 24, 
corresponding to 24 plus 48 hours after the first GAB injection and 24, 48 and 
96 hours after the seventh and last GAB injection respectively. Total human T 
lymphocytes per ml of blood was determined, and these T cells were divided 
in T cells that stained single for positive for αβTCR, and αβTCR/γδTCR double 
positive, corresponding to T cells coated with GAB protein (Figure 3C). 
γδTCRHI-αCD3HI showed higher and longer in vivo T cell coating compared to 
the other groups. Almost all T cells were still bound by GABs 48 hours after the 
first or the last injection in this group. Strikingly, the total T cell numbers in the 
group treated with γδTCRHI-αCD3HI was consistently lower compared to either 
αCD3MED GAB or PBMCs-only group, with a strong drop within the first 24 
hours after each injection, and did not differ between CD4+ or CD8+ T cells  
(Figure 3C and Figure S1A and B).  
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Figure 3. Superior in vivo tumor control and T cell coating by GABs with higher affinity CD3 binding (A) 
Schematic representation of experimental design. NSG mice were irradiated at day -1, and injected 
subcutaneously (s.c) with 10*10^6 RPMI 8226 tumor cells one day later. After 7 days the mice were 
randomized over three groups of 10 and one group of 5 (PBMC only), based on tumor size. All groups were 
injected with 10*10^6 huPBMCs i.v on day 7. From day 8 to 20 three groups were treated with i.v injections 
of γδTCRHI -αCD3HI, γδTCRHI -αCD3MED or γδTCRMOCK -αCD3MED every other day for a total of 7 injections ( 
2,7 mg/kg). The PBMC only group did not receive additional treatment (B) Tumor size was measured three 
times a week for five weeks after tumor cell injection. (C) Amount of αβTCR single positive and 
αβTCR/γδTCR double positive cells in the mice was determined by flow cytometry on day 9, 10, 21, 22 and 
24 after tumor injection, which corresponds to 24 and 48h after the first GAB injection and 24, 48 and  96 
hours after the last GAB injection respectively. PBMC only N=5, γδTCRHI -αCD3HI, γδTCRHI -αCD3MED or 
γδTCRMOCK -αCD3MED N=10. Error bars represent SEM, significance was calculated by mixed-effects model 
with repeated measures. * P<0.05, ** P<0.001, ***P<0.0001.  
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However, 96 hours after γδTCRHI-αCD3HI injections, T cell counts started to 
recover. We also monitored weight loss and survival of the mice until the end 
of the experiment at day 35, as these factors could indicate toxicity due to 
overstimulation of T cells, and we saw no significant differences between the 
groups (Figure S1 C and D) in line with the favorable toxicity and efficacy profile 
observed in vitro. 

GABs with the high affinity anti-CD3 scFv do not induce enhanced 
cytokine release or T cell infiltration compared to GABs with an 
intermediate affinity in vivo.   
To further investigate the different in vivo treatment effects of GABs with either 
-αCD3MED or  -αCD3HI, we performed a second, two-week mouse model in 
which, after tumor and PBMC injection, GABs were injected twice, and blood 
and tumor were collected. The potential risk of T cell overstimulation by high 
affinity CD3 binding, was addressed by determining the presence of 10 
cytokines and chemokines, associated with cytokine release syndrome 
(CRS), 4 and 48 hours after injection of γδTCRHI-αCD3MED and γδTCRHI-αCD3HI. 
For four of the selected cytokines and chemokines, IFNγ, MCP1, MIP1β, and 
CXCL1, the plasma levels were below the detection limit of the luminex assay 
in all samples. Overall, for the other six cytokines and chemokines, 4 hours 
after GAB injection, we observed no significant differences between mice 
injected with mock- or functional GAB, nor between mice injected with GAB 
with -αCD3MED or -αCD3HI (Figure 4B). We only observed a decrease in IP-10 
level in mice treated with γδTCRMOCK-αCD3HI mice compared to γδTCRMOCK-
αCD3MED, which was, however, not seen for the groups treated with γδTCRHI-
αCD3MED or γδTCRHI-αCD3HI. This low level of induced cytokines by the 
different GABs was also observed 48 hours after the second GAB injection 
(Figure S2). 

To assess whether we observed either a difference in T cell infiltration after 
GAB injection, or an enhanced killing of tumors between different groups, 
histopathologic analysis of tumor sections were performed. We observed a 
significant decrease in mitotic figures and apoptotic cells in mice treated with 
functional GAB (γδTCRHI), compared to mock treatment (γδTCRMOCK), while 
there were no differences observed between αCD3MED or -αCD3HI treated 
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groups or in the percentage necrosis between all the groups. These data 
implied, in line with the recently described apoptotic paradox 29, an improved 
tumor control early after functional GAB injections, though no differences in 
tumor control were observed between different active GABs at this early time 
point. We also did not observe any significant differences in T cell infiltration 
between the different treatment groups, implying that GABs do not attract T 
cells to the tumor site during this early treatment phase, and that the improved 
tumor control of γδTCRHI-αCD3HI  might be a consequence of longer exposure 
over time with GAB -coated T cells, rather than of an increase in effector cell 
infiltration.    

In conclusion, we show that γδTCRHI-αCD3HI has the most favorable efficacy 
toxicity profile, with improved tumor control in vivo, with no signs of increased 
inflammation or treatment related toxicity.  
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Figure 4. GABs with high affinity CD3 binding do not increase production of cytokines associated with 
cytokine release syndrome or tumor T cell infiltration (A) Schematic representation of experimental 
design. NSG mice were irradiated at day -1, and injected subcutaneously (s.c) with 10*10^6 RPMI 8226 
tumor cells one day later. After 7 days the mice were randomized over four groups of 5 mice and injected 
with 10*10^6 huPBMCs (i.v), and day 8 and 10 the mice were injected with γδTCRHI/MOCK-αCD3MED/HI.  (B) 
blood was drawn on day 8 (4 hours after the first GAB injection) and cytokine levels were measured using 
luminex. (C) Tumor tissue was collected on day 12 and the number of mitotic figures, amount of apoptotic 
cells and % necrosis was determined based and HE staining. Tumor infiltrated human T cells were 
visualized and quantified using HNF and CD3 staining and immunofluorescent microscopy. N=3,4 or 5, error 
bars represent SD, significance was calculated using one way ANOVA. * P<0.05, ** P<0.001, ***P<0.0001  

 



Chapter 4                                   Impact of CD3 binding affinity on the potency of GABs  

87 

Discussion  

During the pre-clinical development of bispecific T cell engagers, many factors 
can be optimized to create the molecule with most beneficial properties 12, 21, 
and over the past several years, interest in the selection of CD3 binding 
domains with optimal properties to incorporate in TCEs has increased 
significantly 14. A factor considered to be important for this selection is the 
relative potency of the TCE in induction of tumor cell lysis versus cytokine 
release, with the overall goal to reduce the risk of cytokine release syndrome 
20, 28. But the in vivo biodistribution of the TCE is also considered, with the 
assumption that the relative binding affinities of the tumor- and T cell binding 
arm will have a large impact on distribution and thereby potency of the TCE in 
vivo 15, 18. 

Within this context, we further developed our most recently described TCE 
concept of GABs 5 and describe now a next generation of GAB that is optimized 
for the balance between the tumor binding- Vγ9Vδ2TCR ectodomain, and the 
anti-CD3 scFv T cell binding affinity.  

To accomplish this goal, in this report we tested the influence of different 
binding strengths of the CD3 arm in the GABs, in combination with different 
Vγ9Vδ2TCR affinities, on the in vitro and in vivo potency. We found a strong 
correlation between CD3 binding affinity and in vitro potency of the GAB. GABs 
incorporating a higher affinity CD3scFv more efficiently induced cytokine 
release as well as tumor cell lysis. However, in addition to an overall increase 
in potency, we also observed a change in the window between the relative 
EC50 for induction of IFNγ release versus lysis, as reported by others 17, 20, 30. 
This observation would allow for the treatment of patients with a lower 
amount of GAB protein, and thereby allow for a better distinction dissection 
between toxicity and cytokine secretion. We could not, however, identify 
specific Vγ9Vδ2TCR-CD3scFv combinations where cytokine secretion was 
abolished, while tumor toxicity was maintained.  

Part of the success was also testing different anti-CD3 scFvs with either a 
high- (γδHI) or lower affinity (γδLO) Vγ9Vδ2TCR. The loss of potency when using 
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lower affinity anti-CD3 scFvs, although observed for both GABs, seemed more 
pronounced in the γδLO GAB, and mainly reduced the window between EC50 for 
induction of IFNγ release versus lysis. This observation is in line with a report 
showing that decreased binding avidity of the tumor engaging arm of HER2-
CD3 TCEs, by using a tumor cell line with low HER2 expression, resulted in 
greater differences in TCE potency, while in a high avidity situation, by using a 
HER2 high tumor cell line, CD3 affinity did not affect the TCE potency 27.  

In line with our in vitro assays, we also found superior in vivo tumor control by 
γδTCRHI-αCD3HI compared to γδTCRHI-αCD3MED. This finding is in contrast to 
recent reports showing that TCEs with higher CD3 binding affinity, regardless 
of in vitro potency, do not show improved tumor control in vivo 18, 19. Non-
optimal biodistribution of the TCEs, bound to T cells, to lymph nodes and 
secondary lymphoid organs rather than to the tumor, is one of the concerns 
when using high binding affinity to CD3 in vivo 15. We also observed a rapid 
decline in T cells in the blood after γδTCRHI-αCD3HI treatment. However, this 
phenomenon was only temporary, did not associate with cytokine release, 
and did not impair, but rather associated with improved efficacy.  Thus, while 
for other TCE’s, strong binding to T cells is viewed as sub-optimal, this might 
not be the case for the GAB molecules, which need to overcome low affinity 
binding of the γδTCR to the tumor, which is even with ‘’higher affinity’’ γδTCR 
most likely in the µM range. Therefore, prolonged circulation when binding on 
T cells might be important to achieve long term exposure of tumor tissues to 
GABs, as suggested by our observation that in the early phase, we neither 
observed increased T cell infiltration between all GABs, nor differences in 
mitotic or apoptotic signals between functional GABs at the tumor site in mice. 
Increasing the binding affinity of the γδTCR to its ligand complex could still be 
an interesting alternative strategy to improve GAB potency, though it could be 
challenging, given the lack of understanding of the full composition of the TCR-
ligand complex.  

In conclusion, here we show that increasing the binding affinity of the anti-CD3 
scFv in the GAB format, in combination with a high affinity to γδTCR, leads to 
increased potency in vitro and in vivo. Though in vivo temporary drops in T cell 
counts were observed as compared to other constructs, this did not associate 
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with increased toxicity, but rather with improved tumor control, most likely 
through increased killing and a prolonged exposure of tumor cells to GAB 
coated T cells.   
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Supplementary Figures and Tables 

Supplementary Table 1. Anti-CD3 scFv sequence  and reported affinity  

 

Anti-CD3 
scFv 

Amino acid sequence 
Reported KD single 

arm 

UCHT1 
 
 
 

DIQMTQTTSSLSASLGDRVTISCRASQDIRNYLNWYQQKP
DGTVKLLIYYTSRLHSGVPSKFSGSGSGTDYSLTISNLEQE
DIATYFCQQGNTLPWTFAGGTKLEIKGGGGSGGGGSGG
GGSQVQLQQSGPELVKPGASMKISCKASGYSFTGYTMN
WVKQSHGKNLEWMGLINPYKGVSTYNQKFKDKATLTVD
KSSSTAYMELLSLTSEDSAVYYCARSGYYGDSDWYFDVW
GQGTTLTVFSVD 

51 *10-9 M 1 

OKT3 

QVQLVQSGGGVVQPGRSLRLSCKASGYTFTRYTMHWVR
QAPGKGLEWIGYINPSRGYTNYNQKFKDRFTISRDNSKNT
AFLQMDSLRPEDTGVYFCARYYDDHYCLDYWGQGTPVT
VSSGGGGSGGGGSGGGGSQIQMTQSPSSLSASVGDRVT
ITCSASSSVSYMNWYQQTPGKAPKRWIYDTSKLASGVPS
RFSGSGSGTDYTFTISSLQ 
PEDIATYYCQQWSSNPFTFGQGTKLQITRVD 

2.73 *10-6 M 2 

TR66 

QIQLVQSGAEVAKPGASVKVSCKASGYTFTRYTMHWVRQ
RPGQGLEWIGYINPSRGYTNYNQKFKDRATLTTDKSTSTA
YMELSSLTSEDTAVYYCARYYDDHYCLDYWGQGTTVTVS
SGGGGSGGGGSGGGGSDIQLTQSPSSLSASVGDRVTITC
RASSSVSYMNWYQQKSGTAPKRWIYDTSKVASGVPYRFS
GSGSGTSYTLTISSLQPEDAATYYCQQWSSNPLTFGGGTK
VEIKVD 

2.6×10−7 M 3 

7195 

QVQLVESGGGLVQPGRSLRLSCAASGFTFADYTMHWVR
QAPGKGLEWVSDISWNSGSIAYADSVKGRFTISRDNAKN
SLYLQMNSLRTEDTAFYYCAKDSRGYGHYKYLGLDVWGQ
GTTVTVSSGGGGSGGGGSGGGGSDIQMTQSPSSLSASV
GDRVTITCRASQSISSYLNWYQQKPGKAPKLLIYAASSLQS
GVPSRFSGSGSGTDFTLTISSLQPEDFATYYCQQSYSTPPI
TFGQGTRLEIKV D 
 

3.19*10-9 M 4 

7232 

QVQLVESGGGLVHPGRSLRLSCAASGFTFDDYTMHWVR
QAPGKGLEWVSDISWNSGSRGYADSVKGRFTISRDNAEN
SLYLQMNSLRAEDTALYYCAKDKSGYGHYYYYAMDVWG
QGTTVTVSSGGGGSGGGGSGGGGSDIQMTQSPSSLSAS
VGDRVTITCRASQSISSYLNWYQQKPGKAPKLLIYAASSLQ
SGVPSRFSGSGSGTDFTLTISSLQPEDFATYYCQQSYSTPP
ITFGQGTRLEIKVD 
 

2.2*10-7 M 4 
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Supplementary Figure 1. Human T cell outgrowth in vivo, and mouse survival and weight  (A) total 
number of human T cells recorded in the mice model described in figure 3. For each (treatment) group or (B) 
γδTCRHI -αCD3HI treatment group CD4+ and CD8+T lymphocytes separate.  (C) Survival of the mice until the 
endpoint at day 35. (D) Body weight of the mice until the endpoint at day 35. Error bars represent SEM (A) 
or SD (C). N=10 or N=5 (PBMC only).  
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Supplementary Figure 2.  GABs with higher affinity CD3 binding do not induce increased T cell 
infiltration in tumor tissue.  Tumor tissue was collected and infiltrated. Human T cells were visualized and 
quantified using HNF and CD3 staining and immunofluorescent microscopy. N=5 Error bars represent SD, 
significance was calculated using student T test. ns= not significant.  
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Abstract 

γδT cell receptors (γδTCRs) recognize a broad range of malignantly-
transformed cells in mainly a major histocompatibility complex (MHC)-
independent manner, making them valuable additions to the engineered 
immune effector cell therapy that currently focuses primarily on αβTCRs and 
chimeric antigen receptors (CARs). As an exception to the rule, we have 
previously identified a γδTCR, which exerts antitumor reactivity against HLA-
A*24:02-expressing malignant cells, however without the need for defined 
HLA-restricted peptides, and without exhibiting any sign of off-target toxicity 
in humanized HLA-A*24:02 transgenic NSG (NSG-A24:02) mouse models. 
This particular tumor-HLA-A*24:02-specific Vγ5Vδ1TCR required CD8αα co-
receptor for its tumor reactive capacity when introduced into αβT cells 
engineered to express a defined γδTCR (TEG), referred to as TEG011, thus it 
was only active in CD8+ TEG011. We subsequently explored the concept of 
additional redirection of CD4+ T cells through co-expression of the human 
CD8α gene into CD4+ and CD8+ TEG011 cells, later referred as 
TEG011_CD8α. Adoptive transfer of TEG011_CD8α cells in humanized 
HLA-A*24:02 transgenic NSG (NSG-A24:02) mice injected with tumor HLA-
A*24:02+ cells showed superior tumor control in comparison to TEG011, and 
to mock control groups. The total percentage of mice with persisting 
TEG011_CD8α cells as well as total number of TEG011_CD8α cells per mice 
was significantly improved over time, mainly due to a dominance of CD4+CD8+ 
double positive TEG011_CD8α which resulted in higher total counts of 
functional T cells in spleen and bone marrow. We observed that tumor 
clearance in the bone marrow of TEG011_CD8α-treated mice associated with 
better human T cell infiltration, which was not observed in the TEG011-treated 
group. Overall, introduction of transgenic human CD8α receptor on TEG011 
improves antitumor reactivity against HLA-A*24:02+ tumor cells, and further 
enhances in vivo tumor control. 
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Introduction 

γδT cells share the properties of both innate and adaptive immunity and play 
an essential role in cancer immunosurveillance1, 2. Unlike conventional αβT 
cells, γδT cells recognize their cognate antigens in an MHC-unrestricted 
manner, targeting stress-induced and malignantly-transformed self-antigens 
3, 4. As such, γδT cells represent an attractive cell subset to substantiate T cell-
based immunotherapeutic strategies that still mainly focus on αβT cells.  

Based on their TCRδ chain repertoire, two major subsets of γδT cells can be 
distinguished: Vδ2+ and Vδ2- cells. Vδ2+ cells mainly reside in the human 
peripheral blood, representing up to 5% of total circulating T cells, and sense 
metabolic changes in tumor cells with intracellular accumulation of 
phosphoantigens (pAgs) level. Vδ2+ T cell recognition is facilitated by 
butyrophilin (BTN) family molecules, including BTN2A1 and BTN3A1 5-10. On 
the other hand, Vδ2- cells mainly localize in mucosal and epithelial tissues, 
but their antitumor properties are scarcely known 4. Vδ2- cells recognize broad 
range of stress-induced ligands, such as the MHC-associated proteins MICA 
and MICB, foreign lipid antigens presented on CD1c/d molecules in classical 
HLA-like manner, and CMV-associated UL16-binding protein (ULBP) family 
members, that are upregulated in stressed or malignant cells 11-15.  

Vδ1+ T cells, one of the major Vδ2- subsets, have been shown to exert 
antitumor reactivity against leukemia and solid tumors 16-21, indicating their 
potential in cancer immunotherapy. Adoptive transfer of in vitro expanded 
Vδ2+ cells only showed marginal clinical responses to date 4, 22, while adoptive 
transfer of Vδ2- cells is yet to be tested in the clinic 23. Translational efforts 
using γδT cells and their receptors outside the context of allogeneic stem cell 
transplantation 24, 25 face substantial hurdles, due to their limited proliferative 
capacity, underestimated diversity in co-receptors expression and function, 
as well as scarce information on how γδTCRs interact with their targets.  

To bypass these major drawbacks of translating γδT cells-based immune 
therapies into clinical practice, we developed the concept of TEGs: αβT cells 
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engineered to express a defined γδTCR, allowing the introduction of highly 
tumor-reactive γδTCR, both Vδ2+ 26, 27 or Vδ2- 28, 29 subsets, into proliferatively-
proficient αβT cells 27, 30, 31. This concept did not only allow to select for highly 
tumor-reactive γδTCR, but also within the context of Vδ2+ TCRs to reprogram 
both CD4+ and CD8+ αβT cells 26, 27. Professional help for TCR-engineered 
CD8+ αβT cells by also functionally engineering CD4+ αβT cells has not only 
been shown to be important in vitro 32 but also to improve clinical responses 
33. Within this context, we previously identified an allo-HLA-restricted and 
tumor-specific Vγ5Vδ1TCR derived from clone FE11, introduced in the TEG 
concept as TEG011, which was, although not dependent on a defined peptide, 
selectively targeting HLA-A*24:02+ tumor cells without impairing the healthy 
tissues 34. Furthermore, we also highlighted that antitumor reactivity of 
Vγ5Vδ1TCR derived from clone FE11 requires CD8α as costimulatory 
receptor and showed that both CD8αα on the original clone FE11 and CD8αβ 
on transduced αβT cells are capable of providing co-stimulation to the 
Vγ5Vδ1TCR derived from clone FE11 34. Thus, for this very particular 
Vγ5Vδ1TCR the concept of TEGs would not benefit from reprogramming CD4+ 
αβT cells when only a Vγ5Vδ1TCR is transferred as CD4-transduced TEG011 
cells do not elicit antitumor reactivity.  

Human CD8 is a membrane glycoprotein classified in an immunoglobulin-like 
super family consisting of hetero- or homodimer of α and β chains, making up 
for the CD8αβ or CD8αα co-receptor on the cell surface. CD8αβ 
predominantly expressed on αβT cells, while CD8αα mainly expressed on the 
cell membrane of innate immune cells, including macrophages, dendritic 
cells, natural killer (NK) cells, and γδT cells 35. Transfer of CD8 receptor has 
been reported for αβTCR engineered αβT cells to functionally reprogram CD4+ 
αβT cells, when low to intermediate affinity αβTCRs are used for engineering 
36. Within this context, we addressed the implication of CD8αα-dependency 
of FE11 γδTCR in relation to its tumor immunity. Based on this mechanistic 
basis of antitumor reactivity for TEG011 cells, we hypothesize that the transfer 
of CD8α receptor can functionally rescue Vγ5Vδ1TCR engineered CD4+ αβT 
cells. Within this context, we explored now as additional approach to improve 
efficacy of TEG011 therapy the simultaneously co-expressing Vγ5Vδ1TCR 
derived from clone FE11 together with CD8α receptor in a TEG format, referred 
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to as TEG011_CD8α. Importantly, we demonstrate that introduction of 
transgenic human CD8α co-receptor into CD4+ TEG011 cells successfully 
enhanced its antitumor efficacy in vitro and in vivo, and thus did not require 
CD8β. Furthermore, we show that the co-expression of CD8α in CD4+ TEG011 
provides additional survival signal and facilitates better T cell persistence and 
infiltration in vivo, both of which are essential to sustain long-term tumor 
control of adoptively transferred TCR-based immunotherapy. 

Material and methods  

Cell lines 
Daudi, SW480, and Phoenix-Ampho cell lines were obtained from ATCC. 
K562 with HLA-A*24:02-transduced cell line was kindly provided by Fred 
Falkenburg (Leiden University Medical Centre, the Netherlands) and 
subsequently transduced with luciferase for in vivo imaging purposes. EBV-
LCL was kindly provided by Phil Greenberg (Seattle, WA). Phoenix-Ampho and 
SW480 cells were cultured in DMEM supplemented with 1% Pen/Strep 
(Invitrogen) and 10% FCS (Bodinco), whereas all other cell lines in RPMI with 
1% Pen/Strep and 10% FCS. All cell lines were authenticated by short tandem 
repeat profiling/karyotyping/iso-enzyme analysis and were passaged for a 
maximum of 2 months, after which new cell line stocks were thawed for 
experimental use. Furthermore, all cell lines were routinely verified by growth 
rate, morphology, and/or flow cytometry and tested negative for mycoplasma 
using MycoAlert Mycoplasma Kit (Lonza, Breda, The Netherlands). Peripheral 
blood mononuclear cells (PBMCs) from healthy donors were isolated by 
Ficoll-Paque (GE Healthcare, Eindhoven, The Netherlands) from buffy coats 
supplied by Sanquin Blood Bank (Amsterdam, The Netherlands). 

Cloning of TEG011_CD8α and TEGLM1_CD8α 
Clone FE11 was generated as previously described 28. FE11 and LM1 (non-
functional γ9δ2TCR with length mutation on the complementary determining 
region 3 (CDR3) of the δ2-chain 31) γδTCRs were subcloned to pMP71 
retroviral vectors containing both γTCR and δTCR chains, separated by a 
ribosomal skipping T2A sequence. pU57 constructs containing a ribosomal 
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skipping P2A sequence, followed by full-length human CD8α were purchased 
from Baseclear (Leiden, The Netherlands). Thereafter, CD8α was subcloned 
into pMP71 vector using XhoI and HindIII restriction sites downstream of 
γ115TCR-T2A-δ115_LM1 sequence to generate a TEGLM1_CD8α construct 
that contained NcoI and XhoI restriction sites up- and downstream of LM1 
γδTCR chains. NcoI and XhoI restriction sites were then inserted up- and 
downstream of FE11 γδTCR sequences by site-directed mutagenesis PCR, 
after which this sequence was ligated to P2A-CD8α sequence in pMP71 
vector using the introduced NcoI and XhoI sites, generating a TEG011_CD8α 
construct (Supplementary Table 1). Where indicated, CD4+, CD8+, 
CD4+CD8αα+ and CD4+CD8αβ+ TCR-transduced T-cells were sorted using a 
FACSAria II (BD) flow cytometry to >99% purity. Expression levels of CD8α 
mutants were measured by flow cytometry using anti-CD8α antibody (clones 
RPA-T8). 

Functional T cell assays 
IFNγ ELISPOT was performed using anti-human IFNγ mAb1-D1K (I) and 
mAb7-B6–1 (II) (Mabtech) per the manufacturer’s protocol. 15,000 TEG cells 
(TEG011, TEGLM1, TEG011_CD8α, or TEGLM1_CD8α) were co-incubated 
with 50,000 target cells (E:T ratio 1:3) for 18-24 hours in nitrocellulose-
bottomed 96-well plates (Millipore). IFNγ spots were visualized with TMB 
substrate (Sanquin) and subsequently the number of spots was quantified 
using ELISPOT Analysis Software (Aelvis). Where indicated, blocking of CD8α 
was performed using 10 μg/ml anti-CD8α antibody clone OKT8 (eBioscience) 
and blocking of CD8β with 10 μg/ml anti-CD8β clone 2ST8.5H7 (Abcam). 

Retroviral transductions of T cells 
TEGs were generated as previously described 30. Briefly, Phoenix-Ampho 
packaging cells were transfected with gag-pol (pHIT60), env (pCOLT-GALV), 
and pMP71 retroviral constructs containing both γTCR and δTCR chains 
separated by a ribosomal skipping T2A sequence and followed by CD8α 
sequence separated by P2A sequence where applicable, using FugeneHD 
reagent (Promega, Leiden, The Netherlands). PBMCs from a healthy donor 
pre-activated with 30 ng/mL anti-CD3 (clone OKT3, Miltenyi Biotec) and 50 
IU/mL IL-2 (Proleukin, Novartis, Arnhem, The Netherlands) were transduced 
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twice with viral supernatant within 48 hours, in the presence of 50 IU/mL IL-2 
and 6 µg/mL polybrene (Sigma-Aldrich, Zwijndrecht, The Netherlands). TCR-
transduced T cells were expanded by stimulation with anti-CD3/CD28 
Dynabeads (500,000 beads/106 cells; Thermo Fisher Scientific, Breda, The 
Netherlands) and 50 IU/mL IL-2. Thereafter, transduced T cells were depleted 
of the non-engineered T cells. 

Depletion of non-engineered T cells  
Non-engineered T cells was depleted as previously described 27. In brief, 
transduced T cells were incubated with a biotin-labeled anti-αβTCR antibody 
(clone BW242/412; Miltenyi Biotec, Leiden, The Netherlands) and then 
incubated with an anti-biotin antibody coupled to magnetic beads (anti-biotin 
MicroBeads; Miltenyi Biotec), most recently reported to preferentially bind to 
the βTCR chain 37. Thereafter, the cell suspension was loaded onto an LD 
column, and αβTCR+ T cells were depleted by MACS cell separation per the 
manufacturer’s protocol (Miltenyi Biotec). After depletion, TEGs were 
expanded using a T cell rapid expansion protocol (REP) 30. 

Separation of CD4+ subsets of TEGs 
The separation of CD4+ TEGs was performed using CD4 Microbeads (Miltenyi 
Biotech) as per manufacturer’s instructions. Briefly, TEGs that were previously 
expanded on REP were incubated with magnetic microbeads cells and loaded 
into LS column for MACS cell separation. Thereafter, CD4+ selected or bulk 
(with CD4:CD8 ratio 50:50) TEGs were expanded separately on the next REP 
cycle prior to in vitro functional assay. TEG expression was monitored prior to 
functional assays or in vivo infusion by flow cytometry using anti-αβTCR-APC 
(clone IP26, eBioscience), anti-pan-γδTCR-PE (clone IMMU510, Beckman 
Coulter), anti-CD8-PerCP-Cy5.5 (clone RPA-T8, Biolegend), anti-CD4-PeCy7 
(clone TPA-R4, Biolegend), anti-CD4-FITC (clone TPA-R4, Biolegend), and 
Vδ1-FITC (clone TS8.2, Thermo Fisher Scientific) antibodies. 

Animal model 
The NOD.Cg-PrkdcscidIl2rgtm1WjlTg(HLA-A24)3Dvs/Sz (NSG-A24:02) mice 38 
were bred and housed in the breeding unit of the Central Animal Facility of 
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Utrecht University. Experiments were conducted per institutional guidelines 
after obtaining permission from the local Ethical Committee, and performed 
in accordance with the current Dutch laws on Animal Experimentation. Mice 
were housed in individually ventilated cage (IVC) system to maintain sterile 
conditions and fed with sterile food and water. After irradiation, mice were 
given the antibiotic ciproxin in the sterile water for the duration of the 
experiment. Both male and female mice were randomized with equal 
distribution among the different groups, based on age and initial weight 
(measure on Day -1) into 10 mice/group. Adult NSG-A24:02 mice (11-20 
weeks old) received sub-lethal total body irradiation (1,75 Gy) on day -1 
followed by intravenous injection of 1x105 K562-HLA-A*24:02 luciferase 
tumor cells on day 0, and received 2 intravenous injections of TEG011, 
TEG011_CD8α or TEGLM1_CD8α cells on day 1 and 6 as previously reported 
34. Together with the first TEGs injection, all mice received 0,6 × 106 IU of IL-2 
(Proleukin; Novartis) in 100µl incomplete Freund's adjuvant (IFA) 
subcutaneously and subsequently administered every 3 weeks until the end 
of the experiment. Mice were monitored at least twice a week for any 
symptoms of disease (sign of paralysis, weakness, and reduced motility), 
weight loss, and clinical appearance scoring (scoring parameter included 
hunched appearance, activity, fur texture, and piloerection). The humane 
endpoint was reached when mice showed aforementioned symptoms of 
disease, experienced a 20% weight loss from the initial weight (measured on 
day -1), developed extramedullary solid tumor masses (if any) reached 2 cm³ 
in volume and when clinical appearance score 2 was reached for an individual 
parameter or a total score of 4. 

Flow cytometry analysis 
The following antibodies were used for flow cytometry analysis: huCD45-PB 
(clone HI30; Sony Biotechnology), pan-γδTCR-PE (clone IMMU510; 
Beckman-Coulter), mCD45-APC (clone 30-F11, Sony Biotechnology), 
αβTCR-FITC (clone IP26; Biolegend), CD4-PeCy7 (clone RPA-T4, Biolegend), 
CD8-PerCPCy5.5 (clone RPA-T8, Biolegend), PD-1-BV711 (clone EH12.2H7, 
Biolegend), and TIM3-BV650 (clone F38-2E2, Biolegend). To exclude non-
viable cells from the analysis, Fixable Viability Dye eFluor506 was used 
(eBioscience). All samples were analyzed on a BD LSRFortessa using 
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FACSDiva Software (BD Biosciences). 

Assessment for TEGs persistence  
Mouse peripheral blood samples were obtained via cheek vein (max. 50-70 
µl/mouse) once a week. Red blood cell was lysed using 1X RBC lysis buffer 
(Biolegend) and were then stained with a mixture of antibody panels as listed 
above. The persistence of TEG cells was counted as absolute cell number 
tumor-reactive TEG cells expressing following cell surface markers 
huCD45+γδTCR+CD8+ and huCD45+γδTCR+CD4+CD8+ populations or non-
reactive TEG cells expressing huCD45+γδTCR+CD4+ marker observed in 
mouse peripheral blood using Flow-count Fluorospheres (Beckman Coulter) 
and measured by flow cytometry.  

Preparation of single cell suspensions 
At the end of the study period, bone marrow (mixed from tibia and femur) and 
spleen sections were isolated and processed into single cell suspension. 
Femur and tibia from the hind legs were collected; bone marrow cells were 
collected by centrifugation of the bones at 10,000 rpm for 15 seconds and 
resuspension of the cells in phosphate buffer saline (PBS).  

A small section of the spleen was minced and filtered through a 70µm cell 
strainer (BD); incubated with 1X RBC lysis buffer cells for maximum 4 minutes, 
and subsequently cells were washed and resuspended in PBS. Absolute cell 
number of TEG cells were quantified using Flow-count Fluorospheres and 
measured from a total of 106 cells stained for the presence of TEG cells in 
spleen and bone marrow by flow cytometry analysis (BD LSRFortessa). 
 
Histology staining and analysis 
Formalin-fixed femur for bone marrow sections were embedded in paraffin 
and cut into 4 μm sections. Hematoxylin and eosin (H&E) staining was 
performed for the femur, for bone marrow section. Tissue sections were 
evaluated to assess for any differences in the presence, distribution and 
extension of neoplastic foci indicating tumor tissue. Tiss ue sections of the 
femur were evaluated for quantification of tumor tissue by dividing the area 
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covered by the tumor cells by the total area of bone marrow tissue visible in 
the section using the ImageJ analysis system software (NHI, Bethesda, 
Maryland, USA) and expressed as a percentage. Images were taken using an 
Olympus BX45 microscope with the Olympus DP25 camera and analyzed 
using DP2-BSW (version 2.2) or ImageJ softwares.  

Statistical Analyses 
Experimental data were analyzed using GraphPad Prism (GraphPad Software 
Inc., La Jolla, CA, USA) and shown as mean ± standard deviation (SD) or 
standard error of mean (SEM) with *P < 0.05; **P < 0.01; ***P < 0.001; and 
****P < 0.0001. Statistical significances between groups were assessed using 
a non-parametric Kruskal-Wallis test, a two-way ANOVA, and a mixed-effects 
model with repeated measures where indicated. 

Results 

Co-transfer of transgenic CD8α receptor is sufficient to re-establish 
tumor reactivity of CD4+ TEG011 cells 
We previously identified an allo-restricted CD8α-dependent Vγ5Vδ1TCR 
clone FE11 28, which showed in vitro antitumor reactivity against HLA-
A*24:02-expressing tumor cells 34. We therefore investigated whether 
introduction of CD8αα or CD8αβ along with Vγ5Vδ1TCR derived from clone 
FE11 could enhance antitumor reactivity of CD8+, and also functionally 
reprogram CD4+ TEG011 cells. Hence, we co-transduced T cells with the 
FE11 γδTCR, and with either CD8α alone or CD8α together with CD8β 
(Supplementary Figure S1). Subsequently, we sorted separate sets of CD4+ 
TEG011 cells that co-expressed either exogenous CD8αα (CD4+CD8α+) or 
CD8αβ (CD4+CD8αβ+) as well as TEG011 cells expressing only endogenous 
CD4 and CD8 as negative and positive controls for tumor recognition, 
respectively (Figure 1A). Thereafter, TEG cells were co-cultured with SW480 
and EBV-LCL target cells or healthy PBMCs as mock control. Both CD4+CD8α+ 
and CD4+CD8αβ+ TEG011 cells secreted significantly higher levels of IFNγ 
upon exposure to tumor targets than CD4+ TEG011 cells. The acquired 
antitumor reactivity of CD4+CD8α+ and CD4+CD8αβ+ TEG011 cells could be 
blocked by CD8α and CD8β blocking antibodies (Figure 1B), confirming the 
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strict dependence of FE11 γδTCR on introduced CD8 molecules. Taken 
together, we showed that introduction of CD8α alone is sufficient to re-
establish antitumor reactivity of CD4+ T cells expressing FE11 γδTCR. 
Introduction of CD8β did not further enhance tumor recognition, but was 
functionally involved in the molecular interaction with its target when present. 

 

Figure 1 Introduction of transgenic CD8α receptor on TEG011 improves T cell activation.  (A) TEG011 
were retrovirally transduced with either CD8α alone or CD8α in combination with CD8β. CD4+, CD8+, 
CD4+CD8α+ and CD4+CD8αβ+ subsets of T cells were subsequently sorted (left panel is a representative 
sorting plot for CD4+, CD8+ and CD4+CD8α+ cells; CD4+CD8αβ+ cells were sorted in a similar manner) and 
tested for recognition of SW480 and EBV-LCL target cells by IFNγ ELISPOT (right panel). Healthy PBMCs 
were included as untransformed mock control target cells. Data are of representative of four independent  
experiments and error bars represent mean ± SEM (**P < 0.01; ***P < 0.001) calculated by two-way ANOVA. 
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(B) CD8α and CD8β blocking on CD4+ T cells were transduced with the FE11 γδTCR and CD8α alone, or 
CD8α with CD8β. TEG011 was co-incubated with SW480 target cells in the presence of a control antibody, 
or CD8α or CD8β blocking antibodies. IFNγ production was measured by ELISPOT. Data represent mean ± 
SD of replicates for each effector (**P < 0.01; ***P < 0.001; ****P < 0.0001) calculated by two -way ANOVA. 
(C) Schematic diagram of pMP71 retroviral vector constructs containing codon-optimized human γδTCR 
sequences from either clone FE11 (referred as TEG011_CD8α) or non-functional LM1 chains (referred as 
TEGLM1_CD8α) in combination with full length of human CD8α receptor (top panel). Within the transgene 
cassettes, individual γTCR and δTCR chains have been linked with a self-cleaving thosea asigna virus 2A 
(T2A; black box) ribosomal skipping sequence, while the CD8α sequence was connected with a porcine 
teschovirus-1–derived 2A (P2A; grey box) ribosomal skipping sequence. (D) CD4+ αβT cells were 
transduced with either TEGLM1_CD8α, TEG011, or TEG011_CD8α γδTCR (as effector cells) and 
subsequently co-cultured with HLA-A*24:02-expressing target cell lines or healthy T cells (E:T ratio is 1:3) 
for 18-24 h. TEG011 bulk population with 50:50 ratio of both CD4+ and CD8+ TEGs and T cells from healthy 
donor were used as positive and untransformed mock controls, respectively. Antitumor reactivity was 
measured by IFNγ ELISPOT, where 50 spots/15,000 cells were considered as a positive antitumor response 
and indicated by the dashed horizontal line. Data are representative of three independent experiments with  
replicates for each target and error bars represent mean ± SD (*P < 0.05; **P < 0.01; ****P < 0.0001) 
calculated by two-way ANOVA. 

For clinical administration, co-expression of both CD8α and the γδTCR in one 
vector is preferred to allow reproducible and cost-effective production 
processes 26, 27, 39. Moreover, co-expressing both CD8α and the γδTCR in one 
vector can also overcome the difference in transduction efficiency when they 
were transduced separately. Therefore, we generated new retroviral 
constructs carrying either FE11 γδTCR or a non-functional length mutant 
clone LM1 γδTCR (31; served as mock control) followed by full-length human 
CD8α receptor sequences (TEG011_CD8α and TEGLM1_CD8α, Figure 1C). 
The complete sequence of transgenes for these retroviral constructs are listed 
in Supplementary Table S1 and S2, respectively. Subsequently, αβT cells were 
transduced with either FE11 γδTCR without human CD8α receptor (TEG011), 
FE11 γδTCR with human CD8α receptor (TEG011_CD8α), or LM1 γδTCR with 
human CD8α receptor (TEGLM1_CD8α). After TEG expansion, we performed 
magnetic selection of CD4+ T cells for each TEG constructs. To elucidate 
whether introduction of transgenic CD8α receptor adequately rescues 
TEG011 reactivity of non-tumor reactive CD4-transduced cells once delivered 
by the very same vector, we co-cultured tumor target HLA-A*24:02-
transduced CML tumor cells (K562), SW480, and EBV-LVL cells with either 
CD4+ TEG011_CD8α, CD4+ TEGLM1_CD8α, or CD4+ TEG011 (without 
introduction of the CD8α receptor). Healthy T cells and TEG011 bulk cells 
(with CD4:CD8 1:1 ratio) were used as the untransformed mock target and 
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positive effector control, respectively (Figure 1D). CD4+ TEG011_CD8α cells 
produced a significantly higher IFNγ level compared to CD4+ TEG011, which 
was equivalent to those of TEG011 bulk cells against all tumor targets, without 
affecting healthy cells. The equivalent IFNγ level between CD4+ 
TEG011_CD8α and TEG011 bulk cells comprised of only 50% CD8+ TEG011 
implied that reprogrammed CD4+ TEG011_CD8α are surprisingly poorer 
cytokine secretors. Importantly, enhanced tumor recognition was restricted to 
CD4+ TEG011_CD8α cells and not CD4+ TEGLM1_CD8α mock cells, 
highlighting the specific role of CD8α as co-stimulation for the introduced 
FE11 γδTCR. We concluded that introduction of transgenic CD8α receptor in 
combination with Vγ5Vδ1TCR derived from clone FE11 allowed 
reprogramming of CD4+ T cells towards HLA-A*24:02-expressing tumor cells 
in vitro, though activity was lower when compared to CD8+ TEG011.  

TEG011_CD8α improves in vivo tumor control and associates with higher 
persistence of functional T cells  
In previous studies, we have shown TEG011 efficacy against HLA-A*24:02-
expressing tumor cells in vitro and an extended in vivo safety profile as well as 
peripheral persistence of TEG011, where long-term persistence of TEG 
associated with reduced probability for developing extramedullary solid tumor 
masses in vivo 34, 40. To assess the consequence of the additional expression 
of TEG011_CD8α, NSG transgenic mice expressing human HLA-A*24:02 
(NSG-A24:02) were irradiated, received luciferase-labeled K562 HLA-
A*24:02+ cells, and subsequently received two intravenous injections of either 
mock control TEGLM1_CD8α, TEG011_CD8α, or TEG011 cells. All infused 
TEG variants showed comparable γδTCR expression, where the transduced 
αβT cells expressed Vδ1+ TCR for TEG011 and TEG011_CD8α 
(Supplementary Figure S2). Mice were monitored for tumor burden assessed 
by bioluminescent imaging, T cell persistence and infiltration, as well as any 
other signs of discomfort. Mice were sacrificed when the humane endpoints 
were reached (experimental outline Figure 2A). TEG011_CD8α-treated mice 
had a significantly lower tumor burden over time compared to the mock 
control TEGLM1_CD8α and TEG011-treated groups (Figure 2B), indicating 
superior tumor control in vivo by TEG011_CD8α. All tumor-bearing mice 
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eventually developed tumor and measurement of individual mouse indicating 
tumor growth over time for each treatment group is shown in Figure 2C and 
2D. Despite the significant in vivo tumor control, we observed only a trend 
towards an improved overall survival for TEG011_CD8α-treated mice 
(Supplementary Figure S3). This could be due to limited treatment window of 
this mouse model contributed by aggressive tumor growth of K562 HLA-
A*24:02-transduced cells.  

 

Figure 2 TEG011_CD8α improves in vivo tumor control against HLA-A*24:02+ tumor cells. (A)  
Schematic overview of the in vivo experiment for NSG-A24:02 tumor-bearing mice. Irradiated mice were 
intravenously injected with K562-HLA*A24:02-luciferase tumor cells on day 0 followed by two infusions of 
TEG011, TEG011_CD8α or TEGLM1_CD8α mock cells on days 1 and 6. Mice were monitored regularly and 
sacrificed when the humane endpoint (HEP) was reached. (B) Tumor burden for K562-HLA*A24:02-
luciferase was assessed in vivo measuring integrated signal density per total surface area (count/mm2) by 
bioluminescence imaging (BLI) with the mouse abdomen facing up. Data are shown only up to week 3 for 
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the TEGLM1_CD8a mock-treated group (open light gray rectangle) due to subsequent mouse dropout 
>50%, while data for TEG011 (open black circle) and TEG011_CD8a (open black triangle) are shown up to 
week 4. Data are shown as mean ± SEM of all mice per group (n = 10). Statistical significances were 
calculated by a mixed-effects model with repeated measure up to week 3 as comparison all treatment 
group (indicated next to legends) and only between TEG011 and TEG011_CD8α group for week 4 (indicated 
on the graph); (*P < 0.05; **P < 0.01).  (C) Tumor burden for individual mouse for each treatment group 
measured by integrated signal density per total surface area (count/mm 2) using BLI. (D) Tumor load for 
individual mouse was evaluated by bioluminescence imaging on week 1 to week 4 using Milabs Optical 
Imaging (OI) Acquisition and OI-Post processing software (version 2.0). Anaesthetized mice were injected 
intraperitoneally with 25mg/ml Beetle-luciferin (Promega). Calibrated units were calculated from 
integrated density of bioluminescence signal (electron/s) as shown by the right bar. The animals were 
imaged 10 min after luciferin injection. Black areas indicate loss of mice.  

As TEG011 cells carry CD8α-dependent Vγ5Vδ1TCR, we focused our in vivo 
analysis to tumor-reactive CD8-expressing TEG cells (as validated by in vitro 
functional T cell assay in Figure 1D) while taking into account the non-tumor 
reactive CD4+ TEG cells. Therefore, we assessed CD8-expressing TEG cell 
product properties and persistence by measuring viable 
huCD45+γδTCR+CD8+ single-positive and huCD45+γδTCR+CD4+CD8+ double-
positive cells (present in mock control TEGLM1_CD8α and TEG011_CD8α 
only) in mouse peripheral blood using flow cytometry (gating strategy depicted 
in Supplementary Figure S4). TEG cells persisted up to 4 weeks after infusion 
in the mouse peripheral blood with biological variations between mice (Figure 
3A). To address this interindividual variation in T cell persistence, we analyzed 
separately the percentage of mice where CD4+ and CD8+ T cells reached at 
least 500 cells/ml in the peripheral blood over time, a threshold described 
previously 41 (Figure S5A). We observed a higher percentage of mice with 
persisting CD4+ and CD8+ T cells in TEG011_CD8α group when compared to 
mock TEGLM1_CD8α and TEG011 group. Despite some imbalance in the 
CD4:CD8 ratio with lower numbers for CD8+ TEG011 infused (Supplementary 
Figure S2), more CD8+ TEG011 persisted over time when compared to CD8+ 
single-positive TEG011_CD8α. Vice versa, endogenous CD4 T cells for 
TEG011_CD8α were lower before infusion when compared to TEG011 prior to 
infusion, while CD4+CD8+ double-positive TEG011_CD8α were higher in 
numbers over time when compared to both CD4+CD8+ double-positive 
TEGLM1_CD8α and CD4+ TEG011 cells (Supplementary Figure S5B). As a net 
effect, we observed more CD8-expressing T cells for TEG011_CD8α cells 
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when compared to TEG011 (Figure 3B). Next, we investigated the expression 
of PD1 and TIM3 on CD8+ single-positive cells and CD4+ single-positive or 
CD4+CD8+ double-positive cells. Higher numbers of T cells expressing PD1 or 
TIM3 were observed on TEG011_CD8α cells, as compared to mock 
TEGLM1_CD8α and TEG011 cells (Supplementary Figure S6A and B). CD8+ 
single-positive TEG011 and TEG011_CD8α showed an increased PD1 
expression when compared to CD8+ single-positive TEG_LM1 
(Supplementary Figure S6A). A partial decline of TIM3 expression was most 
pronounced over time in CD8+ single-positive TEG011_CD8α (Supplementary 
Figure S6B). 

Next, we investigated infiltration of TEG cells into spleen and bone marrow on 
weeks 1 and 2 after infusion. Specifically, we compared the TEG011 and 
TEG011_CD8α groups to elucidate the contribution of transgenic CD8α co-
expression in TEG011 infiltration in vivo, and focused on the total sum of CD8-
expressing TEG011 cells. We detected a significantly higher number of CD8-
expressing TEG cells infiltrating in the spleen and bone marrow of 
TEG011_CD8α-treated mice at both time points (Figure 3B). Importantly, we 
did not observe rapid clearance of CD4+CD8+ double-positive TEG011_CD8α 
cells in these tissues within these time points, whereas CD8+ single-positive 
TEG011 cells were barely detected. Thus, we conclude that CD8α co-
stimulation with TEG011 improves overall in vivo tumor control, T cell 
persistence and infiltration of CD8-expressing TEG011 cells. 

TEG011_CD8α enhanced T cell infiltration and effectively cleared tumor 
cells in bone marrow  
We previously reported an extensive in vivo safety profile of TEG011 against 
healthy tissues that express HLA-A*24:02 molecules, in which no significant 
histological lesions were observed in major organs, including liver, spleen, and 
intestine 40. For histopathology analysis, we collected a femur bone marrow 
section from each treatment group at the end of the study period to further 
evaluate antitumor efficacy of the new TEG011_CD8α cells (Figure 4A). Tissue 
sections were assessed for the presence and extension of the neoplastic foci 
composed by round, large, undifferentiated tumor cells. The mock control 
TEGLM1_CD8α-treated group showed evident 19,2% neoplastic infiltration, 
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whereas the TEG011-treated group showed up to 3,4% neoplastic infiltration 
of a homogeneous population of neoplastic cells in the bone marrow. 
Interestingly, we did not observe any neoplastic infiltration in the bone marrow  

 

Figure 3 TEG011_CD8α enhances TEG persistence and infiltration. (A) TEG cells were measured in 
peripheral blood using flow cytometry by quantifying the absolute cell numbers of TEGLM1_CD8a mock 
(open light gray rectangle), TEG011 (open black circle), and TEG011_CD8a (open black triangle) in tumor -
bearing mice. TEG cells are distinguished into different cellular compartments: CD8+ single-positive (SP; 
white stacked bar), CD4+ single-positive (SP; grey stacked bar), and CD4+CD8+ double-positive (DP; grey 
dotted stacked bar) cells. Black arrows indicate higher or lower T cell counts observed. Data are shown as 
mean ± SEM of all mice per group (n = 10 mice). Statistical significances were calculated by a mixed -effects 
model with repeated measures (*P < 0.05; ****P < 0.0001). (B) CD8-expressing TEG cells was assessed in 
spleen and bone marrow by quantifying the total viable cells of huCD45+γδTCR+CD8+ and 
huCD45+γδTCR+CD4+CD8+ per one million single cell suspension by flow cytometry. Cell counts of 
individual mouse per treatment group are represented by each symbol.  Functional TEG011 cells consist of 
two different cellular compartments: CD8+ single-positive (SP; white stacked bar) and CD4+CD8+ double-
positive (DP; grey dotted stacked bar). Data are shown as mean ± SEM (*P < 0.05; **P < 0.01) calculated by 
a mixed-effects model with repeated measures.  
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of mice in the TEG011_CD8α group and the appearance of bone marrow cell 
composition and cellularity were normal (Figure 4B). In conclusion, although 
number of analyzed bone marrows was limited in numbers, our data imply that 
TEG011_CD8α effectively cleared tumor cells in bone marrow, emphasizing 
the role of CD8α co-stimulation for better in vivo tumor control of TEG011 
cells. Overall, our data indicate that introduction of transgenic CD8α on 
TEG011 cells effectively improves in vivo tumor control and better T cell 
infiltration into bone marrow. 

 

Figure 4 TEG011_CD8α effectively cleared tumor cells in bone marrow, without a significant 
difference in tumor infiltration observed in other major organs. (A) Representative pictures H&E stained 
of mouse bone marrow with the presence of neoplastic cells (black arrow) from individual mice of each 
treatment group (n = 5 mice/group). Magnification:10×. (B) Percentage cases of tumor infiltration in mouse 
bone marrow for each treatment group (n = 5mice/group). Calculation was performed by dividing the area 
covered by the tumor cells per the total area of bone marrow tissue visible in the section using ImageJ. Data 
are shown as mean ± SEM (*P < 0.05) calculated by non-parametric Kruskal-Wallis test. 
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Discussion 

TEG011 has been reported to specifically recognize HLA-A*24:02+ malignant 
cells while sparing the HLA-A*24:02-expressing healthy tissues with the 
requirement of CD8α co-stimulation 34, 40. While TEG011 has shown a 
favorable efficacy profile in vivo, we only observed in approximately 50% of 
the mice long-term persistence of CD8+ TEG011 cells, which could be due to 
the lack of support by antigen-specific CD4+ T cells 29, 40. The presence of both 
tumor-specific CD4+ and CD8+ αβT cells has been reported to significantly 
improve clinical responses compared to tumor-specific CD8+ αβT cells alone 
33. To further improve the antitumor efficacy of TEG011, we co-expressed a 
CD8α co-receptor together with the Vγ5Vδ1TCR derived from clone FE11 in 
TEG format, referred to as TEG011_CD8α cells. Introduction of CD8α receptor 
is particularly beneficial for TEG011 as this particular γδTCR requires the 
presence of CD8α as co-receptor for their antitumor reactivity as we 
published previously 34, 40. CD8α expression has been reported as common 
feature of γδTCR after CMV infection 28. These insights imply that also other 
Vδ1TCR might functionally depend on CD8α which we could however not 
investigate in a broader context. Thus, when exploring tumor-reactivity with 
selected Vδ1TCR for the development of γδT cell-based immunotherapies 20, 
the absence of functional reactivity by an introduced Vδ1TCR might not 
necessarily reflect the absence of binding of the Vδ1TCR to its target but rather 
the lack of a co-stimulation through e.g., CD8α or other co-stimulatory 
molecules. In this study, we reported on the capacity of the introduced CD8α 
co-receptor to successfully redirect non-tumor reactive CD4+ TEG011 cells in 
vivo and in vitro against tumor targets that express HLA-A*24:02 molecules. 
We now report on more than 80% of mice showing persistence of CD8-
expressing T cells after 4 weeks. TEG011_CD8α cells showed also in absolute 
numbers higher T cell counts and stable peripheral persistence in vivo, which 
was, however, mainly a consequence of the persistence of CD4+CD8+ double-
positive TEG011_CD8α and not an improved persistence of CD8+ single-
positive TEG011_CD8α. This finding supports the notions that co-expression 
of CD4+ and CD8+ T cells provides an additional survival signal for TEG011 
cells. This observation is in line with clinical studies for CD19 CAR T cells that 
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reported that a mixture of both CD4+ and CD8+ T cells with 1:1 ratio improved 
tumor remission in B-ALL patients 42, 43. Regardless of the precise underlying 
molecular mechanism, for the first time we observed tumor clearance in the 
bone marrow by TEG011_CD8α, but not by TEG011 alone.  

Using humanized transgenic mice expressing human HLA-A*24:02, we could 
study the implication of CD8α introduction to TEG011, referred to as 
TEG011_CD8α, elucidating their improved efficacy in vivo. We provide 
evidence that TEG011_CD8α effectively cleared tumor cells in bone marrow 
and elicited better tumor control against human HLA-A*24:02-expressing 
tumor cells. We cannot entirely exclude that superior tumor control in 
TEG011_CD8α may have been caused initially by more CD8 single-positive 
cells in the TEG011_CD8α product compared to TEG011 product, as 
CD4+/CD8+ ratios could not be entirely controlled in the experimental set up 
prior to infusion. However, our mouse model also allowed us to investigate 
TEG011_CD8α kinetics in the presence of tumor cells; and we observed 
sustained long-term TEG persistence mainly for γδTCR+CD4+CD8+ double-
positive and a decline in γδTCR+CD8+ single-positive TEG011_CD8α cells. 
Importantly, the sustained peripheral TEG persistence was only observed for 
TEG011_CD8α but not TEGLM1_CD8α, highlighting the key role of a functional 
tumor-reactive γδTCR. This observation rather argues against the classical 
helper function of γδTCR+CD4+CD8+ double-positive TEG011_CD8α cells 
within the context of TEG011_CD8α. Hence, the concurrent expression of 
CD4+ and CD8+ co-receptor most likely provided additional survival signal for 
tumor-specific CD4+ T cells, which did not, however, translate into classical 
helper functions towards CD8+ T cells 40, 44, 45. CD4+ T cells have been reported 
to avoid expression of inhibitory receptors on CD8+ T cells 46 and as an 
important cell subset to induce memory T cell formation 47. Along this line we 
observed over time reduced expression of TIM3 in CD8+ single-positive 
TEG011_CD8α cells compared to mock and TEG011 group. CD4+CD8+  
double-positive TEG011_CD8α cells had lower levels of TIM3 when compared 
to CD8+ single-positive TEG011_CD8α cells. These data remain difficult to 
interpret, and most likely simply reflect different regulation and activation of 
non-tumor reactive CD4+ and tumor-reactive CD8+ TEG011 cells, 
respectively. We also acknowledge that xenograft mouse models do not allow 
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to completely mimic all potential helper roles of human CD4+ T cells, due to 
the lack of human professional antigen presenting cells. 

Reprogramming CD4+ T cells by genetic engineering has been reported to 
clinically impact efficacy and toxicity by high affinity receptors, like CARs 48. 
Vγ9Vδ2TCR 30 and CD8αβ independent αβTCRs 32 have been also reported to 
reprogram CD4+ T cells which have the not only the ability to exert tumor cell 
killing but also induce maturation of professional antigen presenting cells. 
Transfer of CD8αβ in combination with intermediate affinity tumor reactive 
αβTCR has been reported to support tumor control in vitro and in vivo 49, 50 and 
for high affinity αβTCR with artificial signaling domains adding CD8α alone has 
been shown to reprogram CD4+ T cells 36. Within this context, our data show 
that CD8αα in combination with a natural γδTCR functions serves as co-
stimulatory receptor, as opposed to the well-described inhibitory function of 
CD8αα on αβT cells within the context of a natural αβTCR. Expression of that 
CD8αα on activated CD4+ and CD8αβ+ αβT cells has been reported to act as 
corepressor by competing with CD8αβ+ cells for p56lck signaling molecule 51. 
Though we investigated the role of CD8αα in the TEG concept, our data 
support the notion that CD8αα in combination with a γδTCR are synergistic on 
natural γδT cells, as activated CD8αα+ γδT cells were reported in supporting 
control of HIV infection 52. We have also previously reported significant 
increases in circulating CD8αα+ γδT cells in CMV-positive population 28. Thus, 
CD8αα appears to have opposing functions on innate and adaptive immune 
cells, where it acts as co-stimulatory receptor in the context of a γδTCR.  

The precise molecular interaction between CD8αα and its specific ligand in 
our context remains yet to be unraveled. The CD8αα receptor has been shown 
to bind to MHC Class I molecules, including HLA-A*02:01, HLA-A*11:01, 
HLA-B*35:01, HLA-C*07:02, via protruding α3 domain loop of MHC molecules 
with lower affinity than the binding of a TCR-pMHC complex 53-56. 
Polymorphisms in the MHC α3 domain contributes to a binding variation of 
CD8αα to different HLA molecules, such as HLA-A*24:02. In this context, 
HLA-A*24:02 is one of the possible ligands for CD8αα on TEG011, in line with 
an earlier study that reported CD8αα interaction with HLA-A*24:02 in a similar 
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way with HLA-A*02:01, involving binding to the α2 and α3 domains, as well as 
to the β2m domain of pMHC complex, but with different conformation that 
suggests CD8αα plasticity 57. The non-classical MHC molecules are also 
reported to interact with CD8α, such as HLA-G and HLA-E 58. HLA-G is a 
known ligand for CD8αα, which is expressed on some colorectal cancer 59-61, 
while HLA-E is mainly expressed in human endothelial cells and is highly 
expressed in tumor cells 58. Other studies also demonstrated the interaction 
between CD8 and CEACAM5, which support the possibility of CEACAM5 as 
CD8α ligands 62.  

Overall, we demonstrate that TEG011 equipped with human CD8α co-
receptor elicits superior tumor control and long-term persistence, which 
mainly impacted numbers of γδTCR+CD4+CD8+ double-positive 
TEG011_CD8α cells, and associated with better T cell infiltration. In addition, 
TEG011_CD8α cells successfully cleared tumor cells in the bone marrow. In 
contrast to currently emerging immunotherapy approach using CAR T cells, 
our strategy allows tumor-specific targeting of HLA-A*24:02-positive cancer 
patients, irrespective of antigen-specific expression on cell surface and the 
type of cancer, and thus TEG011_CD8α therapy has broader applicability 
towards a substantial amount of cancer patients with HLA-A*24:02-positive 
haplotype highlighting its therapeutic potential for further clinical application.  
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Supplementary figures  

 

Figure S1. Transgene expression levels on T cells transduced with the FE11 γδTCR in combination with 
CD8α alone or CD8α and CD8β. αβT cells were transduced with the FE11 γδTCR and with either CD8α 
alone, or CD8α combined with CD8β. Thereafter, CD4+, CD8+, CD4+CD8α+ and CD4+CD8αβ+ TEG011 cells 
were sorted, and the expression of γδTCR and CD8α was measured by flow cytometry.  

 

Figure S2. γδTCR expression of TEG011, TEG011_CD8a, and TEGLM1_CD8a mock.  Representative flow 
cytometry plots for γδTCR expression of TEGLM1_CD8α (top panel), TEG011_CD8α (middle panel), and 
TEG011 (bottom panel) prior to infusion into mice after 2 weeks expansion. Representative plots for V δ1 
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TCR expression of TEG011 and TEG011_CD8α were included as a quality control for the flow cytometry 
panel using pan-γδTCR monoclonal antibody. 

 

 

 

Figure S3. In vivo antitumor reactivity of TEG011_CD8α in tumor-bearing mice. (A) Overall survival of 
treated K562-HLA*A24 luciferase tumor-bearing mice for monitoring efficacy was followed for 60 days. 
Statistical significances were calculated by log-rank (Mantel-cox) test.  
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Figure S4. Gating strategy for flow cytometry analysis of TEGs persistence in peripheral blood. (A) 
Representative flow cytometry plots of peripheral blood in tumor-bearing mice model on Week 2. TEG 
persistence was measured by quantifying absolute cell number of viable huCD45+γδTCR+CD8+ for TEG011, 
huCD45+γδTCR+CD8+ single positive and huCD45+γδTCR+CD4+CD8+ double positive for TEGLM1_CD8α 
and TEG011_CD8α mock group. 
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Figure S5. The presence of T cells observed in peripheral blood of individual mice. (A) Percentage of 
mice with either CD4+ T cells (left panel) or CD8+ T cells (right panel) where minimum 500 cells/ml T cells 
are detected (lower grey bar) or less than 500 cells/ml or no T cells are detected (upper white bar) detected 
in peripheral blood for each treatment group (n = 10 mice/group).  (B) Overall persistence of CD8+ TEG011 
cells in periphery. Absolute number of CD8-expressing TEG011 cells were measured in peripheral blood by 
flow cytometry for TEG011 (open black circle) and TEG011_CD8α (open black triangle) in tumor-bearing 
mice. TEG cells are distinguished into two different cellular compartments: CD8+ single-positive (SP; white 
stacked bar) and CD4+CD8+ double-positive (DP; grey dotted stacked bar). Black arrows indicate higher or 
lower T cell counts observed. Data represent mean ± SEM of all mice per group (n = 10 mice). Statistical 

significances were calculated by a mixed-effects model with repeated measures (*P < 0.05).  
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Figure S6. PD1 and TIM3 expression on CD4+ and CD8+ TEGs. Absolute cell counts of PD1-expressing 
(A) and TIM3-expressing (B) huCD45+γδTCR+CD8+ single positive cells (left panel) and 
huCD45+γδTCR+CD4+ single positive or CD4+CD8+ double positive cells (right panel) were measured by 
flow cytometry for TEGLM1_CD8α mock (open light gray rectangle), TEG011 (open black circle), and 
TEG011_CD8α (grey triangle). Black arrows indicate higher or lower T cell counts observed. Data represent 
mean ± SEM of all mice per group (n = 10 mice). Statistical significances were calculated by a mixed -effects 
model with repeated measures (*P < 0.05; ****P < 0.0001). 
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Supplementary tables 

Supplementary Table 1. Complete sequence of TEG011_CD8α  (pMP71-TCR_FE11γ-T2A-
FE11δ_P2A-CD8α) 

 

   >>--TCR FE11γ--> 
1081 gctcacttac aggcggccac gcgtggatcc gaattcacca tgggatgggc tctgctggtg 
         >---------------------------------TCR FE11γ------------------------------> 
1141 ctgctggcct ttctgtctcc tgccagccag aagtccagca acctggaagg cggcaccaag 
         >----------------------------------TCR FE11γ-------------------------------> 
1201 agcgtgacca gacctacaag aagcagcgcc gagatcacct gtgacctgac cgtgatcaac  
         >--------------------------------TCR FE11γ------------------------------> 
1261 gccttctaca tccactggta tctgcaccaa gaaggcaagg cccctcagcg gctgctgtac 
         >----------------------------------TCR FE11γ------------------------------> 
1321 tacgatgtgt ccaacagcaa ggacgtgctg gaaagcggac tgagccccgg caagtactac 
         >---------------------------------TCR FE11γ------------------------------> 
1381 acccacacac ctagacggtg gtcctggatc ctgatcctgc ggaacctgat cgagaacgac  
         >--------------------------------TCR FE11γ------------------------------> 
1441 tccggcgtgt actactgcgc cacctgggat agacccgaga tctactataa gaagctgttc 
         >----------------------------------TCR FE11γ-------------------------------> 
1501 ggcagcggca ccacactggt ggtcacagac aaacagctgg acgccgacgt gtcccctaag 
         >--------------------------------TCR FE11γ------------------------------> 
1561 cctaccatct tcctgccttc tatcgccgag acaaagctgc agaaggccgg cacctacctg 
         >---------------------------------TCR FE11γ------------------------------> 
1621 tgcctgctgg aaaagttctt cccagacgtg atcaagatcc actgggaaga gaagaagtcc 
         >----------------------------------TCR FE11γ--------------------------------> 
1681 aacaccatcc tgggcagcca agagggcaac accatgaaga ccaacgacac ctacatgaag 
         >---------------------------------TCR FE11γ-------------------------------> 
1741 ttcagctggc tgaccgtgcc tgagaagtcc ctggacaaag aacaccggtg catcgtgcgg 
         >---------------------------------TCR FE11γ-------------------------------> 
1801 cacgagaaca acaagaacgg cgtggaccaa gagatcatct tcccacctat caagaccgac  
         >---------------------------------TCR FE11γ-------------------------------> 
1861 gtcatcacaa tggaccccaa ggacaactgc tccaaggacg ccaacgatac cctgctgctg 
         >--------------------------------TCR FE11γ-----------------------------> 
1921 cagctgacaa acaccagcgc ctactacatg tatttgctgc tgttgctgaa gtccgtggtg 
 
         >--------------------------------TCR FE11γ------------------------------> 
1981 tacttcgcca tcatcacatg ctgcctgctg cggagaaccg ccttctgctg caatggcgag 
         ----->>------------------------------T2A linker------------------------------ 
2041 aaaagcgtcg acagcggctc tggcagatct ggctctggcg aaggcagagg ctctctgctg 
         -------------------------T2A linker----------------------->>---------------- 
2101 acatgtggcg acgtggaaga gaaccccgga cctcgcttaa ttaacatggt gttcagcagc 
         >---------------------------------TCR FE11δ------------------------------> 
2161 ctgctgtgcg tgttcgtggc ctttagctac agcggaagca gcgtggccca gaaagtgaca 
         >--------------------------------TCR FE11δ------------------------------> 
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2221 caggcccagt cctccgtgtc tatgcctgtg cggaaagccg tgacactgaa ctgcctgtac 
         >---------------------------------TCR FE11δ------------------------------> 
2281 gagacaagct ggtggtctta ctacatcttc tggtacaagc agctgcccag caaagagatg 
         >---------------------------------TCR FE11δ-------------------------------> 
2341 atctttctga tccggcaggg cagcgacgag cagaatgcca agagcggcag atactccgtg 
         >--------------------------------TCR FE11δ------------------------------> 
2401 aacttcaaga aagccgccaa gtctgtggcc ctgaccatct ctgctctgca actggaagat 
         >---------------------------------TCR FE11δ-----------------------------> 
2461 agcgccaagt acttctgcgc cctgggcgat tcttatggcg gcggacctct gtacaccgac 
         >---------------------------------TCR FE11δ-------------------------------> 
2521 aagctgatct tcggcaaggg caccagagtg accgtggaac ctagaagcca gcctcacacc  
         >--------------------------------TCR FE11δ------------------------------> 
2581 aagccttccg tgtttgtgat gaagaacggc accaacgtgg cctgcctggt caaagagttc 
         >---------------------------------TCR FE11δ------------------------------> 
2641 taccctaagg acatccggat caacctggtg tccagcaaga agatcaccga gttcgacccc  
         >---------------------------------TCR FE11δ--------------------------------> 
2701 gccatcgtga tcagccctag cggcaagtat aacgccgtga agctggggaa gtacgaggac 
         >---------------------------------TCR FE11δ-------------------------------> 
2761 agcaatagcg tgacctgcag cgtgcagcat gataacaaga ccgtgcacag caccgatttc  
         >----------------------------------TCR FE11δ---------------------------------> 
2821 gaagtgaaaa ccgactccac cgaccacgtg aagcccaaag agacagagaa caccaagcag 
         >---------------------------------TCR FE11δ-------------------------------> 
2881 cccagcaagt cctgccacaa gcctaaggcc atcgtgcaca ccgagaaagt gaacatgatg 
 
         >--------------------------------TCR FE11δ------------------------------> 
2941 agcctgacag tgctgggcct gagaatgctg ttcgccaaga cagtggccgt gaatttcctg 
         >-------TCR FE11δ------->>-----------------P2A linker---------------- 
3001 ctgaccgcca agctgttctt tctgctcgag ggcagcggcg ccacaaattt cagcctgctg 
         ----------------P2A linker--------------------->>---------------------------- 
3061 aaacaggccg gcgacgtcga agaaaatcct ggaccaatgg ccttaccagt gaccgccttg 
         >-----------------------------------CD8α-------------------------------------> 
3121 ctcctgccgc tggccttgct gctccacgcc gccaggccga gccagttccg ggtgtcgccg 
         >-----------------------------------CD8α-------------------------------------> 
3181 ctggatcgga cctggaacct gggcgagaca gtggagctga agtgccaggt gctgctgtcc 
         >-----------------------------------CD8α--------------------------------------> 
3241 aacccgacgt cgggctgctc gtggctcttc cagccgcgcg gcgccgccgc cagtcccacc  
         >-----------------------------------CD8α-------------------------------------> 
3301 ttcctcctat acctctccca aaacaagccc aaggcggccg aggggctgga cacccagcgg 
         >-----------------------------------CD8α------------------------------------> 
3361 ttctcgggca agaggttggg ggacaccttc gtcctcaccc tgagcgactt ccgccgagag 
         >-----------------------------------CD8α---------------------------------> 
3421 aacgagggct actatttctg ctcggccctg agcaactcca tcatgtactt cagccacttc 
         >-----------------------------------CD8α--------------------------------------> 
3481 gtgccggtct tcctgccagc gaagcccacc acgacgccag cgccgcgacc accaacaccg 
         ------------------------------------CD8α---------------------------------------- 
3541 gcgcccacca tcgcgtcgca gcccctgtcc ctgcgcccag aggcgtgccg gccagcggcg 
         >-----------------------------------CD8α-------------------------------------> 
3601 gggggcgcag tgcacacgag ggggctggac ttcgcctgtg atatctacat ctgggcgccc 
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         >-----------------------------------CD8α--------------------------------> 
3661 ctggccggga cttgtggggt ccttctcctg tcactggtta tcacccttta ctgcaaccac 
         >----------------------------------CD8α-------------------------------------> 
3721 aggaaccgaa gacgtgtttg caaatgtccc cggcctgtgg tcaaatcggg agacaagccc 
         >-----------CD8α---------->> 
3781 agcctttcgg cgagatacgt ctgatatgaa aagcttaaca cgagccatag atagaataaa 

 

Supplementary Table 2. Complete sequence of TEGLM1_CD8α  

  >>--TCR G115γ--> 
1081 gctcacttac aggcggccac gcgtggatcc gaattcacca tggtgtccct gctgcacgcc 
         >--------------------------------TCR G115γ---------------------------------> 
1141 agcaccctgg ccgtgctggg cgccctgtgc gtgtatggcg ccggacacct ggaacagccc 
         >--------------------------------TCR G115γ----------------------------------> 
1201 cagatcagca gcaccaagac cctgagcaag accgccaggc tggaatgcgt ggtgtccggc  
         >--------------------------------TCR G115γ--------------------------------> 
1261 atcaccatca gcgccacctc cgtgtactgg tacagagaga gacccggcga ggtcatccag 
         >--------------------------------TCR G115γ---------------------------------> 
1321 ttcctggtgt ccatcagcta cgacggcacc gtgcggaaag agagcggcat ccccagcggc 
         >--------------------------------TCR G115γ--------------------------------> 
1381 aagttcgagg tggacagaat ccccgagacc agcacctcca ccctgaccat ccacaacgtg 
         >--------------------------------TCR G115γ----------------------------------> 
1441 gagaagcagg acatcgccac ctactactgc gccctgtggg aggcccagca ggaactgggc 
         >--------------------------------TCR G115γ--------------------------------> 
1501 aagaaaatca aggtgttcgg ccctggcacc aagctgatca tcaccgacaa gcagctggac  
         >--------------------------------TCR G115γ--------------------------------> 
1561 gccgacgtga gccccaagcc taccatcttc ctgcccagca tcgccgagac caagctgcag 
         >-------------------------------TCR G115γ--------------------------------> 
1621 aaggccggca cctacctgtg cctgctggaa aagttcttcc ccgacgtgat caagatccac 
         >---------------------------------TCR G115γ---------------------------------> 
1681 tgggaggaaa agaagagcaa caccatcctg ggcagccagg aaggcaatac catgaaaacc  
         >--------------------------------TCR G115γ---------------------------------> 
1741 aacgacacct acatgaagtt cagctggctg accgtgcccg agaagagcct ggacaaagag 
         >--------------------------------TCR G115γ--------------------------------> 
1801 cacagatgca tcgtccggca cgagaacaac aagaacggcg tggaccagga aatcatcttc  
         >--------------------------------TCR G115γ---------------------------------> 
1861 ccccccatca agaccgatgt gatcacaatg gaccccaagg acaactgcag caaggacgcc  
         >------------------------------TCR G115γ-------------------------------> 
1921 aacgataccc tgctgctgca gctgaccaac accagcgcct actacatgta tctcctgctg 
 
         >--------------------------------TCR G115γ------------------------------> 
1981 ctgctgaaga gcgtggtgta cttcgccatc atcacctgct gtctgctgcg gcggaccgcc 
         >------TCR G115γ------->>--------------------T2A linker------------------- 
2041 ttctgctgca acggcgagaa gagcgtcgac agcggcagcg ggcgcagcgg cagcggcgaa 
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         ------------------------------------T2A linker--------------------------------- 
2101 ggccgcggca gcctgctgac ctgcggcgat gtggaagaaa accctggccc gcgcttaatt 
         ---->>--------------------------TCR G115δ_LM1-------------------------> 
2161 aacatggagc ggatcagcag cctgatccac ctgagcctgt tctgggccgg agtgatgagc 
         >-----------------------------TCR G115δ_LM1-----------------------------> 
2221 gccatcgagc tggtgcccga gcaccagacc gtgcccgtga gcatcggcgt gcccgccacc 
         >-----------------------------TCR G115δ_LM1----------------------------> 
2281 ctgcggtgca gcatgaaggg cgaggccatc ggcaactact acatcaactg gtacagaaag 
         >----------------------------TCR G115δ_LM1----------------------------> 
2341 acccagggca acaccatgac cttcatctac cgggagaagg acatctacgg ccctggcttc  
         >-----------------------------TCR G115δ_LM1----------------------------> 
2401 aaggacaact tccagggcga catcgacatc gccaagaacc tggccgtgct gaagatcctg 
         >-----------------------------TCR G115δ_LM1------------------------------> 
2461 gcccccagcg agagggacga gggcagctac tactgcgcct gcgacaccct ggccaccgac  
         >------------------------------TCR G115δ_LM1-----------------------------> 
2521 aagctgatct tcggcaaggg cacccgggtg accgtggagc ccagaagcca gccccacacc  
         >----------------------------TCR G115δ_LM1----------------------------> 
2581 aagcccagcg tgttcgtgat gaagaacggc accaacgtgg cctgcctggt gaaagagttc 
         >----------------------------TCR G115δ_LM1----------------------------> 
2641 taccccaagg acatccggat caacctggtg tccagcaaga agatcaccga gttcgacccc  
         >-----------------------------TCR G115δ_LM1-----------------------------> 
2701 gccatcgtga tcagccccag cggcaagtac aacgccgtga agctgggcaa gtacgaggac  
         >-----------------------------TCR G115δ_LM1-----------------------------> 
2761 agcaacagcg tgacctgcag cgtgcagcac gacaacaaga ccgtgcacag caccgacttc  
         >-----------------------------TCR G115δ_LM1------------------------------> 
2821 gaggtgaaaa ccgactccac cgaccacgtg aagcccaaag agaccgagaa caccaagcag 
         >-----------------------------TCR G115δ_LM1-----------------------------> 
2881 cccagcaaga gctgccacaa gcccaaggcc atcgtgcaca ccgagaaggt gaacatgatg 
         >----------------------------TCR G115δ_LM1---------------------------> 
2941 agcctgaccg tgctgggcct gcggatgctg ttcgccaaga cagtggccgt gaacttcctg 
         >----TCR G115δ_LM1--->>----------------P2A linker---------------- 
3001 ctgaccgcca agctgttctt cctgctcgag ggcagcggcg ccacaaattt cagcctgctg 
         -------------------P2A linker------------------>>----------CD8α----------> 
3061 aaacaggccg gcgacgtcga agaaaatcct ggaccaatgg ccttaccagt gaccgccttg 
         >------------------------------------CD8α-----------------------------------> 
3121 ctcctgccgc tggccttgct gctccacgcc gccaggccga gccagttccg ggtgtcgccg 
         >-------------------------------------CD8α-----------------------------------> 
3181 ctggatcgga cctggaacct gggcgagaca gtggagctga agtgccaggt gctgctgtcc 
         >------------------------------------CD8α------------------------------------> 
3241 aacccgacgt cgggctgctc gtggctcttc cagccgcgcg gcgccgccgc cagtcccacc  
         >-------------------------------------CD8α-----------------------------------> 
3301 ttcctcctat acctctccca aaacaagccc aaggcggccg aggggctgga cacccagcgg 
         >-----------------------------------CD8α-----------------------------------> 
3361 ttctcgggca agaggttggg ggacaccttc gtcctcaccc tgagcgactt ccgccgagag 
         >----------------------------------CD8α---------------------------------> 
3421 aacgagggct actatttctg ctcggccctg agcaactcca tcatgtactt cagccacttc 
         >-------------------------------------CD8α------------------------------------> 
3481 gtgccggtct tcctgccagc gaagcccacc acgacgccag cgccgcgacc accaacaccg 
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         >--------------------------------------CD8α------------------------------------> 
3541 gcgcccacca tcgcgtcgca gcccctgtcc ctgcgcccag aggcgtgccg gccagcggcg 
         >------------------------------------CD8α------------------------------------> 
3601 gggggcgcag tgcacacgag ggggctggac ttcgcctgtg atatctacat ctgggcgccc 
         >----------------------------------CD8α---------------------------------> 
3661 ctggccggga cttgtggggt ccttctcctg tcactggtta tcacccttta ctgcaaccac 
         >------------------------------------CD8α-----------------------------------> 
3721 aggaaccgaa gacgtgtttg caaatgtccc cggcctgtgg tcaaatcggg agacaagccc 
         >------------CD8α---------->> 
3781 agcctttcgg cgagatacgt ctgatatgaa aagcttaaca cgagccatag atagaataaa 
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Abstract 

Few cancers can be efficiently targeted with engineered T-cell strategies. 
Here, we explored whether γδTCR-mediated cancer-metabolome targeting 
can be combined with the attack of cancer-associated stress antigens, like 
NKG2D-ligands or CD277, through the addition of chimeric co-receptors. This 
strategy overcame suboptimal γ9δ2TCR-engagement of TEGs (αβT-cell 
engineered to express a defined γδTCR) and improved serial killing, 
proliferation and persistence of TEGs. In vivo, the NKG2D-CD28WT-chimera 
enhanced only liquid tumor control, NKG2D-4-1BBCD28TM-chimera prolonged 
persistence of TEGs and improved tumor control of liquid and solid tumors. 
The CD277-targeting chimera (103-4-1BB-chimera) was the most optimal co-
stimulation format, mediating eradication of both liquid and solid tumors. 
Single-cell transcriptomic analysis revealed that NKG2D-4-1BBCD28TM and 
103-4-1BB chimeras reprogrammed TEGs through NF-κB. Due to the 
competition with naturally expressed NKG2D in CD8+ TEGs, NKG2D-4-
1BBCD28TM chimera mainly skewed CD4+ TEGs towards adhesion, 
proliferation, cytotoxicity and less-exhausted signatures, while the 103-4-
1BB-chimera additionally shaped the CD8+ subset towards a proliferative 
state. 
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Introduction  

Metabolome targeting by transfer of γ9δ2TCR into αβT-cells (TEGs) has been 
reported to overcome two limitations in the T-cell immunotherapy field, i) the 
scarceness of targetable tumor antigens for solid tumors and ii) the poor 
function and high heterogeneity of natural γδT-cells in patients. TEGs sense 
intracellular accumulation of phosphoantigens (pAg) in tumor cells by 
recognizing an inside-out mechanism involving RhoB 1, BTN2A1 2-4 and the 
BTN3A-complex (CD277) 5-7 through a carefully selected high affinity 
γ9δ2TCR (later referred to as TEG001)  8, 9. TEG001 is currently being explored 
in a phase I clinical trial (NTR6541) 10 showing complete remission in a patient 
with refractory acute myeloid leukemia (AML) 11. However, antigen recognition 
is suboptimal for many cancer types, and does not allow for full T-cell 
activation, especially in solid tumors 12.  

Cancer-associated stress antigens like NKG2D-ligands 13 have been proposed 
as universal targets for liquid and solid tumors. In the current TEG format, 
recognition of NKG2D-ligands by NKG2D is limited to a subset of CD8+ TEGs 
14 . CD277 has been proposed to act not only as a metabolic target, but also 
as a stress antigen 15, 16. Utilizing CD277-targeting antibodies in combination 
with γ9δ2TCR-based targeting enhanced potency of primary γδT-cells 17. 
However, to date, no objective clinical responses have been observed in 
patients treated with anti-CD277 antibody monotherapy when relying on the 
natural γ9δ2T-cell repertoire 18.  

To harvest the full potential of co-targeting the cancer-metabolome and 
cancer-associated antigens, novel strategies are needed. Probably, a better 
orchestration of TCR and CAR signaling is required. Within this context, many 
approaches are currently being explored to make CAR-T cells more αβTCR-
like to enhance activity 19, or to add to TCR signaling a CAR-like co-stimulation 
20, 21. A recent study revealed a surprisingly high heterogeneity in single-cell 
behavior of engineered αβT-cells, which was associated with distinct 
transcriptomic profiles and behaviors 12. Also, analyses of CAR-T from long-
term survivors imply the importance of understanding different signaling 
domains and the heterogeneity of engineered immune cells 22, 23.  
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Cognizant of the power and limitations of both the γ9δ2TCR-mediated cancer-
metabolome targeting, and stress-targeting, we combined γ9δ2TCR and 
chimeric NKG2D and anti-CD277 costimulatory receptors to improve 
targeting of tumors. By modifying costimulatory signaling, we aimed to also 
shape transcriptomic heterogeneity and function, including activity at the 
tumor site, as well as persistence of engineered T-cells. We observed that 
most of the stress-targeting chimeras impacted function in different readouts 
and overcame suboptimal γ9δ2TCR-engagement in vitro. However, only the 
combined expression of the NKG2D-4-1BBCD28TM-chimera with TEG001 
substantially altered the transcriptome heterogeneity of CD4+ TEGs through 
NF-κB signaling pathway. Conversely, the anti-CD277 chimeric co-receptor 
(so-called 103-4-1BB-chimera) impacted transcriptomic heterogeneity of 
both CD4+ and CD8+ TEGs, and mediated superior clinical responses with 
complete remissions in both liquid and solid tumor in vivo models. 

Material and Methods  

Antibodies and flow cytometry analysis 
The following antibodies were used: CD8a-PerCP-Cy5.5 (1:100; clone RPA-
T8;   301032), CD4-AF700 (1:40; clone RPA-T4; 300526), αβTCR-PE-Cy5 
(1:80; clone IP26; 11-9986-42), PD1-BV711 (1:20, clone EH12.2H7; 329928), 
Granzyme B-APC (1:50; clone QA16A02; 372204) and huNKG2D (clone 
1D11; 320802), huCD45RO-AF700 (clone UCHL-1; 304218) from Biolegend. 
γδTCR-PE-Cy7 (1:20; clone IMMU510; B10247) from Beckman Coulter. 
NKG2D-BV650 (1:40; clone 1D11; 563408), CCR-7-BV711 (1:20, clone 
3D12, 563712) and γδTCR-APC (1:5; clone B1; 555718) from BD Biosciences. 
Pan-γδTCR-PE (1:10; clone IMMU510; B49176) from Beckman-Coulter. 
huCD45-PB (1:30; clone HI30; 2120145), mCD45-APC (1:30; clone 30-F11S; 
1115560), and huCD69-APC( 1:25; clone FN50; 2154550) from Sony 
Biotechnology. αβTCR-FITC (1:10; clone IP26; 11-9986-42) from Invitrogen. 
CD4-PE-Cy7 (1:100; clone RPA-T4; 25-0049-42), NKG2D-PE (1:25; clone 
1D11; 12-5878-42) and Fixable Viability Dye eFluor506 from eBioscience. 
huCD3 (clone OKT3; 130-093-387) from Miltenyi Biotec.  
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For the intracellular staining of Granzyme B (GZMB), BD Cytofix/Cytoperm™ 
kit from BD Biosciences was used. All samples were analyzed on a BD 
LSRFortessa or BD Canto using FACS-Diva Software or FlowJo Software (BD 
Biosciences). 

Examples of the gating strategy used in in vitro and in vivo experiments are 
shown in Supplementary Figures 1,2,4.  

Cell-lines, patient derived organoids and cell culture 
Daudi (ATCC CCL-213), K562 (ATCC CCL-243), HL60 (ATCC CCL-240), 
RPMI-8226 (ATCC CCL-155), SCC9 (ATCC CRL-1629), HEK293 (CRL-1573) 
and Phoenix-Ampho (ATCC CRL-3213) cells were obtained from ATCC. 
Phoenix-Ampho and SCC9 cells were cultured in DMEM supplemented with 
1% Pen/Strep (Invitrogen) and 10% FCS (Bodinco, Alkmaar, The Netherlands). 
All other cell-lines were cultured in RPMI with 1% Pen/Strep and 10% FCS. All 
the cell lines were reauthenticated using the Cell Line Authentication (CLA) 
Test provided by Eurofins Genomics Europe (Germany) each time a cell line 
batch was frozen.  Primary fresh PBMCs were isolated by Ficoll-Paque (GE 
Healthcare, Eindhoven, The Netherlands) from buffy coats supplied by 
Sanquin Blood Bank (Amsterdam, The Netherlands). 

Head and neck and liver patient-derived organoids were established and 
cultured as described previously 55-57.  Authorizations for head and neck 
organoids were obtained by the medical ethical committee and biobank 
research ethics committee of UMC Utrecht (UMCU) at the request of HUB 
(www.hub4organoids.nl), to ensure compliance with the Dutch Medical 
Research Involving Human Subjects Act.  Patient derived liver organoids were 
obtained through the Biobank of the Princess Máxima Center for Pediatric 
Oncology (Utrecht, The Netherlands). The Biobank protocol was approved by 
the Medical Ethics Committee of the Erasmus Medical Center (Rotterdam, 
The Netherlands; protocol number MEC-2016-739).  The patients and/or their 
legal representatives participating in the Biobank study signed informed 
consent. The Biobank and Data Access Committee (BDAC) of the Princess 
Máxima Center granted approval for the present project (project 
PMCLAB2020.107). For liver tumor-derived organoids, the culture medium 
was based on Saltsman et al. 58 and consisted of the following: Advanced 

http://www.hub4organoids.nl/
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DMEM/F12 supplemented with 1% penicillin/streptomycin, 1% GlutaMAX, 10 
mM HEPES, 0.2% Normocin, 1x B27 supplement, 1x N2 supplement, 1.25 
mM N-acetyl-L-cysteine, 10% (vol/vol) RSPO1 conditioned medium, 10 mM 
nicotinamide, 10 nM recombinant human (Leu15)-gastrin I, 50 ng/mL 
recombinant human EGF, 100 ng/mL recombinant human FGF10, 25 ng/mL 
recombinant human HGF, 10 µM forskolin, 5 µM A8301, 10 µM Y27632 and 
0.5 nM WNT surrogate 59. 

For co-culture assays using head and neck tumor organoids, organoids were 
recovered from the BME by resuspension in TrypLE Express and collected in 
adDMEM/F12+++.  For co-culture assays, liver tumor-derived organoids were 
released from their BME matrix using dispase. For head and neck organoids: 
HN1 is T6 56, HN2 and HN3 have not previously been described. 

Construction of chimeric NKG2D receptors  
cDNAs for the type I NKG2D co-receptors were synthetized by BaseClear 
(Leiden, Netherlands). Type II co-receptors were created using overlap 
extension PCR. Both designs were cloned into pBullet. For the second version 
of the type I NKG2D chimeric co-receptors, the transmembrane and linker 
domains of the co-receptors NKG2D-ICOSwt and NKG2D-4-1BBwt were 
replaced by the transmembrane and linker domains of NKG2D-CD28wt 
chimera using overlap extension PCR. They were all subcloned into pMP71 
already containing γδTCR-Cl5, using XhoI and HindIII. All restriction enzymes 
were supplied by NEB (Massachusetts, USA).  

Retroviral transduction of αβT-cells and cell-lines 
Briefly, packaging cells (Phoenix-Ampho) were transfected with helper 
constructs gag-pol (pHIT60), env (pCOLT-GALV) and pMP71 or pBullet 
retroviral vectors containing genes codifying for the different proteins. In the 
case of human PBMCs, they were pre-activated with anti-CD3 (30 ng/mL; 
Orthoclone OKT3; Janssen-Cilag) and IL-2 (50 IU/mL; Proleukin, Clinigen). 
Both PBMCs and cell-lines were transduced twice with a viral supernatant 
within 48 or 3 hours respectively, in the presence of 6 µg/mL polybrene 
(Sigma-Aldrich). For PBMCs 50 IU/mL of IL-2 was added. TCR-transduced T-
cells were expanded by stimulation with anti-CD3/CD28 Dynabeads 
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(500,000 beads/106 cells; Life Technologies) and IL-2 (50 IU/mL). Thereafter, 
TCR-transduced T-cells were depleted of the non-engineered αβT-cells.  

Depletion of non-engineered T-cells  
αβT-cells transduced with γδTCR-Cl5 either alone, or together with NKG2D 
wild type, or the different NKG2D chimeras were incubated with a biotin-
labeled anti-αβTCR antibody (clone BW242/412; Miltenyi Biotec, Bergisch 
Gladbach, Germany) and subsequently incubated with an anti-biotin antibody 
coupled to magnetic beads (anti-biotin MicroBeads; Miltenyi Biotec). 
Thereafter, the cell suspension was loaded onto an LD column and αβT-cells 
were depleted by MACS cell separation, per the manufacturer’s protocol 
(Miltenyi Biotec). After depletion, TEGs were expanded, using a T-cell rapid 
expansion protocol (REP)14. 

Selection of engineered T-cells  
After αβ-depletion, T-cells were selected using human CD4+ or CD8+ 
microbeads and MS columns (Miltenyi Biotec). The procedure was carried out 
according to the manufacturer´s protocol.  

Generation of reporter cell-lines 
Lentiviral constructs were generated by inserting γδTCR-Cl5 with or without 
NKG2D-CD28WT or NKG2D-4-1BBCD28TM contructs by Gibson cloning into the 
lentiviral plasmid using the short EF1α promotor. Sequence was verified by 
Sanger sequencing (Eurofin). For lentivirus production, 107 HEK293T cells 
were plated in 20 ml DMEM medium the day prior. HEK293T cells were co-
transfected with the respective construct and the packaging plasmids 
pMD2.G (envelope) and pCMVR8.74 (gag/pol). Cells were then incubated at 
37°C and 7.5% CO2. The supernatant containing the lentiviral particles was 
collected 24 and 48 hours after transfection. Viruses were concentrated by 
10% sucrose gradient (supplemented with 0.5 mM EDTA) centrifugation at 
10.000g, 6°C for 4 hours. The virus pellet was resuspended in 100 ul PBS and 
stored at -80°C until further use. Jurkat NFκB and Jurkat NFAT reporter cell-
lines expressing GFP under the control of the indicated transcription factor 
were used in this study 60. Cell-lines were grown in complete RPMI 1640 
medium supplemented with 10% bovine serum and antibiotics at 37°C. 
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Reporter cell-lines were transduced by adding the concentrated lentivirus to 
the cell culture. Successful expression of NKG2D and the γδTCR was assayed 
by surface staining and flow cytometric analysis. To this end, cells were 
incubated for 15 min at 4°C with PE-coupled anti-γδTCR antibody coupled to 
PE (1/200, Life Technologies #MHGD04) and APC-coupled anti-NKG2D 
(1/200 Biolegend #320807). Cells were measured at the AttuneTM NxT Flow 
Cytometer.  

NKG2D ligand staining 
The expression of NKG2D ligands in tumor cell-lines and organoids was 
assessed using Recombinant Human NKG2D Fc Chimera Protein (R&D 
systems, Abingdon, UK). 105 tumor cells were incubated either with 0.5 μg of 
NKG2D Fc recombinant protein, or with IgG1-Fc for 30 min. Cells were 
washed with FACs buffer (1% BSA, 1% Na+azide) and a secondary antibody 
IgG-PE (Southern Biotech, Alabama, USA) was added in a 1:200 dilution. Cells 
were fixed using 1% PFA in PBS. Samples were measured on a BD LSR 
Fortessa, and  FACSDiva (BD) software was used for data analysis.  

Generation of NKG2D knockout TEGs by CRISPR/Cas9 
NKG2D knockouts were performed following manufacturer’s instructions 
(Integrated DNA technologies, IDT). In short, 23,8 µM crRNA:tracrRNA, 9,89 
µM Cas9 nuclease and 1,8 µM electroporation enhancer were combined with 
2 × 106 cells. Cells were pulsed one time with a voltage of 1800 and 20 ms. 
Two different crRNA guides targeting NKG2D were used (1:1) to generate the 
KOs: guide 1 (GAAGTTCAAATTCCCTTGAC) from Brunello library 61 and  guide 
2 (AGAGTGATTTTTCAACACGA) designed at IDT website (Custom Alt-R™ 
CRISPR-Cas9 guide RNA) using the fist 600 nucleotides of the mRNA 
(NM_007360.4). As electroporation might influence TEGs fitness, the different 
TEGs were also electroporated with commercial negative control crRNA guide 
(IDT), and used in the functional assays as controls. Percentage of NKG2D-KO 
cells was assessed by flow cytometry on a BD LSR Fortessa, using huNKG2D 
(clone 1D11; 320802).  
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Functional T-cell assays 
For CD69 expression, 200.000 T-cells per well were incubated in a 96 wells 
plate precoated with 0,2 ug/ml anti-huCD3 (clone OKT3; 130-093-387, 
Miltenyi Biotec), 5 µg/ml anti-huNKG2D (clone 1D11; 320802, Biolegend), or 
a combination of the two. Cells were incubated for 24 hours, after which they 
were incubated with anti-huCD69-APC (1:25; clone FN50; 2154550) from 
Sony Biotechnology for 30 min. Cells were washed with FACs buffer (1% BSA, 
1% Na+azide) and  fixed using 1% PFA in PBS. Samples were measured on BD 
FACs Canto and FACSDiva (BD) software was used for data analysis.   

For cytokine detection, 5 x 104 effector T-cells were co-cultured for 18 hours 
with different tumor cell-lines, or with organoids in a 1:1 or 1:30 effector-to-
target ratios (E:T) respectively, in round-bottom 96-well plates, in the 
presence of pamidronate. After incubation, supernatants were collected, and 
either frozen, or used to detect IFNγ levels straight away. ELISA was 
performed using IFN gamma Human Uncoated ELISA Kit (Thermo Fisher 
Scientific, Massachusetts, USA).  

A 51chromium-release assay for cell-mediated cytotoxicity was previously 
described 9.  In brief, target cells were  labeled for 2 hours with  100 µCu 51Cr 
and incubated for 4 to 5 hours with transduced T-cells in five effector-to-target 
ratios (E:T) between 10:1 and 0.11:1 in the presence of 10-30 µM of 
pamidronate. Percentage of specific lysis was calculated as follows: 
(experimental cpm - basal cpm)/(maximal cpm - basal cpm) x100 with 
maximal lysis determined in the presence of 5% triton, and basal lysis in the 
absence of effector cells. 

For long term serial-killing assays and to assess PD1 and GZMB expression on 
CD4+ TEGs, 5 x 103 RPMI 8226, SCC9 or Fadu tumor cells expressing 
luciferase-GFP were co-cultured with effector T-cells at 3:1 or 1:1 effector: 
target ratio in presence of 10 µM pamidronate. To assess the ability of the 
different constructs to repetitively kill tumor cells, and to mimic chronic 
antigen exposure, new targets were added every 24 hours. Luciferin was 
added at 12.5 ug/ml and luminescence signal was measured on a Softmax pro 
machine at 24, 48, 72 and 96 hours.  For PD1 and GZMB analysis, cells were 
stained after the 4th round of stimulation.  
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In order to assess proliferation, T-cells were resuspended at 1 x 106 cells/ml 
using a 2 µM solution of CellTrace™ Violet Cell Proliferation Kit (Thermo Fisher 
Scientific, Massachusetts, USA) in PBS. The cell suspension was incubated 
for 20 min at 37ºC. Cells were washed two times with complete RPMI 
medium, and resuspended in culture medium. For proliferation after 
stimulation with antibodies, 200.000 labeled T-cells per well were incubated  
for 6 days in a 96 wells plate, pre-coated  with different concentrations of anti-
huCD3 (clone OKT3; 130-093-387, Miltenyi Biotec), anti-huNKG2D (clone 
1D11; 320802, Biolegend) or a combination of the two. For the proliferation 
assay with tumor cell-lines, 2.5 x 105  labeled effector T-cells were co-
cultured, together with 2.5 x 105  tumor cells in 48-well plates for 6 days, 100 
µM pamidronate was added to cultures to boost recognition. On Day 6, cells 
were analyzed by flow cytometry. For the proliferation assays with organoids, 
1 x 105 labeled T-cells were co-cultured with organoids in a E:T ratio of 1:1,5 
in 96-U well plate, in the presence of pamidronate (100 µM) during 6 days. On 
Day 6, proliferation was assessed by flow cytometry.   

For activation assays using the reporter cell-lines, 100.000 Jurkat reporter 
cells were incubated with RPMI-8226 or HL60 cells at a 1:1 Effector:Target 
(E:T) ratio for 24 hours on 96-well plates. Cells were then analyzed by flow 
cytometry for GFP expression. Samples were measured at the AttuneTM NxT 
Flow Cytometer. FlowJo was used for data analysis. 

3D model  
The 3D model was previously described in detail 29. The RPMI 8226 or SCC9 
tumor cells were stained with Vybrant DiO  or DiI (Thermo Fisher, United 
States) and seeded in Matrigel (Corning, United States). In the RPMI-8226 
experiments multipotent mesenchymal stromal cells (MSCs) were stained 
with Vybrant DiD (Thermo Fisher, United States) and were added to the model 
on the same day. After four days, the different TEGs were stained with Vybrant 
DiI (Thermo Fisher, United States) or CTV and administered to the model, 
together with and 10 μM PAM (Calbiochem, United States). Three and/or six 
days later, the Matrigel was dissolved using Dispase (Corning, United States) 
to retrieve the cells from the model. Tumor, T-cells and stromal cells were 
quantified by FACS, using Flow count Fluorospheres (Beckman Coulter, 
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United States). Cell numbers were normalized to mock treatment. Luminex 
was performed on supernatant to measure cytokine levels for IL2, IL4, IL6, 
IL10, IL17, CCL1, CCL4, CCL7, CCL8, CCL20, CCL22, CCL28, CXCL1, 
CXCL9, IP10, CXCL12 and GMCSF at days 3 and 6 after TEG administration.  

Animal models 
NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ (NSG) mice originally obtained from 
Jackson Laboratory (Bar Harbor, ME, USA) were bred and housed in the 
breeding unit of the Central Animal Facility of Utrecht University or purchased 
from Charles River Laboratories (Germany). Experiments were conducted 
under institutional guidelines, after obtaining permission from the Animal 
Welfare Body Utrecht (nos. 4288-2-12, 4288-2-19, 4288-2-21, 4288-1-10, 
16349-1-02) and in accordance with the current Dutch laws on Animal 
Experimentation. Male and/or female mice were used in the different models, 
as indicated in the figure legends. Mice were housed under 45–65% humidity 
and a daily 12/12-h light/dark regime, in sterile conditions, using an 
individually ventilated cage (IVC) system and fed with sterile food (V1534-703, 
Ssniff) and water. Irradiated mice were given sterile water with the antibiotic 
Ciproxin for the duration of the experiment. Mice were randomized with equal 
distribution by sex (when using male and female). Power analysis was used to 
determine sample sizes by using G*Power software (F test, ANOVA, Fixed 
effects, omnibus, one-way). Adult mice (10-19 weeks old) received sublethal 
total body irradiation (1.75 Gy) on Day -1. On Day 0, depending on the model, 
NSG mice were injected either intravenously with 5 x 106 RPMI 8226-
luciferase cells resuspended in PBS or subcutaneously with 0,5 x 106  SCC9-
luciferase tumor cells resuspended in mixture of matrigel and PBS (1:1). On 
Days 1 and 7, mice were injected intravenously with 1 x 107 of different 
engineered T-cells (TEGs). The average CD4+/CD8+ ratio for functional TEGs 
was approximately 1:1 across all experiments. All mice received 0.6 × 106 IU 
of IL-2 (Proleukin; Clinigen) in 100 µl incomplete Freund’s adjuvant (IFA) 
subcutaneously, together with the first TEGs injection, and every 3 weeks until 
end of experiment. Pamidronate (10mg/kg body weight) was injected 
intravenously, together with the T-cell injections, and every 3 weeks until the 
end of the experiment, in order to enhance activation of TEGs as previously 
reported 14. Tumor growth was monitored weekly by bioluminescence. 
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Furthermore, in the subcutaneous model, tumor volumes were measured 
weekly, and calculated by using the formula tumor volume = 0.4x (length x 
width2). Maximal allowed tumor size was 1500 mm3, as agreed with the ethics 
committee, and was not exceed in these experiments. In the RPMI 8226-luc 
model, mouse survival was assessed at least twice a week, by monitoring 
weight loss and symptoms of disease (sign of paralysis, weakness, and 
reduced motility). For the SCC9 model survival could not be addressed as 
tumors got ulcerated around day 55, independently of size, and mice need to 
be sacrificed for ethical reasons.  

Assessment for TEGs persistence in vivo 
Blood samples were obtained via cheek vein (max. 50–70 µl/mouse). Red 
blood cells were lysed using 1× RBC lysis buffer (Biolegend) and were then 
stained with a mixture of antibody. To assess persistence of cells in bone 
marrow we collected femur and tibia from the hind legs. Bone marrow cells 
were obtained by centrifugation at 9000 x g for 15 sec. Cell pellet was 
resuspended in PBS. Spleen was collected and processed into single-cell 
suspension. Spleen was cut in small pieces and filtered through a 70 µm cell 
strainer (BD). Spleen was incubated with 1× RBC lysis buffer cells for 
maximum 4 min. After that, spleen filtered cells were washed and 
resuspended in PBS. 1 x 106 cells were used for staining. The persistence of 
TEG cells was calculated using Flow-count Fluorospheres (Beckman Coulter) 
and measured by flow cytometry (BD LSRFortessa). 

scRNA-seq sequencing 
TEGs were co-cultured together with RPMI 8226 cells (E:T 1:1) in the presence 
of 10 µM PAM during 48h. After incubation, cells were sorted by expression of 
γδTCR+CD4+ or γδTCR+CD8+ (pan-γδTCR-PE, clone IMMU510; CD4-PB, 
clone RPA-T4; CD8-PerCP Cy5.5, RPA-T8) into 384-well PCR plates (BioRad) 
using ARIA II. Cells were sequenced by Single Cell Discoveries (Utrecht, The 
Netherlands) according to the SORT-seq method based on CEL-Seq2 62, and 
libraries were sequenced with paired end sequencing on Nexseq500 by the 
Utrecht Sequencing Facility (USEQ, Life Sciences Faculty, Utrecht University). 
The gene expression matrix was processed and analyzed using 
the Seurat package in R. Before dimensionality reduction and clustering, low-
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quality cells (number of genes detected  < 200 or mitochondrial UMIs > 30% 
or ERCC reads > 50%) were excluded. For the NKG2D-chimeras experiment, 
we collected 2355 single cells with high-quality RNA profiles, representing 
both the CD4+ and CD8+ subpopulations of TEG001 (TEG), TEG001-NKG2D-
CD28WT (NKG2D-CD28) or TEG001-NKG2D-4-1BBCD28TM (NKG2D-4-1BB) 
cells. CD4-CD8 annotation was based on the surface expression on these 
surface markers during sorting. For the 103-4-1BB-chimera experiment, we 
collected 1153 single cells with high-quality RNA profiles, representing both 
the CD4+ and CD8+ subpopulations of TEG001 (TEG) and TEG001-103-4-
1BB (103-4-1BB). To test the differences in overall cluster composition of the 
chimeras, relative to TEG001 dataset we applied Pearson's Chi-squared test. 
To investigate the per-cluster differences, we applied `Fisher's Exact Test for 
Count Data` contrasting the per-cluster relative abundance values of a 
chimera to the per-cluster relative abundance values of the TEG001 
construct. To run these test, we used the chisq.test and fisher.test function of 
the stats R-package. (Results are summarized in Supplementary table 2, 
where p-value<0,001 is marked.) 

Dimensionality reduction, clustering and visualization  
Data were normalized, scaled to 10000 counts, and log-transformed using the 
NormalizeData function of the Seurat package. Principal component analysis 
was performed on the scaled data with the 4000 most variable genes. The 
number of principal components used was determined using the ElbowPlot 
function. Following Uniform Manifold Approximation and Projection (UMAP) 
based dimensionality reduction for visualization, we calculated clusters, using 
the FindNeighbors and FindClusters functions with the resolution parameter 
set to 0.3. Marker genes that differentiated between clusters were identified 
using the FindAllMarkers function. We applied gene ontology (GO) over-
representation test with clusterProfiler 63, to identify the terms that were 
significantly enriched for the cluster marker genes. With regard to the 
annotation the clusters with biological terms, GO analysis was the primary 
source, but we also considered canonical marker genes but not necessarily 
listed in the reference dataset (for example: exhaustion). 
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Statistical analysis  
scRNA-seq statistical analysis was completed as described above, extended 
with statistical tests applied using the chisq.test and fisher.test function of the 
stats R-package. All other statistical analyses were performed using 
GraphPad Prism. Data distribution was assumed to be normal, but this was 
not formally tested. Exact tests and P values are shown either in graphs or 
legends. P values > 0.05 were considered not significant (n.s.). All data points 
were analyzed including outliers unless there were technical errors.  

Data Availability 
Raw sequencing data for this study have been deposited into Gene Expression 
Omnibus (GEO): GSE244053 
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE244053).   

Code Availability 
In this study, we employed published and publicly available software 
packages to conduct all data analysis. Source data and scripts for scRNAseq 
analyses and visualization are deposited in Zenodo 
(https://doi.org/10.5281/zenodo.8378941). Any additional information 
required to reanalyze the data reported in this manuscript is available from the 
lead contact upon request. 

Results 

Co-expression of NKG2D-chimeras rescues suboptimal TEG001 
activation  
Suboptimal TCR-engagement is often a limitation for TCR-based cancer 
immune therapies 8, 24. To overcome this, we combined cancer-metabolome 
targeting through TEG001 with targeting of cancer-associated stress antigens, 
using three different NKG2D-derived chimeric co-receptors. Only type I 
designs, in combination with CD28 transmembrane domains led to optimal 
expression of NKG2D-chimeras (Extended data figure 1A-D). The NKG2D-
chimeras were created by linking the extracellular domain of NKG2D to the 
hinge and transmembrane domains of CD28, and the intracellular signaling 
domain of ICOS, CD28 or 4-1BB (Figure 1A).  γ9δ2TCR chains were combined 

https://eur05.safelinks.protection.outlook.com/?url=https%3A%2F%2Fwww.ncbi.nlm.nih.gov%2Fgeo%2Fquery%2Facc.cgi%3Facc%3DGSE244053&data=05%7C01%7CP.Hernandez-Lopez%40umcutrecht.nl%7C8b7903d3a86448d4717a08dbbf96892e%7Cdcdf4a3dd0c04a6394cf781981249be5%7C0%7C0%7C638314425478350678%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C3000%7C%7C%7C&sdata=WLs0NS8NDZ8WaWuSeYmcauT3YfjVZVmQDf0qwwaGCSQ%3D&reserved=0
https://eur05.safelinks.protection.outlook.com/?url=https%3A%2F%2Fdoi.org%2F10.5281%2Fzenodo.8378941&data=05%7C01%7CP.Hernandez-Lopez%40umcutrecht.nl%7C8b7903d3a86448d4717a08dbbf96892e%7Cdcdf4a3dd0c04a6394cf781981249be5%7C0%7C0%7C638314425478350678%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C3000%7C%7C%7C&sdata=eOjBWcR2DfjNQ4u8Zauzg0CdgSlvpkZ3TTvtBVU5sqE%3D&reserved=0
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with NKG2Dwt or with the NKG2D-chimeras, in a tricistronic construct to 
ensure equimolar expression in engineered primary αβT-cells (Extended data 
figure 1D). First, we assessed whether engagement of the different NKG2D-
chimeras or NKG2Dwt could rescue activation of T-cells when TCR-
engagement was limited. Suboptimal CD3 stimulation (mimicking suboptimal 
TCR-engagement), through low concentration of anti-CD3 antibody, 
combined with stimulation by an anti-NKG2D antibody, increased expression 
of CD69 in TEG001, only when one of the NKG2D-chimeras or NKG2Dwt were 
co-expressed (Extended data figure 1E). Of note, triggering of the NKG2D-
CD28wt-chimera in the absence of TCR-engagement did lead to a small, but 
significant, upregulation of CD69, which is in line with earlier observations that 
antibody-induced stimulation of CD28 upregulates CD69 25.  

IFNg release but not killing is improved by NKG2D-4-1BBCD28TM-chimera  

We next investigated whether the increased signaling induced by the NKG2D-
chimeras is preserved when using tumor cells expressing natural NKG2D-
ligands for the activation of CD4+ TEG001. A panel of tumor cell-lines was 
selected based on their reported susceptibility to γ9δ2TCR-mediated 
recognition 10, 14 and characterized for NKG2D-ligand expression by utilizing a 
NKG2D-Fc fusion protein (Extended data figure 2A). Three tumor cell-line 
phenotypes were identified: (I) recognized by TEG001 and low NKG2D-ligand 
expression (Daudi), (II) recognized by TEG001 and high NKG2D-ligand 
expression (SCC9, K562 and RPMI-8226) and (III) not recognized by TEG001 
and high NKG2D-ligand expression (HL60).  

First, we assessed the impact of the NKG2D-chimeras on IFNγ secretion by 
CD4+ TEGs in a co-culture with tumor cell-lines expressing high or low levels 
of NKG2D-ligands under varying pamidronate (PAM) concentrations, which 
was used to modulate intracellular pAg concentration in the tumor cells 26. The 
most prominent increase in activity was observed for TEG001-NKG2D-4-
1BBCD28TM, which secreted higher levels of IFNγ against K562 (NKG2D-ligand 
high) compared to TEG001 (Extended data figure 2B). This effect was most 
significant at lower PAM concentrations, implying again that co-stimulation 
becomes important once TCR-engagement is limited. No IFNγ secretion was 
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detected when NKG2Dwt or the NKG2D-chimeras were co-expressed with a 
non-functional γ9δ2TCR [10], called TEG-LM1. In contrast, there were no 
differences in killing observed between CD8+ TEG001 and TEG001 co-

 
Fig. 1. Introduction of NKG2D chimeras improves proliferation and long -term killing activity of TEGs. 
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a, Schematic overview of type I chimeras containing CD28 transmembrane (TM) and hinge (H) domains and 
a γδ TCR transgene cassette in the retroviral vector pMP71. TCRδ chain was derived from clone 5 and TCRγ 
from clone 5, and P2A (derived from the porcine teschovirus 1 2A) and T2A (derived from the Thosea asigna 
virus) refer to two different 2A ribosomal skipping sequences. NKG2D, ICOS, CD28 and 4-1BB domains are 
colored in purple, green, orange and blue, respectively; SP, signal peptide; EC, extracellular; CP, 
cytoplasmic. b, Proliferation of CD4+ transduced T cells after stimulation with anti-CD3 and anti-NKG2D; 
n = 3 independent experiments with two biological replicates each. Data represent CTV mean fluorescence 
intensity (MFI) ± s.d., and significance was calculated using a one-way analysis of variance (ANOVA) with a 
Holm–Sidak correction for multiple comparisons (NKG2D, 1 µg ml–1: NKG2D-CD28WT **P = 0.0021; 
NKG2D 2.5 µg ml–1: NKG2DWT **P = 0.0063, NKG2D-ICOSCD28TM ***P = 0.0002, NKG2D-CD28WT ****P  

expressing the different NKG2D-chimeras or NKG2Dwt when using chromium  
(51Cr) labeled HL60, Daudi, K562, RPMI-8226 and SCC9 tumor cells 
(Extended data figure 2C). This data suggests that the short-term killing 
potential of the CD8+ TEGs is not influenced by these costimulatory chimeras, 
or that endogenous NKG2D expression by CD8+ TEGs can overrule effects 
observed with CD4+ TEGs, which lack endogenous NKG2D expression 
(Extended data figure 3A). 

NKG2D-chimeras enhance proliferation overcoming low TCR-ligand 
density  
It has been reported that variations in costimulatory signaling impact 
proliferation capacity of CAR-T cells 27. To assess whether this also holds true 
when a combined signaling of γδTCR and NKG2D-chimeras is used, we 
examined the proliferation capacity of both CD4+ and CD8+ TEG001 cells co-
transduced with NKG2Dwt or NKG2D-chimeras using antibody simulation. Co-
expression of NKG2Dwt in CD4+ TEGs resulted in an enhanced proliferation, 
when compared to conventional TEG001 (Figure 1B). Interestingly, co-
expression of the NKG2D-chimeras resulted in significantly increased 
proliferation compared to TEG001-NKG2Dwt, emphasizing the importance of 
the intracellular co-stimulatory signaling domain in the NKG2D-chimeras. 
Intriguingly, under the most stringent conditions (1 µg/ml NKG2D antibody) 
only TEG001-NKG2D-CD28wt showed a significant increase in proliferation 
compared to TEG001-NKG2Dwt (Figure 1B). In CD8+ TEGs with endogenous 
NKG2D expression, stimulation with the anti-NKG2D antibody induced 
proliferation of TEG001 and TEG-LM1 compared to unstimulated condition, 
reducing thus the overall observed differences between the constructs 
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(Extended data figure 3B). This suggests that the endogenous expression of 
NKG2D in CD8+ TEGs can overrule the effect of the chimeras.  

As differences were more profound in the absence of endogenous NKG2D, 
and stimulation by anti-NKG2D antibodies could again overestimate the 
impact of co-receptor signaling, we next focused on the proliferation ability of 
CD4+ TEGs after stimulation with the natural ligands. As expected, CD4+ 
TEG001, but not CD4+ TEG-LM1 (mock), were able to proliferate when co-
cultured with RPMI-8226 tumor cells (Figure 1C and Extended data figure 3C). 
In contrast to the antibody-based assay, co-expression of NKG2Dwt no longer 
improved proliferation compared to TEG001. Once more, addition of the 
NKG2D-chimeras to TEG001 increased proliferation when compared to 
TEG001-NKG2Dwt, highlighting the added benefit of a chimeric co-receptor 
with additional signaling domains. Despite the high levels of NKG2D-ligands 
on HL60, none of the engineered T-cells proliferated when co-cultured with 
these cells, implying that γ9δ2TCR activation is essential for the additive 
effect of the NKG2D-chimeras.  

NKG2DWT, NKG2D-CD28wt and NKG2D-4-1BBCD28TM increase serial killing 
Although we did not see enhanced short-term killing when co-expressing the 
different NKG2D chimeras (Extended data figure 2C), we postulated that co-
expression of NKG2D-chimeras would impact TEG serial killing over time, as 
reported recently for T-cells engineered with a FAS-4-1BB fusion protein 20. As 
serial killing of tumor cells depends on both CD4+ and CD8+ engineered T-
cells 28, a mixture of CD4+ and CD8+ (1:1) TEGs were challenged every 24 
hours with new target cells. Overall, TEG001-NKG2Dwt, TEG001-NKG2D-
CD28wt, or TEG001-NKG2D-4-1BBCD28TM, showed increased killing ability even 
after the 4th rechallenge against RPMI-8226, and the latter two also showed 
increased killing ability against SCC9 (Figure 1D), while TEG001-NKG2D-
ICOSCD28TM did not have any additive effect in killing ability when compared to 
TEG001.  In contrast to the chromium-release readout, significant improved 
killing was observed after one stimulation, probably due to the differences in 
length of incubation and CD4:CD8 ratio.  
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6  
Fig. 2. NKG2D-CD28WT and NKG2D-4-1BBCD28TM improve persistence and tumor targeting without 
damaging healthy tissue. a, RPMI-8226 tumor cells expressing luciferase and stroma cells were cultured 
in Matrigel constituting a 3D bone marrow niche. After 4 d, CD4+ and CD8+ TEGs (at a ratio of 1:1) were 
added together with 10 µM PAM. Three and 6 d later, living tumor cells (left), T cells (middle) and stroma 
cells (right) were quantified by FACS. Tumor and stroma cell numbers were normalized to those in the mock 
treatment (TEG-LM1) group; n = 2 independent experiments with two biological replicates each. Data 
represent mean ± s.d. Significance was calculated using a two-way ANOVA with a Dunnett correction (day 
3: TEG-LM1 versus TEG001 **P  = 0.0056; day 6: TEG-LM1 versus TEG001 ****P  < 0.0001, day 6, TEG-LM1 
versus TEG001 ****P < 0.0001, TEG001 versus TEG001-NKG2D-ICOSCD28TM ****P < 0.0001, TEG001 versus 
TEG001-NKG2D-4-1BBCD28TM ****P < 0.0001. b, Surface expression of NKG2D ligands on healthy 
hematopoietic cells in resting, activated or stressed states. MFI was measured by flow cytometry using 
NKG2D–Fc and IgG–Fc fusion proteins. Fold change was calculated per type of cells as M FI measured using 
the NKG2D–Fc condition (gray) relative to the IgG–Fc condition (white); n = 2 independent experiments. 
Data represent mean; chemo, chemotherapy. c, CD4+ TEG001 cells or TEG001 cells coexpressing NKG2D-
ICOSCD28TM, NKG2D-CD28WT and NKG2D-4-1BBCD28TM were cocultured with healthy hematopoietic cells in 
resting, activated (CD40L, lipopolysaccharide or IFNγ) or stressed (irradiation or a combination treatment 
with cyclophosphamide and fludarabine) states in the presence of 100 µM PAM. IFNγ release was 
measured by enzyme-linked immunosorbent assay (ELISA); n = 2 independent experiments. Data 
represent mean. 
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NKG2D-CD28WT and NKG2D-4-1BBCD28TM improve tumor killing in a 3D 
model 
Co-expression of NKG2D-CD28wt or NKG2D-4-1BBCD28TM in TEG001 cells 
significantly improved TEG001 function. To further explore the benefits of 
NKG2D-chimeras, we increased the difficulty for the engineered T-cells to 
target tumor cells by mimicking a physiological tumor microenvironment 
(TME) in a 3D bone marrow niche model 29. After 3 days, TEG001 and TEG001 
co-expressing the NKG2D-chimeras significantly increased killing of RPMI-
8226 compared to TEG-LM1. No difference in tumor control between the 
functional constructs was observed (Figure 2A). However, on day 6 TEG001-
NKG2D-CD28WT and TEG001-NKG2D-4-1BBCD28TM significantly increased 
tumor control compared to TEG001. Enhanced T-cell activity of TEG001-
NKG2D-CD28WT and TEG001-NKG2D-4-1BBCD28TM on day 6 was also 
reflected by significantly higher numbers of T-cells compared to TEG001. 
Luminex analysis of the supernatants revealed a significant increase of 
chemokines (CCL1, CCL4, CCL8, CCL20, CCL22, CXCL9 and CXCL10) at 
Day 3 for TEG001-NKG2D-CD28WT, and TEG001-NKG2D-4-1BBCD28TM 
(Supplementary table 1) suggesting improved interaction of TEGs with the 
microenvironment in the presence of the chimeras. In summary, the 3D model 
hinted at the superiority of TEG001-NKG2D-CD28WT and TEG001-NKG2D-4-
1BBCD28TM.  

Dual-targeting preserves cells derived from healthy tissues 
By quantification of the remaining viable stromal cells (MSCs) in the 3D bone 
marrow niche model, we assessed the impact of the TEG treatment on healthy 
tissues. TEGs preserved healthy tissues (Figure 2A, right panel) while 
displaying tumor specificity in the very same experimental set up. To further 
preclude the potential risk of targeting healthy tissues, we extended the 
analyses to stressed healthy tissues, which can temporarily upregulate 
NKG2D-ligands 30. Recognition of several healthy donor-derived 
hematopoietic cell subsets was assessed in resting, stressed (irradiated or 
treated with cyclophosphamide and fludarabine), or activated (treated with 
huCD40LT, LPS or IFNγ) states. Upregulation of NKG2D-ligands was observed 
for all CD14+ cells and for the stressed CD34+ cells, but not for CD19+ cells 
(Figure 2B). However, upregulation of NKG2D-ligands on healthy cell subsets, 
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did not result in recognition of targets by TEGs (Figure 2C), suggesting an 
advantageous safety profile of TEG001 co-expressing NKG2D-chimeras.  

NKG2D-4-1BBCD28TM and NKG2D-CD28WT improve  in vivo targeting of 
liquid tumors  
To assess how TEG001 and TEG001 co-expressing NKG2D-chimeras behave 
in vivo, we established a human multiple myeloma (MM) xenograft model 
utilizing the same target cells as we used in the 3D model (RPMI-8226) (Figure 
3A). Treatment with TEG001-NKG2D-CD28WT or TEG001-NKG2D-4-
1BBCD28TM improved tumor control compared to TEG001, while  co-expression 
of NKG2DWT or NKG2D-ICOSCD28TM did not lead to improved tumor control 
(Extended data figure 4A,B). Importantly, this improved tumor control by 
TEG001-NKG2D-CD28WT or TEG001-NKG2D-4-1BB also resulted in 
significantly prolonged survival compared to treatment TEG001 (Figure 3B). 
The net treatment effect for TEG001 compared to TEG-LM1 treatment was 12 
days, while for the groups treated with TEG001-NKG2D-CD28wt or TEG001-
NKG2D-4-1BBCD28TM this was more than doubled, with a net treatment effect 
of 31.5 and 28 days respectively. Bone marrow from sacrificed mice was 
collected, and the number of TEGs was assessed by FACS (Figure 3C). 
Interestingly, a significantly higher number of TEG001-NKG2D-4-1BBCD28TM 
was observed, compared to TEG001 and TEG001-NKG2D-CD28WT, 
suggesting different dynamics for the different chimeras.   

TEG dynamics in vivo substantially differ between formats   
To further investigate the effect of the introduction of NKG2D-CD28WT and 
NKG2D-4-1BB in TEG001 on TEG dynamics in vivo, the RPMI-8266 MM 
xenograft model was modified by labeling the TEGs administered in the 
second injection (Day 7) with CTV (Figure 3D). In line with the long-term 
survival model, tumor burden was significantly reduced after 2 weeks in mice 
treated with TEG001-NKG2D-CD28WT when compared to TEG001. TEG001-
NKG2D-4-1BBCD28TM also showed marked tumor control when compared to 
TEG001 (Figure 3E). In line, the number of tumor cells (GFP+) measured by 
FACS in bone marrow was significantly reduced for TEG001-NKG2D-CD28WT 
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Fig. 3 | In vivo efficacy and proliferation of TEGs coexpressing NKG2D chimeras in an MM model . a, Experimental setup 
to evaluate in vivo efficacy of TEG001-NKG2D chimeras against RPMI-8226 tumors in male and female NSG mice; i.v., 
intravenous. b, Survival was assessed by monitoring weight loss and symptoms of disease. Data were generated from one 
experiment with n  = 10 mice per treatment. One mouse was censored at day 63 in the TEG001 -NKG2D-4-1BBCD28TM group 
due to non-tumor-related death. Significance was calculated by log-rank (Mantel–Cox) test. c, Comparison between the 
numbers of TEG001 (n  = 10 mice), TEG001-NKG2DWT (n = 9 mice), TEG001-NKG2D-ICOSCD28TM (n = 10 mice), TEG001-
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NKG2D-CD28WT (n = 9 mice) and TEG001-NKG2D-4-1BBCD28TM (n = 8 mice) cells in mouse bone marrow. Data represent 
mean ± s.e.m. and were generated from one experiment. Significance was calculated by using a oneway ANOVA with a 
Tukey correction. d, Experimental setup to evaluate in vivo proliferation of TEG001 -NKG2D chimeras against RPMI-8226 
tumors in female NSG mice. e, Tumor burden was measured by BLI. Data were generated from one experiment with n = 5 
mice per treatment group. Data represent mean  ± s.e.m. Statistical significance was calculated by a mixed -effects model 
test with a Dunnett correction for multiple comparisons per time point. f, Tumor burden quantified by the number of GFP+ 
cells in bone marrow. Data were generated from one experiment with n = 5 mice per treatment group. Data represent 
mean ± s.e.m. Significance was calculated by using a one-way ANOVA with a Dunnett correction. g, Comparison between 
the number of different TEGs in blood. Data represent mean  ± s.e.m. Data were generated from one experiment with n = 5 
mice per treatment. Significance was calculated using a paired one-tailed t-test. h, Comparison between the number of 
different TEGs in bone marrow and spleen. Data represent mean  ± s.e.m. Data were generated from one experiment with 
n = 5 mice per treatment group. Significance was calculated using a one-way ANOVA with a Bonferroni correction (TEG001 
versus TEG001- NKG2D-CD28WT **P = 0.0011; TEG001-NKG2D-CD28WT versus TEG001-NKG2D-4-1BBCD28TM 
***P = 0.0003). i, Proliferation of different TEGs was measured by CTV MFI decreases in the blood, bone marrow and 
spleen. Data represent mean  ± s.d. Data were generated from one experiment with n = 5 mice per treatment group. 
Significance was calculated using one-way ANOVA with a Bonferroni correction (blood: TEG001 versus TEG001-NKG2D-
4-1BBCD28TM *P = 0.0148; spleen: TEG001 versus TEG001-NKG2D-4-1BBCD28TM ***P = 0.0001, TEG001-NKG2D-CD28WT 
versus TEG001-NKG2D-4-1BBCD28TM **P = 0.0064) 

 

and TEG001-NKG2D-4-1BBCD28TM, compared to TEG-LM1 (Figure 3F). The 
number of T-cells in peripheral blood was monitored on Days 8 and 15 (1 and 
8 days respectively after the 2nd T-cell injection). When comparing the 
functional TEGs, a significant decrease in the number of T-cells in blood 
between Days 8 and 15 was observed for TEG001-NKG2D-CD28WT (Figure 
3G). Moreover, the number of TEG001 cells was also lower on Day 15 
compared to Day 8. In contrast, no drop in T-cell numbers was observed for 
TEG001-NKG2D-4-1BBCD28TM. Interestingly, mice treated with TEG001-
NKG2D-CD28WT also had a lower number of TEGs both in bone marrow and 
spleen (Figure 3H), when compared to TEG001 and TEG001-NKG2D-4-
1BBCD28TM. The analysis of the MFI for CTV implied significantly increased 
proliferation of TEG001-NKG2D-4-1BBCD28TM, compared to TEG001 in blood 
and spleen (Figure 3I). Altogether, differences observed between TEG001-
NKG2D-CD28WT and TEG001-NKG2D-4-1BBCD28TM in killing at early time 
points (Figure 3E,F) and in the in vivo proliferation rate (Figure 3G-I) suggest 
that, in vivo, TEG001-NKG2D-CD28WT  induced strong and fast killing of tumor 
cells during the first days (Figure 3E,F), followed by the death of these TEGs 
(Figure 3G-I). By contrast, TEG001-NKG2D-4-1BBCD28TM showed an advantage 
during chronic-antigen stimulation because of their enhanced capacity to 
proliferate. Nevertheless, both modes of action resulted in equally improved 
survival in the long-term MM in vivo model (Figure 3A-B).  
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TEG001-NKG2D-4-1BBCD28TM improves in vivo efficacy against solid 
tumors 
Accomplishing tumor control in solid tumors is substantially more challenging 
than in liquid tumors 31. To address whether the NKG2D-chimeras could also 
enhance tumor control against solid tumors, NSG mice were subcutaneously 
injected with SCC9-luciferase tumor cells and treated on Days 1 and 7 with 
TEG-LM1 (mock), TEG001, TEG001-NKG2D-CD28WT or TEG001-NKG2D-4-
1BBCD28TM (Extended data figure 5A). In this model, TEG001-NKG2D-4-
1BBCD28TM was the only design that consistently showed a significant delay in 
tumor outgrowth assessed by tumor volume and BLI when compared to TEG-
LM1 and TEG001 (Extended data figure 5B-C). Our results imply that 
differences in T-cell dynamics might have different impacts on clinical 
outcomes for both liquid and solid tumors.  

Improved activity of TEG001-NKG2D-4-1BBCD28TM against cancer 
organoids  
As TEG001-NKG2D-4-1BBCD28TM showed the best tumor control in the solid 
tumor in vivo model, we decided to further investigate whether this increased 
targeting also holds true for a panel of patient-derived tumor organoids, from 
head and neck cancer (HN), hepatocellular carcinoma (HCC) and 
hepatoblastoma (HB). The expression of NKG2D-ligands varied amongst  the 
different organoids (Extended data figure 6A). TEG001-NKG2D-4-1BBCD28TM 
significantly increased IFNγ release against one of the patient-derived 
organoids (HCC-1) and showed a marked increase against two HB organoids 
(HB-10 and HB-13) (Extended data figure 6B). Since the most profound effects 
of NKG2D co-stimulation was on T-cell proliferation (Figure 1C), we assessed 
T-cell proliferation upon co-culture with different organoids (Extended data 
figure 6C,D). An increase in proliferation for TEG001-NKG2D-4-1BBCD28TM 

compared to TEG001 was observed upon co-culturing with most of the 
organoids. In conclusion, recognition of primary solid tumors by TEG001 can 
be improved by the addition of NKG2D-chimeras.  
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Fig. 4. Single-cell transcriptomic analysis of TEG001, TEG001-NKG2D-CD28WT and TEG001-NKG2D-
4-1BBCD28TM cells after incubation with RPMI8226.  a–c, Uniform manifold approximation and projection 
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(UMAP) clustering of TEG001, TEG001-NKG2D-CD28WT and TEG001-NKG2D-4-1BBCD28TM cells (839, 819 
and 697 cells; 2,355 cells in total) split by chimera types. Cells are annotated by clusterID (a), chimera types 
(b) or CD4–CD8 FACS profiles (c). d, Percentage representation of the clusters (annotated by the main GO 
terms) across the cell types (cluster 0 ‘CD8 activation’ (marker genes: CD8α, CSF1 and CCL5), cluster 1 
‘ribosomal activity’ (marker genes: RPS27 and RPS29), cluster 2 ‘proliferation’ (marker genes: TOP2A and 
MKI67), cluster 3 ‘exhaustion’ (marker genes: DUSP1 and PDCD1) and cluster 4 ‘CD4 adhesion and 
activation’ (marker genes: CD4, IL2RA and PRKAR1A)). e, Density dot plot of the percentage of cells in a 
cluster that express a given gene (‘percent expressed’) and the scaled average expression of ca nonical 
markers. f, Density dot plot of the percentage of cells from chimera types that express a given gene (‘percent 
expressed’) and the scaled average expression of canonical markers  

NKG2D-4-1BBCD28TM skews CD4+ TEG001 transcriptomics to less 
exhaustion 
Transcriptomic and functional heterogeneity among engineered T-cells has 
been described recently 12. To assess whether co-stimulation impacts the 
profile of a defined subpopulation or skews transcriptomic heterogeneity, we 
focused on how NKG2D-CD28wt and NKG2D-4-1BBCD28TMchimeras  impacted 
transcriptomic heterogeneity of TEG001, and whether this could explain the 
observed functional phenotypes and different behaviors in different tumor 
models. We carried out FACS-assisted single-cell RNA sequencing (SORT-
seq) experiments after antigen encounter on tumor cells (RPMI-8226). 
Unsupervised clustering of the combined dataset revealed five clusters 
(Figure 4A). In terms of cluster abundance, the most apparent and significant 
difference compared to TEG001, was the decline of Cluster3 and enrichment 
of Cluster4 for TEG001-NKG2D-4-1BBCD28TM (Figure 4A,B, p-values from 
Fisher’s test are shown in Supplementary table 2). The identified clusters were 
annotated based on the GO-terms associated with their differentially 
expressed genes (Figure 4D, Supplementary figure 3A, Supplementary table 
3). The most apparent difference between all conditions was the absence of 
Cluster3 and enrichment of Cluster4 for TEG001-NKG2D-4-1BBCD28TM (Figure 
4A,B). The CD4-CD8 annotation showed that most of the transcriptomic 
differences between the chimeras are linked to the CD4+ populations (Figure 
4C). The cell frequencies in clusters that were mostly populated with CD8+ T-
cells (Cluster0, Cluster1) did not differ between engineered cells (Figure 4D, 
Supplementary table 4), but Cluster2 (proliferation) was elevated among the 
TEG001-NKG2D-4-1BBCD28TM cells, in line with the short-term MM xenograft 
model (Figure 3G-I). As stated above, the major differences were in Cluster3 



Chapter 6                                    Dual targeting of cancer-metabolome and stress antigens 

160 

6 

(exhaustion) and Cluster4 (CD4+ adhesion and activation), where TEG001-
NKG2D-4-1BBCD28TM showed the highest representation of the ‘CD4+ 
adhesion and activation’ cluster, and the lowest representation of the 
‘exhaustion’ cluster, when compared to the other TEG types. This was 
confirmed when we repeated the analysis over the CD4+ and CD8+ subsets, 
separately; in the CD4+ subset, the most significant differences were 
identified in Cluster0 (exhaustion) and Cluster2 (adhesion) between the 
TEG001 construct and the 41BB chimera, similarly to the combined dataset 
(Extended data figure 7A-H, Supplementary table 5).  

To better represent the immunological functionalities, we plotted the scaled 
average expression of canonical marker genes of immunologically relevant 
biological processes across each cluster (Figure 4E). This reflected the 
proliferative features of Cluster2, the exhaustion features of Cluster3 and the 
activation-adhesion features of Cluster4.  

Investigating the transcriptomic clusters of the combined dataset revealed the 
cellular complexities of TEGs and the shifts that were caused by the 
expression of the chimeras. Next, we studied the differences between the 
chimera populations by contrasting the chimera types (Supplementary table 
6). When plotting the scaled average expression of the same canonical marker 
across the chimera types (Figure 4F), and splitting the CD4+ and CD8+ 
populations, the CD4+ subset of the NKG2D-4-1BB chimera stood out from 
multiple aspects. In this population, we noticed a decreased level of the 
activation-exhaustion signature and an elevated level in the cytotoxicity 
signature, represented by GZMA, GZMB and PRF1 expression. To validate 
whether this ‘cytotoxicity/less exhaustion’ signature was also present on 
protein level in engineered CD4+ TEGs, we addressed PD1 and granzyme B 
expression after repetitive stimulation with target cells (Extended data figure 
8A-B). In concordance with the scRNAseq results, CD4+ TEG001-NKG2D-4-
1BBCD28TM showed lower PD1 expression (Extended data figure 8A). Granzyme 
B expression was significantly increased in TEG donors where the percentage 
of granzyme B-positive TEG001 cells was lower than 40% after tumor-
encounter (Extended data figure 8B). Other transcriptional signatures 
associated with improved CAR-T persistence and survival, like oxidative 
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phosphorylation 32 and NF-κB activation 33, were enriched in CD4+ TEG001-
NKG2D-4-1BBCD28TM cells as well (Figure 4F). An increase in NF-κB signaling 
induced by NKG2D-4-1BBCD28TM was confirmed in a reporter-assay with cell-
lines expressing the γδTCR used for engineering TEG001 (TEG001R) alone, or 
in combination with the different NKG2D-chimeras (Extended data figure 8C). 
No obvious differences were observed in TCR-mediated signaling assessed 
with NFAT reporter cell-lines. Thus, in addition to the increased proliferation, 
an enhanced killing machinery, improved metabolic activity, as well as NF-κB 
signaling  and reduced dependency on PD1 might have contributed to the 
improved in vivo control of solid tumors by TEG001-NKG2D-4-1BBCD28TM.  

Endogenous NKG2D impairs NKG2D-4-1BBCD28TM function on CD8+ TEGs 
To study whether the limited additional impact of NKG2D chimeras in CD8+ 
TEGs was due to competition with endogenous NKG2D, NKG2D was 
knocked-out (KO) in CD8+ TEGs (Extended data figure 9A-C). TEG001-
NKG2D-4-1BBCD28TM NKG2D-KO cells showed increased killing and 
proliferation ability when compared to their negative control counterpart 
(Extended data figure 9D,E). No differences were observed for TEG001. These 
results suggest that endogenous expression of NKG2D in CD8+ TEGs 
hampered activity of the NKG2D-chimeras.  

Adding an anti-CD277-chimera improves activity of CD4+ and CD8+ 
TEGs 
To overcome complex knock-out and knock-in strategies, from a product 
development perspective, we designed a chimeric co-receptor targeting 
CD277 which is overexpressed on tumor cells of diverse origin 34, and closely 
linked to γ9δ2T-cell activation. We assumed that we would thereby avoid 
competition of a new co-receptor with endogenous receptors. The design of 
the new chimeric co-receptor (103-4-1BB-chimera) was based on the 
NKG2D-4-1BBCD28TM-chimera design by swapping the extracellular domain of 
NKG2D by the scFv derived from mAb-103.2 directed against CD277 17 (Figure 
5A). 103-4-1BB was well expressed in engineered T-cells (Extended data 
figure 10A), and in this case, CD4+ and CD8+ TEG001-103-4-1BB had 
improved proliferation activity compared to TEG001 (Extended data figure 
10B). To formally confirm that 103-4-1BB-chimera overcome the weakness of 
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NKG2D-4-1BBCD28TM-chimera which primarily enhanced activity in CD4+ 
TEGs, we evaluated the killing ability of CD4+ and CD8+ TEGs expressing 
different chimeras separately and combined in the 3D bone marrow niche 
model (Figure 5B). As expected, only 103-4-1BB-chimera was able to 
significantly increase the killing ability of either CD4+ and CD8+ TEGs alone. 
No differences between the NKG2D-4-1BBCD28TM-chimera and the 103-4-
1BB-chimera were observed when they were expressed simultaneously in 
CD4+ and CD8+, most likely because maximum killing was already reached 
for TEG001-NKG2D-4-1BBCD28TM. Next, we generated TEG products in 1:1 
CD4:CD8 ratios, where either only CD4+ or CD8+ TEGs co-expressed the 
chimeras (Figure 5C). While once more NKG2D-4-1BBCD28TM only improved 
killing ability when expressed in CD4+ TEGs, 103-4-1BB was equally potent 
enhancing killing ability of CD4+ or CD8+ TEGs in both liquid (RPMI-8266) and 
solid tumors (SCC9). Surprisingly, NKG2D-CD28WT-chimera only enhanced 
killing activity of TEG001 when expressed on both CD4+ and CD8+, implying 
some added value when expressed in CD8+ TEGs.  

103-4-1BB-chimera impacts the transcriptome of CD4+ and CD8+ TEGs 
The 103-4-1BB-chimera improved the killing activity of both CD4+ and CD8+ 
TEGs. In order to gain insights in how this chimera impacts these cells, we 
performed scRNA seq after co-culturing TEG001-103-4-1BB cells with RPMI-
8226. We observed changes in the transcriptomic profile for both CD4+ and 
CD8+ TEG001-103-4-1BB cells when compared to TEG001 (Figure 5D-I). 
CD4+ TEG-103-4-1BB cells skewed towards increased proliferation 
(Cluster0) and reduced exhaustion (Cluster3) (Figure 5F, Extended data figure 
10C, Supplementary table 7). Moreover, stronger NF-κB and oxidative 
phosphorylation signatures were observed for CD4+ TEG001-103-4-1BB, in 
line with previous observations in the NKG2D-4-1BBCD28TM (Extended data 
figure 10C). Abundance of CD8+ TEG001-103-4-1BB cells was significantly 
higher in the proliferation cluster (Cluster2) compared to TEG001 (Figure 5I). 
Again, the oxidative phosphorylation signature was stronger in TEG001-103-
4-1BB, compared to TEG001 (Extended data figure 10D).  
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Fig. 5. Addition of the 103-4-1BB chimeric receptor affects the activity and transcriptomic profiles of 
CD4+ and CD8+ TEGs.  a, Schematic overview of the anti-BTN3A-derived chimera (103-4-1BB chimera) 
containing the anti-BTN3A scFV extracellular domain, CD28 transmembrane (TM) domain, hinge (H) 
domain, 4-1BB intracellular signaling domain (CP) and δ TCR transgene cassette in the retroviral vector 
pMP71. The TCRδ chain was derived from clone 5, and the TCRγ chain was from clone 5. P2A (derived from 
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porcine teschovirus 1 2A) and T2A (derived from the Thosea asigna virus) refer to two different 2A ribosomal 
skipping sequences. Anti-CD277-derived scFV (clone 103.2), CD28 and 4-1BB domains are colored in dark 
blue, orange and clear blue, respectively. b,  Tumor killing by only CD4+ TEGs, only CD8+ TEGs or bulk 
CD4:CD8 (1:1) TEGs in a 3D bone marrow niche. Tumor and cell numbers were normalized to those of the 
mock treatment (TEG-LM1); n = 2 independent experiments with two biological replicates each. Data 
represent mean ± s.d. Significance was calculated by twoway ANOVA with a Dunnett correction. c, Tumor 
killing of RPMI-8226 or SCC9 tumor cells in a 3D bone marrow niche. TEG001 CD4+ T cells were combined 
1:1 with TEG001 CD8+ T cells coexpressing the three different chimeras and vice versa (TEG001 CD8+ T 
cells combined 1:1 with TEG001 CD4+ T cells coexpressing the chimeras) and added to the model as 
effector cells. Tumor cell numbers were normalized to those of the mock treatment (TEG -LM1); n = 2 
independent experiments for RPMI-8226 and n = 1 experiment for SCC9 with two biological replicates 
each. Data represent mean ± s.d. Significance was calculated by two-way ANOVA with a Dunnett 
correction. d,e, CD4+ -enriched cells from the TEG001 and TEG001-103-4-1BB (referred to as 103-4-1BB) 
cell types (400 cells and 244 cells in total, respectively) annotated by clusterID (d) or  by chimera types (e). 
f, Percentage representation of the clusters (annotated by the main GO terms) across the CD4+ chimera 
types. g,h, CD8+ -enriched cells from the TEG001 and TEG001-103-4-1BB cell types (387 cells and 122 
cells in total, respectively) annotated by clusterID (g) or by chimera types (h). i, Percentage representation 
of the clusters (annotated by the main GO terms) across the CD8+ chimera types 

TEG001-103-4-1BB eradicates hematological and solid tumors in vivo   
Next, we tested whether the increased capacity to kill tumor cells by both 
CD4+ and CD8+ TEG001-103.2-4-1BB also translates into better tumor 
control and survival in vivo, using the RPMI-8226 MM xenograft model (Figure 
6A). The group treated with TEG001-103-4-1BB showed complete inhibition 
of tumor outgrowth in all mice (Figure 6B), and 100% survival at the time when 
all TEG001 treated mice had reached the humane endpoint (Figure 6C). A high 
number of TEG001-103-4-1BB cells, with effector (75%) and central (25%) 
memory phenotype, were found in the bone marrow of the sacrificed mice, 
implying long-term persistence (Figure 6D,E). Encouraged by this significant 
treatment effect, we decided to compare the efficacy of TEG001-103-4-1BB 
and TEG001-NKG2D-4-1BBCD28TM in a head and neck solid tumor xenograft 
model (SCC9) side by side (Figure 6F). While TEG001-NKG2D-4-1BBCD28TM 
was again only able to significantly delay tumor outgrowth compared to 
TEG001 (Figure 6G), TEG001-103-4-1BB completely eradicated solid tumors. 
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Fig. 6. TEG001-103-4-1BB cells eradicate liquid and solid tumors in vivo.  a, Experimental setup to 
evaluate the in vivo efficacy of TEG001-103-4-1BB cells against RPMI-8226 tumor cells. Female NSG mice 
were irradiated at day −1 and injected with 5 × 106 RPMI-8226 luciferase tumor cells intravenously at day 
0, followed by 107 TEGs on days 1 and 7 in the presence of PAM. Interleukin-2 (IL-2) and PAM were 
administered every 3 weeks. b, BLI was measured weekly to assess tumor outgrowth. For BLI, single cu rves 
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and mean values are shown for TEG-LM1 (mock; gray), TEG001 (blue) and TEG001-103-4-1BB (purple) 
cells. Significance was calculated for tumor outgrowth over time using mixed-effect model tests with 
repeated measures by comparing TEG001 to TEG-LM1 cells (****P<0.0001) or TEG001-103-4-1BB cells 
(****P<0.0001). c, Survival was assessed by monitoring weight loss and symptoms of disease. Data were 
generated from one experiment with n = 10 mice per treatment group. One mouse was censored at day 26 
in the 103-4-1BB-treated group due to non-tumorrelated death. Significance was calculated by log-rank 
(Mantel–Cox) test; TEG-LM1 versus TEG001 cells ****P<0.0001; TEG001 versus TEG001-103-4-1BB cells. 
d, Numbers of TEGs in the bone marrow and spleen were assessed (n  = 3 mice per treatment group). Data 
represent mean ± s.e.m. e, Memory phenotype (Em, effector memory; Cm, central memory) of persisting 
TEG001- 103-4-1BB cells was assessed by FACS (n = 3 mice per treatment). Data represent mean ± s.e.m. 
f, Schematic diagram of the experimental setup to evaluate the efficacy of TEGs coexpressing NKG2D -4-
1BBCD28TM or 103-4-1BB chimeras against SCC9 tumors. Male NSG mice were irradiated at day −1 and 
injected with 0.5 × 106 SCC9 luciferase tumor cells subcutaneously (s.c.) at day 0, followed by 107 TEGs 
on days 1 and 7 in the presence of PAM. IL-2 and PAM were administered every 3 weeks. Data were 
generated from one experiment with n = 10 mice per group. g, BLI was measured weekly to assess tumor 
outgrowth. For BLI, single curves and mean values are shown for TEG-LM1 (mock; gray), TEG001 (blue), 
TEG001- NKG2D-4-1BBCD28TM (orange) and TEG001-103-4-1BB (purple) cells. Significance was calculated 
for tumor outgrowth over time using mixed-effect model tests with repeated measures by comparing 
TEG001 to the rest of the treatments; TEG-LM1 versus TEG001 cells P  = 0.8362; TEG001 versus TEG001-
NKG2D-4-1BBCD28TM cells **P = 0.0013; TEG001 versus TEG001-103-4-1BB cells ****P<0.0001; NS, no 
significant.  

Discussion 

The question of how to target most cancers with a single engineered immune 
cell strategy is still unsolved. Here, we present a new approach to overcome 
this substantial drawback, by combining cancer-metabolome targeting, 
mediated by a defined high affinity γ9δ2TCR, with stress-ligand sensing by 
chimeric NKG2D or anti-CD277 co-stimulatory-receptors, to target tumors of 
both hematological and solid origin. A side-by-side comparison of different co-
stimulatory signaling domains revealed that chimeric receptors signaling via 
4-1BB most efficiently overcame suboptimal γ9δ2TCR-ligation, and targeted 
a large range of not only liquid, but also solid tumors. Utilizing γ9δ2TCR and 
CAR-like co-stimulation allowed us to further tweak transcriptomic 
heterogeneity towards a more favorable transcriptomic profile for CD4+ TEGs 
when using NKG2D-4-1BBCD28TM-chimera, and for both CD4+ and CD8+ TEGs 
when utilizing the 103-4-1BB-chimera. CD277-engagement by the 103-4-
1BB-chimera was consequently the most powerful co-stimulation in 
mediating tumor control in vivo in liquid and solid tumor models.  
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Combining targeting of the cancer-metabolome and cancer-associated stress 
antigens has many strategic advantages, as compared to other currently 
targeted tumor antigens that have shown clinical responses in phase I clinical 
trials, in solid tumors like claudin 18.2 in gastric cancer  35, or GD2 for midline 
glioma 36. Both of the targets, CD277 and NKG2D-ligands, are broadly 
expressed in many different tumor types, making this dual-targeting strategy a 
broad-spectrum approach, suitable for treating multiple cancers with a single 
product. The separation of activation and co-stimulatory signals circumvents 
the potential risk of activation of TEG001-NKG2D-co-stimulatory chimera by 
NKG2D-ligands after damage of healthy tissues, which might cause 
exhaustion of T-cells, when signaling solely depends on NKG2D-engagement, 
as in NKG2D CARs 37. Another appeal of our strategy is that the addition of the 
NKG2D-chimeras rescued suboptimal TCR-stimulation mimicked by reduced 
doses of PAM. Therefore, our approach might be interesting to enhance 
recognition of tumors that express low TCR-ligand density, not only for γδTCR, 
but also for αβTCR-based engineering as addition of these chimeras might 
reduce the threshold of antigen density required for optimal T-cell activity.  

Chronic stimulation of CAR-T has been reported to cause T-cell exhaustion 38, 
and transcriptomic signatures related with exhaustion correlate with poor 
clinical CAR-T responses 39, 40. However, comprehensive analysis of 
heterogeneity in αβT-cell behavior is missed in most of these studies. Most 
recently, we described a high diversity in transcriptomic profiles for 
engineered immune cells 12. Different strategies have been explored to shape 
behavioral cell fate 41, 42, though such studies might underestimate that, 
depending on the level of T-cell development, deletion or addition of defined 
genes might have completely different impact on T-cell behavior. Here we 
aimed to explore how the different chimeras impacted transcriptomic 
signatures and T-cell phenotypes. Our first observation was that, in line with 
our in vitro results, the main differences in the transcriptomic profiles were 
observed for the CD4+ subset of TEG001-NKG2D-4-1BBCD28TM, in which cells 
displayed more proliferative, cytotoxic and less exhausted transcriptional 
signatures, important properties that are associated with long-term tumor 
control 43. Reduced exhaustion was confirmed by reduction of PD1 
upregulation on TEG001-NKG2D-4-1BBCD28TM after chronic antigen 
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stimulation, which might be directly linked to the induction of chemokines, 
such as CXCL10, in the tumor microenvironment, as observed in the 3D model 
experiments and previously reported by others 44. Moreover, TEG001-NKG2D-
4-1BBCD28TM promoted the development of cytotoxic CD4+ T-cells, a cell 
population which has been associated with a good prognosis in cancer 
patients 45 and with longevity 46. Also, in line with reports for 4-1BB bearing 
CAR-T cells 47, 48, we observed a beneficial activation of the NF-κB pathway 
when using 4-1BB as costimulatory signaling domain within our chimera.  

NKG2D-KO experiments suggested that interference of the NKG2D-chimeras 
with extra- or intracellular T-cell binding partners of the endogenously 
expressed NKG2D natural receptor mechanistically explain the lack of activity 
of the NKG2D-chimeras on CD8+ TEGs. However, this strategy would 
complicate the manufacturing process from an ATMP (Advanced therapy 
medicinal products) production perspective. To avoid extra-engineering steps 
and overcome the limited activity of the NKG2D-chimeras in CD8+ T-cells, we 
explored 103-4-1BB-chimera as a potential alternative, which indeed 
reprogrammed CD4+ and CD8+ T-cells. The fact that the CD277 binding 
chimera did not inhibit, but enhanced activity of TEG001, implies that this 
chimera does not hamper the direct or indirect interaction of γ9δ2TCR with 
CD277. TEG001-NKG2D-4-1BBCD28TM and TEG001-103-4-1BB CD4+ cells 
were equally potent in the 3D bone marrow assays, implying that different 
affinities of costimulatory receptors did not impact killing activity. CD277 is, 
like NKG2D-ligands, expressed in several solid and hematological tumors 49, 

50. The results obtained using the 3D bone marrow, together with the 
overwhelming observed in vivo tumor control, imply that enhancing activity of 
both CD4+ and CD8+ T-cells might be essential to exploit the full potential of 
co-stimulation in the context of a TCR. This would also imply that in ATMP 
production processes for engineered T-cells, an optimized CD4+/CD8+ T-cell 
ratio might be preferable, as reported for CD19-CAR-T (lisocabtagene 
maraleucel) 51. 

Our strategy of an orchestrated dual signaling could make obsolete the most 
recent efforts of extensive gene editing to avoid expression of checkpoint 
inhibitors 52. Our observation contrasts with CAR-T engineering studies 
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comparing 4-1BB and CD28 costimulatory signals, which favored CD28 
against solid tumors 53, illustrating that signaling through a single standard CAR 
substantially differs from efforts where TCRs are used in combination with co-
stimulatory CARs 54. Our data advocate for adding single-cell sequencing, to 
gain insights on the functional profiling of engineered immune cells early, 
during the development of novel receptors, as data on transcriptomic 
heterogeneity can provide important hints for designing potentially superior 
constructs. 

We conclude that the combination of TCR-mediated targeting of the cancer-
metabolome, together with chimeric co-receptor targeting of cancer-
associated stress ligands opens new possibilities for cancer 
immunotherapies. On one hand, as our approach relies on the targeting of two 
types of universal tumor-associated antigens, we increased the number of 
tumors that can be treated with one single therapy. On the other hand, splitting 
first (TCR) and second (NKG2D or anti-CD277 chimeric co-receptors) T-cell 
activation signals overcame limited antigen expression when the TCR was 
used as the first signal, and resulted in shaping of transcriptomic profiles 
towards favorable described profiles. However, it is important to equally 
support both CD4+ and CD8+ T-cells, to achieve the full potential of co-
stimulation.    
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Extended data 

 

Extended Data Fig. 1. Type I and Type II NKG2D chimeric co-receptors design, expression and activity  
upon CD3 and NKG2D stimulation. (a) Schematic diagram of Type I and Type II chimeric NKG2D-
chimeras. As the natural orientation of NKG2D (a Type II membrane protein) differs from the costimulatory 
proteins ICOS, CD28 and 4-1BB (all Type I membrane proteins), two different chimeras types were 
generated. A ‘Type I’ design with extracellular (EC) domain of NKG2D, and the hinge (H), transmembrane 
(TM) and cytoplasmic (CP) domains of the different costimulatory proteins, or a ‘Type II’ design where the 
cytoplasmic signaling domain of the costimulatory proteins was fused to the transmembrane and 
extracellular domain of NKG2D. Signal peptide is indicated as SP. N -terminal and C-terminal are 
represented by N and C respectively. NKG2D, ICOS, CD28 and 4-1BB domains are colored in purple, green, 
orange and blue respectively. (b) Expression of Type I and Type II chimeric NKG2D co-receptors in Jurkat-
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76 cells. For ‘Type I’ chimeras, differential, but high surface expression was observed, with the strongest 
surface expression for NKG2D-CD28wt. Of the ‘Type II’ designs, only NKG2D -CD28wt, was marginally 
expressed. (c) Surface expression of γδTCR-Cl5 and Type I NKG2D co-receptors or NKG2DWT on primary 
CD4+ T-cells after transduction and αβ depletion. (d) As NKG2D -CD28wt showed increased surface 
expression, we generated Type I NKG2D co-receptors containing CD28 transmembrane (TM) and hinge (H) 
domains. Surface expression of γδTCR-Cl5 and NKG2DWT, or new chimeras containing CD28 TM domain 
on CD4+ T-cells after transduction and αβ depletion was assessed. Using the same CD28 hinge and TM for 
all chimeras resulted in higher and more comparable surface expression. Chimera designs with CD28 hinge 
and TM (later referred as: NKG2D-ICOSCD28TM, NKG2D-CD28WT and NKG2D-4-1BBCD28TM) were selected for 
further testing (e) Expression of CD69 on CD4+ TEGs upon stimulation with CD3 (0,2 µg/ml and/or NKG2D 
(5 µg/ml) antibodies, or CD3/CD28 dynabeads. MFI relative to the unstimulated condition is shown. N = 2 
independent experiments with two biological replicates each. Data represents mean ± SD. Significance was 
calculated using One way ANOVA with Tukey correction for multiple comparisons.  
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Extended Data Fig. 2. Introduction of NKG2D-4-1BB-chimera increases TEG001 IFNγ release in 
response to tumor cells, but does not impact short-term killing. (a) Surface expression of NKG2D-
ligands in TEG001 targeted (K562, SCC9, RPMI-8226 and Daudi) or no targeted (HL60) tumor cells. MFI was 
measured by flow cytometry using NKG2D-Fc and IgG-Fc fusion proteins. Fold change was calculated per 
type of cells as MFI, measured using NKG2DFc relative to IgG-Fc condition. (b) Transduced CD4+ T-cells 
were incubated with K562, Daudi or HL60 at several pamidronate concentrations. After 18 hours, 
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supernatants were harvested and analyzed for IFNγ secretion by ELISA. N = 3 independent experiments. 
Data represent mean ± SD, significance was calculated using Two Way ANOVA with Dunnett correction. 
For K562: 3µM PAM (**P = 0.0075), 11 µM PAM (**P = 0.0075), 33 µM PAM (*P = 0.0112). (c) Transduced 
CD8+ (75%) were tested against K562, RPMI-8226, SCC9, Daudi and HL60 in a 51Cr-release assay (E:T, 
10:1, 3:1, 1:1, 0,33:1, 0,11:1). 51Cr-release was measured in the supernatant after 5 hours. Specific lysis 
was calculated using the formula (experimental cpm - basal cpm)/(maximal cpm - basal cpm) x100 with 
maximal lysis determined in the presence of 5% triton, and basal lysis in the absence of effector cells. N = 
2 independent experiments (for K562, SCC9 and HL60, N = 1 with biological replicates). Data represent 
mean. 
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Extended Data Fig. 3. In vitro assessment of TEGs. (a) Surface expression of endogenous NKG2D in 
CD4+ and CD8+ αβT-cells. (b) CD8+ transduced T-cells were labeled with CTV and stimulated with CD3 
and NKG2D antibodies for six days. On Day 6, MFI was assessed by flow cytometry. N = 2 independent 
experiments with two biological replicates each. Data represent Trace violet MFI mean ± SD, significance 
was calculated using One Way ANOVA with Holm-sidak. For NKG2D 1µg/ml: NKG2D WT (***P = 0.0002); For 
NKG2D 2,5 µg/ml: NKG2DWT (**P = 0.0012). For NKG2D 5 µg/ml: TEG-LM1 (**P = 0.0027). (c) CD4+ 
transduced cells were labeled using CTV and co-cultured with HL60 or RPMI-8226 tumor cells. On Day 6, 
proliferation was assessed by flow cytometry. Histogram data shows CTV intensity and percentage of 
proliferating cells, taking LM1 without targets as a control for gating.  
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Extended Data Fig. 4. In vivo monitoring of tumor growth by BLI in multiple myeloma xenograft. (a) 
RPMI-8226-luciferase tumor growth in NSG mice treated with different TEGs. Pictures show BLI signal of 
all the mice on Days 15, 27, 43, 49, 56. Data generated from one experiment with N = 10 mice per treatment. 
(b) Comparison of BLI signal, including mean and single curves, from mice treated with TEG-LM1 (mock) 
(grey), TEG001 (blue), TEG001-NKG2DWT (purple), TEG001-NKG2D-ICOSCD28TM (green), TEG001-NKG2D-
CD28WT (red), TEG001-NKG2D-4-1BBCD28TM (orange).  
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Extended Data Fig. 5. Therapeutic effects of TEGs co-expressing NKG2D chimeric co-receptors in a 
head and neck xenograft model.  (a) Schematic diagram of experimental setup to evaluate efficacy of TEGs 
co-expressing NKG2D-chimeras against SCC9 luciferase tumor. Male and female NSG mice were 
irradiated and injected s.c. with 0,5 × 106 SCC9 tumor cells. On Days 1 and 7, 107 mice were  treated with 
TEG-LM1 (mock) (N = 12), TEG001 (N = 11), TEG001-NKG2D-CD28WT (N = 11) or TEG-NKG2D-4-1BBCD28TM 
(N = 11). Weekly BLI and bleeding were performed, and IL2 and PAM was administered every three weeks. 
Data generated from one experiment. (b) Tumor size was measured weekly. Data represent mean ± SEM. 
Significance was calculated for tumor outgrowth over time using mixed-effect model test with repeated 
measures by comparing TEG-LM1 or TEG001 to the rest of the treatments. TEG-LM1 vs TEG001- NKG2D-
4-1BBCD28TM (***P = 0.0002), TEG001 vs TEG001-NKG2D-4-1BBCD28TM (*P = 0.0148). (c) BLI were measured 
weekly to assess tumor outgrowth. Data represent single curves and mean for TEG-LM1 (mock) (grey), 
TEG001 (blue), TEG001-NKG2D-CD28WT (red) and TEG001-NKG2D-4-1BBCD28TM (orange). Significance 
was calculated for tumor outgrowth over time using mixed-effect model test with repeated measures by 
comparing TEG-LM1 or TEG001 to the rest of the treatments. TEG-LM1 vs TEG001 (P = 0.5907), TEG001 vs 
TEG001-NKG2D-CD28WT (P = 0.5570), TEG001 vs TEG001-NKG2D-4-1BBCD28TM (***P = 0.0003). 
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Extended Data Fig. 6. In vitro recognition of patient-derived tumor organoids by TEGs.  (a) Surface 
expression of NKG2D-ligands in patient-derived liver and head neck tumor organoids. MFI was measured 
by flow cytometry using NKG2D-Fc and IgG-Fc fusion proteins. Data represent the mean of NKG2D -Fc 
staining, relative to IgG-Fc condition. N = 2 independent experiments for all organoids but HCC pt1 (N = 1) 
(b) Transduced CD4+ and CD8+ T-cells were incubated with the different organoids with 30-60 µM PAM. 
After 18 hours, supernatants were harvested and analyzed for IFNγ secretion by ELISA. Data represent 
mean of fold change normalized to TEG001 ± SD. N = 4 (HN1, HN2, HN3, HCC pt1), N = 2 (HB pt10) or N = 
1 (HB pt13) independent experiments. Significance was calculated using unpaired one-tailed T test. Data 
represent mean ± SD (c) Transduced CD4+ T-cells were labeled with CTV and co-cultured with patient-
derived liver and head and neck tumor organoids in presence of 100 µM PAM. On Day 6 MFI was assessed 
by flow cytometry. Representative graph of two independent experiments is shown. Data represent Cell 
Trace violet MFI mean of biological replicates. (d) Histogram data shows CTV intensity and percentage of 
proliferating cells, taking LM1 without targets as control for gating.  
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Extended Data Fig. 7. Separated clustering of CD4 and CD8 subsets for the different TEGs.  a,b, CD4+ 
enriched cell from the TEG/CD28/41BB cell types (422, 404 and 351 cells, 1177 cells in total) split by 
chimera types. Cells are annotated by clusterID (a) or chimera types (b). (c) Percentage representation of 
the clusters (annotated by the main GO-terms) across the CD4(+) chimera types. (d) Density dot plot of the 
percentage of cells in a CD4(+) cluster that express a given gene ('percent expressed') and the  scaled 
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average expression of canonical marker. e,f, CD8+ enriched cell from the TEG/CD28/41BB cell types (417, 
415, 346, and cells, 1178 cells in total) split by chimera types. Cells are annotated by clusterID (e) or 
chimera types (f). (g) Percentage representation of the clusters (annotated by the main GO-terms) across 
the CD8(+) chimera types. (h) Density dot plot of the percentage of cells in a CD8(+) cluster that express a 
given gene (‘percent expressed’) and the scaled average expression of canonical marker.  
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Extended Data Fig. 8. Decreased expression of PD-1 and enhanced expression of granzyme B and NF-
κB in TEG001-NKG2D-4-1BBCD28TM. (a) Expression of the exhaustion marker PD-1 (MFI) on CD4+ TEGs 
assessed by FACS after 4 rounds of stimulation with RPMI-8226, SCC9 or Fadu tumor cells in presence of 
10 µM PAM. Opened symbols represent 1:1 E:T conditions. Closed symbols represent 3:1 E:T  conditions. 
Data represent mean ± SD. Significance was calculated using One Way ANOVA with Tukey correction. N = 
8 independent experiments for RPMI-8226, N = 6 for SCC9 and N = 4 for Fadu. (b) Percentage of granzyme 
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B+ cells within CD4+TEG001 and TEG001-NKG2D-4-1BBCD28TM assessed by FACS for three different T-cell 
donors (ds136 in red; ds190 in orange; ds232 in blue) after 4 rounds of stimulation with RPMI-8226, SCC9 
or Fadu in presence of 10 uM PAM at E:T 3:1 (closed symbols) or 1:1 (opened symbols). Donors 136/190:  
N = 6 independent experiments for RPMI-8226, N = 6 for SCC9, N = 4 for Fadu; Donor 232: N = 3 
independent experiments for RPMI-8226, N = 4 for SCC9, N = 4 for Fadu. Opened symbols represent 1:1 
E:T conditions. Closed symbols represent 3:1 E:T conditions. Dotted line represents 40%. Significance was 
calculated using a one-tailed unpaired t test. (c) Percentage of GFP -positive cells after co-culture of Jurkat 
NF-κB and Jurkat NFAT reporter cell lines with RPM I-8226 tumor cells. N = 3 independent experiments. 
Data represents mean ± SEM. Statistical significance was calculated using One Way ANOVA followed by 
Fisher’s LSD test comparison. For NF-κB: NF-κB parental (*P = 0.0247), TEG001-NKG2D-CD28WT (P = 
0.2842), TEG001-NKG2D-4-1BBCD28TM (*P = 0.0405). For NFAT: NFAT parental (*P = 0.0377), TEG001-
NKG2D-CD28WT (P = 0.9387), TEG001-NKG2D-4-1BBCD28TM (P = 0.9624). 
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Extended Data Fig. 9 | Knock-out (KO) of endogenous NKG2D improves killing and proliferation activity  
of in CD8+ TEG001-NKG2D-4-1BB. (a) Schematic overview showing annealing of crRNA guides (guide A 
and guide B) and NKG2D. (b, c) Percentage of NKG2D+ cells within CD8+TEG cells after electroporation 
with a negative control crRNA guide (grey) or NKG2D crRNA guides (blue). For TEG001, the  percentage of 
NKG2D+ cells was reduced from 77% in the negative control to 21% after KO. Due to the high expression 
of the NKG2D chimera, the KO percentage on TEG001-NKG2D-4-1BBCD28TM could not be assessed by 
FACS. As the percentage of KO cells in TEG001 was similar amongst biological replicates, the same 
efficiency was assumed for TEG001-NKG2D-4-1BBCD28TM. Significance was calculated using a two-tailed 
unpaired t test. Data represents mean ± SD. N = 2 independent experiments. (d) RPMI-8226 tumor cell line 
expressing luciferase and stroma cells were cultured in Matrigel constituting 3D bone marrow niche. Af ter 
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four days, CD8+ negative control and NKG2D-KO TEGs were added, together with PAM (10 µM PAM). Six 
days later, living tumor cells were quantified by FACS. Tumor cell numbers were normalized to mock 
treatment (TEG-LM1). N = 1 with biological replicates. Data represent mean ± SD. (e) Negative control (gray) 
and NKG2D KO (blue) CD8+TEGs were stained with CTV and co-cultured with RPMI-8226 or SCC9 (1:1, 
E:T) in presence of 100 uM pam. After 6 days, proliferation was assessed by FACS 

 

 



Chapter 6                                    Dual targeting of cancer-metabolome and stress antigens 

190 

6 

 
Extended Data Fig. 10. Addition of 103-4-1BB-chimera to TEG001 impacts transcriptomics and 
proliferation capacity of CD4+ and CD8+ TEGs. a) Surface expression of γδTCR-Cl5 and 103-4-BB 
chimeric receptor on T-cells after transduction and αβ depletion, assessed by flow cytometry. (b) 
Transduced CD4+ and CD8+ T-cells were labeled with CTV and co-cultured with RPMI-8226 and SCC9 
tumor cells in presence of 100 µM PAM. On Day 6, MFI was assessed by flow cytometry. Representative 
histograms of two independent experiments are shown. (c) Density dot plot of the percentage of cells in a 
CD4+ cluster that express a given gene (‘percent expressed’), and the scaled average expression of 
canonical marker. (d) Density dot plot of the percentage of cells in a CD8+ cluster that express a given gene 
(‘percent expressed’) and the scaled average expression of canonical marker.  
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Supplementary figures 

 

Supplementary figure 1. Gating strategy for TEGs.  (A) Example of gating strategy for TEGs used in in vitro 
experiments (B) Example of gating strategy for TEGs measured in mice samples  
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Supplementary figure 2. Gating strategy for the assessment of CD69 upregulation after stimulation 
with antibodies. Example of gating strategy and FACS plots for CD69 upregulation for non-stimulated 
TEG001-NKG2D-4-1BB and after stimulation with only antiCD3 antibody or a combination of anti-CD3 and 
anti-NKG2D antibodies 
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Supplementary figure 3. Expression of cluster marker genes for the analysis of TEG001, TEG001-
CD28WT and TEG001-4-1BBCD28TM after incubation with RPMI-8226 (in Figure 4) (A) Heatmap displaying 
the top 10 marker genes per clusters. (B) Overrepresented GO terms (category: molecular function, 
biological pathway) per clusters in Figure 4.  
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Supplementary figure 4. Gating strategy for 3D model experiments.  (A) Example of gating strategy for 
the experiments performed using the 3D model. (B) Expression of γδTCR-Cl5 (TEG001R) and NKG2D-
chimeras on Jurkat NF-κB and Jurkat NFAT reporter cell-lines. 
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Abstract 

T cell engineering strategies offer cure to patients and entered clinical practice 
with chimeric antibody-based receptors, αβT cell receptors (αβTCR)-based 
strategies are however lagging behind. To allow a more rapid and successful 
translation to successful concepts also using αβTCRs for engineering, 
incorporating a method for the purification of genetically modified T cells, as 
well as engineered T cell deletion after transfer into patients, could be 
beneficial. This would allow to increase efficacy, reduce potential side effects, 
and improve safety of newly, to be tested, lead structures. By characterizing 
the antigen binding interface of a GMP-grade anti-αβTCR antibody, usually 
used for depletion of αβT cells from stem cell transplantation products, we 
developed a strategy which allows for the purification of untouched αβTCR 
engineered immune cells by changing two amino acids only in the TCR β chain 
constant domain of introduced TCR chains. Vice versa, we engineered an 
antibody, which targets an extended mutated interface of nine amino acids in 
the TCR β chain constant domain, and provides the opportunity to further 
develop depletion strategies of engineered immune cells.  
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Introduction 

The FDA approval of the first engineered T cells expressing chimeric antigen 
receptors has paved the way for new cellular interventions in the clinic 1, 2. A 
next wave of cell therapy will come with T cell receptor (TCR) engineered T 
cells specific for targets on both solid and hematological malignancies 3. Most 
clinical trials using αβTCR engineered T cells are directed against 
cancer/testis antigens, such as NY-ESO-1 4. Although the clinical response 
rates are very encouraging, only a small proportion of the patients benefit from 
these novel treatments5, 6. Disappointing response rates can be partially 
attributed to the presence of non- and poorly- engineered T cells in the 
administered cell product 7. These non- and poorly- engineered T cells can 
hamper the therapeutic efficiency of engineered immune effector cells 
because of e.g. insufficient expression of the introduced receptor, mispairing 
of introduced αβTCR with endogenous αβTCR 8, or by competition for 
endogenous homeostatic cytokines 7, 9. Furthermore, in an allogenic setting, 
the presence of T cells still expressing the endogenous αβTCR can lead to 
severe graft versus host disease. Purification of engineered T cells before 
infusion can overcome these hurdles, ultimately resulting in enhanced in vivo 
activity. Current methods for purification of engineered T cells often depend 
on the expression of artificial molecules such as truncated CD34 10 or 
truncated NGFR 11, in addition to the tumor specific receptor. However, bigger 
transgene cassettes used to introduce multiple proteins are relatively difficult 
to express, and additional transgenes can add immunogenic properties to the 
engineered cell product 12. Besides purification of engineered T cells to 
increase effectivity, elimination of engineered T cells after adoptive transfer 
might be needed, in case of cytokine release syndrome 13 or off-target 
toxicities e.g. due to peptide mimicry 5, 14, expression of the antigen at low 
levels in healthy tissues 15, or mispairing of introduced with endogenous 
αβTCR chains resulting in unwanted specificities 8. A currently explored 
solution for the elimination of transferred cells, is the co-expression of HSV-
TK along with the transgene of interest 16, mainly limited by the immunogenicity 
and relatively large size of the HSV-TK gene 17, An alternative elegant solution 
is to introduce a myc-tag into the αβTCR sequence itself, followed by in vivo 
depletion through myc-specific antibodies 18. However, introducing artificial 
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genes into the αβTCR might alter downstream signaling by modifying e.g. its 
glycosylation 19. Selection of engineered T cells and subsequent in vivo 
elimination achieved with a single marker, which has previously been 
described for CD20 20, would be favorable, due to the relatively small 
transgene cassette, and therefore better expression. Even better would be a 
method where the introduced tumor specific TCR could also be used for both 
purification and in vivo depletion, and thereby combines all three properties in 
one gene: tumor specificity, a selection opportunity of cells expressing the 
transgene at high levels, as well as an in vivo depletion option, which allows 
for the elimination of the engineered immune cells in case of toxicities caused 
by the introduced receptor. Within this context we have explored a strategy 
based on the recent development of purified T cells engineered to express a 
defined γδT cell receptor (TEGs) 21-29. In this strategy we took advantage of the 
observation that an anti-human αβTCR antibody used for the purification of 
TEGs does not cross-react with γδTCR chains, and can thereby differentiate 
between engineered and non-engineered cells. This anti-human αβTCR 
antibody is routinely used to deplete αβTCR T cells from apheresis products 
using CliniMACS depletion before allogeneic stem cell transplantation 3, 30. 
Here we describe the translation of the TEG purification procedure into a 
purification procedure for αβTCR engineered T cells. We also provide the 
rationale for the additional development of elimination strategies of 
engineered immune cells by further modulating the binding site to be 
selectively targeted by a second independent antibody.  

Materials and Methods 

Cells and cell lines 
Phoenix-Ampho cells (CRL-3213) were obtained from ATCC and cultured in 
DMEM (Thermo Fisher Scientific, Breda, The Netherlands) containing 1% 
Pen/Strep (Invitrogen by Thermo Scientific, Breda, The Netherlands) and 10% 
FCS (Bodinco, Alkmaar, The Netherlands). The TCRβ-/- Jurma cell line (a 
derivate of Jurkat J.RT3-T3.5 cells 31), a kind gift from Erik Hooijberg (VU 
Medical Center, Amsterdam, The Netherlands), TCRβ-/- Jurkat-76, a kind gift 
from Miriam Heemskerk (LUMC, Leiden The Netherlands) and the T2 cell line 
(ATCC CRL-1992) were cultured in RPMI 1640 + GlutaMAX (Thermo Fisher 
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Scientific, Breda, The Netherlands) containing 1% Pen/Strep and 10% FCS. 
Cell lines were authenticated by short tandem repeat 
profiling/karyotyping/isoenzyme analysis. All cells were passaged for a 
maximum of 2 months, after which new seed stocks were thawed for 
experimental use. In addition, all cell lines were routinely verified by growth 
rate, morphology, and/or flow cytometry and tested negative for mycoplasma 
using MycoAlert Mycoplasma Kit (Lonza, Breda, The Netherlands). Peripheral 
Blood Mononuclear Cells (PBMCs) were obtained from Sanquin Blood Bank 
(Amsterdam, The Netherlands) and isolated by Ficoll-Paque (GE Healthcare, 
Eindhoven, The Netherlands) from buffy coats. PBMCs were cultured using 
the previously described Rapid Expansion Protocol (REP; 32) in RPMI 
containing 5% non-typed human serum (Sanquin Blood Bank, Amsterdam, 
The Netherlands), 1% Pen/Strep (Invitrogen by Thermo Scientific, Breda, The 
Netherlands) and 50 μM GibcoTM  β-Mercaptoethanol (Fisher scientific, 
Thermo Fisher Scientific, Breda, The Netherlands )  (collectively called 
HuRPMI). 

 

Cloning of TCR chains into single retroviral vectors 
The “minimally murinized” Vα16.1 and Vβ4.1 chains from an NY-ESO1157-

165/HLA*02 specific TCR, respectively named M2.2.3 and M1.KA,4.1, were 
generated as previously described 33. Additional partially murinized (regions or 
single residues) TCR chains were ordered from GeneArt (Life Technologies, 
Thermo Fisher Scientific, Breda, The Netherlands) or constructed via 
mutagenesis PCR. Cysteine modified chains were designed as reported 
previously 34. Variants of chimeric αβ/γδ TCRs were composed using the IMGT 
database 35. Sequences were codon optimized and ordered in an industrial 
resistance-gene harboring vector or as DNA strings (Geneart Life 
Technologies, Thermo Fisher Scientific, Breda, The Netherlands). DNA strings 
were processed using the TA TOPO cloning kit (Thermo Fisher Scientific, 
Breda, The Netherlands) and cloned into the pCR™2.1-TOPO® vector, 
according to the manufacturer’s protocol. All TCR chains were cloned 
separately into the retroviral vector pMP71 between the EcoRI and NotI 
restriction sites, using the indicated restriction enzymes and T4 DNA ligase (all 
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from New England Biolabs, Ipswich MA, United States). Transformation of 
ligated constructs was performed in JM109 competent E. Coli (Promega, 
Leiden, The Netherlands), and subsequent plasmid DNA isolation was 
conducted using Nucleobond® PC500, according to the manufacturer’s 
protocol (Macherey-Nagel, Düren, Germany). 

Retroviral transduction of primary T cells and T cell lines 
Phoenix-Ampho packaging cells were transfected using Fugene-HD 
(Promega, Leiden, The Netherlands) with env (pCOLT-GALV), gagpol 
(pHIT60), and separate pMP71 constructs containing α or β chains from a NY-
ESO1157-165/HLA-A*02 specific TCR (isolated from clone ThP2 36) kindly 
provided by Wolfgang Uckert 37, or containing TCRγ(G115)-T2A-
TCRδ(G115)LM1 21. PBMCs (preactivated with 50 IU/ml IL-2 (Proleukin, 
Novartis, Arnhem, The Netherlands) and 30 ng/ml anti-CD3 (clone OKT-3, 
Miltenyi Biotec, Bergisch Gladbach, Germany), CD4/CD8 T cells selected 
from PBMCs  with REAlease CD4/CD8 (TIL)microbead kit (Miltentyi Biotec, 
Bergisch Gladbach, Germany) preactivated with anti-CD3/CD28 Dynabeads 
bead to T cell ratio 1:5  (Thermo Fisher Scientific, Breda, The Netherlands) and 
1.7 × 103 IU/ml of MACS GMP Recombinant Human interleukin (IL)-7, and 1.5 
× 102 IU/ml MACS GMP Recombinant Human IL-15 (Milteny Biotec, Bergisch 
Gladbach, Germany), Jurma or Jurkat-76 cells were transduced twice within 
48 hours with viral supernatant in 6-well plates (4x10^6 cells/well) in the 
presence of 50 IU/ml IL-2 (PBMCs only), 1.7 × 103 IU/ml IL-7, 1.5 × 102 IU/ml 
IL-15 and CD3/CD28 dynabeads 1:5 bead to T cell ratio (CD4/CD8 selected T 
cells only) and 6 μg/ml polybrene (all) (Sigma-Aldrich, Munich, Germany). 
After transduction, primary T cells were expanded by the addition of 50 μl/well 
anti-CD3/CD28 Dynabeads (Thermo Fisher Scientific, Breda, The 
Netherlands) and 50 IU/ml IL-2 or 1.7 × 103 IU/ml IL-7, 1.5 × 102 IU/ml IL-15.  

Purification of engineered T cells by MACS depletion of poorly and non -
engineered immune cells 
Transduced primary T cells were incubated with biotin-labeled anti-human 
αβTCR antibody (clone BW242/412; Miltentyi Biotec, Bergisch Gladbach, 
Germany), followed by incubation with an anti-biotin antibody coupled to 
magnetic beads (anti-biotin MicroBeads; Miltentyi Biotec, Bergisch Gladbach, 
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Germany) 21. Next, the cell suspension was applied to an LD column in a 
QuadroMACS™ Separator. αβTCR-positive T cells were depleted by MACS cell 
separation according to the manufacturer’s protocol (Miltentyi Biotec, 
Bergisch Gladbach, Germany). 

In silico TCR modelling 
The structure of different murinized constant domains was predicted using 
SWISS-MODEL 38 on the modeled template of the β chain of the human JKF6 
T-cell receptor (PDB entry code: 4ZDH). The structure of the murinized 
constant domains when binding H57-597 was modeled on the template of the 
β chain of the murine N15 T-cell receptor (PDB entry code: 1NFD) 39. Structure 
visualizations were performed using PyMol Molecular Graphics System 40. 

Chimeric antibody production and purification 
Hamster-human (IgG1) chimeric H57-597 antibody was generated using 
Lonza expression vectors (pEE14·4‐kappaLC, pEE14·4‐IgG1) 41, 42. The 
antibody was produced by transient transfection of HEK293F cells with the 
heavy chain coding plasmid, the light chain coding plasmid and pAdVAntage 
(Accession Number U47294; Promega, Leiden, The Netherlands), using 
293fectin transfection reagent (Invitrogen, Thermo Scientific, Breda, The 
Netherlands)) following the manufacturer's instructions. Antibody-containing 
supernatant was harvested 4 days after transfection and purified by affinity 
chromatography using HiTrap Protein G HP antibody purification columns (GE 
Healthcare, Eindhoven, The Netherlands). 

Sequencing 
DNA sequences of cloning intermediates and final constructs in pMP71 were 
verified by Barcode Sequencing (Baseclear, Leiden, The Netherlands). 75 μg 
plasmid DNA and 25 pmol primer specific for the pCR™2.1-TOPO® vector or 
pMP71 vector were premixed in a total of 20 μl and sent to Baseclear for 
Sanger sequencing. 

Flow cytometry 
Cells were stained with Vβ4-FITC (TRBV29-1, clone WJF24; Beckman 
Coulter, Brea, California), αβTCR-PE (clone BW242/412; Miltentyi Biotec, 
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Bergisch Gladbach, Germany) CD3-PB (clone UCHT1; BD), CD4-PeCy7 
(clone RPA-T4; eBioscience, Thermo Fisher Scientific, Breda, The 
Netherlands), CD8-APC (clone RPA-T8; BD), CD8-PB (clone SK1; Biolegend, 
San Diego, California), or RPE-conjugated NY-ESO-1157-165 HLA*02:01 
(SLLMWITQV) pentamer (ProImmune, Oxford, United Kingdom). Samples 
were fixed using 1% PFA in PBS, measured on a FACSCanto-II flow cytometer 
(BD, Eysins, Switzerland), and analyzed using FACSDiva (BD, Eysins, 
Switzerland) or FlowJo (BD, Eysins, Switzerland) software. 

ELISA  
Effector and target cells (E:T 50,000:50,000) were incubated for 16 hours after 
which supernatant was harvested. IFNγ ELISA was performed using ELISA-
ready-go! Kit (eBioscience, Thermo Fisher Scientific, Breda, The Netherlands) 
following the manufacturer’s instructions. 

MMAE ADC construction 
Chimeric H57-MC-VC-PAB-MMAE was constructed using a kit from 
CellMosaic, (Woburn, Massachusetts) following the manufacturer’s 
instructions. 

Statistical analysis 
Statistical analyses were performed using GraphPad Prism 8.3.0 for Windows 
(GraphPad Software, La Jolla, California). Differences between groups was 
calculated using a one- or two tailed paired T test (Figure 3, 5) or a repeated 
measure One-way Anova (Figure 4). Normal distribution of input data was 
assumed.    

Results 

Anti-human αβTCR binds an epitope on the TCRβ chain of human αβT 
cells 
The GMP-grade anti-human αβT cell receptor (TCR) monoclonal antibody 
clone BW242/412 (from now on referred to as anti-human αβTCR) recognizes 
a common determinant of the human TCRα/β-CD3 complex, which has not 
yet been characterized. In order to allow for further epitope mapping of the 
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interface between the anti-human αβTCR clone BW242/412 and a human 
αβTCR, we first tested the antibody’s ability to bind to murine αβTCRs. 
Therefore, Jurma T cells, a TCR-deficient T cell line, were transduced with 
human αβTCRs directed against the cancer/testis antigen NY-ESO-1157-165 
37 or with a murine nonsense αβTCR composed of the TCRα chain of an 
MDM2-specific αβTCR 43, and the TCRβ chain of a p53-specific αβTCR 44. 
Specific binding of the anti-human αβTCR was only observed to the human 
(αHuHu/βHuHu) but not the murine (αMuMu/βMuMu) TCR transduced Jurma 
cells (Figure 1A). To rule out that parts of the human variable domain of the 
αβTCR bind to the anti-human αβTCR antibody, the human NY-ESO-1 αβTCR 
variable domain was grafted on the murine constant domain to create a 
chimeric αβTCR (αHuMu/βHuMu). Replacing only the human TCRα and TCRβ 
constant domains by murine equivalents completely abrogated binding of 
anti-human αβTCR, to levels resembling binding to a fully murine αβTCR 
(αMuMu/βMuMu). This indicates that the human constant domain contains 
the binding epitope. Comparable transgenic expression of murine and human 
TCRs was confirmed by anti-MuTCRβ and anti-Vβ4 respectively (Figure 1A). 
Infusion of T cells expressing TCRs with complete murine constant domains 
into patients can generate immunogenic effects, and lead to a decreased 
persistence of the engineered cells in vivo 45. To minimize these undesirable 
effects, we aimed to map the minimal amount of murine residues needed to 
disrupt binding of anti-human αβTCR, by making use of previously described 
chimeric-TCRα and β chains, with mutational blocks covering all amino acid 
differences between the constant regions of human and mouse αβTCRs 37. 
We tested three NY-ESO-1 TCRα chain variants, and four NY-ESO-1 TCRβ 
chain variants, each containing one murine domain, flanked by complete 
human amino acid sequences. Every TCRα chain was paired with the fully 
human TCRβ chain (βHuHu) (Figure 1B), and every TCRβ chain was paired with 
the fully human TCRα chain (αHuHu) (Figure 1C) and introduced into Jurma 
cells, after which binding of anti-human αβTCR was determined by flow 
cytometry. Antibody binding was significantly impaired in T cells expressing 
the αβTCR, which includes murine domain 3 (βHuM3), while none of the other 
chimeric αβTCRs substantially impaired anti-human αβTCR binding (Figure 1B 
and C). βHuM3 TCR expression was confirmed by staining for anti-Vβ4, and 
was comparable to αHuHu/βHuHu (Supplementary Figure 1) These results 
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indicate that domain 3 of the TCRβ chain (βHuM3) dictates the binding of anti-
human αβTCR. 
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Figure 1. Partial murinization of the TCRβ chain constant domain abrogates binding of the anti-human 
αβTCR antibody clone BW242/412. (A) Jurma cells were transduced with fully murine (αMuMu/βMuMu), 
fully human NY-ESO-1 specific (αHuHu/βHuHu) or chimeric αβTCR, in which the α- and β- constant 
domains were murine, and the variable domains were human NY-ESO-1 specific. Binding of anti-human 
αβTCR, anti-MuTCRβ and Vβ4 was assessed by flow cytometry. Schematic representation of the 
constructed variable (V) and constant (C) domains of αβTCRs that cover all amino acid differences in the 
(B) TCRα chain and (C) TCRβ chain (upper panels). The constant domain of the TCRα and β chain have been 
divided in respectively 3 or 4 different regions, based on the comparison of human and murine regions 
revealing clustered differences flanked by homologous regions as described. 35 Jurma cells were transduced 
with the different murinized αβTCRs after which anti-human αβTCR antibody binding was assessed by flow 
cytometry, the bar graphs (B&C lower panels) show the anti-human αβTCR MFI relative to the fully human 
TCR . Untransduced Jurma cells served as a negative control. The data correspond to 2 independent 
experiments and a representative figure is shown (A) or as average with standard deviation (B+C)  

Anti-human αβTCR binding can be abrogated by mutating 2 residues  
Analysis of the sequence of domain 3 of the TCRβ chain constant domain 
revealed eleven residues which are non-homologous between murine and 
human species (Supplementary Figure 2). To determine which residues are 
essential for anti-human αβTCR binding, we constructed eleven variants of the 
TCRβ chain, in which each one of the non-homologous amino acids was 
replaced by the murine counterpart. These eleven constructs were paired with 
the completely human αTCR chain (αHuHu), introduced in Jurma cells, and 
tested for binding by the anti-human αβTCR antibody. Of the eleven generated 
mutants, the substitutions of ‘human’ glutamic acid (E108) to the ‘murine’ 
lysine (K), ‘human’ threonine (T110) to the ‘murine’ proline (P), and ‘human’ 
aspartic acid (D112) to the ‘murine’ glycine (G), showed a substantial 
abrogation of anti-human αβTCR binding (Figure 2A). However, none of these 
substitutions was sufficient to induce total abrogation, as shown by the TCR 
consisting of αHuHu/βHuM3 (Figure 2A). Therefore, we constructed TCRβ 
chains with a combination of the aforementioned mutations. The TCRβ chains 
with a D112G mutation combined with E108K or T110P were both effective in 
abrogating binding of the anti-human αβTCR antibody (Figure 2B), which can 
be explained by a substantial decrease in bulkiness, thus a decrease in size of 
these residues (Figure 2C and Supplementary Table 1). For further engineered 
T cell experiments, the combination of T110P and D112G murinization was 
selected. 
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Figure 2. A combination of two specific murine amino acids in the TCRβ chain constant domain is 
sufficient to abrogate binding of the anti-human αβTCR antibody clone BW242/412. (A) Jurma cells 
were transduced with αβTCRs containing single murine amino acid substitutions in the 3rd domain of the β 
chain, after which binding of the anti-human αβTCR antibody was assessed using flow cytometry. 
Untransduced Jurma cells served as a negative control while fully human αβTCR transduced Jurma cells 
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served as a positive control. (B) Jurma cells were transduced with αβTCRs containing combinations of 
murine amino acids in the 3rd domain of the β chain, after which binding of anti-human αβTCR antibody was 
assessed using flow cytometry. (C) Visualization of the eleven non-homologous amino acids between 
human and mouse β chain 3rd domain in cyan using SWISS-MODEL 57 on the modeled template of the β 
chain of the human JKF6 T-cell receptor (PDB entry code: 4ZDH). Effective single murine amino acid 
substitutions are displayed in red. The data correspond to 1 experiment (A) or 2 independent experiments 
shown with representative image (B) and average with standard deviation (B bar graph).  

Enrichment of αβTCR engineered T cells utilizing fragments of murine 
αβTCR chains 
Murine αβTCRs, or residues derived from murine αβTCRs introduced into 
human αβTCRs, and expressed in human T cells, have been reported to 
outcompete endogenous human TCR chains 33, 46, 47. These murine and 
murinized αβTCRs preferentially pair with each other, thereby decreasing the 
occurrence of mispairing with endogenous human αβTCRs. Therefore, we 
utilized single murine amino acids to enhance the expression of introduced 
TCRs 33. These “minimally murinized” constant domain variants (from now on 
referred to as mm) contain murine amino acids which are both critical and 
sufficient to improve pairing between the two chains 33. Next, we introduced 
the above-identified murine residues (T110P+D112G) in the TCRβ chain 
constant domain in order to test whether this was sufficient to disrupt the 
binding of anti-human αβTCR in human primary T cells. To test this concept, 
healthy donor T cells were transduced with mm NY-ESO-1 specific αβTCRs 
as a negative control, or mm NY-ESO-1 specific αβTCRs, including the two 
identified mutations T110P+D112G. Magnetic-activated cell sorting (MACS) 
depletion using anti-human αβTCR resulted an increased cell fraction not able 
to bind anti-human αβTCR after an expansion of two weeks, in order to assess 
stability of the phenotype (Figure 3A). However, we also observed outgrowth 
of a 
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Figure 3. Primary αβT cells engineered with murinized αβTCRs can be successfully selected  by using 
anti-human αβTCR antibody clone BW242/412 to deplete non- and poorly engineered immune cells. 
(A) PBMCs were transduced with minimally murinized αβTCRs with (middle panel) and without (left panel) 
the “TPDG” mutations. Primary αβT cells with the “TPDG” mutations were MACS-depleted and expanded 
(right-panel). Endogenous αβTCR expression and expression of the introduced αβTCR without the “TPDG” 
mutations were determined by flow cytometry using anti-human αβTCR antibody, expression of the 
introduced βTCR chain was assessed with an anti-Vβ4 antibody. (B) Prior to transduction with minimally 
murinized abTCRs T cells were selected from PBMCs using CD4/CD8 M ACS selection. (CD4/CD8+) (C)  
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Expression of correctly paired αβTCR chains was assessed before and after depletion and expansion by 
NY-ESO-1 pentamers (CD8+) for both transduction strategies combined. The data correspond to 3 
independent experiments and are shown as representative figure (A+B) or as average with standa rd 
deviation (C). Statistical significance (*  p≤ 0.05, **  p≤ 0.01 ) was calculated using a paired T test.  

large fraction of Vβ4 and αβTCR negative cells, mainly consisting of NK and γδ 
T cells, as reported previously 22. To further increase purity of engineered 
immune cells, T cells were selected by CD4/CD8 MACS from PBMCs prior to 
the transduction. This indeed prevented the outgrowth of NK and γδ T cells 
after αβTCR depletion and expansion (Figure 3B). Next, we quantified the 
fraction of NY-ESO-1157-165 HLA*02:01 pentamer positive cells before and 
after depletion, showing a significant increase in pentamer positive cells after 
depletion (Figure 3C), further proving successful enrichment of engineered 
immune cells when using T110P+D112G modified αβTCRs. 

Enrichment strategy within the context of alternative αβTCR stabilization 
procedures 
Multiple alternative strategies to prevent αβTCR chain mispairing and thereby 
increase the expression of the introduced tumor specific αβTCR have been 
reported. E.g., adding an additional cysteine residue, to introduce a disulfide 
bridge between the α and β chains, has been shown to increase expression 
and decrease mispairing 34. Also, human γδTCRs introduced in human T cells 
do not pair with endogenous αβTCRs 32. Therefore, it was attractive to use 
γδTCR transmembrane domains for engineering αβT cells in a similar way. We 
tested whether our enrichment strategy could also be combined with these 
alternative pairing solutions. Firstly, we constructed an NY-ESO-1 specific 
TCR with an additional disulfide bridge by the mutation of one specific residue 
in each chain; T48C in TCRCα and S57C in TCRCβ 34. Secondly, we 
constructed an NY-ESO-1 specific TCR with the same additional disulfide 
bridge, and with a human γδTCR trans-membrane domain. These TCRs were 
compared to the previously used minimally murinized (mm) TCR strategy 
(schematic representation Figure 4A). To later make use of the αβTCR 
depletion method, we introduced the mutations T110P+D112G in the β 
chains. We then assessed the expression of the different TCRs in primary T 
cells by measuring the percentage of Vβ4+ and NY-ESO-1157-165 HLA*02:01 
pentamer+ cells within the CD8+ population (Figure 4B). All three conditions 
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resulted in a NY-ESO-1157-165 HLA*02:01 pentamer+ CD8+ fraction 
comparable in size to the Vβ4+ CD8+ fraction, indicating that in all cases the 
introduced TCR chains are preferentially paired (Figure 4B and Supplementary 
Figure 3). A modest, but significant, increase in expression of the introduced 
TCR was observed when using a combination of cysteine bridge and γδ-
transmembrane domain when compared to the mm variant (Figure 4C). The 
increase in expression of Vβ4 was associated with an increase of the single 
Vβ4 positive cells to Vβ4/ endogenous αβTCR double positive cells (Figure 
4D), indicating that the combination of cysteine bridge and γδ-transmembrane 
domain was most potent in the downregulation of the endogenous αβTCR. 
Next, the three different conditions were αβTCR depleted in the same way as 
before, and the percentage of Vβ4+ cells (Figure 5A) and NY-ESO-1157-165 

HLA*02:01 pentamer+ cells within the CD8+ population (Figure 5B) was 
measured by flow cytometry, showing successful enrichment for transduced 
cells in all conditions. After depletion however, we did not see significant 
differences in %Vβ4 or pentamer positive cells between the three tested 
constructs. In summary, all three described methods were suitable for 
creating preferential pairing and subsequent purification by our αβTCR 
depletion method with a slight advantage of the combination of cysteine 
bridge and γδ-transmembrane domain when assessed by TCR expression.  

Augmented in vitro tumor cell recognition by purified engineered T cells  
To assess whether purified NY-ESO-1157-165 αβTCR engineered T cells were 
superior in target cell recognition compared to non-purified cells, we pulsed 
T2 cells with multiple concentrations of NY-ESO-1157-165 peptide. Purified 
engineered T cells showed a stronger response to the peptide loaded T2 cells 
than the non-purified cells. Furthermore, we observed that IFNγ release 
associated with positivity for the different introduced TCRs (Figure 5C). 
Purification also resulted in the improved recognition of endogenously 
processed and presented peptide in the NY-ESO-1 positive tumor cell lines 
Saos-2 and U226 when assessed by IFNγ release (Figure 5D). As we observed 
varying, and only minor differences between the three strategies (Figure 4 and 
5), and wanted to introduce as little changes as possible in engineered TCRs , 
the mm approach was used in the next set of experiments to prevent 
mispairing and increase expression of the introduced TCR as reported 33. The 
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placement of these 9 murine aminoacids, not on the surface but rather buried 
within the TCR, makes it unlikely that they would cause immunogenicity of the 
mmTCR as suggested by Sommermeyer et al 33.  

Developing an antibody recognizing the introduced mutated region  
The infusion of engineered T cells can potentially be toxic, due to the 
occurrence of cytokine release syndrome 13 or the off-target toxicity of the 
receptor used 14. To be able to deplete infused engineered T cells in vivo when 
deemed necessary, we first aimed to raise an antibody specific for the 
T110P+D112G murinized variant of the αβTCR, by immunizing three Wistar 
rats with a human-mouse chimeric peptide. Despite the fact that antibodies 
were formed against the chimeric peptide (Supplementary Figure 4A), no 
antibody binding to surface-expressed αβTCRs could be detected 
(Supplementary Figure 4B). Therefore, we assessed if the commercially 
available anti-murine TCRβ chain antibody clone H57-597 (from now on 
referred to as anti-MuTCRβ), was able to bind the murinized αβTCRs on Jurkat-
76 cells generated so far. Jurkat-76 cells expressing the T110P+D112G 
murinized variant of the αβTCR (indicated by βHumm 2/11; two out of the 
eleven non-homologous amino acids in the 3rd domain are murinized) were not 
bound by anti-MuTCRβ, however, Jurkat-76 cells expressing the βHummM3 
murinized variant of the αβTCR (indicated by βHumm 11/11; all eleven non-
homologous amino acids in the 3rd domain are murinized) were bound by anti-
MuTCRβ (Figure 6A). To limit the amount of murine amino acids introduced, 
we also constructed a variant in which 9/11 non-homologous amino acids in 
the 3rd domain are murinized (Supplementary Figure 4C). Both 11/11 and 9/11 
non-homologous murine amino acids in β chain of domain 3 were sufficient to 
reestablish binding of anti-MuTCRβ, however, not to the same extent as the 
HuMu αβTCR (Figure 6A). Surprisingly, 9/11 caused a higher MFI than 11/11. 
Structural analyses suggested that this differential binding could be a 
consequence of the fact that 9/11 contains one less negatively charged 
residue, and therefore results in a more focused  
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Figure 4. Efficacy of different strategies to induce preferential pairing of introduced α and βTCR chains. 
(A) Schematic representation of the three different methods for creating preferential pairing between the 
introduced α and βTCR chains. TM indicates the transmembrane domain, V the variable domain and C the 
constant domain. (B) Primary αβT cells were transduced with the 3 differentially modified αβTCRs as 
indicated in (A) and expression of the introduced βTCR was determined by an anti-Vβ4 antibody. Pairing of 
the introduced α and βTCR chains were assessed by NY-ESO-1 pentamers (C) percentage Vβ4 + cells was 
quantified for the differently modified abTCRs (D) ratio between V β4 single positive/ Vβ4/ αβTCR double 
positive cells was determined. The data correspond to 2 independent experiments and are  shown as 
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representative figure (B) or as average with standard deviation (C+D). Statistical significance (*  p≤ 0.05, **  
p≤ 0.01 ) was calculated using a One-way ANOVA.  

 

Figure 5. Depletion of non- and poorly- engineered T cells within the context of different preferential  
αβTCR pairing strategies. Primary αβT cells were transduced with the 3 differently modified αβTCRs as 
indicated in Figure 4A and depleted with the anti-human αβTCR antibody clone BW242/412. (A) Directly 
before and after depletion, expression of the introduced βTCR was determined by an anti-Vβ4 antibody. (B) 
Expression of appropriately paired introduced α and βTCR chains was determined by NY-ESO-1 pentamers. 
(C+D) Functionality of purified or non-purified engineered immune cells was assessed in a stimulation 
assay after co-incubation with NY-ESO-1157-165 peptide pulsed T2 cells (C) or  tumor cell lines with 
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endogenous expression of NY-ESO peptide (D). IFNγ production was measured in the supernatant by 
ELISA. The data correspond to 3 (A, B) or 2 (C, D) independent experiments and are shown as average with 
standard deviation (A, B) or representative figure (C, D). Statistical significance (*  p≤ 0.05, **  p≤ 0.01 ) was 
calculated using a one tailed paired T test.  

electrostatic potential to attract the lysine on CDR1 of anti-MuTCRβ (Figure 
6B). To confirm that the anti-MuTCRβ antibody binds to the Vβ4+ cells, a co-
staining was performed with both antibodies on transduced primary T cells. 
The MFI of anti-MuTCRβ-PE was plotted for the Vβ4+ gated cells, this showed 
that the anti-MuTCRβ antibody bound best to the 9/11 or complete murine 
constant domain (Figure 6C). As expected, there was no binding to the 2/11 
variant but surprisingly also not to the 11/11 variant. This might suggest some 
interference when both antibodies are used in a co-staining, mainly affecing 
the suboptimal anti-muTCRβ binding to the 11/11 variant.  

Since the clone of anti-MuTCRβ antibody is of Armenian Hamster origin and 
presumably induces severe side effects once administered to humans, 
comparable to anti-thymocyte globulin,48 we aimed to generate a humanized 
variant of anti-MuTCRβ. We generated chimeric variants of anti-MuTCRβ 
(H57-597, PDB entry code: 1NFD) by exchanging the hamster IgG2 constant 
domain for the human IgG1 constant domain (referred to as chimeric anti-
MuTCRβ). We tested binding of this newly constructed antibody in engineered 
Jurkat-76 cells, which resulted in specific antibody binding to the 9/11 
murinized TCRβ chain expressed on Jurkat-76 (Supplementary Figure 5). To 
determine the capacity of the chimeric anti-MuTCRβ antibody to bind to 
primary T cells expressing the murinized αβTCRs, we conjugated this antibody 
and an isotype control, to Alexa Fluor 488 (AF488), and determined binding by 
flow cytometry. The chimeric anti-MuTCRβ antibody was able to bind both 
9/11 and 11/11 murinized TCRs and, as observed in Figure 6A, the binding to 
9/11 was stronger than to 11/11 (Figure 6D). To assess if the chimeric variant 
of anti-MuTCRβ was able to selectively deplete engineered T cells in vitro, the 
antibody was coupled to monomethyl auristatin E (MMAE), a cell cycle 
inhibitor, using the protease cleavable linker VC-PAB,49 to create an antibody-
drug conjugate (ADC). Jurkat-76 cells transduced with different murinized 
TCRs were incubated with multiple concentrations of the ADC. The highest 
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Figure 6. Opportunities for depletion of engineered T cells by using a mutation-specific antibody. (A) 
Jurkat-76 cells were transduced with 5 different murinized αβTCRs to assess binding of anti-MuTCRβ. Wild-
type (WT) αβTCR transduced Jurkat-76 cells served as a negative control, while Jurkat-76 transduced with 
a TCR containing a complete murine constant domain served as a positive control. (B) The structure of the 
murinized constant domains (βHumm 11/11 and βHumm 9/11) when binding of H57-597 was modeled on 
the template of the β chain of the murine N15 T-cell receptor (PDB entry code: 1NFD) 53. (C) Primary αβT 
cells were transduced with the 5 different murinized αβTCRs and a co-staining was performed with anti 
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muTCR and anti Vβ4 antibodies. Cells were first gated for Vβ4 positivity, and plots of the anti muTCR MFI in 
Vβ4 positive gate are shown (D) Primary αβT cells expressing 3 different murinized αβTCRs were used to 
assess binding of wild-type and chimeric anti-MuTCRβ. Anti-Vβ4 and anti-Human IgG1-AF488 isotype were 
included as a positive and a negative control respectively. (E) Jurkat-76 expressing 4 different murinized 
αβTCRs were incubated with chimeric H57-MC-VC-PAB-MMAE for 24 hours and then stained with an anti-
Vβ4 antibody. The data correspond to 1 experiment (C),  2 independent experiments (D, E) for which a 
representative figure is shown or 3 independent experiments (A) shown in a bar graph representing average 
and standard deviation.  

concentration of chimeric H57-MC-VC-PAB-MMAE led to a decrease of Vβ4 
positivity in the 9/11 condition only (Figure 6E). This specific decrease 
indicated that the ADC is able to selectively deplete 9/11, and not 11/11 
αβTCR engineered Jurkat-76 in vitro, most likely due to the weaker binding of 
the engineered antibody to the 11/11 αβTCR (Figure 6D). However, depletion 
was far from complete, indicating that although this binding site is interesting, 
it is far from being developed for a kill-strategy.  

Discussion 

The main finding of our study is that replacing only two amino acids within the 
constant domain of the TCR β chain allows for the purification of αβTCR 
engineered T cells with GMP-ready tools, 50 without the need for additional 
complex genetic engineering. The very same region on the TCR β chain can 
also serve as a targeting interface for antibodies, which can be used to develop 
strategies to eliminate engineered immune cells. These new insights provide 
the molecular basis for developing select-kill strategies for increasing purity 
and augmenting safety of αβTCR engineered T cells, with only minor 
engineering steps. 

A sufficient down-regulation of the endogenous αβTCR chains by the 
introduced αβTCR chains is essential for this method to work. Therefore, 
strategies interfering with endogenous αβTCRs or utilizing knock out of the α 
or β locus to enhance expression of introduced αβTCRs 51 will benefit from this 
strategy. However, engineering of T cells via ZFN, CRISPR or TALENs 52 
requires additional engineering steps and therefore is an additional hurdle for 
GMP grade production. We accomplished dominance of the introduced 
receptors by using a previously described method where human residues are 
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replaced by key murine counterparts 37. Furthermore, we successfully 
assessed whether the introduction of an additional disulfide bridge 8 or the 
exchange of the human αβTCR transmembrane domain for the human γδTCR 
counterpart 21 could also lead to enhanced expression. Thus, we found, in line 
with our recently published solution for TEGs 21, an elegant and minimalistic 
strategy to purify αβTCR engineered T cells.  

We observed, as reported previously for purification of TEGs 21, 22, that αβT 
cells double positive for endogenous and introduced TCR are also depleted. 
This is most likely due to the high affinity of the GMP-grade depletion antibody 
to the natural βTCR chain. This resulted in a substantial loss of engineered 
immune cells with residual endogenous αβTCR expression. Although the 
purified population represented only a small fraction of the initial population, 
we have shown when using this process for γδTCRs engineered immune cells, 
that the recovery is sufficient to reach therapeutic cell numbers in a full GMP 
grade process 22. Furthermore, we  observed enrichment of NK and γδT cells 
after depletion,  previously reported for γδTCRs engineered immune cells 22 
and transplantation products 53 as well. Therefore, selection of CD4+ and CD8+ 
T cells prior to transduction is recommended when applying our strategy. 
Selection of CD4+ and CD8+ T cells is used already successfully during the full 
grade GMP production process of approved CAR T products 54. Overall, our 
strategy can further improve the current practice for infused engineered 
products  that harbor only between 15-55% engineered immune cells 55, 56, 
since the lack of purity of infusion products can become a major clinical 
obstacle in terms of efficacy 21 as well as toxicity 13, 57. 

Many tumor-associated antigens targeted by αβTCR gene therapy are not 
exclusively expressed on tumor cells 58. Thus, depending on the type of antigen 
targeted by the introduced αβTCR, depletion strategies can be useful. This is 
illustrated by multiple clinical trials, which have led to devastating results 
caused by off-target or on-target but off-tumor toxicities 5, 14. Preclinical 
strategies to predict off-target toxicities by affinity enhanced TCRs provide an 
important tool to minimize these risks 59. However, these strategies are not 
infallible, and therefore an additional safe guard would be extremely valuable 
when e.g. targeting novel antigens or antigens which are also partially 
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expressed on healthy tissues. Methods described so far for introducing a 
safety switch in engineered T cell products rely on the introduction of 
additional genes for the expression of (truncated) targetable proteins, the 
introduction of inducible caspase proteins 60 or sensitivity to ganciclovir in the 
case of the widely used HSV-TK suicide gene 17. The strategy described here, 
using minimal murine amino acid substitutions, is not only suitable for creating 
an untouched population of purified T cells, but also has the potential to 
develop strategies which will allow an in vivo depletion when needed. 
However, to accomplish this goal, the two identified murine amino acids that 
enable αβTCR depletion needed to be expanded with an additional seven 
amino acids, to create a chimeric TCR β chain with a total of nine murine amino 
acids. The major advantage of our strategy, as compared to strategies using 
e.g. myc-tags introduced into the TCR α chain 18, would be its combined 
property as a selection and a safeguard system, as well as its use of natural 
αβTCR domains, which most likely do not affect signaling or impair pairing. 
However, a major remaining limitation of our approach at this stage is the 
reduced binding efficacy of our engineered depletion antibody to the murine 
mutants when compared to the murine wild type, implying that further 
engineering of the TCR domain or affinity maturation of the antibody will be 
needed to enable translation of this strategy into an efficient killing strategy in 
vivo. As binding of the antibody is also partially driven by residues in the Cβ-
TCR M1 domain 39, additional introduction of several murine amino acids in 
this domain could therefore be considered. 

In conclusion, the murinization of two specific residues in the TCRβ constant 
domain allows for the untouched isolation of αβTCR engineered T cell 
products, and can be easily introduced in existing GMP-procedures. When a 
safeguard of engineered immune cells is required, mutating an additional 
seven human amino acids to murine residues in the TCRβ constant domain 
allows for binding of an antibody, which has the potential to, after further 
optimization, selectively recognize engineered T cells. However, the s econd 
step will require additional engineering of the TCR-antibody interface as well 
as carefully selecting the appropriate killing mechanism to reach its full 
potential.  
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Supplementary figures and tables 

 

Supplementary Figure 1. αhuhu/βhuM3 murinized TCR is expressed at the cell surface. (A) Jurma cells 
were transduced with the αhuhu/βhuhu and αhuhu/βhuM3 murinized TCR after which TCR expression was 
confirmed with an anti-Vβ4 antibody (upper panel) and binding of the anti-human αβTCR antibody was 
assessed (lower panel), by flow cytometry. The data correspond to 2 independent experiments and a 
representative figure is shown.   
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Supplementary Figure 2. Extensive homology between human and murine TCR chains. Sequence 
alignment of the Human (Hu) and Murine (Mu) TCR α (upper panel) or β (lower panel) constant chains. The 
three (TCRα) or four (TCRβ) TCR constant regions with clustered Hu-Mu sequence differences are indicated 
above the alignment. 

 

Supplementary Figure 3. Comparable efficacy of different strategies to induce preferential pairing of 
introduced α and βTCR chains. Primary αβT cells were transduced with the 3 differentially modified αβ 
TCRs and expression of the introduced βTCR was determined by an anti-Vβ4 antibody. Pairing of the 
introduced α and βTCR chains was assessed by staining with NY-ESO-1 pentamers. The data correspond 

to 2 independent experiments and a representative figure is shown.  
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Supplementary Figure 4. Attempting to raise an antibody specific for the T110P+D112G murinized 
variant of the αβTCR by immunizing 3 Wistar rats with a human-mouse chimeric peptide. (A) 
Determining the presence of peptide-specific antibodies in the serum of the immunized rats. (B) Assessing 
the ability of the generated antibodies to bind surface-expressed TCRs. aHumm/βHumm TPDG transduced 
or non-transduced Jurkat-76 cells were incubated with the indicated percentage of rat serum, after which 
flow cytometry using anti-RatIgG-FITC was performed. In the controls panel, the functionality of this 
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secondary antibody was confirmed by staining the Jurkat-76 cells with rat anti-HuCD8 followed by anti-
RatIgG-FITC.  Expression of the TCR was confirmed using anti-Vβ4-FITC. (C) Sequence alignment of the 
human and murine 3rd domain of the TCRβ chain and the constructed 2/11 and 9/11 murinized variants.  

 
Supplementary Figure 5. Chimeric anti-MuTCRβ antibody binds to primary T cells expressing the 
murinized TCR containing 9 out of 11 murine residues in the 3rd domain of the β chain. Jurkat-76 cells 
were transduced with 2 different αβTCRs, containing 0/11 or 9/11 murine residues in the 3rd domain  of the 
β chain, to assess binding of the newly generated chimeric and CDR grafted anti-MuTCRβ antibodies. As 
negative controls, unstained and secondary antibody only conditions were used. As a  positive control, wild-
type PE-conjugated anti-MuTCRβ was used The data correspond to 2 independent experiments and a 
representative figure is shown. 

 

Supplementary Table 1 Differences between the eleven human-mouse non-homologous amino acids in 
the third domain of the β chain (βM3). In red the mutations that abrogated  binding of the anti-human αβTCR 
antibody 

 Change in 
Mutation Size Charge Hydrophobicity  

Q88H - Uncharged to positive charge Hydrophilic to hydrophobic 
T101H - Uncharged to positive charge - 
N106E - Uncharged to positive charge - 

E108K - Negative to positive charge Slightly more hydrophilic  
T110P Less bulky Uncharged - 

Q111E - Uncharged to positive charge - 
D112G Less bulky Negative charge to uncharged Less hydrophobic 

R113S Less bulky Positive charge to uncharged  - 
A114P - Uncharged Less hydrophobic 
I120N - Uncharged Hydrophobic to hydrophilic 

V121I - Uncharged - 
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Improving T-cell therapy for cancer 

Exploiting the intrinsic ability of the immune system to combat cancer has 
revolutionized the way we treat cancer1. Chimeric antigen receptor T-cell 
therapies (CAR T-cell) have shown promising results in the treatment of 
hematological malignancies. However, targeting of solid tumors still remains 
a challenge, mainly due to the intrinsic characteristics of their 
microenvironment and the difficulties to select an appropriate antigen to 
target 2, 3. In chapter 1, main hurdles of targeting solid tumors (antigen 
dilemma, T-cell fitness and tumor microenvironment) and potential T-cell 
engineering solutions are extensively discussed. 

The use of Vγ9δ2-TCRs for the treatment of cancer 

Selection of tumor antigens for adoptive T-cell therapy remains a challenge, 
especially in the context of solid tumors, in which potential targetable tumor 
associated antigens (TAA) are typically also expressed by healthy tissues 4. 
One strategy to overcome antigen selection limitation is the use of Vγ9δ2-
TCRs, which are able to recognize tumors in an HLA-independent way by 
sensing altered metabolism of the target cells 5, 6. Other advantages of these 
TCRs are the ability to discriminate between healthy and tumor tissue, as well 
as their capacity to target a broad range of both hematological and solid 
tumors. Therefore, the use of Vγ9δ2-TCRs to target tumor cells constitutes a 
promising approach to develop new therapies against cancer and is pursued 
by many commercial players in the field 7. However, to date, clinical trials 
using primary Vγ9δ2T-cells have not shown efficacy, so new approaches are 
needed 6, 8. In this thesis two main strategies to harness γδTCRs in cancer 
immunotherapy have been developed and refined: GABs (Gamma delta TCR 
anti-CD3 Bispecific molecules) and TEGs (αβT-cell engineered with a defined 
γδTCR). For the latter design, namely TEGs,  we recently reported that one 
infusion of TEGs was sufficient to induce a complete remission in a patient 
suffering from acute myeloid leukemia 9.  
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Developing γδTCR-bispecifics (GABs) 

T-cell engagers, commonly known as bispecifics, constitute a promising 
approach to treat tumors 10, 11. Bispecific T-cell engagers are molecules that 
consist of two arms: one that binds to the tumor side (typically an antibody 
derived scFV directed against a TAA) and another arm that binds to T-cells, in 
most of the cases an anti-CD3 scFV 10, 12, 13. Consequently, bispecifics are able 
to attract T-cells in close proximity to tumors, allowing for the formation of an 
artificial immune synapse that results in the killing of the tumor by the T-cells 
14. Advantages of bispecifics when compared to other T-cell based therapies, 
such as CAR-T or TCR-based therapies, are the lower costs, and the fact that 
they are an off-the-shelf treatment 15, thus time to infusion is shorter when 
compared with other immune therapies such as CAR-T cells, in which cells 
need to be engineered prior to infusion. The shorter time to administration 
makes them a great option for patients that need to be treated quick.   

In chapter 3 the development of γδTCRs anti-CD3 bispecifics (so called 
GABs) is reported. GABs harness the ability of Vγ9δ2-TCRs to recognize 
tumors in an HLA independent way, by fusing the extracellular domain of a 
Vγ9δ2-TCR to an anti-scFV-CD3, via a flexible linker. In this thesis we 
demonstrated that GABs were able to target several types of solid and 
hematological tumors in vitro, without harming healthy tissues. Moreover, 
GABs showed significantly increased tumor control in vivo in a subcutaneous 
multiple myeloma xenograft model. In addition, we observed that TCR affinity 
impacted GABs efficacy. Therefore, increasing the affinity of the γδTCR might 
lead to enhanced anti-tumor responses. However, affinity maturation of 
Vγ9δ2-TCRs is challenging in practice, as interaction between these TCRs and 
their target (BTN2A1/BTN3A1-3 complex) is not completely elucidated yet 16, 

17.  Hence, in chapter 4 we aimed to improve GABs efficacy by tuning the 
affinity of the anti-CD3 binding arm. GABs containing different affinity anti-
CD3 scFVs were tested. We observed that GABs containing the high affinity 
anti-CD3 scFV UCHT1 showed improved efficacy in vitro and in vivo. The 
improved in vivo efficacy of GABs carrying high affinity anti-CD3 scFV opposes 
to many publications in which high affinity of the anti-CD3 binding arm was 
related to diminished efficacy in vivo, in part due to an impaired tumor 
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distribution 18, 19. These differences in functionality between GABs and regular 
bispecifics bearing high affinity anti-CD3 scFV, could be explained by the 
different design of GABs when compared to typical bispecifics. In most of the 
studied bispecifics, the tumor binding domain is constituted by a high affinity 
anti-scFV (kD in nanomolar range), while in GABs the extracellular domain of 
a Vγ9δ2-TCR with a low affinity ~40-100 μM is used 20, 21. We observed that 
GABs carrying the high affinity anti-CD3 scFV were bound to T-cells longer 
than those that carried the medium affinity anti-CD3 scFV. The prolonged 
binding of GABs to T-cells when using a high affinity anti-CD3 domain might 
have influenced the persistence of GABs in the mice, explaining the increased 
anti-tumor response.  Moreover, contrary to other reports, the high affinity 
anti-CD3 did not induce release of cytokines related to cytokine release 
syndrome (CRS) nor induced weight loss in mice when compared to the 
medium affinity anti-CD3 OKT3, suggesting that GABs utilizing high affinity 
anti-CD3 binders might be safe. These promising results establish the bases 
for a new generation of γδ-TCR based bispecifics, which constitute an 
alternative to more costly and time-consuming strategies such as CAR-T or 
TEGs. 

Challenges in preclinical in vivo testing of GABs and future 
considerations from chapter 3 and 4 

Utilization of mouse models is key to bring new immune therapies to clinic. 
However, evolutionary divergence of TCRγ and TCRδ loci between rodents 
and primates as well as the absence of BTN2A1-BTN3A molecules in rodents, 
difficult the selection of suitable preclinical mouse models for the study γδ-
TCR based therapies 22, 23. Therefore, further investigation is needed, 
especially in terms of improving preclinical models that successfully translate 
results obtained in animal models to cancer patients 24. For example, studying 
biodistribution of GABs in vivo, as well as PK/PD, might help to further 
understand the differences observed in vivo, which would help improving the 
design of GABs to achieve stronger efficacy. However, up to date the most 
typical in vivo models that are used to investigate bispecifics activity rely on 
the engraftment of huPBMCs into immune compromised mice (typically NSG 
mice). Although PBMC-engrafted mouse models are usually sufficient to 
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evaluate efficacy, they cannot be used to assess other important preclinical 
aspects such as safety (as the expression of the target is typically restricted to 
the tumor), biodistribution, the effect of the bispecific treatment in other 
immune cells (as these mice are not fully immune competent) or long-term 
effect of bispecifics (as the study window is limited to 4-5 weeks due to the 
development of GVHD in the mice engrafted with PBMCs). Moreover, 
differences between PBMC donors have been reported, and can highly impact 
the results 25. Alternatively, engraftment of huCD34 cells into NSG mice could 
be used to evaluate long-term effect of bispecifics, as well as their effect in 
other immune subsets, as immune cells develop within the mouse instead of 
in a human, recognizing the host as self and preventing the development of 
GVHD. Even if huCD34+ humanized mice could help to elucidate the effect of 
GABs in other immune subsets, as well as, the long term efficacy of GABs, 
huCD34+ humanized mice models are time-consuming and cannot be used 
to address safety or biodistribution 26. One option to increase the knowledge 
of GABs in terms of impact on other immune subsets and biodistribution might 
be the use of syngeneic models, in which immunocompetent mice are used. 
However, the use of syngeneic models requires the production of surrogate 
mouse counterparts of GABs, meaning developing GABs containing an anti-
mouse-CD3 antibody 27. However, as shown in chapter 4, differences in anti-
CD3 affinity highly impacts GABs activity, not only in terms of efficacy but also 
in influencing T cell viability. Thus, it might be challenging to get an anti-mouse-
CD3 scFV that mimics the affinity and kinetics of the human one. One 
intermediate approach is the use of human CD3 transgenic mice 28. These are 
immune competent mice in which the lymphocytes express human CD3. 
Engrafting human tumors in immunocompetent mice is not possible due to 
xenogenic immune rejection. Therefore, establishment of a mouse derived 
tumor transduced to express the BTN2A1-BTN3A complex (needed for 
human Vγ9δ2TCR-mediated recognition) into these mice, and treatment with 
GABs afterwards could help to understand biodistribution and PK/PD of these 
molecules. However, due to the lack of BTN2A1-BTN3A1 expression in mice 
results might differ from biodistribution in humans. Hence, the most optimal 
approach to fully address safety and PK/PD of GABs are non-human primates, 
as already used by others developing concepts targeting BTN3A or making use 
of Vδ2T-cells 29, 30, however this is, in practice, challenging from an ethical and 
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economic point of view.  In conclusion, combination of different models might 
help gaining knowledge on GABs properties, which would lead to improved 
designs in the future.  

Towards a new generation of TEGs by addition of co-receptors 

TEGs (αβT-cells engineered to express a defined γδTCR) were developed in 
our group to overcome the hurdles observed when using primary γδ T-cells in 
patients, such as low expansion 5, 31. TEGs combine the ability of Vγ9δ2TCRs 
to target tumor cells independently of HLA, with the ability of αβT-cells to 
expand and persist in patients. TEGs have been shown to be able to target both 
hematological and solid tumors without harming healthy tissues 31. However, 
to date, clearance of tumors has not been achieved in mouse preclinical 
models by TEG001 32, 33, so further improvement is required. 

In chapter 5 we aimed to improve the activity of TEG011 (αβT-cells expressing 
a Vγ5δ1-TCR) by co-expressing CD8a in CD4+ cells. The activation of the 
Vγ5δ1TCR used in TEG011 (so-called FE11), is dependent on the CD8 co-
receptor, meaning that CD4+ αβT-cells transduced with a Vγ5δ1-TCR are not 
functional. Therefore, we hypothesized that addition of CD8 to CD4-TEG011 
would improve efficacy of TEG011. Indeed, co-expression of CD8a into CD4+ 
TEG011, increased efficacy as well as persistence of TEG011. Due to the 
intrinsic tumor killing capacity of CD8+ T-cells, most of engineering efforts of 
the last decades have been focused on improving CD8+ T-cell efficacy. 
However, it has been recently described that CD4+ cells are key to achieve 
long-term responses in patients 34. These results emphasize the importance 
of engineering CD4+ T-cells to achieve sustained responses, and to increase 
efficacy of T-cell based immunotherapies. Hence, it would be interesting to 
extend our approach to other αβTCR based therapies such as NY -ESO or 
gp100 receptors that recognize tumor peptides in HLA-class I. CD8 co-
receptor is key for T-cell activation by stabilizing interactions of TCR and HLA-
I. Thus, as these tumor specific TCRs are HLA-class-I restricted, transfer of 
these into αβT-cells mainly impact CD8s, as the lack of the CD8 co-receptor 
in CD4+ cells impair the interaction between the TCR and the peptide/HLA-I 
complex reducing their anti-tumor activity 35. Therefore, transferring of CD8a 
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in combination with an anti-tumor specific αβ-TCRs, such as NY-ESO or 
gp100, into CD4+ T-cells could improve αβTCR based therapies, by improving 
the activity of the CD4+ fraction. 

In chapter 6 we aimed to improve the efficacy of the clinical candidate 
TEG001. Contrary to TEG011, TEG001 anti-tumor efficacy relies on a Vγ9δ2-
TCR (so called Cl5). Recognition of tumor cells by Vγ9δ2-TCRs is HLA 
independent, as it is mediated by the recognition of the butyrophilins BTN2A1 
and BTN3A1-3 on the surface of tumor cells. Therefore, we developed a 
different strategy to enhance the efficacy of TEG001 by co-expressing 
NKG2D-chimeric co-receptors with the aim of improving T-cell activation 
signal 2 (co-stimulation), as it has been described as key to enhance anti-
tumor efficacy of T-cell based therapies 36-38. Different NKG2D chimeras were 
created by fusing the extracellular domain of the activating receptor NKG2D, 
which recognized stress antigens that are expressed mainly by tumor cells, to 
the costimulatory domains of the three different co-stimulatory proteins: 
ICOS, CD28 and 4-1BB. The three chimeras were tested both in vitro and in 
vivo, and different results were obtained. Only the NKG2D-CD28 and NKG2D-
4-1BB chimeras were able to significantly improve the survival of mice in a 
multiple myeloma xenograft model, while the chimera comprising the ICOS 
domain did not confer any additive effect in vivo. Lack of activity of the NKG2D-
ICOS chimera in vivo might be due to the absence of the transmembrane 
domain of ICOS in the chimera’s design, as CD28 transmembrane and hinge 
domains were used in all the chimeras due to its superiority in expression. 
However, it has been described that ICOS signaling is mediated by its 
transmembrane domain 39, which might explain the poor performance of TEGs 
carrying the NKG2D-ICOS chimera in vivo. Hence, using of the 
transmembrane domain of ICOS in our chimera’s, in combination with 
different intracellular domains, could lead to different results. However, on the 
other hand, expression when using ICOS domain was rather low compared to 
CD28, which would heighten the complexity of the engineering process.  

Although both NKG2D-CD28 and NKG2D-4-1BB chimeras showed equal 
improved survival when compared with TEG001, only TEG001-NKG2D-4-1BB 
was able to improve tumor control in a solid tumor xenograft model. Due to its 
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intrinsic characteristics, microenvironment of solid tumors makes them more 
challenging to treat with immunotherapy when compared to hematological 
malignancies. One of the main hurdles when treating solid tumors is the 
immunosuppressive environment, which is able to inhibit the activity of T-cells 
through the activation of checkpoint molecules such as PD-1, inducing T-cell 
exhaustion and impairing T-cell fitness 36, 40.  As shown in the scRNA seq data, 
and later confirmed by FACS, TEGs carrying the chimera NKG2D-4-1BB 
showed lower expression of exhaustion markers. The different T-cell fitness 
state between TEGs might explain the differences found in efficacy against 
hematological and solid tumors for both chimeras (NKG2D-CD28 and 
NKG2D-4-1BB). Furthermore, NKG2D-4-1BB showed enrichment in 
signatures related to long-term persistence such as oxidative 
phosphorylation, proliferation and NF-kB signaling 41, 42. Altogether, the data 
suggest that combination of these two signatures could have contributed to 
the improved anti-tumor efficacy observed for NKG2D-4-1BB in the solid 
tumor model.    

RNA seq analysis and experiments performed in the 3D model revealed that 
the NKG2D chimeras were only able to reprogram CD4+ cells. Knocking out of 
endogenous NKG2D in CD8+ cells improved the activity of the NKG2D-4-1BB 
chimera. These data suggest some interference between endogenous NKG2D 
and the NKG2D-chimeras. One explanation would be competition for the 
ligands between both receptors, however seems unlikely when comparing the 
expression levels of the endogenous and introduced receptors, as the 
expression of the NKG2D chimeras is considerably higher than the expression 
of the endogenous NKG2D. Other option is that the NKG2D chimeras might 
dimerize with the endogenous NKG2D, leading to alterations in the dimer 
interface that could affect the binding of the ligands or impair the signaling of 
the chimeras.  Disruption of the binding pocket of NKG2D has been described 
to reduce the affinity for their ligands and could explain the lower additive 
effect observed for the NKG2D chimeras in the CD8+ cells 43.  

To avoid extra-engineering steps that would complicate the production 
process, and with the aim of exploiting the full activity of both CD4+ and CD8+ 
cells, we decided to develop another chimeric co-receptor directed against 
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the stress antigen CD277 (103-4-1BB) that does not interfere with 
endogenous natural receptors. The 103-4-1BB chimera was able to reprogram 
both CD4+ and CD8+ cells and eradicate hematological and solid tumors in 
vivo. These impressive results suggest that tweaking of both subsets is key to 
achieve robust anti-tumor responses. Nevertheless, as previously reported by 
others for PD1 44, differences in binding affinity between the NKG2D-4-1BB-
chimera (0.5-1.1 µM) 45 and the 103-4-1BB-chimera (10 nm) 46 cannot be 
excluded as a reason for the differences observed in efficacy. Therefore, 
substitution of the extracellular domain of the NKG2D-chimeras for an anti-
NKG2D-ligand scFV such as anti-MICA (at expenses of restricting the 
recognition to only one NKG2D ligand), or affinity maturation of NKG2D could 
be explored in the future, although high binding affinity between NKG2D and 
its ligands has been described as detrimental for its activity 47.  

Improving purity and safety of αβ-TCR based therapies 

High purity of the T-cell based therapy products has been described as key to 
achieve tumor control 48.  In chapter 7 we describe a novel method to enrich 
αβTCR engineered T-cells by modification of two amino acids of the constant 
domain of the TCRβ chain of the introduced TCR. Introduction of only two 
murine amino acids abrogated the binding of an anti-human-αβTCR antibody, 
allowing the depletion of not engineered αβT-cells, and increasing the purity of 
the final product. Moreover, increasing the number of mutated amino acids to 
9 allowed for the destruction of the engineered T-cells by using an anti-mouse-
TCRβ antibody conjugated to the cell cycle inhibitor MMAE. Hence, mutating 
binding sites at the TCRβ chain of the introduced αβTCR addresses two 
limitations of αβTCR-based therapies with a single modification in the TCRβ 
chain, namely in vitro selection and later in vivo depletion. However, although 
the enrichment of the engineered product through depletion of non-
engineered αβT-cells was highly efficient, the in vitro results obtained when 
selectively killing the engineered cells with the anti-mouse-TCRβ antibody 
were rather modest, and will probably not be sufficient for an in vivo setting. 
Therefore, further efforts need to be made to improve the efficiency of this 
strategy, by, for example, increasing the affinity of the anti-mouse-TCRβ 
antibody. Moreover, it has been shown that immunogenicity impacts 
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persistence of T-cell based therapies, which is associated with impaired long-
term responses 49, 50. Although minimal murinization of the αβTCR was used in 
chapter 7, we cannot completely exclude that the addition of the 9 murine 
counterpart amino acids to the introduced αβTCRs induces immunogenicity 
when infused in patients. Hence, increasing the affinity of the β chain-binding 
antibody might also help to reduce the number of amino acids that need to be 
mutated for the selective killing strategy.  

Conclusion 

In conclusion in this thesis we provide insights for the development and 
improvement of the next generation of γδTCR and αβTCR based therapies. 
First, we developed a new concept by generating γδTCR based bispecifics that 
were able to redirect αβT-cells towards a broad panel of hematological and 
solid tumors. Second, we improved the potency of two previously described 
αβT-cells engineered to express a γδTCR (TEG011 and TEG001) by 
introducing natural or chimeric co-receptors and improving performance of 
CD4 and/or CD8s. Last, we described a novel method to increase purity of 
engineered T-cells by murinization of the introduced αβTCR.     
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Summary 

Immunotherapy to treat cancer 

Cancer is a disease caused by the uncontrolled division of aberrant cells. It 
constitutes one of the main causes of death worldwide and can affect any 
organ. Conventional treatments used to treat cancer patients include surgery, 
chemotherapy, or radiotherapy. However, these treatments are not always 
effective, and some patients cannot benefit from them. In addition, some of 
these therapies induce numerous side effects impairing patients’ quality of 
life. In an attempt to overcome these difficulties, other therapeutic options are 
being developed in the recent years. Immunotherapy constitutes a new form 
of cancer treatment. It relies on the use of the patient’s immune system to fight 
cancer. The Immune system is formed by different organs, cells and proteins 
that protect the body against infections and cancer while preserving healthy 
cells. Immunotherapy make use of these cells and proteins to eliminate 
cancer cells.  

T cells as anti-tumor therapy 

T cells are a type of cells that play a crucial role in the immune system 
protecting the body from infections and participating in the body’s response to 
cancer. Therefore, due to their intrinsic characteristics, T cells are currently 
being explored in the immunotherapy field as new therapeutic agent against 
cancer.  

There are two different types of T cells: αβ T cells and γδ T cells. They are 
named after a protein that they contain in their membrane called TCR, that is 
responsible for recognizing infected or cancer cells. αβ T cells contain an αβ-
TCR while γδ T cells have a γδ-TCR. As they contain different TCR types, they 
recognize infected or tumor cells in a different way. γδ T cells often recognize 
infected or tumor cells directly, by sensing metabolic alterations that typically 
occur in these cells, while αβ T cells usually require help of other cells 
(antigen-presenting cells) to recognize protein fragments from invaders or 
tumors.  
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In this thesis we made use of T cells’ ability to recognize and kill tumor cells to 
generate new immunotherapeutic treatments as well as developing different 
strategies to improve their efficacy.  

In Chapter 1 main hurdles encountered when using T cell-based 
immunotherapies to treat solid tumors are described. Furthermore, different 
approaches to overcome these limitations are discussed, as for example the 
use of γδ T cells or costimulatory receptors.  

Bispecific T cell engagers using γδ-TCRs 

Bispecific T cell engagers are artificial proteins that can simultaneously bind 
two different proteins: one that is present in the tumor and the other one that 
is present in the T cell. Bispecifics are injected into the patients, where they 
will be able to bring T cells (treatment) close to tumor cells, facilitating the 
elimination of the tumor by the immune system. 

In Chapter 3 we developed a bispecific molecule so-called GAB that is able 
to bind to αβ-T cells and tumor simultaneously. To make the GABs, we linked 
a soluble γδ-TCR that can recognize different types of tumor cells to an 
antibody that is able to bind to a protein that is present in the membrane of αβ 
T cells called CD3. In this way, GABs were able to work as connectors 
between T cells and tumors, resulting in the killing of the tumor cells both in 
vitro and in vivo.  

One way to further improve the efficacy of GABs is to increase the binding 
strength (called affinity) between GABs and T cells.  For that, in Chapter 4 we 
generated different GABs in which the affinity of the antibody binding CD3 (on 
T cells) was tuned. We observed that higher affinity was associated with 
increased efficacy of the treatment in vitro and in vivo.  

Use of γδ-TCRs in TEG format 

As explained above, γδ T cells possess unique characteristics that made them 
promising for cancer treatment. However, up to date, the use of primary γδ T 
cells in patients has not been successful, and no clinical responses have been 
observed. One of the reasons that explain this failure is the low ability of γδ T 
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cells to divide in the patients, resulting in poor responses. To overcome this 
hurdle, we developed the concept of TEGs. TEGs are αβ-T cells in which a γδ-
TCR is introduced. In this way best properties of both type of T cells are 
combined: a γδ-TCR that directly recognizes tumor cells and an αβ-T cell as a 
carrier, that preserves the ability to properly divide.  

TEGs (specifically the so-called candidate TEG001) are being already tested 
in a clinical trial. In short, αβ-T cells are extracted from the patient by a process 
called apheresis. After that, the αβ-T cells are modified in the lab to introduce 
a γδ-TCR (called Cl5), generating the final product TEG001. This product is 
infused again into the patient as treatment against the tumor.  

Use of co-receptors to improve TEGs 

Although T cells rely on their TCR to get activated, the signal provided by this 
receptor is not enough to achieve robust anti-tumor responses. T cells express 
other secondary receptors called co-receptors that provide them with extra 
signals that are key to achieve full activation.  

In this thesis we explored the addition of co-receptors to TEGs to further 
improve their activity.  

In chapter 5 we aimed to increase the efficacy of TEG011 by adding a CD8α 
co-receptor. We know from previous work that the γδTCR that is used to 

generate TEG011 needs the co-receptor CD8α in order to function. CD8α is 

however lacking in an specific subset of αβ T cells called CD4s, meaning that 

TEG011-CD4+ cells are not functional. Therefore, introduction of CD8a into 

TEG011 allowed also the TEG011-CD4+ cells to be functional.   We observed 
that addition of this receptor to TEG0011 improved efficacy in mice bearing 
tumors.  

In chapter 6 we developed several chimeric costimulatory receptors (CCR). 
CCRs were able to bind antigens that are expressed by stressed cells (such as 
tumor cells) and provide the T cells with extra signals that improved efficacy 
of the treatment. Addition of these novel co-receptors to TEG001 resulted in 
improved efficacy in vivo, inducing even complete cure of mice bearing liquid 
and solid tumors.  
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Improving purity of T cell therapy products 

Although immunotherapy using T cells has reinvented the way we treat 
cancer, not all the patients respond to this type of treatment. One of the 
reasons of this failure might be explained by the low purity of the therapeutic 
product that is administered. When T cells are extracted from the patient and 
modified in the lab, not all the T cells are successfully altered, meaning that 
not all the T cells that are re-injected into the patient will be able to 
successfully recognize and kill tumor cells. Therefore increasing purity of the 
administered product would result in improved treatment effect. In chapter 7 
we developed an strategy to increase the purity of the engineered products. In 
short, we added some modifications to the sequence of the anti-tumor 
specific TCR that is introduced into the αβ-T cells. These modifications in the 
TCR allowed us to distinguish and enrich the T cells that were successfully 
modified by eliminating the non-modified ones from the product.  

Finally, in chapter 8  the findings of the other chapters are discussed in the 
context of the current literature.  
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Nederlandse samenvatting 

Immunotherapie als behandeling tegen kanker  

Kanker is een ziekte die veroorzaakt wordt door een ongecontroleerde deling 
van afwijkende cellen en kan ieder orgaan aantasten. Het vormt wereldwijd 
een van de belangrijkste doodsoorzaken. Conventionele behandelingen die 
worden gebruikt om kankerpatiënten te behandelen zijn onder meer een 
chirurgische ingreep, chemotherapie of radiotherapie. Deze behandelingen 
zijn echter niet altijd effectief, waardoor er zijn dus nog steeds veel 
kankerpatiënten die niet kunnen worden genezen. Bovendien hebben de 
meeste kankermedicijnen vervelende bijwerkingen die de kwaliteit van leven 
van patiënten aantasten. Om deze redenen zijn er de afgelopen jaren andere 
behandelingen ontwikkeld. Immunotherapie is een nieuwe vorm van 
kankerbehandeling, die het immuunsysteem van de patiënt gebruikt om 
kanker te bestrijden. Het immuunsysteem wordt gevormd door verschillende 
organen, cellen en eiwitten die het lichaam beschermen tegen infecties en 
kanker, zonder gezonde cellen te beschadigen. Immunotherapie maakt 
gebruik van deze cellen en eiwitten om kankercellen op te ruimen.  

T cellen als anti-tumor therapie 

T cellen zijn immuun cellen die cruciaal zijn in de bescherming van het lichaam 
tegen infecties, maar ze spelen ook een belangrijke rol in het opruimen van 
kankercellen. Daarom wordt er op het gebied van immuuntherapie, 
momenteel onderzoek gedaan naar T cellen als nieuw therapeutisch middel 
tegen kanker.  

Er bestaan twee verschillende soorten T cellen: αβ T cellen en γδ T cellen. Het 
unieke kenmerk van T cellen is hun T cel receptor, een eiwit op hun 
oppervlakte, waarmee ze geïnfecteerde of kankercellen kunnen herkennen. αβ 
T cellen hebben een αβ-TCR terwijl γδ T cellen een γδ-TCR hebben. Het grote 
verschil tussen de twee type T-cellen is de manier waarop ze geïnfecteerde of 
kankercellen herkennen.  γδ T cellen herkennen geïnfecteerde of kankercellen 
vaak direct, doordat ze subtiele veranderingen in de metabole staat van deze 
cellen herkennen.  Terwijl αβ T cellen hulp nodig hebben van andere cellen 
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(antigeen presenterende cellen) om stukjes eiwit van indringers of tumoren te 
herkennen.  

In dit proefschrift hebben we gebruik gemaakt van het vermogen van T cellen 
om kankercellen te herkennen en op te ruimen om nieuwe immunotherapie 
behandelingen te ontwikkelen, en we hebben verschillende strategieën 
bedacht om de werkzaamheid te verbeteren.  

In hoofdstuk 1 worden de belangrijkste hindernissen van het gebruik van T cel 
gebaseerde immunotherapie voor de behandeling van solide tumoren 
beschreven. Verder worden er verschillende strategieën besproken om T cel 
immunotherapie te verbeteren, bijvoorbeeld het  gebruik van γδ T cellen of co-
stimulerende receptoren. 

Bi-specifieke T cel binders met behulp van γδ-TCRs 

Bi-specifieke T cel binders zijn kunstmatige eiwitten die gelijktijdig twee 
verschillende eiwitten kunnen binden: een die aanwezig is op de tumor, en een 
die aanwezig is op de T cel. Deze bi-specifieke eiwitten worden in de patiënt 
geïnjecteerd, waar ze T cellen en tumorcellen dicht bij elkaar brengen. Dit zorgt 
ervoor dat de T cellen actief worden en de kankercellen gaan aanvallen.  

In hoofdstuk 3 hebben we een nieuw bi-specifiek molecuul ontwikkeld, GAB 
genaamd, die tegelijkertijd aan αβ T cellen en aan tumorcellen kan binden. Om 
deze GABs te maken hebben we een γδ-TCR, die verschillende soorten 
tumorcellen kan herkennen, gekoppeld aan een antistof. Deze antistof kan 
binden aan een eiwit dat aanwezig is op het membraan van αβ T cellen, CD3 
genaamd. Op deze manier werken GABs als verbinder tussen T cellen en 
tumorcellen, wat resulteert in het opruimen van de tumorcellen zowel in vitro 
(in een testbuis) als in vivo (in een muis model).  

Een manier om de GABs verder te verbeteren is door de bindingssterkte 
(affiniteit) tussen de GABs en de T cellen te verhogen. Daarvoor hebben we in 
hoofdstuk 4 verschillende GABs gemaakt waarin we de affiniteit van het 
antilichaam aan CD3 (op T cellen) hebben aangepast. We laten, zowel in vitro 
als in vivo, zien dat de GABs met een hoge bindingsaffiniteit aan T cellen, beter 
werken dan GABs met een lagere T cel bindingsaffiniteit.  
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Het gebruik van γδ-TCRs in het TEG concept 

Zoals hierboven uitgelegd, bezitten γδ T cellen unieke eigenschappen 
waardoor ze veelbelovend zijn als behandeling tegen kanker. Tot op heden is 
het gebruik van primaire γδ T cellen bij patiënten echter niet succesvol. Een 
verklaring hiervoor is dat primaire γδ T cellen in patiënten vaak uitgeput zijn 
waardoor ze zich niet meer vermenigvuldigen. Om deze reden hebben we het 
concept van TEGs ontwikkeld. TEGs zijn αβ T cellen die genetisch 
gemodificeerd worden om een γδ-TCR tot expressie te brengen. Met deze 
techniek is het mogelijk om de beste kwaliteiten van beide celtype te 
combineren: een γδ-TCR die direct tumorcellen kan herkennen, en een αβ T 
cel als drager die het vermogen om zich te vermenigvuldigen behoudt.  

TEGs (met name de zogenaamde kandidaat TEG001) worden al getest in 
klinische studies. Hierbij worden αβ T cellen worden uit het bloed van de 
patiënt gehaald (dit proces noemen we aferese), waarna ze vervolgens in het 
lab gemodificeerd worden om een γδ-TCR (Cl5 genaamd) tot expressie te 
brengen, dit resulteert in het eindproduct TEG001. Dit product wordt via een 
infuus teruggegeven aan de patiënt als behandeling tegen de tumor.  

Het gebruik van co-receptoren om TEGs te verbeteren 

Hoewel T cellen afhankelijk zijn van hun TCR om geactiveerd te worden, is het 
signaal van deze receptor niet voldoende om een krachtige anti-tumor respons 
te bereiken. T cellen brengen ook andere secundaire receptoren tot expressie: 
de co-stimulatie receptoren. Deze receptoren voorzien de T cellen van extra 
signalen die essentieel zijn om volledige activering te bereiken.  

Om de activiteit van TEGs te verbeteren hebben we in dit proefschrift het 
toevoegen van co-receptoren aan TEGs onderzocht.  

In hoofdstuk 5 beschrijven we een manier om de effectiviteit van TEG011 te 
verbeteren door het toevoegen van een CD8α co-receptor. We hebben gezien 
dat de γδ-TCR die gebruikt is om TEG011 te maken, de CD8α co-receptor 
nodig heeft om te functioneren. CD8α ontbreekt echter in CD4 T cellen, dit is 
een specifieke subset van αβ T cellen. Dit betekent dat TEG011-CD4+ cellen 
niet functioneel zijn. Daarom zorgt de introductie van CD8α in TEG011 dat 
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TEG0011-CD4+ cellen ook functioneel zijn. We hebben in muizen met een 
tumor gezien, dat toevoegen van deze co-receptor aan TEG011 de 
werkzaamheid verbeterd. 

In hoofdstuk 6 hebben we verschillende chimere co-stimulerende receptoren 
ontwikkeld (CCR). CCRs  kunnen antigenen binden die gestreste cellen tot 
expressie brengen (zoals tumorcellen) en voorzien de T cellen van extra 
signalen die de werkzaamheid van de behandeling verbeteren. Het toevoegen 
van deze nieuwe co-receptoren aan TEG001 resulteerde in een verbeterde 
werkzaamheid in vivo, we zagen zelfs volledige genezing in muizen met een 
tumor.  

Verbeteren van de zuiverheid van T cel therapie producten  

Hoewel T cel immunotherapie een veelbelovende behandeling is voor 
patiënten met kanker, reageren niet alle patiënten op deze behandeling.  Een 
lage zuiverheid van het toegediende T cel product zou hiervoor een verklaring 
kunnen zijn. Wanneer T cellen uit het bloed van de patiënt worden gehaald en 
het in lab worden gemodificeerd worden niet alle T cellen succesvol gewijzigd. 
Dit betekent dat niet alle T cellen die terug in de patiënt worden geïnjecteerd, 
in staat zullen zijn om tumorcellen te herkennen en op te ruimen. Het verhogen 
van de zuiverheid van het toegediende product zal daarom resulteren in een 
verbeterd effect van de behandeling. In hoofdstuk 7 bespreken we een 
techniek om de zuiverheid van het gemodificeerde T cel product te verhogen. 
In het kort, we hebben een paar veranderingen (mutaties) aangebracht in de 
geïntroduceerde kankerreactieve TCR, waardoor deze onderscheiden kan 
worden van de originele TCR van de T cellen. Hierdoor is het mogelijk alleen de 
gemodificeerde cellen, die nu kankerreactief zijn, terug te geven aan de patiënt 
als therapie.  

Ten slotte worden in hoofdstuk 8 de resultaten van de andere hoofdstukken 
in een breder perspectief geplaats door vergelijkingen te maken met de huidige 
literatuur.   
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