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1 
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 rare6. 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 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 carcinomas11, 19-21.  Multiple studies 
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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 cells23. 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 tumors26, 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 cells34. 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 phosphoantigens35 that are bound by the intracellular domain of 
butrophylin 3A1 (BTN3A1)36. This process leads 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 
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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 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 
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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 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 tumors4. 
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 
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example, expression of the colony stimulating factor receptor (CSF-R) in CAR-T cells 
improved migration towards solid tumor models producing CSF85. 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. 

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 
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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 solutions will help to optimize efficacy of engineered T cell therapies and 
introduce this technology for a more widespread use in anticancer therapy.   
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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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Immunotherapy in general and CAR-T cell therapy in particular have emerged as 
groundbreaking approaches in the way we treat cancer by harnessing the power of the 
human immune system. In Chapter 1 we review current challenges in treating solid 
malignancies with adoptive immunotherapy and how they might be overcome by using 
γδTCRs. In this thesis we aim to improve engineered T cell therapies, with a focus on 
T cells engineered to express a defined γδ TCR (TEGs), more specifically TEG-Cl5 (Vγ9Vδ2 
TCR), by tackling from various sites: Improving pre-treatment patient screening (chapter 
3), identifying potent subsets of engineered T cells (chapter 4), and modifying T cells for 
improved migration to the tumor site, and tumor infiltration of the immunosuppressive 
tumor microenvironment and tumor killing (chapters 5 and 6). Chapter 7 summarizes 
and discusses the findings of this thesis in the context of recent literature on Vγ9Vδ2TCR 
targeting and improvement of engineered T cell therapy.  

Chapter 3 focusses on elucidating the unknown mechanisms of transformation in 
malignant cells by which Vγ9Vδ2TCRs recognize and target tumor cells. We 
demonstrated in two independent human genetically engineered step-wise tumor 
mutagenesis models of colorectal and breast cancer that single oncogenic mutations 
allow for targeting by Vγ9Vδ2TCR T cells. We have established that surface expression 
of the butyrophilin BTN2A1, the direct ligand of the gamma chain of Vγ9Vδ2T cell 
receptor, is a direct consequence of these earliest PI3K/AKT/mTOR activating mutations. 
Although these hallmarks of Vγ9Vδ2 targeting were already present in the absence of 
aminobisphosphonates (ABP), full activation required elevated phosphoantigen levels. 
We could link this to two novel ABP-dependent phosphorylation sites in the 
juxtamembrane region of BTN3A1, impacting the regulation of BTN2A1 and BTN3A1 
surface expression. Finally, we applied an ABP-dependent protein interactome analysis 
pipeline and identified an interactome of BTN3A1-proximate proteins, and established 
an influence on targeting by Vγ9Vδ2T cells for three of them, namely PHLDB2, SYNJ2 
and CARMIL1. 

In Chapter 4 we introduced a 3D-live-imaging platform, BEHAV3D, which allows live-
tracking and characterization of T cells and their dynamic interactions with patient-
derived organoids (PDO). In this system we described how this characterization can 
improve cellular anticancer immunotherapies by identification of different behavioral 
types of T cells that differ among different PDOs with the potential to enrich for a certain 
potent transcriptomic signature in effector cells. 

In Chapter 5 we aimed to improve migration of cytotoxic CD8+ engineered T cells to the 
tumor site and infiltration of the tumor microenvironment (TME) by harnessing a natural 
occurring chemokine gradient (CCL4-CCR5). Armoring of engineered T cells with the 
chemokine receptor CCR5 enhanced active migration of the T cells as well as tumor 
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infiltration and killing in a 3D multicellular tumor model, consisting of patient-derived 
organoids (PDOs) of colorectal and breast cancer.  

In Chapter 6 we strived to better understand and overcome the hostile environment of 
the TME by applying a complex in vitro 3D multicellular screening pipeline combined 
with transcriptomic analyses. Investigation of the influence of various patient-derived 
mesenchymal stromal cells (MSCs) revealed vastly heterogenous, donor-dependent 
responses of T lymphocytes regarding their ability to successfully target tumor cells, with 
some MSCs suppressing the cytotoxic abilities of the T cells. Transcriptomic analyses of 
both, mono- and multi-cellular systems, revealed distinctive gene signatures of 
immunosuppressive and immunopermissive MSCs, and identified differences in collagen 
expression as potential point of intervention. Finally, we confirmed the role of MSCs in 
the formation of an immunosuppressive collagen matrix in the TME and showed that 
blockade of the immune inhibitory collagen-receptor LAIR-1 on T cells led to enhanced 
tumor infiltration in the presence of immunosuppressive MSCs. 

Chapter 7 summarizes and discusses the findings of the abovementioned chapters in 
the context of recent literature within the field of Vγ9Vδ2T cell biology and engineering 
of adoptive T cell immunotherapies. 
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Abstract 

Although tumor infiltrating Vγ9Vδ2T cells often have a good prognostic value, their role 
in cancer immune surveillance remains to be defined. We employed two independent 
human genetically engineered step-wise mutagenesis models of colorectal and breast 
cancer to demonstrate that a single oncogenic mutation which led to enhanced PI3K 
activity introduced into healthy cells or organoids is sufficient to upregulate surface 
expressed BTN2A1, a known ligand of Vγ9Vδ2TCR on tumor cells. Full activation of T 
cells through a Vγ9Vδ2TCR required phosphorylation of JTM amino acids of BTN3A1 
leading to the activating heterodimerization of BTN2A1 and 3A1. Using a novel protein 
interactome mapping pipeline, we identified PHLDB2, SYNJ2 and CARMIL1 as key players 
in controlling surface dynamics of BTN2A1 and 3A1 during early transformation. This 
mode of action allowed Vγ9Vδ2TCR T cells to control tumors in vitro and in vivo 
emphasizing the crucial role of these molecules from early mutagenesis to advanced 
cancer stages and the therapeutic potential of a Vγ9Vδ2TCR.  
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Introduction 

Increasing evidence show that human γδT cells have an essential role in cellular stress 
sensing and immune surveillance for both microbial and autologous stress (e.g. 
tumorigenesis)1. Infiltration of γδT cells in various tumors has been shown to have a 
favorable prognostic value2 and play an important role in the immunosurveillance of 
early tumor development in mice3, putting Vγ9Vδ2T cells most likely at the first line of 
defense during transformational processes of a healthy to a cancer cell, however it 
remains unclear which process triggers γδT cells during early transformation even 
though the anti-tumor role of γδT cells has been implicated in various tumor models 
with established tumors4-7. Vγ9Vδ2T cells, which are considered the most innate-like 
subset of gamma delta T cells in general1, are activated by intermediate metabolites of 
the isoprenoid/mevalonate pathway, such as isopentenyl-5-pyrophosphate (IPP)8, also 
referred to as phosphoantigens (pAgs) which can build up in cancerous- or virally-
infected cells due to disruption of the mevalonate pathway. Aminobiphosphonate (ABP) 
drugs, such as pamidronate (PAM), can also further increase cellular pAg levels, by 
inhibiting farnesyl diphosphate synthase (FPPS), an essential enzyme in this pathway9. 
Because of the broad-, but tumor-specific recognition of malignantly-transformed cells, 
and the lack of MHC-restriction, Vγ9Vδ2T cells harbor great clinical potential as an 
immunotherapy for cancer10-12. Even though it is well-established that the γδTCR itself 
is essential for recognition of pAgs, the exact mechanism of ligand-receptor interaction 
has not been found yet, intracellular pAgs are bound to the B30.2 domain of 
butyrophilin-3 isoform A1 (BTN3A1) which leads to complex formation with BTN2A111,13-

15. BTN2A1 has emerged as key protein for recognition of tumor cells by Vγ9Vδ2-T cells14 
where it is directly bound by the gamma chain of Vγ9Vδ2TCR. The role of the small 
GTPase RHOB, was previously demonstrated by our group to relocalize to the membrane 
and interact with BTN3A1 upon pAg build-up16. This is associated with cytoskeletal 
changes and reduced mobility of BTN3A1 in the membrane, implying a sort of 
“membrane trapping” mechanism. It is thought that direct binding of pAgs to the 
intracellular B30.2 domain enables heterodimerization of BTN3A1 with BTN2A1. The 
subsequently induced joint conformational and spatial changes stabilize BTN2A1-
homodimers, which are then available for interaction with the γδ-TCR16-18.  

Even with the identification of BTN2A111,13,14, the understanding of BTN3A1 regulation 
through RHOB11,16, and the most recent observation that pAgs glue BTN3A1 and 
BTN2A118, it is not fully elucidated how this mechanism is regulated. Recently, it has 
been shown to be partially controlled by the AMPK pathway, and activation of this 
pathway led to increased transcription of both molecules, BTN3A and BTN2A1, followed 
by enhanced activation of Vγ9Vδ2T cells19. Although, these new insights defined a 
signature which is predictive for recognition of tumors in cancer patients19, the signature 
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could not elucidate at which stage of transformation from and healthy cell to a cancer 
cell the BTN-pathway is turned on. We used therefore a step wise mutagenesis model 
for colon cancer, which remodels different steps during mutagenesis in order to 
characterize expression patterns of BTN2A1, BTN3A1 and RHOB during transformation 
and hunt for novel players regulating in particular the heavily orchestrated BTN3A1 
molecule by an innovative proximity proteomics approach. To properly analyze 
recognition of a tumor cell through Vγ9Vδ2TCR and overcome diversity in innate 
receptor expression and diversity in function of natural Vγ9Vδ2T cells we used soluble 
Vγ9Vδ2TCR formats11,12 as well as αβT cells expressing a high affinity Vγ9Vδ2 TCR20-22. 
This strategy allowed to characterize the orchestration of BTN2A1 and BTN3A1 during 
early transformation and late-stage cancers where BTN2A1 traffics early during 
mutagenesis to the cell membrane in close proximity to BTN3A1, a process heavily 
regulated by PHLDB2, SYNJ2 and CARMIL1.  

Results 

Vγ9Vδ2TCR T cells target early transformation events in colorectal cancer 
(CRC) which features are preserved in late CRC stages to enable targeting 
by Vγ9Vδ2TCR T cells 

Screening for tumor recognition of Vγ9Vδ2TCR expressing T cells in CRC showed IFNγ 
production by the T-cells upon co-culture with different CRC cell lines and importantly, 
also when using patient derived CRC organoids indicating that fully differentiated CRC 
cells and organoids can be recognized by the Vγ9Vδ2TCR (Figure 1A), however, only in 
the presence of pamidronate (PAM). To assess at which stage of malignant 
transformation can be sensed by Vγ9Vδ2TCRs we made use of a step-wise mutagenesis 
colon organoid model, where the introduction of single mutations of APC (APCKO), KRAS 
(KRASG12D), TP53 (p53KO) and SMAD (SMADKO) into normal (healthy) colon organoids 
represents models for pre-cancerous lesions while the combination all four mutations 
(later referred as AKPS mutant) was used as model for fully developed CRC 23. After co-
incubation of T cells engineered to express a defined Vγ9Vδ2TCR with organoids treated 
with/without PAM, a single gene mutation introduced in the normal (healthy) colon was 
already able to induce IFNγ production through T cells harbouring a Vγ9Vδ2TCR, while 
the matching normal colon organoids (healthy) did not (Figure 1B and Supplementary 
Figure 1A). We chose APCKO and AKPS mutant CRC organoids to represent very early and 
late stages of CRC development, respectively, to further characterize the capacity of a 
Vγ9Vδ2TCR to sense early or late-stage cancer development.  
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APC and AKPS mutant CRC organoids both induced cytotoxic degranulation of 
Vγ9Vδ2TCR T cells on a PAM-dependent manner after co-culture (Supplementary Figure 
1B), confirming that a Vγ9Vδ2TCR has the potential to sense early metabolic changes 
which are also preserved in fully developed CRC. Furthermore, Vγ9Vδ2TCR T cells were 
also able to control CRC outgrowth for at least 43 days after tumor injection (Figure 1C) 
in vivo and improve overall survival of mice (Supplementary Figure 1C) when NSG-mice 
were engrafted with APKS mutant CRC organoids which is the only mutant that engrafts 
in mice23.  

Recognition of late-stage tumors through a Vγ9Vδ2TCR critically depends on the surface 
expression of BTN2A1, a complex regulation of BTN3A113,14 and hallmarked by changes 
in RhoB intracellular re-localisation16, however it is not known what role they play during 
early to late-stage cancer development. We found that these hallmarks are already 
present in the early, pre-cancerous stage as well as in fully developed CRC while lacking 
in normal (healthy) colon organoids as determined by using Vγ9Vδ2TCR-coated beads 
to quantify surface-expressed BTN2A111 or by determining RhoB intracellular 
distribution using confocal microscopy11,16 (Figure 1D and E). At the same time, we 
found that total expression of these essential ligands was similar among all tested 
organoids (Figure 1F).  

The regulation of the intracellular storage pool of BTN2A1 that involves complex 
orchestration of other molecules in tumor cells including BTN3A111,13,14,16 and the 
intracellular re-localization of RhoB can be used as a hallmark of tumor cell recognition 
by Vγ9Vδ2TCR16. In particular this process has been described to depend on PAM 
modulation11,16. This altogether suggests that early onset of transformation including 
single mutations in oncogenes is not only accompanied with BTN2A1 surface expression 
but also modulation in the BTN3A1-RHOB axis, though the later one depends on PAM.  
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Figure 1. Vγ9Vδ2 TCR T cells recognize early transformed CRC organoids. (A) Patient derived CRC 
organoids (PDO) were co-cultured with Vγ9Vδ2TCR T cells in the presence of PAM and IFNγ release of T 
cells was determined by ELISA. (B) IFNγ production by Vγ9Vδ2TCR T cells after co-culture with either 
healthy colon organoids (wt) or CRC organoids mutated for APC, p53, KRAS or the combination (AKPS) in 
the presence of 100uM PAM. (C) In vivo efficacy of Vγ9Vδ2TCR T cells against AKPS CRC organoids in the 
presence of PAM. Mice were treated with either PBS, T cells expressing a non-functional Vγ9Vδ2TCR (LM1) 
or a high affinity Vγ9Vδ2TCR (TEG001). Tumor burden of AKPS CRC organoids assessed by in vivo 
bioluminescence imaging (BLI) measuring integrated density per entire tumor area of mice. Statistical 
significances were calculated by mixed-effects model with repeated measures; *, P < 0.05; ***, P < 0.001. 
(D) Healthy colon organoids (WT), CRC organoids mutated for APCKO or AKPS mutant CRC were stained 
with microbeads coated with either non-functional LM1 soluble Vγ9Vδ2TCR (LM1) or with high affinity 
soluble Vγ9Vδ2TCR (Cl5) in the absence of PAM. Data show MFI of bead binding. (E) RhoB intracellular 
distribution after PAM treatment in wt, APCKO or AKPS mutant CRC organoids, measured by confocal 
microscopy. (F) Total BTN2A1 and BTN3A1 expression of wt, APCKO and AKPS mutant CRC organoids in 
the absence of PAM was determined by western blot. 



 PI3K-AKT1-mTOR activity and BTN3A1 phosphorylation are required for early cancer immune 
surveillance via Vγ9Vδ2TCR T cells 

 
33 

3 

Figure 2. Transformed cells upregulate BTN2A1 surface expression via PI3K kinase activity. (A) MCF10a 
cells were transduced with different ErbB2 variants and co-cultured with either Vγ9Vδ2TCR or HER2-CAR 
transduced T cells. Tumor cells were pre-treated with the PI3K kinase inhibitor Pictilisib at 2uM overnight. 
After an overnight co-culture, supernatant was used to determine IFNγ production by the Vγ9Vδ2TCR T 
cells. (B)  Furthermore, tumor cells were isolated and stained for BTN2A1 via TCR tetramer staining and 
(C)  BTN3A cell surface expression. (D) Protein expression of HER2, phosphorylated AKT (pAKT) and total 
AKT in MCF10a mutant lines cultured for 24h in full culture medium (F) or medium without additional 
growth factors (S). (E) Schematic of receptor tyrosine kinase activation pathway and common inhibitors. 
(F) Multiple tumor cell lines were co-cultured with Vγ9Vδ2TCR T-cells after pre-treatment with either the 
PI3K kinase inhibitor, AKT inhibitor or MEK inhibitor. After an overnight co-culture, supernatant was used 
to determine IFNγ production by the Vγ9Vδ2TCR T cells. (G) Multiple tumor cell lines were pre-treated 
with either PI3K kinase inhibitor, AKT inhibitor, mTOR inhibitor Rapamycin or mTOR inhibitor Torin1 and 
subsequently co-cultured with Vγ9Vδ2TCR T cells. After an overnight co-culture, supernatant was used to 
determine IFNγ production by the Vγ9Vδ2TCR T cells. 
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Phosphoinositide 3-kinase/AKT1 activity during early transformation is a 
prerequisite of Vγ9Vδ2TCR activation 

In order to confirm that single oncogenic mutations generally trigger Vγ9Vδ2TCR 
activation, we tested the effect of single ErbB2 mutations and overexpression in breast 
tissue24-26.  MCF10a benign breast tissue cell line was engineered to mimic various 
oncogenic ErbB2 gene related mutations such as overexpression of HER2 (ErbB2AMP), a 
single mutation in the extracellular domain (ErbB2S310F) or amplified kinase activity 
mutant (ErbB2V777E). Curiously, only MCF10a cells expressing kinase mutant HER2 
variant (ErbB2V777E) triggered IFNγ production of Vγ9Vδ2TCR T cells in the presence of 
PAM (Figure 2A) while benign cells and the two other oncogenic variants remained 
unrecognized.  Moreover, pre-treating MFC10a ErbB2V777E tumor cells with PI3K 
inhibitor Pictilisib led to significant reduction of IFNγ production of Vγ9Vδ2TCR T cells 
upon co-culture while HER2 CAR-T cell reactivity remained unaffected (Supplementary 
Figure 2A). Importantly, surface expression of the primary Vγ9Vδ2TCR ligand, BTN2A1 
was significantly increased upon ErbB2V777E mutation, and this increase was dependent 
of PI3 kinase activity in MCF10a cells, since pan PI3K inhibition depleted BTN2A1 surface 
expression, independently of the presence of PAM (Figure 2B). BTN3A surface 
expression however did not change either upon ErbB2V777E mutation or PI3K inhibition 
but it significantly reduced upon any oncogenic mutations induced into benign cells 
(Figure 2C).  

We could confirm the dependency of BTN2A1 and independency of BTN3A1, 
respectively, on PI3K signalling in multiple targeted cell lines (Supplementary Figures 2B 
and C). When analyzing phosphorylation of AKT in MCF10a HER2 mutants, we found 
that while AKT was phosphorylated on position Ser473 in all lines in the presence of full 
culture medium containing growth factors, only a mutation in position V777E showed 
phosphorylation already in the absence of growth factors (Figure 2D), confirming the 
special role of this mutation. To further clarify the signalling cascade downstream of PI3K 
necessary for activation of Vγ9Vδ2TCR T cells, we blocked various key kinases that might 
be activated by PI3K (Figure 2E) in the subsequent experiments. First, we confirmed the 
observed reliance of Vγ9Vδ2TCR activation on PI3K activity in a panel of well-targeted 
tumor cell lines and confirmed AKT as preferred downstream target. In all tumor cell 
lines inhibition of both, PI3K and AKT1 significantly reduced Vγ9Vδ2TCR activity, while 
specific MEK inhibitors did not alter recognition of the tumor cells (Figure 2F). Finally, 
pretreatment of tumor cell lines with blocking reagents of mTOR reduced recognition 
significantly, in a similar or even higher potency as inhibiting AKT activity (Figure 2G). 
Strikingly, inhibition of both mTOR-involved complexes, mTORC1 and mTORC2, by 
inhibitor Torin1 was superior in reducing activation of Vγ9Vδ2TCR T cells compared to 
inhibition of only mTOR complex 1 (mTORC1) by Rapamycin. Furthermore, 
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hematological malignancies showed higher dependency on PI3K, AKT and mTOR 
compared to CRC tumor lines. These data together indicate that PI3K/AKT1/mTOR 
activity in the early onset of malignant transformation drives BTN2A1 surface 
upregulation on tumor cells therefore makes them susceptible for Vγ9Vδ2TCR targeting. 

BTN3A1 phosphorylation affects surface expression of BTN3A1 and 
BTN2A1 

Although we have shown that transformation induced AKT/mTOR activity bringing 
BTN2A1 to the cell surface is a prerequisite for Vγ9Vδ2TCR binding in a PAM-
independent manner, this only leads to full activation of γδTCR T cells following PAM 
treatment. In order to better understand how PAM-induced cellular processes are 
separated from those induced by malignant transformation, we revisited previously 
generated mass spectrometry data 11, where PAM-induced changes in protein 
composition were studied. This analysis identified two potential phospho-sites on the 
juxtamembrane (JTM) region of the BTN3A1 molecule; the residues S296 and T297 that 
were shown to be phosphorylated upon PAM (Figure 3A) and which were previously 
suggested to be involved in pAg binding27. 

To dissect PAM-induced phosphorylation on BTN3A1 from phosphorylation events 
induced by endogenous phosphoantigen (pAg) levels, we constructed modified versions 
of the BTN3A1 sequence that mimic protein conformation of either a phosphorylated 
(phospho-mimic variant) or an unphosphorylated state (phospho-deficient variant). 
These phospho-variants were developed by substituting residues S296 and T297 with 
aspartic acid which is known to function similarly to phosphorylated serine and 
threonine (D, phospho-mimic) or alanine which is employed regularly to inhibit residue 
phosphorylation (A, phospho-deficient). When reconstituting these BTN3A1-variants in 
HEK293FT-BTN3A1KO cells at comparable total expression (Supplementary Figure 3), 
we found that phospho-mimic BTN3A1 results in lower surface expression compared to 
phospho-deficient BTN3A1 (Figure 3B) which at the same time led to higher surface 
expression of BTN2A1 on these cells on a PAM-independent way (Figure 3C) while total 
expression of these proteins remained unchanged.  

Importantly, the introduction of phospho-mimic BTN3A1 variant ultimately also resulted 
in a significantly higher activation of Vγ9Vδ2TCR T cells upon PAM (Figure 3D and 3E). It 
has been shown that RhoB intracellular interaction and BTN2A1 heterodimerization in 
the cell membrane with BTN3A1 is a crucial spatial orchestration step in tumor cells that 
enable Vγ9Vδ2TCR full activation upon pAg accumulation16,28. In order to understand 
whether phosphorylation mimicking of here-investigated residues is required for 
BTN3A1 membrane orchestration, we performed FRET measurements that showed that 
phospho-deficient BTN3A1 is unable to interact with both BTN2A1 and RhoB (Figure 3F) 
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suggesting an important role of JTM phosphorylation of BTN3A1 in enabling Vγ9Vδ2TCR 
full activation.  

Interactome platform identifies potential BTN3A1-proximate proteins 
involved in Vγ9Vδ2TCR-induced tumor targeting 

Since PAM-dependent spatial changes in BTN3A1 are a hallmark for tumor recognition 
by Vγ9Vδ2TCR, we further looked now at which PAM-induced spatial changes of protein 
complexes can be identified in the close proximity of BTN3A1. We set up an interactome 
pipeline to identify PAM-induced molecular complexes in the proximity of BTN3A1 that 
are exclusively related to Vγ9Vδ2TCR activation (Figure 4A). As first step, we made use 
of Proximity-dependent biotin identification (BioID) approach29 by overexpressing 
BTN3A1 fused to bacterial biotin ligase BirA* to its the C-terminus in HEK293F cells. Cells 
were treated with 100 µM PAM and 50 µM biotin for 24h, which led to biotinylation of 
BTN3A1-close proteins (Supplementary Figure 4A and B), after which cells were lysed 
and biotinylated proteins were pulled down using streptavidin beads. Identification of 
proteins was done by mass spectrometry analyzing quadruplicate samples, which 
resulted in a list of 60 candidate proteins including 31 hits under no treatment, 19 upon 
PAM treatment and 10 hits that occurred upon both conditions (Supplementary Figure 
4C). 

In order to determine if candidate proteins play a physiological role in tumor targeting 
by Vγ9Vδ2TCR T cells, we knocked down each candidate protein in HEK293F cells using 
siRNAs and used these cells as target against Vγ9Vδ2TCR T cells in the presence of PAM 
(Supplementary Figure 5A). We used the same target cells also against Wilms tumor 1 
specific (WT-1) αβTCR T cells after loading with WT-1 peptide in order to exclude that 
candidate proteins are not involved in general T cell-target cell interactions 
(Supplementary Figure 5B). The effect of individual siRNA knock-down of candidate 
proteins was also confirmed in renal cell carcinoma cell line MZ1851RC (Supplementary 
Figure 5C). The summary of these knock-down experiments is shown in Figure 4B, which 
suggested that 5 candidate proteins, including PHLDB2, PKP2, SYNJ2, CARMIL1 and 
PA2G4 may play a role in the PAM-dependent activation of Vγ9Vδ2TCR T cells, as 
additional modulators of the BTN3A1-RhoB axis.  
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Figure 3. Phopshosites of juxtamembrane region of BTN3A1 affect Vγ9Vδ2TCR T cells target recognition. 
(A) Previously published proteomic data including phospho-S/T/Y as variable modification on lysine 
identifies potential BTN3A1 phospho-sites enriched after PAM treatment. (B) Phospho-deficient and 
phospho-mimic mutated of S296 and T297 are reconstituted in BTN3A deficient HEK293FT cells together 
with wt BTN3A2. Surface expression of BTN3A1 was measured by using an anti-CD277 antibody. (C) 
BTN2A1 surface expression was determined using Vγ9Vδ2TCR-tetramer binding. (D) IFNγ production of 
Vγ9Vδ2TCR T cells was measured upon co-culture with either the Phospho-deficient or the phospho-
mimic mutated HEK293FT cells. (E) CD107a degranulation of Vγ9Vδ2TCR T cells was measured upon co-
culture with either the Phospho-deficient or the phosphor-mimic mutated HEK293FT cells. (F) FRET 
measurement was performed between phospho-mutated variants of BTN3A1 and both, RHOB and 
BTN2A1-HA 
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Figure 4. BioID identifies BTN3A-interacting proteins involved in T-cell tumor targeting. (A) Schematic 
representation of the BTN3A1 proteome characterization pipeline. (B) Genes as indicated have been 
transiently knocked-down using siRNA. After 48h Vγ9Vδ2TCR T cells and 100 µM PAM were added. After 
overnight co-culture INFγ production of Vγ9Vδ2TCR T cells was measured. (C) Protein expression on 
5 different targeted tumor cell lines was determined in the absence and presence of PAM by Western 
Blot, expression differences (PAM vs no PAM) as ratio are depicted in the figure. (D) Protein expression 
was determined using western blot analysis on either wild type HEK293 cells or HEK293 BTN3A-KO cells 
in the presence or absence of 100 µM PAM. 
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Novel protein interactome linked to BTN3A1 and RHOB in PAM-treated 
tumor cells  

We wondered if PAM-induced spatial rearrangements of BTN3A1-related proteins as 
observed with BioID-tagging could partially be the result of post-transcriptional or post-
translational regulation of proteins in tumor cells. Therefore, we assessed changes in 
protein expression upon PAM treatment in a panel of Vγ9Vδ2TCR-activating tumor cell 
lines including breast cancer line MDA-MB 231, HEK293FT, renal cell carcinoma cell line 
MZ1851rc and head and neck cancer cell line SCC9 by performing Western blot analysis. 
We found that PAM treatment induced a significant increase of RhoB and SYNJ2 
expression and decrease of PHLDB2 protein expression in all tested cell lines in the 
presence of PAM (Figure 4C and Supplementary Figure 5D). While BTN3A1 does not 
serve as direct ligand to Vγ9Vδ2TCR but its knock-out in tumor cells abolishes 
Vγ9Vδ2TCR activation30, we wondered if the expression of these proteins are dependent 
on expression of BTN3A. We compared protein expression in HEK293FT wt and 
HEK BTN3 KO cells in the presence and absence of PAM of the newly identified proteins 
and observed partial loss of expression of SYNJ2, suggesting its expression is partially co-
regulated with BTN3A1 (Figure 4D).  

To further map how BTN3A interaction dynamics occur with candidate proteins in a 
PAM-dependent manner, we analyzed co-localization between BTN3A membrane 
clusters and each of the candidate proteins using confocal microscopy in MZ1851rc cells. 
Examples of the region of interest selections and representative images are shown in 
(Supplementary Figure 6A and B). We found that while PHLDB2 moves out of, SYNJ2 
and CARMIL1 moves into BTN3A membrane clusters upon PAM treatment within the 
range of approximately 200 nm, while CARMIL1 remains highly enriched in these BTN3A 
membrane clusters with or without PAM (Figure 5A). For the rest of the analysis, we 
narrowed down our focus on PHLDB2, SYNJ2 and CARMIL1 for two reasons: 1) the 
expression and cellular localization of PHLDB2 and SYNJ2 correlated significantly with 
that of BTN3A and 2) CARMIL1 gene is situated on chromosome 6 in close proximity to 
the BTN genes. To confirm if PHLDB2, SYNJ2 and CARMIL1 truly interact with BTN3A1 in 
tumor cell membranes we studied interaction at higher resolution measured by 
Proximity ligation assay (PLA) which is able to visualize protein interactions within 
approximately 40 nm. Similarly to the previously described small GTPase RHOB 16, SYNJ2 
showed a significant PAM-dependent interaction with BTN3A1. PHLDB2 showed no 
significant interaction with BTN3A1 while CARMIL1 showed a tendency to interact with 
BTN3A1 only upon PAM treatment (Figure 5B and Supplementary Figure 6C). This 
suggests that PHLDB2, SYNJ2 and CARMIL1 are next to RHOB involved in orchestrating 
PAM-induced cytoskeletal rearrangements in tumor cells that is a prerequisite for spatial 
and conformational changes in BTN3A1 leading to Vγ9Vδ2TCR T cell activation.
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Figure 5. Candidate proteins differentially colocalize with BTN3A in membrane clusters. (A) MZ1851rc 
cells were treated overnight with either 0µM or 100µM PAM. Afterwards, cells were fixed, permeabilized, 
and stained for all of the indicated candidate interacting proteins and BTN3A1. Bars indicate mean +/-
SEM. Statistical significance of differences between no PAM and PAM conditions were determined using 
unpaired parametric T-tests. All analyses were performed blinded to sample conditions. (B) MZ1851rc 
cells were either treated overnight with 100µM PAM or left untreated. Subsequently, cells were fixed and 
permeabilized. A DuoLink

TM
 proximity ligation assay (PLA) was performed to assess interaction between 

CD277 and either PHLDB2, SYNJ2, or CARMIL1 respectively. Each condition was paired with a technical 
control (C) constituted by leaving out one of the primary antibodies. All the technical control samples 
were pulled together to form the control condition. Multiplicity adjusted P-values were calculated using 
a two-way ANOVA with Tukey’s multiple comparison test. Bars indicate mean +/-SEM. (C) IFNγ production 
of Vγ9Vδ2TCR T cells after co-culture with AKPS CRC organoids knocked out for PHLDB2, SYNJ2 and 
CARMIL1, respectively in the presence of 100 µM PAM. (D) Granzyme B production of Vγ9Vδ2TCR T cells 
after co-culture with KO-variants of AKPS mutant organoids knocked out for PHLDB2, SYNJ2 and CARMIL1 
with the presence of 100 µM PAM.  
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PHLDB2, CARMIL1 and SYNJ2 affect Vγ9Vδ2TCR targeting in CRC   

In order to demonstrate that the here-identified BTN3A1-network is significant for the 
immunosurveillance of Vγ9Vδ2TCR T cells in a clinically more relevant setting, we 
knocked out the individual candidate genes in AKPS mutant organoids using CRISPR/Cas 
system and tested Vγ9Vδ2TCR T cells reactivity against them. KO of each individual 
genes similarly reduced both IFNγ production and direct tumor killing of Vγ9Vδ2TCR T 
cells in response to AKPS mutant organoids (Figure 5C and D).  

 

 

Figure 6. Graphical Abstract 
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Discussion 

Despite the growing interest in Vγ9Vδ2T cells and their anti-tumor potential and the 
research aiming to resolve the unknown mechanisms of induction and regulation of this 
anti-tumor effect, there are still many mysteries to resolve. One of them being how 
tumor recognition is being triggered, and another how it is exactly regulated.   

Here, we have demonstrated that Vγ9Vδ2TCR T cells can sense earliest transformational 
alternations in cells that are driven by single mutations of a variety of oncogenes. We 
show that AKT phosphorylation and mTOR activity via enhanced PI3K activity in 
transformed cells results in enhanced BTN2A1 surface expression, a known ligand for 
the gamma chain of Vγ9Vδ2TCR14,28, and thereby making early transformed cells 
susceptible for Vγ9Vδ2TCR recognition. However, we show that in order to achieve full 
activation of T cells via the Vγ9Vδ2TCR, an additional, parallel step is required that 
involves Increased levels of intracellular phosphoantigens, which can be induced by 
aminobisphosphonates, like Pamidronate (PAM). We could link this to phosphorylation 
of the juxtamembrane (JTM) region of BTN3A1. These steps together result in a tightly 
regulated composition of membrane expressed BTN2A1 and BTN3A1 which is fed by a 
constant intracellular protein pool. While intracellular pAg-induced changes in total 
expression of BTN proteins were  minimal, we found a series of spatial rearrangements 
directly related to BTN3A1, a crucial yet controversial player in Vγ9Vδ2TCR immunity. 
Through mapping of the BTN3A1-RHOB axis we identified three novel functionally 
relevant proteins that showed PAM-dependent spatial dynamics, CARMIL1, SYNJ2, and 
PHLDB2.  

Our data, in line with previous findings11,13,28 imply that BTN2A1 and BTN3A1 membrane 
expression dynamics are tightly regulated together in human cells. It has been previously 
suggested that various pathways including AMPK19 or EBV-induced activation of JNK31 
can influence BTN surface expression by enhancing transcription of BTN2A1 and BTN3A. 
In contrary, we found the total BTN2A1 protein pool does not differ between healthy 
and transformed cells, however, in healthy cells we found no or low surface expression. 
And despite the contribution of these studies to better understand regulation of 
Vγ9Vδ2T cell targeting, it is still unknown at what stage of tumorigenesis exactly 
Vγ9Vδ2T cells begin to recognize and eliminate transformed cells.  

In this study, we show that single mutations that induces higher PI3K activity were 
sufficient to allow expression of BTN2A1 at the cell membrane and to enable binding of 
the gamma chain of the Vγ9Vδ2TCR. BTN2A1 surface expression was solely dependent 
on the onset of the PI3K pathway and was also not lost during later cancer stages 
suggesting that Vγ9Vδ2TCR-based therapies would preferentially target tumors with 
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oncogenic mutations promoting PI3K activity, even at very early stages of malignant 
transformation.  

While PI3K activity directly affects re-localization of BTN2A1 to the cell membrane, 
BTN3A1 surface expression remained unaffected by this oncogenic offset. However, we 
show that the upregulation of BTN2A1 on the cell surface is insufficient to fully activate 
Vγ9Vδ2TCR T cells, but that accumulation of intracellular pAg are required. 
Dysregulation of the mevalonate pathway, a frequent hallmark of malignant 
transformation32 leads to this accumulation, and it can be further boosted by the 
administration of aminobisphosphonates (ABP), like Pamidronate (PAM). Therefore, the 
oncogenic-regulated translocation of BTN2A1 to the cell surface and subsequent binding 
of pAg to the B30.2 domain of BTN3A1 upon ABP treatment, eventually leads to 
heterodimerization of BTN2A1 and BTN3A1 and ultimately to TCR binding and 
activation. Interestingly, in contrast to the previously mentioned JNK pathway, which is 
a downstream signaling pathway of PI3K/AKT33, AMPK and AKT are often seen to act as 
antagonists in regulating autophagy and apoptosis34,35, however, it has been shown that 
under certain conditions, e.g. cancer, activation of AMPK, especially via AMPK-activator 
AICAR, can also activate AKT36,37 and mTORC238, and vice versa, inhibition of AMPK via 
compound C reduced AKT activity36. It is also possible, that for the initial trigger, BTN2A1 
surface expression, an oncogenic PI3K-activating mutation is necessary, but that further 
regulation and enhancement can be achieved by other pathways, such as AMPK.  

The fact that not only artificial organoids mutated for all tumor associated genes, but 
also patient derived colorectal organoids are recognized by Vγ9Vδ2TCR cells shows that 
these molecular rearrangements are preserved during tumor development. Since we 
show that depletion of PI3 kinase activity and in particular AKT phosphorylation and 
mTOR activity in tumor cells impairs Vγ9Vδ2TCR reactivity implies that targeted 
therapies acting on the PI3K pathway should be carefully designed as they might 
interfere with endogenous innate responses against the tumor. On the other hand, PI3K 
activation in cancer patients, next to PAM treatment, might provide a new avenue to 
possibly sensitize tumors for Vγ9Vδ2TCR-driven attack. When combining the knowledge 
from these studies with next generation engineering strategies such as TEGs20,22 and 
Gamma delta TCR anti-CD3 bispecific molecules (GABs)12 might employ full potential of 
how to maximize targeting potential via Vγ9Vδ2TCRs.  

We now propose that BTN2A1/BTN3A1 surface dynamics are regulated by spatial 
rearrangements of so-far unknown intracellular modulators of Vγ9Vδ2TCR targeting. In 
this study we established a detailed ABP-dependent interactome of BTN3A1-related 
proteins using various protein proximity techniques that resolved spatial interaction 
hierarchies among the studied proteins. Out of 60 proteins, three showed a PAM-
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dependent, differential co-localization pattern with BTN3A1 and were shown to directly 
modulate activation of Vγ9Vδ2TCR T cells. PHLDB2 was found, as the only protein of all 
candidates to occupy BTN3A1-proximity membrane clusters without showing 
detectable direct close interaction with BTN3A1. Furthermore, it dissociates from these 
clusters once PAM is present, suggesting a complementary role in regulating the 
formation of PAM-induced protein aggregations, with PHLDB2 at low intracellular pAg 
levels possibly preventing the accumulation of BTN protein membrane clusters as also 
suggested by others39,40.  

During early transformation events such as single mutations in oncogenes, rise of 
intracellular pAg levels leads to activations of the small GTPase RHOB. Active RHOB 
relocates to the cell membrane in the vicinity of BTN3A1 dimers as we have shown 
before16. Similarly to Rac1, another small GTPase closely linked to RHOB, active RhoB 
might cause relocalization of SYNJ2 from the cytosol to the cell membrane upon PAM 
stimulation41. SYNJ2, being enriched in larger size clusters but also in direct interaction 
with BTN3A1 in the presence of PAM leading to a PAM-induced protein aggregation 
close to BTN3A1. The phosphoinositode-5 phosphatase SYNJ2 has been shown to be  
involved in actin-based cytoskeleton dynamics42,43 and furthermore has also been 
implicated in vesicle trafficking44, suggesting a role in BTN3A1 recycling11. 

Like SYNJ2 and PHLDB2, also CARMIL1 most likely accommodates the formation of 
cytoskeletal rearrangement45 and might altogether enable stabilized BTN2A1-BTN3A1 
dimers in an immunological synapse on the tumor cell surface.  While we found prove 
on multiple levels for co-localization or interaction with BTN3A1 in a PAM-dependent 
manner with CARMIL1, SYNJ2 and PHLDB2, their relationship to BTN2A1 remains 
unclear. Like AKT1, PHLDB2 contains a PH-domain, which has a high affinity to 
membrane-bound PIP339, an oncogenic product by PI3K46. Therefore, a role of PHLDB2 
in recruitment of BTN proteins to the cell membrane is not excluded and needs to be 
further investigated.  

However, refining cytoskeletal rearrangements and regulating the surface expression 
dynamics of BTN2A1 and BTN3A1 to allow early formation of proper immunological 
synapses might be their most important role in Vγ9Vδ2T cell activation. Importantly, 
these events are activated at very early stages of tumor formation and therefore sensed 
by Vγ9Vδ2TCR T cells, indicating, that Vγ9Vδ2T cells could play a crucial role in 
recognizing very subtle changes in normal tissue, that later possibly leads to tumor 
formation. Regardless of the physiological implication during early tumor development 
and cancer immune surveillance, this mechanism is independent on high mutational 
tumor load and would, once combined with phosphoantigens, open a novel avenue 



 PI3K-AKT1-mTOR activity and BTN3A1 phosphorylation are required for early cancer immune 
surveillance via Vγ9Vδ2TCR T cells 

 
45 

3 

towards treating many tumors where current immune therapies fail and have major 
implication for all Vγ9Vδ2TCR based immune therapies.   

Recently, pAg were shown to act as glue between BTN molecules BTN2A1 and BTN3A1 
to activate Vγ9Vδ2T cells18, and previously, the juxtamembrane (JTM) region have been 
identified as being sensitive for translating pAg-induced inside-out-signaling17,47. We 
have now identified two amino acids that are likely to be phosphorylated specifically 
upon PAM treatment. Phosphorylation of these sites led to lower BTN3A and higher 
BTN2A1 surface expression and was associated with higher IFNγ production by 
Vγ9Vδ2TCR T cells upon co-culture. Furthermore, our data suggests that 
phosphorylation of JTM BTN3A1 sites promotes interaction with RhoB and 
heterodimerization of BTN3A1 and BTN2A1 which will ultimately stabilize BTN2A1 at the 
cell surface and further increase in membrane surface clusters that altogether will form 
immunological synapses that enable proper T cell activation. These events are not only 
present in very early transformation events but likely also preserved in late stages of 
tumors, since colorectal organoids mutated for all four colon cancer associated 
oncogenes are equally recognized by Vγ9Vδ2TCR T cells as single APC mutated ones.  

In summary, we show that during early mutagenesis hallmarks for the recognition of a 
cell through Vγ9Vδ2TCR are induced such as BTN2A1 surface upregulation and RhoB 
relocalization. We found activated PI3K pathway in single oncogene mutated tumors 
and phosphorylation of BTN3A1 JTM region as two independent mechanism that drive 
immunogenicity of Vγ9Vδ2TCRs. We identified three novel key players that affect 
BTN2A1 surface expression and directly regulates BTN3A1 dynamics on the cell surface. 
These findings do not only shed light in the role of Vγ9Vδ2T cells during early cancer 
immune surveillance but have also great implication for all Vγ9Vδ2T cell based immune 
therapies.  
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Methods 

Antibodies. The following antibodies were used: Anti-CD277/BTN3A Alexa Fluor 647 
(FAB7316R, Clone 849203), Anti-CD277/BTN3A PE MAb (FAB7316P, Clone 849203), anti-
CD277/BTN3A (clone 20.1, LSC106569), pan-γδTCR PE (IMMU510, B49176), Granzyme 
B APC (QA16A02, 372204), CD107a PE (H4A3), CD8a PerCP-Cy5.5 (RPA-T8, 301032), anti-
RhoB mouse monoclonal (C-5, sc-8048), anti-RhoB rabbit polyclonal (abcam, ab170611), 
anti-CD3 (clone: OKT3), Goat-anti-Rabbit AF488 IgG (H+L), anti-Rabbit AF488 Fab 
fragment, Goat-anti-Mouse AF488 IgG (H+L), anti-LRRC16A/CARMIL1 Rabbit polyclonal 
IgG (NBP1-91221), anti-PHLDB2 Rabbit polyclonal IgG (NBP2-38238), anti-CASKIN1 
Rabbit polyclonal IgG (HPA055990), anti-HNRNPC mouse monoclonal IgG (AMAb91010), 
anti-PKP2 Rabbit polyclonal IgG (PA553144), anti-ANKRD26 Rabbit polyclonal IgG 
(PA559240), anti-VPS13A Rabbit polyclonal IgG (PA554483), anti-TANC1 Rabbit 
polyclonal IgG (PA557797), anti-SDK2 Rabbit polyclonal IgG (ABIN1386438), anti-NBEA 
rabbit Polyclonal IgG (HPA040385), anti-PA2G4 Mouse monoclonal IgG (ABIN518579), 
anti-SYNJ2 Rabbit polyclonal IgG (PA556784). Rabbit mAb ERBB2 (29D8) (1:1,000; 
#2165; Cell Signaling Technology), rabbit mAb AKT (1:1,000; #9272; Cell Signaling 
Technology), rabbit Phospho-AKT Ser473 (1:1,000; #9272; Cell Signaling Technology), 
rabbit mAb Phospho-AKT Thr308 (D25E6) (1:1,000; #13038; Cell Signaling Technology), 
Rabbit mAb P44/42 MAPK (Erk 1/2) (137F5) (1:1,000; #4695; Cell Signaling Technology), 
rabbit mAb Phospho-MAPK (Erk 1/2 Thr202/Tyr204) (D13.14.4E) (1:1,000; #4370; Cell 
Signaling Technology, mouse mAb GAPDH (1;5000, G8795, MERCK/Sigma-Aldrich). 

Cell and patient derived organoid culture. HEK293FT, MDA-MB-231, MZ1851rc, HT29, 
SKBR-3, Caco-2, HL-60, Phoenix-ampho and MCF10a cells lines were cultured in 
DMEM+GlutaMAX with 10% fetal calf serum (FCS) and 1% Penicillin-Streptomycin. Daudi 
cells were cultured in in RPMI-GlutaMAX with 1% Pen/Strep and 10% FCS. MCF10A cells 
were cultured in DMEM/Ham’s F-12 (Gibco) supplemented with, 1% 
Penicillin/Streptomycin (Gibco), Ala-Gln (Ultra-Glutamine) (Gibco), 5% heat-inactivated 
horse serum (Lonza), 0.01 mg/ml insulin (Gibco), 500 ng/ml hydrocortisone (Sigma), 
100ng/ml cholera toxin (Sigma), 20 ng/ml epidermal growth factor (EGF) (Peprotech). 
Cell lines were routinely tested for mycoplasma and STR type verified by eurofins. 
PBMCs were isolated from buffy coats using ficoll-paque obtained from the Blood bank 
Sanquin. Colon organoids were established and cultured as previously described48. 
Before co-cultures, organoids were recovered from the BME using TrypLE express.  

Generation of engineered T-cells. γδTCR and HER2 CAR T-cells were generated as 
previously published22. In short, Phoenix-ampho cells were transfected with env (COLT-
GALV), gag-pol (HIT60) and pBullet retrovirus constructs containing either both TCR 
chains or the HER2 CAR sequence. Pre-activated T-cells were subsequently transduced 
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twice with the viral supernatant of these cells with polybrene. Transduced T-cells were 
isolated and expanded using a rapid expansion protocol. 

Viral transduction MCF10a. pBABE-Puro retroviral vector (EV) and pBABE-Puro vectors 
carrying ERBB2 wild-type and mutants were co-transfected independently with pUMVC 
(Addgene #8449) and VSV-G (Addgene #8454) retroviral packaging plasmids into HEK-
293T cells using PEI-transfection. Medium was refreshed after 24hrs and viral 
supernatant was collected 48hrs and 72hrs after transfection. Viral particles were added 
to low passage MCF10A cells and incubated overnight. Twenty-four hours following 
transduction, MCF10A cells were selected using 2 µg/ml Puromycin (Gibco) for two days. 
Gene transduction and protein expression were validated using western analysis. 
Established cell lines were immediately expanded and cryopreserved in low passage 
aliquots. 

Plasmids. Retroviral pBabe-Puro plasmids were purchased from Addgene: ERBB2 
(#40978), ERBB2::S310F (#40991), and ERBB2:: A775_G775insV, G776C (V777E) 
(#40979). All plasmids and mutations were verified by Sanger Sequencing. 

BioID. pcDNA3.1 MCS-BirA(R118G)-HA was a gift from Kyle Roux (Addgene plasmid # 
36047; http://n2t.net/addgene:36047; RRID:Addgene_36047). The DNA sequence of 
BTN3A1-BirA(R118G)-HA has been subcloned into pBullet retrovirus constructs. 
Phoenix-ampho cells were transfected with env (COLT-GALV), gag-pol (HIT60) and 
pBullet retrovirus constructs containing BTN3A1-BirA(R118G)-HA constructs. HEK293FT 
cells were subsequently transduced twice with the viral supernatant of these cells with 
polybrene. Transduced cells were selected using 2,5 mg/ml G418. Expression was 
confirmed by confocal microscopy. The preparation of the samples for analysis by LS-
MS followed the protocol by Roux et al 29,49. In short, HEK293FT WT or BTN3A1-
BirA(R118G)-HA expressing cells were 50 µM Biotin alone or 50 µM Biotin and 100 µM 
Pamidronate. Cells were lysed and sonicated to generate whole cell lysates. Biotinylated 
proteins were pulled down using streptavidin-magnetic beads and samples were then 
analyzed by LS-MS. Each condition was prepared as quadruplicate.  

Western Blot. Cell lines were seeded in a 10 cm dish overnight to confluency. Cells were 
rinsed with ice cold PBS and lysed with lysis buffer containing 1% NP-40, 150 mM NaCl, 
20 mM Tris HCl pH 7,6 and protease inhibitors (complete, Roche, #11873580001). 
Protein concentration was determined using Pierce BCA Protein Assay Kit - Rapid Gold 
(Fisher Scientific, #15776178) and 5 µg total protein was loaded on each lane of a Mini 
Protean TGX Gel (BioRad, #4561093) together with a standard (WesternC, BioRad, 
#1610376) and run at 140V. The protein was then transferred to a 0.2 µm nitrocellulose 
membrane (BioRad, #1704158) using Trans-Blot Turbo System. The membrane was 
incubated in blocking buffer (PBS-T + 5% BSA for 1h at RT, washed three times with PBS-
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T (0,1% Tween) and incubated overnight on a rotator with the respective primary 
antibodies as indicated. After three times washing with PBS-T at RT, membranes were 
incubated with the respective secondary antibodies for 1h at RT on a rotator. After final 
washings, membranes were developed using the ECL Kit and measured.  

Inhibitors. The following inhibitors were used in this study; PI3K inhibitor GDC-0941 
(Pictilisib) (SelleckChem, #S1065), pan-AKT inhibitor MK2206 (SelleckChem, #S1078), 
MEK inhibitor AZD6244 (Selumetinib) (SelleckChem, #S1008), mTORC 1 inhibitor 
Rapamycin (Sirolimus) (SelleckChem, #S1039), mTORC 1 / 2 inhibitor Torin 1 
(SelleckChem, #S2827). 

Stimulation assays. 50.000 tumor cells were co-cultured overnight at 37ºC in a round-
bottom 96-well plate (Nunc, Thermo-Fisher Scientific) with 50.000 Vγ9Vδ2-expressing T 
cells (TEGs) or HER2 CAR expressing T cells in RPMI-GlutaMAX medium, containing 
pamidronate as indicated. Furthermore, for the inhibitor experiments tumor cells were 
pre-treated overnight with either PI3K (Pictilisib, GDC-0941), AKT (MK2206), MEK 
(Selumetinib, AZD6244) inhibitors, Rapamycin or Torin. Before co-culture cells were 
washed twice with fresh RPMI medium and afterwards adjusted to 50.000 cells in 100 
µL RPMI culture medium. After co-culture, 100µL supernatant was used for INF-γ 
detection using the InvitrogenTM eBioscienceTM human IFN-γ ELISA kit ready-set-go by 
following the manufactures protocol42.  

Flow Cytometry. Cells were counted and 200.000 per condition were put in a FACS tube, 
after which 1mL FACS buffer (PBS, 1% Na-azide) was added and tubes spun down at 
1500RPM for 5 min. Supernatant was discarded and, for the tetramer and bead stainings 
with soluble TCRs, cells were incubated with tetramer/bead solution for 30 minutes at 
RT. Cells are washed with PBS and subsequently, 20µL of the antibody mixture in FACS 
buffer was added to each well, after which cells were resuspended and incubated for 
30min at RT. 1mL FACS buffer was added to each well and cells were spun down at 
1500RPM for 5 min, supernatant removed and resuspended in 1mL FACS buffer and 
spun down again at 1500RPM for 5 min. Finally, supernatant was removed and 150µL 
1% PFA was added. Samples were measured on a FACSCanto 2 (BD bioscience) using 
FACSDiva software.  

Intracellular staining and colocalization analysis. MZ1851rc cells were seeded in a 16-
well Nunc Lab-TekTM chamber at 1500 cells per well in 200µL cDMEM and cultured for 
76h at 37ºC, 5% CO2 in a wet chamber (petri dish + wet paper cloth). Medium was 
removed and 200µL cDMEM with 100µM pamidronate (PAM) (where indicated) was 
added to the wells. After 24h incubation, cells were washed with PBS and subsequently 
fixed with 4% paraformaldehyde (PFA) for 15min at RT. Cells were permeabilized for 
10min using either 100% ice-cold methanol, 0.3% Triton X100 in PBS, or 0.1% saponin in 
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PBS (changed protocol over time, saponin seems to work best) at RT. Sample blocking 
was performed by incubating wells for 1h at RT with blocking solution (PBS, 5% Pooled 
human serum (HuS),  1% BSA, 1% Na-azide + either 0.3% Triton X-100 or 0.1% saponin). 
Primary antibodies diluted in antibody dilution buffer (PBS, 1% BSA, 1% Na-azide + either 
0.3% Triton X-100 or 0.1% saponin) were added to the wells and were incubated either 
1h at RT, or overnight at 4ºC. Cells were washed 3x with PBS and secondary antibody 
diluted in antibody dilution buffer was added and incubated either 1h at RT, or overnight 
at 4ºC. Finally, the chamber gasket and any glue residue was removed from the well 
chamber using a sterile tweezer and surgical blade, some Prolong Diamond Antifade 
mountant with DAPI was added and a coverglass applied. Before imaging, any leftover 
residue was removed with a Kimwipe and slide was kept in a dark place for at least 
30min. Imaging was performed on a Zeiss LSM710 confocal laser scanning microscope 
using a 63x 1.40 oil immersion objective. Analysis of pictures was done blinded to 
conditions using VolocityTM image analysis software (PerkinElmer) by selecting areas of 
interest on membrane clusters of BTN3A, and determining the Pearson’s correlation 
coefficient. Representative images were made using ImageJ software (NiH).  

Animal models. NSG mice were administered total body irradiation of 1.65 Gy on day -
1. AKPS mutated PDOs were injected subcutaneously in the right flank on day 0. On day 
1 and 7, 107 TEG-001 or TEG-LM1 cells were administered intravenously in pamidronate 
(10 mg/kg body weight). Next to T-cell administration, 0.6 × 106 IU of IL-2 in incomplete 
Freund’s adjuvant was injected subcutaneously at day 1 as described in50. 
Bioluminescence was used to weekly monitor PDO outgrowth over time. 

Proximity ligation assays. DuolinkTM PLA Fluorescence protocol was followed.41 Duolink 
Plus and minus probes and detection reagents orange were obtained from Merck. 
MZ1851rc cells were seeded in a 16-well Nunc Lab-TekTM chamber (Thermo-Fisher 
Scientific, Nunc) at 15000 per well per 200µL cDMEM and cultured for 76h. afterwards, 
medium was gently removed and 100µM pamidronate in cDMEM was added where 
indicated and incubated overnight. Wells were washed 1x with PBS and fixed with 4% 
PFA for 15min at RT. Wells were washed 3x with PBS and permeabilized using 0.1% 
saponin in PBS for 15min at RT. Wells were blocked using Duolink blocking buffer and 
primary antibodies diluted in Duolink PLA diluent were added to the wells and incubated 
for 1h at RT in a humidity chamber (empty pipette tip box with elevated plateau covered 
in parafilm for slide to sit on, water around it). Wells were washed 2x with 1x wash buffer 
A (Merck) and incubated for 1 hour at 37ºC in a wet chamber with 35µL/well of Duolink 
min/plus PLA probe mix (anti-mouse-plus, anti-rabbit-minus). Wells were washed 2x 
with 1x wash buffer A and incubated with 35µL/well Duolink ligation buffer with 1:40 
Ligase enzyme added from freezing block and incubated for 30 min at 37ºC in a wet 
chamber. Wells were washed 2x with 1x wash buffer A again and incubated with Duolink 
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Orange amplification buffer with 1:80 polymerase enzyme added from freezing block 
and incubated for 100min at 37ºC. Finally, wells were washed 2x with 1x wash buffer B 
(Merck) for 10min and 1x with 0.01x wash buffer B for 1 min. All remaining buffer was 
discarded and further preparation of the slide was done in the same way as described 
for intracellular staining. Imaging was performed on a Zeiss LSM710 confocal laser 
scanning microscope using both a 20x objective or a 63x 1.40 oil immersion objective. 
PLA clusters per image and number of nuclei were determined using VolocityTM image 
analysis software (PelkinElmer). 

Fluorescence Resonance Energy Transfer (FRET). To study direct interaction between 
proteins upon phosphoantigen accumulation, HEK293T cells expressing phospho-
variants of BTN3A1 were first dissociated using Trypsin-EDTA, transferred into a FACS 
tube and resuspended in complete DMEM. The cells were then treated with 100 μM 
PAM for 1 hour at 37°C and washed with FACS buffer (PBS, 1% Na-azide). After that, the 
cells were blocked with PBS containing 5% BSA for 15 minutes and then incubated for 
30 minutes at room temperature with an antibody conjugated with the donor 
fluorochrome at 100μl staining volume. Cells were washed once and then split into two 
samples: donor and donor+acceptor. Donor samples were incubated with FACS buffer 
and donor+acceptor samples were incubated for 30 minutes at room temperature with 
an antibody conjugated with the acceptor fluorochrome at 50μl staining volume. After 
washing with FACS buffer twice, samples were fixed with 1% PFA. The donor 
fluorescence was measured using a FACS Canto-II flow cytometer (BD Biosciences) 
where donor fluorescence of the donor+acceptor (double stained) samples was 
compared with the one of the samples labeled only with donor antibody. FRET efficiency 
was calculated from the fractional decrease of the donor fluorescence in the presence 
of the acceptor. Background noise in the donor fluorescent channel due to spectral 
overlap with different fluorescence channels was excluded from the calculations, by 
subtracting the measured mean fluorescence intensity (MFI) on unlabeled and single 
stained samples from the MFI of the donor and donor+acceptor samples respectively. 
The centrifugation steps during washes were done at 1500RPM for 5 minutes and the 
antibodies were diluted in FACS buffer. The samples stained with antibodies conjugated 
to Alexa Fluor 594 were validated for proper staining by remeasurement using an LSR 
Fortessa cell analyzer (BD Biosciences). 

Generation of HEK-293FT phospho-variants. For the generation of the cell lines stably 
expressing BTN3A1 phosphovariants and BTN3A2, the BTN3A1-Flag as well as the 
BTN3A2 sequence were codon optimized, custom synthesized and cloned in pBullet-
IRES-puro plasmid vectors. The retroviral particles produced by transfection in Phoenix 
ampho cells were generated with the same procedure used to generate TEGs. The viral 
supernatant from the Phoenix ampho cells was used to transduce the HEK 293T BTN3KO 
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cell line. 48 hours post-transduction 1.5 μg/mL of puromycin was supplemented to the 
culture medium for antibiotic selection and it was carried out until the control 
(untransduced) cell line died completely. 

Software used. Office 2016 (Microsoft), Illustrator CS6 / Illustrator 2019 (Adobe 
systems), Zen 2009 / 2012 (Zeiss), ImageJ (NiH), Volocity image analysis software 
(PerkinElmer), GraphPad Prism 8, Microplate Manager (Bio-Rad), FACSDiva (BD 
Biosciences). 
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Supplementary Data 

 

Supplementary Figure 1. TEG targeting of APC and AKPS. (A) IFNγ production by Vγ9Vδ2TCR T cells after 
co-culture with wt, APC and APKS CRC organoids at various target:effector ratios in the presence of 100uM 
PAM. (B) CD107 degranulation of Vγ9Vδ2TCR T cells after co-culture with wt, APC and APKS CRC organoids 
at various PAM concentrations. (C) NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice were injected 
subcutaneously in right-flank with 250,000 cells AKPS CRC organoid (suspended in culture media and 
Matrigel with 1:1 ratio) on Day 0 followed by intravenous injection of either PBS (untreated control), 107  
TEG001 or TEG-LM1 cells on Day 1 and 6 (n =7 mice; indicated by arrows). Overall survival of tumor-
bearing mice was recorded for 130 days. Statistical significance was calculated by log-rank (Mantel-Cox) 
test, * P <0,05.  
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Supplementary Figure 2. Addition of PI3K inhibitor consistently reduces BTN2A1 surface expression, but 
not BTN3A surface expression, in various tumor cell lines. (A) MCF10a wt (healthy) and ErbB2/HER2 
mutants were co-cultured overnight with HER2 CAR-T cells. IFNγ expression was evaluated with IFNγ 
ELISA. (B) BTN2A1 surface expression was determined by Vγ9Vδ2TCR-tetramer binding relative to control-
tetramer binding after pre-incubation with PI3K inhibitor. (C) BTN3A surface expression was measured 
using a CD277-AF467 antibody after pre-incubation with PI3K inhibitor. 
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Supplementary Figure 3. Total expression of BTN3A1 phosphor-variants. Western blot analysis of HEK-
293 BTN3A1 KO cells reconstituted with either wt BTN3A1 of with phospho-variants of BTN3A1 using anti-
FLAG antibody.  
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Supplementary Figure 4. Expression of BTN3A1-BirA* of candidate protein. (A) Representation of 
differentially expressed genes between AKPS CRC organoids incubated either with or without 100uM 
PAM. (A) HEK-293F cells were transfected with BTN3A1-BirA fusion plasmid and biotinylating pattern of 
fusion protein was controlled after adding biotin. Biotinylation was visualized by adding streptavidin-APC 
(red) and DAPI (blue) for nuclear staining. (B) cellular expression of the fusion protein was controlled by 
western blot. (C) List of BTN3A1-BioID biotinylated proteins identified by mass spectrometry with a > 0,6 
probability being a specific hit. Colours indicate in which condition the proteins were found under various 
conditions (green = no PAM, blue = PAM, orange = both). 
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Supplementary Figure 5. siRNA screening of protein candidates. (A) HEK-293FT cells were transfected 
with siRNAs against candidate proteins and cells were used as targets against Vγ9Vδ2TCR T cells in the 
presence of 100 µM PAM and IFNγ release of T cells upon activations was measured by ELISA. Knock-
down effect was determined by comparing IFNγ levels to scrambled RNA conditions. (B) Target cells used 
in A were loaded with 50uM WT-1 peptide and used as targets against WT-1 TCR T cells, knock down effect 
was determined by comparing IFNγ levels to that of scrambled RNA conditions. (C) MZ1851rc renal cell 
carcinoma cell line was transfected with siRNAs against target proteins and used as target against 
Vγ9Vδ2TCR T cells and IFNγ was measured for activation. (D) Cell lysates MDA-MB157 and MDA-MB231, 
HEK293FT wt or HEK BTN3AKO, MZ1851rc and SCC9 were cultured in the presence or absence of 100 µM 
PAM for 24h, lysed and Western blots were probed with antibodies against candidates. 
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Supplementary Figure 6. Representative images for colocalization analysis. (A) Raw representative 
images for the colocalization analyses of SYNJ2, PHLDB2, CARMIL1, and PKP2 with BTN3A. (B) 
Representative images for the colocalization analyses of SYNJ2, PHLDB2, CARMIL1, and PKP2 with BTN3A 
with the region of interest (ROI) in yellow around the BTN3A membrane clusters. (C) Representative 
images for each of the PLA conditions are shown. 
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Abstract 

Extending the success of cellular immunotherapies against blood cancers to the realm 
of solid tumors will require improved in vitro models that reveal therapeutic modes of 
action at the molecular level. Here we describe a system, called BEHAV3D, developed to 
study the dynamic interactions of immune cells and patient cancer organoids by means 
of imaging and transcriptomics. We apply BEHAV3D to live-track >150,000 engineered 
T cells cultured with patient-derived, solid-tumor organoids, identifying a ‘super 
engager’ behavioral cluster comprising T cells with potent serial killing capacity. Among 
other T cell concepts we also study cancer metabolome-sensing engineered T cells 
(TEGs) and detect behavior-specific gene signatures that include a group of 27 genes 
with no previously described T cell function that are expressed by super engager killer 
TEGs. We further show that type I interferon can prime resistant organoids for TEG-
mediated killing. BEHAV3D is a promising tool for the characterization of behavioral-
phenotypic heterogeneity of cellular immunotherapies and may support the 
optimization of personalized solid-tumor-targeting cell therapies. 
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Introduction 

Single-cell analyses are providing unprecedented opportunities to analyze the 
complexity of biological systems1. However, they are restricted to providing a snapshot 
of cellular processes, lacking analysis of dynamic behavior inherent to cell function. 
Therefore, the development of technologies that address individual cell dynamics will 
be essential for understanding cellular behavior and how it relates to function. Immune 
cells engineered to kill tumor cells represent such dynamic cell populations with 
increasing clinical importance2. Successes of Tcell therapies for hematological 
malignancies have sparked efforts for translation to solid tumors, but efficacy has so far 
been limited3 . This poses a clear need for better understanding of the mechanism of 
action of cellular therapies to optimize treatment design.  

Various T cell therapy concepts are being developed to target cancer, including chimeric 
antigen receptor (CAR)4 and conventional Tcell receptor (TCR)5 Tcell therapies, as well 
as αβ Tcells engineered to express a γδ TCR (TEGs)6–10, endowing cancer-recognizing 
properties through metabolic sensing10–12. Because of their ability to recapitulate 
important characteristics of the original tumor specimen13, including patient-specifc 
responses to treatment14–18, there is a growing interest in the use of patient-derived 
organoids (PDOs) to model immunotherapy function19–23. At the same time, imaging has 
proved a powerful approach to characterization of the spatial cellular organization and 
tissue dynamics in these three-dimensional (3D) structures24–28, including CAR Tcell 
treatment efficacy in immuno-organoid cocultures23. However, imaging has not yet 
been used to probe in depth the solid-tumor-targeting dynamics of cellular 
immunotherapy with PDOs, which could generate critical insight into their mode of 
action in a patient-specific manner that could be exploited towards improved therapy 
design. Therefore, here we combined organoid and 3D imaging technology for the 
analysis of functional single-cell behavior integrated with transcriptomic profiling, to 
decipher and manipulate the solid-tumor-targeting strategy of engineered immune cells 
(Supplementary Video 1). 
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Results 

3D live-tracked TEG targeting efficacy  

We devised BEHAV3D, a multispectral, 3D image-based platform, to live-track the 
efficacy and mode of action of cellular immunotherapy for ~60 human cancer organoid 
cultures simultaneously (Fig. 1a–c, Supplementary Video 1, Extended Data Fig. 1a–c 
and Methods). Applied to an extensive and well-characterized breast cancer (BC) PDO 
biobank29 and cancer metabolome-sensing TEGs, we detected a high variation of TEG-
mediated killing efficacy in cultures derived from 14 patients with BC (Fig. 1d and 
Supplementary Table 1) and different targeting kinetics over time (Fig. 1e,f and 
Extended Data Fig. 1d–f), with percentages of dying PDOs ranging from near 0 (for 
example, 34T) to 100 (for example, 13T) (Fig. 1f). This variation in PDO killing kinetics 
was also observed between single organoids in the same PDO culture (Extended Data 
Fig. 1f), and we show that this is not related to differences in organoid size at the start 
of coculture (Extended Data Fig. 1g). Instead, by subcloning of 10T PDOs, we 
demonstrate that each clone displayed an individual level of targeting that was stably 
maintained over multiple passages (Extended Data Fig. 1h), suggesting an intrinsic 
biological diversity in sensitivity. This, furthermore, demonstrates that BEHAV3D can 
adequately capture such functional heterogeneity within PDO cultures, as well as 
between patients. Pearson correlation analysis between imaging data and a commonly 
used cell viability assay (Extended Data Fig. 1i,j) or interferon gamma (IFN-γ) secretion 
(Extended Data Fig. 1k,l), confirmed the robustness of our imaging quantification 
method. Among the six highest TEG-sensitive BC PDO cultures (>50% dying organoids; 
Fig. 1f), we noted cultures derived from primary BC of distinct subtypes, as well as a 
metastasis-derived sample (Fig. 1d,f). In addition, TEGs controlled the growth of PDO-
derived breast tumor in vivo in mouse xenograft models (Fig. 1g). Together, this provides 
evidence in favor of the clinical potential of TEG against solid tumors and, specifically, 
pan-targeting of BC, albeit with variation in responsiveness among individual donors. 

PDO inflammatory features are associated with TEG sensitivity 

Bulk RNA sequencing (RNA-seq) of BC PDOs revealed differentially expressed genes 
(DEGs) between the six lowest versus the six highest TEG-sensitive PDO cultures 
(Supplementary Table 2), related to upregulated cadherin signaling and steroid 
biosynthesis pathways in TEG-insensitive cultures, whereas both cytokine signaling and 
extracellular matrix (ECM) organization, correlated with high sensitivity to TEG therapy 
(Fig. 1h and Extended Data Fig. 2a–c). The highest association was found between TEG 
killing and type1 interferon (IFN-I) signaling genes, including MX1, IFIT1, OASL and XAF1, 
which were highly expressed, especially in the two highest TEG-sensitive PDO cultures, 
14T and 13T (Fig. 1h and Extended Data Fig. 2c). Thus, PDOs maintain tumor-specific  
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Figure 1. TEG efficacy across organoids of multiple BC subtypes detected by multispectral 3D live 
imaging and in vivo TEG targeting. a,b, Schematic representation of TEG generation and coculture with 
PDOs (a) and of the BEHAV3D platform (b). Cocultures of organoids and TEGs were imaged using 3D 
microscopy, followed by segmentation and tracking of organoids and T cells and subsequent behavior 
classification. Pseudotime ordering was used to integrate behavioral data. c, 3D multispectral images of 
breast PDO cultures (yellow) showing low (1837M), intermediate (10T) and high (13T) killing by TEGs 
(blue) at the indicated time points of imaging. Scale bars, 100 µm (two left-hand columns) and 30 µm (two 
right-hand columns). d, Quantification of killing of organoids derived from 14 patients with BC following 
24-h coculture with TEGs, by 3D live-cell imaging. Data were corrected for control LM1 T cell responses 
(n= 4 independent experiments, mean ± s.e.m. TNBC, triple-negative breast cancer; ER, estrogen 
receptor; PR, progesterone receptor. e, 3D image of organoids and T cells; enlarged section showing the 
presence of dead cell dye (red) in a single organoid (transparent purple rendering) and TEGs (transparent 
blue rendering) at the indicated time of coculture. Scale bars, 100 µm (left) and 30 µm (right). f, 
Quantification of the percentage of dying single organoids (of total) over time for each PDO cocultured 
with TEGs (n= 4 independent experiments, mean ± s.e.m.). g, Quantification of tumor volume over time 
generated by subcutaneous transplantation of 13T (black) or 169M organoids (orange). Animals received 
two injections of either TEGs (dashed line) or control TEG011 cells (control, solid line) at the indicated 
time points (n= 10 mice for 13T and n= 15 for 169M, mean ± s.e.m.). Two-way ANOVA with repeated 
measures: 13T/TEG versus 13T/control, P < 0.0001 (***); 169M/TEG versus 169M/control, P= 0.0016 (**). 
h, Gene Ontology (GO) enrichment analysis of DEGs between the six highest versus six lowest TEG-
sensitive organoid cultures from d. c,e, Images representative of n= 4 independent experiments. 
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inflammatory features in culture, highlighting their utility for modeling cellular 
immunotherapy responses in a patient-specific manner. 

TEGs display high diversity in behavior and killing potential 

BEHAV3D implements single-immune cell tracking in a 3D space over time and 
behavioral classification (Figs 1b and 2a and Supplementary Video 1), revealing that, 
when exposed to BC PDOs, TEGs could be separated into nine subpopulations with 
unique behavioral patterns (Fig. 2b–d and Extended Data Fig. 3a,b). Patterns varied 
from inactive behaviors (dying, static and lazy) to active motility (slow scanner, medium 
scanner and super scanner) and organoid engagement (tickler, engager and super 
engager), thus demonstrating a high level of behavioral heterogeneity. We captured this 
behavioral single-cell landscape in a classifier (Extended Data Fig. 3c–e), allowing us to 
interrogate and predict engineered Tcell behavior under other coculture conditions by 
tracking >150,000Tcells in total. First, we investigated targeting of different solid-tumor 
subtypes beyond BC and detected TEG targeting of PDOs from head and neck cancer 
(3/4 PDOs killed with 50–90% killing efficacy), as well as in patients with diffuse midline 
glioma (DMG) (4/4 PDOs killed with 20–90% killing efficacy; Extended Data Fig. 3f–h). 
We observed comparable behavioral diversity of TEGs, as seen for BC targeting, 
including static and super engager behavior (Extended Data Fig. 3i,j). This not only 
further supports the broad solid-tumor-targeting efficacy of TEGs, but also shows that 
extensive behavioral heterogeneity of TEGs is universally present among different solid-
tumor PDO cocultures. Next we used our behavioral classifier (Extended Data Fig. 3c–e) 
to predict TEG behavior when cocultured with BC PDOs showing varying TEG sensitivity 
(34T, 100T, 27T, 10T or 13T; Fig. 1f), as well as an organoid culture derived from normal 
breast tissue showing only minimal death when cultured with TEGs (Fig. 2e). For each 
PDO culture, TEGs displayed unique distributions of behavioral signatures (Fig. 2e) and 
higher organoid killing associated with an increase in tumor engagement (tickler, 
engager and super engager), while static, lazy and medium scanner behavior decreased 
(Fig. 2f). Correlation between single-organoid dying dynamics and TEG engagement over 
time revealed that organoids contacted by super engagers, as compared with other 
organoid-engaging clusters, had the highest chance of being killed (Fig. 2g and Extended 
Data Fig. 3k). This indicates that effective killing by TEGs relies on prolonged organoid 
contact, a key feature of super engagers (48±8minh–1; mean±s.d.). 
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Figure 2. TEGs exposed to PDOs display high diversity in their behavior with distinct killing potential. a, 
Image of automated tracking of each TEG (left, 10-h tracks are rainbow colored for time). Tracks were 
classified according to TEG behavior and back-projected in the image (right, color coded by cluster). Scale 
bars, 50 µm. Representative of n= 11 independent experiments. b, UMAP plot showing nine color-coded 
clusters identified by unbiased multivariate time series dynamic time-warping analysis. Each data point 
represents one T cell track of 3.3 h. See Supplementary Table 8 for conditions and replicates included. c, 
Heatmap depicting relative values of T cell features indicated for each cluster, named according to their 
most distinct characteristics. a.u., Arbitrary units in respect to maximal and minimal values for each 
feature. OC, organoid contact; Dis, square displacement; Sp, speed; TI, T cell interactions; CD, cell death. 
d, 3D-rendered images of 100T (low-targeting, left) and 13T (high-targeting, right) organoids (gray) and 
TEGs, with 3.3-h tracks belonging to lazy (green) and super engager (red) clusters. Scale bars, 20 µm. 
Representative of n= 5 independent experiments. e, Behavioral cluster distribution of TEGs cocultured 
with the indicated PDOs and a normal organoid culture (left), in relation to their killing capacity (right, bar 
graph), represented as the percentage of dying organoids (percentage of total); n≥ 3 independent 
experiments, mean ± s.e.m. X2 -test, P= 1.132 × 10–8. f, Pearson correlation between behavior cluster (CL) 
size and percentage of dying organoids represented in d. CL9, P= 0.00006 (***); CL8, P= 0.009 (**); CL7, 
P= 0.006 (**); CL5, P= 0.014 (*); CL4, P= 0.022 (*); CL2, P= 0.0019 (**) (mean). See Supplementary Table 8 
for test statistics and replicates included. g, Change in correlation between 13T organoid death dynamics 
(measured as increase in dead cell dye) and cumulative contact with TEGs (from CL7–9). Data presented 
as mean correlation per time point of all single organoids (n= 4 independent experiments). Linear mixed 
model fitting with each experimental replicate as a random effect: C9 versus C8, P= 5.19 × 10–6 (***); C9 
versus C7, P < 2 × 10–16 (***). 
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Behavioral differences detected between engineered Tcell therapie 

We next applied BEHAV3D to evaluate two alternative Tcell immunotherapy concepts: 
(1) Tcells engineered with a conventional αβ TCR that targets tumor cells through 
recognition of the cancer-specific Wilms tumor antigen-1 (WT1) peptide presented on 
HLA-A*0201 (ref. 30), and (2) Tcells engineered to express a CAR targeting the tumor-
expressed receptor tyrosine kinase-like orphan receptor 1 (ROR1) antigen4. We found 
that WT1 and ROR1 CAR Tcells effectively killed various BC PDOs (Fig. 3a–d) while, as 
expected, a HLA-A*0201– (10T) and ROR1– line (34T) (Fig. 3e) were not killed. Tcell 
behavioral analysis showed similar detection of nine behavioral clusters, as identified 
for TEGs (Fig. 3f,g), and a substantial larger proportion of the super engager cluster in 
(highly) targeted PDOs compared with nontargeted PDOs (Fig. 3h,I and Supplementary 
Video 1). Finally, by comparing therapies that killed certain PDOs at similar efficacy, 
BEHAV3D uncovered behavioral differences between the different engineered Tcells 
(Figs. 1d and 3a,b). CAR Tcells were enriched in active behaviors, including super 
engager behavior, while showing an increased death rate compared with both WT1 
Tcells and TEGs (Fig. 3j). Together, these data demonstrate the broad applicability of the 
BEHAV3D pipeline to various cellular immunotherapies, with the important opportunity 
to compare and correlate Tcell behavior to tumor targeting for identification of the most 
potent engineered Tcells. 

Serial killing capability of super engager CD8+ TEGs  

To link tumor-targeting behavior to population phenotypes, we next differentially 
labelled CD4+ and CD8+ TEGs in BC PDO cocultures (Fig. 4a and Extended Data Fig. 4a). 
This revealed that prolonged organoid contact and super engager behavior was a 
preferred feature of CD8+ TEGs, whereas CD4+ TEGs showed a higher proportion of lazy 
cells, slow scanners, medium scanners, super scanners and ticklers (Fig. 4a–c) 
characteristic of high movement and short organoid contact (Fig. 2c). Furthermore, 
long-term behavior classification and back-projection of cells classified in the live-
tracked imaging dataset (Extended Data Fig. 4b,c) showed that single CD8+ TEGs, once 
engaged with an organoid, most often killed multiple cells consecutively (serial killing) 
(Fig. 4d,e, Extended Data Fig. 5a,b and Supplementary Video 1), a preferred feature of 
engineered Tcells31–33. By contrast, CD4+ TEGs often moved away after organoid 
engagement without killing but occasionally targeted individual cells in different 
organoids (Fig. 4d,e and Extended Data Figs. 4d and 5a), thereby showing slower killing 
rates (Extended Data Fig. 5c).  
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Figure. 3. Behavioral heterogeneity of TCR and CAR T cell therapies targeting BC PDOs. a,b, 
Quantification of BC PDO viability using CellTiter-Glo following overnight coculture of PDOs with WT1 
T cells (a) or ROR1 CAR T cells (b). a,b, One-way ANOVA followed by Dunnett’s correction: 10T versus 36T, 
P< 0,0001 (****); 10T versus 169M, P< 0,0001 (****); 10T versus 62T, P< 0,0001 (****) (a); 34T versus 
36T, P< 0,0001 (****); 34T versus 169M, P< 0,0001 (****); 34T versus 10T, P< 0.0001 (****) (b). Data 
corrected for untransduced T cell responses (mean ± s.d.). c,d, 3D multispectral images of BC PDO cultures 
(yellow) showing killing by WT1 T cells (blue, c) or ROR1 CAR T cells (blue, d) at the indicated time points 
of imaging. Dead cells depicted in red. Scale bars, 30 µm. e, FACS histogram plots showing ROR1 
expression in the indicated breast cancer PDO cultures (blue) compared with unstained control (gray). f,g, 
Behavioral cluster distribution of WT1 T cells (f) and ROR1 CAR T cells (g) cocultured with the indicated BC 
PDOs (mean ± s.e.m.). X2-test, P< 0,0001. h,i, Super engager (CL9) cluster size (%) of total for WT1 T cells 
(h) and ROR1 CAR T cells (i). h, One-way ANOVA with Dunnett’s correction: 10T versus 169M, P= 0,0501; 
10T versus 62T, P= 0.0006; 34T versus 36T, P= 0.0018; 34T versus 169M, P< 0.0001; 34T versus 10T, 
P= 0.0002 (mean ± s.d.). j, Behavioral cluster size difference (%) between TEGs and CAR T cells cocultured 
with 34T (middle) or 10T (right), or between WT1 T cells and CAR T cells cocultured with 169M PDOs (left) 
(mean ± s.d.). Welch’s two-sided t-test: 169M: CL1, P= 0.015; CL2, P= 0.041; CL5, P= 0.023; CL6, P= 0.047; 
CL7, P= 9.94 × 10–4; CL9, P= 0.012. 34 T: CL1, P= 0.004; CL2, P= 0.016; CL3, P= 0.003; CL5, P= 0.012; CL8, 
P= 0.0004; CL9, P= 0.037. 10T: CL1, P= 0.0014; CL3, P= 0.0045; CL5, P= 0.014; CL6, P= 0.025; CL7, P= 0.001; 
CL9, P= 1.16 × 10–5. a–e, Representative of n= 3 independent experiments; f–j, n= 3–6 independent 
experiments; see Supplementary Table 8 for value of n per condition. 
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Thus, compared with CD4+ TEGs, CD8+ TEGs were shown to be more potent tumor-
targeting cells with profound serial killing capacity. Serial killing by super engager CD8+ 
TEGs was characterized by attachment to PDOs using a defined anchor point from which 
surrounding cells were killed via long protrusions, intercalating between epithelial cells 
and extending their initial size up to fivefold (Fig. 4d and Extended Data Fig. 4e,f). We 
confirmed morphological plasticity and serial killing potential also for WT1 Tcells and 
ROR1 CAR Tcells analyzed through BEHAV3D (Fig. 3c,d and Supplementary Video 1). 
Remarkably, single CD8+ TEGs were able to kill entire organoids (up to 18cells in 11h; 
Fig. 4d, Extended Data Fig. 5b and Supplementary Video 1). This extent of serial killing 
and morphological plasticity of super engager CD8+ TEGs was uniquely revealed by the 
high spatiotemporal resolution character of BEHAV3D. 
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Figure 4. Unique targeting features of TEG subpopulations and serial killer potential. a, Images of CD4+ 
(blue) and CD8+ (red) TEGs and their full tracks (up to 10 h) cocultured with 13T organoids (gray surface 
rendering at t= 0). Scale bars, 50 µm (main image), 30 µm (zoomed-in images). b, Relative behavioral 
cluster distribution of TEGs cocultured with various organoids. c, Behavioral cluster size difference (%) 
between CD4+ and CD8+ TEGs cocultured with the indicated organoid cultures from b (n= 33 wells pooled 
from the five organoid cultures shown in b; see Supplementary Table 8 for replicate specifics; 
mean ± s.e.m.). Linear regression model fitting with each well as a random effect: CL9, P= 7.52 × 10–6 
(***); CL8, P= 0.0034 (**); CL7, P= 0.00018 (***); CL6, P= 0.000023 (***); CL5, P= 0.0062 (**); CL4, P= 0.01 
(*); CL3, P= 0.001 (**); CL1, P= 3.01 × 10–6 (***). d, A CD4+ TEG killing a 13T tumor cell in a first organoid 
and a second tumor cell in a neighboring organoid (upper), and a CD8+ TEG killing a complete 13T organoid 
over 11 h (lower). Scale bars, 30 µm; time, h. e, Processed images from d showing 3D-rendered organoids 
(gray) at t= 0 and the CD4+ TEG or CD8+ TEG with their full track. Scale bars, 10 µm. f, UMAP embedding 
showing expression levels of NCAM1. Color gradient represents log2-transformed normalized counts of 
genes. g, Quantification of the percentage of dying 13T organoids (of total) after 10 h of coculture with 
either sorted NCAM1– CD8+ TEGs or NCAM1+CD8+ TEGs (n= 5 independent experiments, mean ± s.e.m.). 
Two-tailed unpaired t-test, P= 0.0001036. h, Schematic representation of fluorescent labelling strategy 
for CD8+ TEGs. i, Behavioral cluster difference (%) between NCAM1– CD8+ TEGs and NCAM1+CD8+TEGs 
cocultured with 13T organoids (n= 6 independent experiments, mean ± s.e.m.). Linear regression model 
fitting with each experimental replicate as a random effect: CL9, P= 0.0002 (***); CL8, P= 0.07 (·) ; CL2, 
P= 0.005 (**); CL1, P= 0.02 (*). j, Images of 13T organoids (gray) with NCAM+ super engager CD8+TEGs 
(top) and NCAM– lazy and dying CD8+TEGs (bottom). Scale bars, 10 µm. a,d,j, Representative of n= 5, 3 
and 5 independent experiments, respectively). 

 

Neural cell adhesion molecule 1 is associated with super engager behavior 

Through single-cell RNA sequencing (scRNA-seq), we observed differential expression of 
neural cell adhesion molecule 1 (NCAM1) in CD8+ TEGs (Fig. 4f, Extended Data Fig. 4g,h 
and Supplementary Table 3). Although linked to cytotoxicity in both αβ and γδ Tcells34, 
this surface marker has not been examined in the context of cellular immunotherapy. 
Making use of this differential NCAM1 expression, we provided proof of concept for 
engineered Tcell functional selection by showing that sorted NCAM1+CD8+ TEGs have a 
greater capacity to kill various BC PDOs compared with NCAM1−CD8+ TEGs (Fig. 4g and 
Extended Data Fig. 4i). To identify behavioral mechanisms underlying this high killing 
potential, we prelabelled CD8+ TEGs with NCAM1 nanobodies (Fig. 4h) for direct 
comparison of NCAM1-positive and -negative populations within the same 
environment. NCAM1+CD8+ TEGs showed reduced dying and static behavior (Fig. 4i,j 
and Extended Data Fig. 4j), supporting a higher in vitro persistence. Strikingly, 
NCAM1+CD8+ TEGs additionally showed a significant increase in super engager behavior 
compared with NCAM1– CD8+ TEGs (Fig. 4i,j). Thus, surface marker expression can be 
linked to engineered Tcell behavior, offering the opportunity to enrich for potent 
effector behaviors through cell selection. Functional skewing during engineered Tcell 
production might also be feasible, because TEGs expanded in the presence of IL-15 
expressed higher levels of NCAM1 (Extended Data Fig. 4k), in line with a role for IL-15 
in NCAM1 induction34. 
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Behavioral-transcriptomic profiling of TEGs 

To generate insight into the transcriptional programs that underlie tumor-targeting 
dynamics revealed by BEHAV3D, we next performed single-cell transcriptomic profiling 
of TEG populations enriched for different behavioral signatures following coculture with 
BC PDOs, including a TEG population containing >90% super engagers (Fig. 5a,b, 
Extended Data Fig. 6a and Supplementary Video 1). For each main TEG subset 
identified, effector CD8+ (CD8+eff), effector CD4+ (CD4+eff) and memory CD4+ (CD4+mem), 
profound transcriptional changes were observed following 6h of coculture with highly 
targeted 13T organoids as compared with baseline (no-target control) (Fig. 5c–e), 
showing that dynamic interplay with PDOs shapes the TEG transcriptomic profile. We 
developed a method of behavioral probability mapping inferred from pseudotemporal 
ordering (Extended Data Fig. 6b) of the sequenced TEG populations (Fig. 5f), allowing 
us to pinpoint gene programs in TEGs regulated by environmental stimuli, short PDO 
engagement and prolonged PDO engagement (Fig. 5f,g). This revealed dynamic 
transcriptional programs highly conserved between CD8+eff, CD4+eff and CD4+mem TEGs 
(Fig. 5g; gene clusters 1–3, 85% of genes; Supplementary Table 4). These programs 
included genes either downregulated (CL1) or upregulated (CL3) by environmental 
stimuli or engagement with PDOs, as well as those transiently expressed (CL2) along the 
pseudotime trajectory (Fig. 5g; GO terms per cluster shown in Extended Data Fig. 6c). 
This differential dynamic expression matched with known gene function, confirming 
robust ordering of TEGs as shown by genes related to the CD3 signaling complex (LCK, 
SOS1, CD3E, CD3G, CL1; GO term ‘Tcell activation’) known to be downregulated 
following Tcell activation35 in CL1 (Fig. 5h). NF-kB signaling, critical for tumor control36, 
and effector molecules, including FASLG, IFNG, GZMB and TNF, were found in CL3, with 
NF-kB signaling induced by environmental stimuli reaching maximum expression 
following prolonged PDO engagement, while effector molecules appeared upon 
engagement (Fig. 5i). In addition, CL3 contained genes related to ribosomal RNA 
processing that increased only following prolonged engagement with organoids (Fig. 
5h), consistent with accelerated protein production in Tcells following TCR 
engagement37,38. Finally, CL2 contained the early activation markers CD69 and EGR1 
with peak expression following short organoid engagement, in line with IL-2 (CL3), 
known to be induced by EGR1 (ref. 39), upregulated towards the end of the trajectory (Fig. 

5i). Thus, through our behavior-guided transcriptomics approach we robustly identified 
dynamic gene orchestration of TEGs during tumor targeting. 
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Figure 5. Behavioral-transcriptomic profiling of TEGs following PDO exposure, engagement and killing. 
a, Schematic representation of cell population separation for isolation and sequencing of super engaged, 
engaged, nonengaged, nonengagedEnriched and no-target control TEGs. b, Distribution of the nine 
behavioral signatures described in Fig. 2b,c of the indicated behavior-enriched TEG populations isolated 
after 6 h of coculture with 13T PDOs. n= 6 independent experiments. c–e, UMAP embedding of pooled 
scRNA-seq profiles showing distribution of CD8+eff, CD4+eff and CD4+mem TEGs (c), the five behavior-
enriched TEG populations described in a (d) and normalized gene expression of IFNG and GZMB (e). Colors 
represent log2-transformed normalized counts of genes. f, Heatmap representing the probability 
distribution of different behavioral signatures and no-target control over pseudotime for CD8+eff, CD4+eff 
and CD4+mem TEGs. Colors represent the scaled probability for each behavioral group. g, Heatmap showing 
normalized gene expression dynamics of TEGs following exposure to and engagement with 13T PDOs. 
Columns represent T cells ordered in pseudotime, rows represent gene expression grouped based on 
similarity, resulting in eight gene clusters. CLs 1–3 represent gene expression patterns shared among TEG 
subsets; CLs 4–8 show different expression dynamics between TEG subsets. Horizontal color bar (top) 
represents the corresponding stage of targeting based on data in f. h, Averaged gene expression over 
pseudotime for all genes from indicated GO terms for the indicated TEG subtypes. Background color 
shading represents the corresponding stage of targeting; line colors indicate GO terms. i, Gene expression 
dot plot for a curated subset of genes at different stages of targeting. Rows depict genes, dot color 
gradient indicates average expression while dot size reflects the proportion of cells expressing a particular 
gene (%). j, Violin plots for different TEG subtypes showing averaged expression of genes related to GO 
term ‘Regulation of cell killing’ enriched in CL7 from g. Colors indicate different stages of targeting. k, Venn 
diagram depicting common and unique functions from 61 conserved genes comprising a (serial) killer gene 
signature. b–d, T cells pooled from two independent experiments). 
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Gene signature related to (serial) killing super engager TEGs 

Of those gene sets regulated in a TEG subset-specific manner (CL4–8, 15% of genes), CL7 
contained genes mainly induced following prolonged organoid engagement, including 
cytotoxic genes (for example, PRF1, CRTAM, XCL1; (Fig. 5h,i; GO: Regulation of cell 
killing). This cluster of genes was specifically induced in super engager CD8+eff and, to a 
lesser extent, in CD4+eff TEGs but was almost absent in CD4+mem TEGs (Fig. 5j), associating 
this gene cluster with potent (serial) killing Tcells (Fig. 4d–g). Analysis of TEGs derived 
from a different donor and cocultured with another BC PDO (10T) confirmed that 61 out 
of the 83 genes of CL7 represent a conserved ‘killer’ gene signature (Supplementary 
Table 5). Of these, we identified 20 genes related to Tcell activation and cytotoxicity and 
14 related to other Tcell functions (Fig. 5k and Extended Data Fig. 6d). However, we 
found 27 genes with no previously described Tcell function (Fig. 5k and Extended Data 
Fig. 6d). Overall, half of all conserved signature genes (31/61) and 17 out of the 27 genes 
were related to morphological plasticity processes including motility, cytoskeleton 
remodeling and adhesion (Extended Data Fig. 6d). Given that morphological plasticity is 
a key determinant of cell migration, many of the identified genes were found to have a 
role in promotion of tumor cell migration and invasion, including ECM production and 
mesenchymal state induction (HEG1, BZW2, DCAF13, SQLE, PKIA). For some of these 
genes, such as CCT3 or AFAP1L2, the mechanism promoting migration is yet to be 
described. In line with the prolonged organoid engagement behavioral feature of super 
engager TEGs (Fig. 2c), we also found various genes related to cell adhesion including 
NCEH1, BYSL and EMP1. Finally, some genes had an additional function related to 
neurite outgrowth and dendritic pruning (SERPINE2, CHD4, NRTK1), potentially 
matching the long protrusion that was observed to occur in these serial killing TEGs (Fig. 
4e, Extended Data Fig. 4e,f and Supplementary Video 1). Thus, the behavioral-
transcriptomics module of BEHAV3D identified a specific gene signature induced in 
(serial) killing super engager TEGs. To provide some context as to how induced gene 
signatures in TEGs relate to in vivo tumor targeting, we compared our behavior-guided 
transcriptomics results with two published scRNA-seq datasets on tumor-infiltrating 
lymphocytes (TILs) obtained from patients with breast cancer40,41. Both datasets 
identified a potent CD8+ Tcell population defined by a cytotoxic gene signature (310 (ref. 
41) and 533 genes40) and prognostic value for patient survival (Extended Data Fig. 7a–d 
and Supplementary Table 6). When comparing the gene profiles of these in-vivo-
identified cytotoxic CD8+ TILs with our data, we observed a substantial overlap with the 
gene signature of CD8+ TEGs that were selected based on super engager behavior 
(Extended Data Fig. 7e). The highest relative expression of the cytotoxic gene signatures 
from both datasets above41,40 was observed in CD8+eff TEGs after prolonged organoid 
engagement (Extended Data Fig. 7f). These data thereby demonstrate that the gene 
signatures related to potent tumor targeting in vivo of patients with breast cancer 
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overlap with that of super engager TEGs, supporting the in vivo relevance of our 
approach. 

 

 

Figure 6. IFN-I signaling in PDOs primes TEG efficacy. a, Top: UMAP embedding of pooled scRNA-seq 
profiles from super engaged and nonengagedEnriched TEG populations cocultured with either 13T or 10T 
PDOs, and from no-target control T cells. TEGs are colored according to experimental condition. Bottom: 
UMAP plot showing expression levels of IFNG and GZMB. Colors represent log2-transformed normalized 
counts of genes. b, Venn diagrams depicting common and unique genes upregulated (up) in TEGs 
following 13T and 10T organoid exposure (top, environmental stimuli) or prolonged engagement (bottom, 
super engagers). c, Heatmap of gene expression for genes involved in functional annotations of interest 
in response to IFN-I, cytokine response), grouped according to TEG populations. d, IFNA and IFNB 
expression in PDOs from the BC panel in Fig. 1d. 1 and 2 indicate different experimental replicates. e–g, 
Quantification of dying single organoids in the presence or absence of recombinant IFN-β for the following 
conditions: organoids cocultured with TEGs with direct addition of IFN-β, corrected for responses of LM1 
control T cells (e); organoids preincubated with IFN-β for 24 h before coculture with TEGs, corrected for 
responses of LM1 control T cells (f); and organoids preincubated with IFN-β for 24 h and cultured in the 
absence of TEGs (g). Lines connect experimental replicates. f, Statistical analysis was performed by paired 
t-test: 34T IFN-β versus 34T control, P< 0.0006 (***); 27T IFN-β versus 27T control, P< 0.0216 (*); 10T IFN-
β versus 10T control, P< 0.0402 (*). See Supplementary Table 8 for summary of replicates in e–g. 
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PDOs shape the dynamic gene signature of TEG during tumor targeting 

To further explore our behaviorally guided transcriptomics approach, we next compared 
behavior-enriched TEG populations cocultured with either highly sensitive (13T) or 
intermediately targeted (10T) BC PDOs. Distinct uniform manifold approximation and 
projection (UMAP) embedding of different TEG populations (Fig. 6a) indicated that 
patient-specific organoid exposure influences the dynamic TEG transcriptional profile—
41 and 61%, respectively, of upregulated genes by environmental stimuli or following 
prolonged PDO engagement in super engagers were common between 10T- and 13T-
cocultured TEGs (Fig. 6b, Extended Data Fig. 8a,b and Supplementary Table 7). 
Common super-engager-related gene signatures included rRNA processing, NF-kB 
signaling and cytokine signaling (Extended Data Fig. 8b), and matched CL3 gene 
signatures (Extended Data Fig. 6c). However, 10T-cocultured TEGs were characterized 
by induction of high cytokine expression following prolonged PDO engagement, 
including TNF, IFNG and IL2, whereas IFN-I signaling genes were uniquely induced in 
TEGs cocultured with highly sensitive 13T (Fig. 6c and Extended Data Fig. 8c). 

IFN-β primes PDOs for TEG-mediated killing 

IFN-I signaling plays fundamental roles in antitumor immunity, but with diverse and 
sometimes opposing functions reported for both tumor and immune cells, thereby 
making it difficult to fully comprehend and therapeutically exploit these effects42. IFN-I 
signaling was detected in 13T BC PDOs (Extended Data Fig. 2c), which most prominently 
showed increased RNA levels of the upstream mediator IFN-β, but not IFN-α, among our 
collection of PDOs (Fig. 6d). Secretion of IFN-β was confirmed by Luminex (Extended 
Data Fig. 8d), implying that IFN-β was the main mediator of IFN-I signaling observed in 
13T. Interestingly, peak induction of IFN-I signaling in 13T-cocultured TEGs was detected 
in nonorganoid-engaging TEGs (from static to super scanner behavior), in line with a 
secreted source of IFN-β, while the pathway was shut down in super engager TEGs, 
suggesting a limited role of IFN-I signaling in direct killing behavior (Fig. 5f–h). The 
addition of recombinant IFN-β to cocultures of TEGs with various BC PDOs showing low 
to medium sensitivity to TEG therapy (100T, 34T, 27T and 10T) indeed did not affect TEG 
targeting efficacy (Fig. 6e). However, 34T, 27T and 10T organoids pretreated with IFN-β 
showed increased TEG-mediated killing while IFN-β treatment did not impact organoid 
viability by itself (Fig. 6f,g). These data support the premise that IFN-β has limited impact 
on the killing capacity of super engager TEGs, confirming that dynamic IFN-I signaling is 
mainly associated with static to scanner behavior. However, IFN-I signaling increases the 
sensitivity of BC PDOs to TEG therapy. Thus, behavior-guided TEG transcriptomics in 
relation to the type of organoid exposure shows that IFN-β primes PDOs for targeting by 
TEGs. This illustrates the potential of BEHAV3D to improve understanding and guide 
combinatory treatment approaches in a patient-specific manner. 
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Discussion 

Here we provide an organoid-based, 3D imaging-transcriptomic platform, BEHAV3D, for 
understanding the mode of action of cellular anticancer immunotherapies in a patient-
specific manner and apply it to diverse solid-tumor PDO models and multiple engineered 
Tcell products. With BEHAV3D we have demonstrated differences in behavior between 
various engineered Tcell products, uncovered the gene signature associated with serial 
killing, designed an optimal sequence of Tcell combination therapy and provided proof 
of concept for a cell selection strategy to enrich for potent tumor-targeting behavior 
(Supplementary Discussion). Thus, BEHAV3D integrates multiple single-cell readouts 
(Supplementary Video 1) to offer a comprehensive platform with potential for 
broadening the implementation of cellular immunotherapy for solid tumors. 
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Methods  

Human material 

All human BC and head and neck PDO samples were retrieved from a biobank through 
the Hubrecht Organoid Technology (HUB; www.hub4organoids.nl). Authorizations were 
obtained by the medical ethical committee and biobank research ethics committee of 
UMC Utrecht (UMCU) at the request of HUB, to ensure compliance with the Dutch 
Medical Research Involving Human Subjects Act. Normal breast organoids were 
generated from milk obtained via the Moedermelkbank Amsterdam (Amsterdam UMC). 
Primary patient-derived DMG cultures (no. DMG-VI/SU-DIPG-VI) were kindly provided 
by M. Monje (Stanford University), M. Vinci (Ospedale Pediatrico Bambino Gecù, nos. 
DMG002/OPBG-DIPG-002 and DMG-004/OPBG-DIPG-004-aa) and A. M. Carcaboso 
(Hospital San Juan de Dios, no. DMG-007/HSJD-DIPG-007). For TEG and WT1 T cell 
generation, peripheral blood of anonymous healthy donors was purchased from the 
Dutch blood bank (Sanquin). For CAR Tcell generation, cord blood was collected with 
approval from the Ethical Committee of UMCU. Informed consent was obtained from all 
donors. 

Animal material  

NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ (NSG) mice were purchased from Charles River 
Laboratories. Experiments were conducted with permission from the Animal Welfare 
Body Utrecht (nos. 4288-1-08 and 4288-1-09) as per current Dutch laws on animal 
experimentation. Mice were housed under 45–65% humidity and a daily 12/12-h 
light/dark regime, in sterile conditions using an individually ventilated cage system and 
fed with sterile food and water. Irradiated mice were given sterile water with antibiotic 
ciproxin for the duration of the experiment. Mice were randomized with equal 
distribution by age and initial weight measured on day 0 and divided into groups of ten 
(13T) or 15 (169M).  

Organoid culture 

Breast cancer and normal breast organoids were seeded in basement membrane extract 
(BME, Cultrex) in uncoated 12-well plates (Greiner Bio-one) and cultured as described 
previously29,43. Briefly, Advanced DMEM/F12 was supplemented with 
penicillin/streptomycin (pen/strep), 10mM HEPES, GlutaMAX (adDMEM/F12+++), 
1×B27 (all Thermo Fisher), 1.25 mM N-acetyl-l-cysteine (Sigma-Aldrich), 10mM 
nicotinamide (Sigma-Aldrich), 5μM Y-27632 (Abmole), 5nM Heregulin β-1 (Peprotech), 
500nM A83-01 (Tocris), 5 ng ml–1 epidermal growth factor (Peprotech), 20 ng ml–1 
human fibroblast growth factor (FGF)-10 (Peprotech), 10% Noggin-conditioned 
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medium20, 10% Rspo1-conditioned medium44 and 0.1 mg ml–1 primocin (Thermo 
Fisher); and, in addition, with 1μM SB202190 (Sigma-Aldrich) and 5ngml–1 FGF-7 
(Peprotech) for PDO propagation (type 1 culture medium43), or with 20% Wnt3a-
conditioned medium44, 0.5μgml–1 hydrocortisone (Sigma-Aldrich), 100μM β-estradiol 
(Sigma-Aldrich) and 10mM forskolin (Sigma-Aldrich) for normal organoid propagation 
(type 2 culture medium43). Organoids from passages 5–30 after cell isolation were used 
for Tcell coculture. For T cell coculture, organoids were recovered from the BME by 
resuspension in TrypLE Express and collected in adDMEM/F12+++(BC and head and neck 
cancer PDOs) or resuspended and collected in adDMEM/F12+++(DMG PDOs). Organoid 
suspensions were filtered through a 70-μm strainer (Greiner) to remove large organoids 
and pelleted before coculture.  

T cells engineered to express a γδ TCR (TEGs and LM1s) 

TEG001 (T cells engineered to express a highly tumor-reactive Vγ9Vδ2 TCR)6,45,46, LM1s 
(mock Tcells engineered to express a mutant Vγ9/Vδ2 TCR with abrogated function)8 
and TEG011 (mock Tcells engineered to express HLA-A*24:02-restricted Vγ5/ Vδ1 TCR, 
used as control for in vivo studies)47,48 were produced as previously described8. Briefly, 
packaging cells (Phoenix-Ampho) were transfected with helper constructs gag-pol 
(pHIT60), env (pCOLT-GALV) and pMP71 retroviral vectors containing both Vγ9/Vδ2 TCR 
chains separated by a ribosomal-skipping T2A sequence, using FugeneHD reagent 
(Promega). Human peripheral blood mononuclear cells (PBMCs) from healthy donors 
were preactivated with anti-CD3 (30 ng ml–1; Orthoclone OKT3, Janssen-Cilag) and IL-2 
(50 IUml–1; Proleukin, Novartis) and subsequently transduced twice with viral 
supernatant within 48h in the presence of 50 IUml–1 IL-2 and 6 mg ml–1 polybrene 
(Sigma-Aldrich). TCR-transduced Tcells were expanded by stimulation with anti-
CD3/CD28 Dynabeads (500,000 beads 10–6 cells; Life Technologies) and IL-2 (50 IUml–1). 
Thereafter, TCR-transduced Tcells were depleted of nonengineered Tcells by magnetic-
activated cell sorting (MACS) as previously described8. This depletion protocol 
establishes a predominantly αβ TCR– population (Extended Data Fig. 4a), which has 
been shown to result in complete loss of alloreactivity (Extended Data Fig. 1e)45. To 
separate CD4+ and CD8+ TEGs and LM1s, we performed positive selection using either 
CD4 or CD8 Microbeads (Miltenyi Biotech) following the manufacturer’s instructions. 
After incubation with magnetic microbeads, cells were applied to LS columns and CD4+ 
or CD8+ TEGs or LM1s were selected by MACS. After the MACS selection procedure, 
Vγ9/Vδ2 TCR+ CD4+ or Vγ9/Vδ2 TCR+ CD8+ subsets of TEGs were stimulated every 
2weeks using a rapid expansion protocol8 where TEGs were cultured in ‘Tcell culture 
medium’ (RPMI-GlutaMAX supplemented with 2.5–10% human serum (Sanquin), 1% 
pen/strep and 0.5M beta-2-mercaptoethanol) on a feeder cell mixture comprising 
sublethally irradiated allogenic PBMCs, Daudi and LCL-TM in the presence of IL-2 
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(50Uml–1), IL-15 (5 ng ml–1; both R&D Systems) and PHA-L (1 μg ml–1; Sigma-Aldrich). To 
monitor the purity of CD4+ and CD8+ TEGs, as well as the absence of allogenic irradiated 
feeder PBMCs, cells were analyzed weekly by flow cytometry before functional assays 
using the antibodies anti-pan γδTCR-PE (Beckman Coulter), anti-αβTCR-FITC 
(eBioscience) anti-CD8-PerCP-Cy5.5 (Biolegend) and anti-CD4-APC (Biolegend). TEGs of 
purity <90% were reselected as described above. TEGs were used for coculture assays 
4–5 days after the last IL2/IL15/PHA-L stimulation. 

Live-cell imaging of T cells and organoid cocultures 

Engineered T cells (20,000) were cocultured with normal organoids, PDOs or control cell 
lines (Daudi or HL-60) in an effector/tumor cell (E:T) ratio of 1:30 or 1:25 (only for Fig. 
4d,e and Extended Data Fig. 5a). CD4+ and CD8+ TEGs were mixed in a 1:1 ratio 
immediately before plating. Cells were incubated in 96-well, glass-bottom SensoPlates 
(Greiner) in 200 µl of ‘coculture medium’: 50% type 1 organoid culture medium, 50% 
‘TEG assay medium’ (RPMI-GlutaMAX supplemented with 10% fetal calf serum and 1% 
pen/strep), 2.5% BME and pamidronate for the accumulation of the phosphoantigen IPP 
to stimulate tumor cell recognition8 (1:2,000). Coculture medium was supplemented 
with both NucRed Dead647 (two drops ml–1; Thermo Fisher) and TO-PRO-3 (1:3,000; 
Thermo Fisher) for fluorescent labelling of living and dead cells (‘Imaging medium’). The 
combination of NucRed Dead647 and TO-PRO-3 labels dead cells when excited with a 
633-nm laser and living cells with a 561-nm laser (Extended Data Fig. 1a,b). Both were 
combined to achieve the optimal fluorescent intensity ratio between dead and living 
cells for live-cell imaging. Before coculture, TEGs were incubated with eBioscience Cell 
Proliferation Dye eFluor 450 (referred to as eFluor-450; 1:4,000; Thermo Fisher) in PBS 
for 10min at 37 °C to fluorescently label all Tcells. When CD4+ and CD8+TEGs were 
simultaneously imaged, both eFluor-450 and Calcein AM (1:4,000; Thermo Fisher) were 
used to label the different TEG subsets in PBS for 10min at 37 °C. For NCAM1 prelabelling 
experiments, a combination of eFluor-450 (1:4,000; Thermo Fisher) and Hilyte-488-
conjugated NCAM1 nanobodies (1:400; QVQ) was used to label CD8+ TEGs in PBS for 
20min at 37 °C before coculture. The plate was placed in a LSM880 (Zeiss Zen Black 
Edition v.2.3) microscope containing an incubation chamber (37 °C, 5% CO2) and 
incubated for 30min to ensure settling of TEGs and organoids at the bottom of the well. 
The plate was imaged for up to 24h with a Plan-Apochromat ×20/0.8 numerical aperture 
dry objective with the following settings: online fingerprinting mode, bidirectional 
scanning, optimal Z-stack step size, Z-stack of 60μm in total and time series with either 
a 30-min interval (up to 60 conditions simultaneously; resolution 512×512) or a 2-min 
interval (up to four or ten conditions simultaneously; resolution 512×512 and 200×200, 
respectively). To minimize photobleaching of NCAM1-prelabelled TEGs, the 488-nm 
laser was activated during only one Z-stack each hour within the first few hours of 
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imaging. Directly after imaging, production of IFN-γ in the supernatant was quantitated 
using an ELISA-ready-go! Kit (eBioscience) and cell pellets were used to measure 
organoid viability with the CellTiter-Glo Luminescent Cell Viability Assay (Promega). 

IFN-β stimulations 

PDOs were harvested as described above and incubated in 96-well, round-bottom 
culture plates (Thermo Fisher) in 100 µl of type 1 organoid culture medium, 
supplemented with 2.5% BME and with or without the presence of 100 pg ml–1 
recombinant human IFN-β (Peprotech). After 24h of incubation (37 °C, 5% CO2), TEGs or 
LM1s were added to either IFN-β-preincubated or unstimulated organoids (E:T ratio 
1:30) in 100 µl of TEG assay medium, supplemented with 2.5% BME and pamidronate 
(1:1,000) and with or without the presence of 100 pg ml–1 recombinant human IFN-β 
(Peprotech). Medium without Tcells was added for ‘organoid only’ controls. After 16h 
of incubation (37 °C, 5% CO2), plates were used to measure organoid viability using the 
CellTiter-Glo Luminescent Cell Viability Assay. 

In vivo targeting by TEGs 

Adult female NSG mice (15–16weeks old) received sublethal total body irradiation 
(1.75Gy) and subcutaneous implantation of a β-estradiol pellet (Innovative Research of 
America) on day –1. On day 0, PDOs (1×106 13T or 0.5×106 169M organoid cells in 100μl 
of BME per mouse) were prepared as described previously43 for subcutaneous injection 
in the right flank on day 0, and mice received two injections of 107TEGs or TEG011 mock 
cells on days 1 and 6 in pamidronate (10mg kg–1 body weight) as previously reported7. 
On day 1, together with the first Tcell injection, all mice also received 0.6×106 IU of IL-2 
(Proleukin, Novartis) in incomplete Freund’s adjuvant (IFA; MD Bioproducts) 
subcutaneously. Tumor volume was measured once per week using a digital caliper and 
calculated by the following formula: 0.4×(length x width2 ). Mice were monitored at least 
twice per week for weight loss and clinical appearance scoring (scoring parameters 
included hunched appearance, activity, fur texture, piloerection and 
respiratory/breathing problem). Humane endpoint was reached either when mice 
experienced 20% weight loss from initial weight, tumor volume reached 2 cm3 or when 
a clinical appearance score of 2 was reached for an individual parameter or an overall 
score of 4. In no case was the tumor burden exceeded. 

Image processing 

For 3D visualization, cell segmentation, extraction of statistics and time-lapse videos 
were processed with Imaris (Oxford Instruments) v.9.2–9.5. The Channel Arithmetics 
Xtension was used to create new channels for specific identification of organoids (live 
and dead) and eFluor-450-labelled or calcein AM-labelled Tcells (live and dead) and to 
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exclude cell debris. The Surface and ImarisTrack modules were used for object detection 
and automated tracking of both Tcells (autoregressive motion) and organoids 
(‘connected components’ or no tracking). The Distance Transformation Xtension was 
used to measure the distance between TEGs and organoids, with thresholds for defining 
organoid–Tcell interactions visually determined. For tracked TEGs, time-lapse data 
containing the coordinates of each cell, the values of cell speed, mean square 
displacement, distance to organoids and dead cell dye channel intensity were exported. 
For experiments with NCAM1 prelabelling, the mean intensities of the NCAM1 channel 
per Tcell were exported. For tracked organoids, time-lapse data containing the 
coordinates of each organoid, the surface area, volume and mean dead cell dye channel 
intensity were exported. 

PDO killing dynamics 

To quantify the cell death dynamics of PDO cultures, >5,000 single organoids were 
analyzed at each time point (48 in total). The mean dead cell dye intensity within single 
organoid surfaces was quantified and rescaled to a range between 0 and 100 per 
experiment to normalize for variation in absolute dead cell dye intensity. To analyze 
whether organoid sensitivity to TEGs was dependent on initial organoid size, we 
compared the initial area (0h) of organoids killed by TEGs at 10h compared with the area 
of TEGs remaining alive at 10h. 

T cell dynamics analysis and multivariate time series clustering 

For the analysis of TEG behavior over time, the following parameters were used: Tcell 
death, contact with organoids, speed, square displacement and interaction with other 
Tcells. For each Tcell time series, linear interpolation was used to estimate the values in 
several cases of missing time points. To compare time series independently of their 
length, cell tracks were cut to a length of 3.3h. Similarity between distinct cell tracks was 
measured using a strategy that allows for best alignment between time series, 
previously applied for mitotic kinetics49 or temporal module dynamics comparisons50. A 
cross-distance matrix based on multivariate time series data was computed using the 
dynamic time-warping algorithm. To visualize distinct cell behaviors in two dimensions, 
dimensionality reduction on the multidimensional feature count table was performed 
by the UMAP method51,52. Clustering was performed using the k-means clustering 
algorithm with outlier detection. To confirm the identity of each cluster, Tcell cluster 
assignments were back-projected to visualize the surfaces and tracks of particular Tcell 
populations in the imaging dataset (Fig. 2a and Extended Data Figs. 3a,b and 4b). 
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Cell behavior classification using a random forest classifier 

For standardized integration of new experiments, we used a random forest classification 
approach53 to relate cell behavior to the nine behavioral signatures that we found in 
our global TEG behavior atlas (Fig. 2b). To allow for inclusion of experiments with a low 
E:T ratio of 1:25, where the parameter of Tcell interaction would be influenced as 
compared with the standard E:T ratio of 1:30, the following parameters were used: Tcell 
death, organoid contact, speed and square displacement. The reference dataset used to 
build the global TEG behavior atlas was split into cell tracks for use as either a training 
dataset (95%) or a test dataset (5%). To reduce dimensionality, for each cell track four 
time series descriptive statistics were quantified and used to train the classifier. For 
numeric variables, the following measures were computed for each cell track: mean, 
median, the top 90% of the distribution and standard deviation. For binary values, such 
as contact with organoids, the mean was calculated as well as the mean and maximum 
of cumulative interaction. The random forest classifier was trained using 100 trees on 
the above-mentioned variables using the nine behavioral signatures as labels (Extended 
Data Fig. 3c,d). The test dataset was used to assess accuracy of the classifier and to 
determine in which behavioral signatures the errors occurred (Extended Data Fig. 3e). A 
slightly updated version of the classifier was used in Fig. 3 

Correlation between TEG behavior and organoid killing dynamics 

To estimate the correlation between onset of death in individual organoids and 
engagement with Tcells belonging to the engaging clusters (CL7–9), we implemented a 
technique of sliding window correlation analysis previously used for functional brain 
connectivity54 and genome analysis55. We calculated the Pearson correlation coefficient 
between the cumulative number of organoid contacts with TEGs from each cluster and 
the increase in dead cell dye intensity in each over a sliding window of 3h (Fig. 2f and 
Extended Data Fig. 3k). 

NCAM1 prelabelling quantification using 3D imaging data 

Behavioral classification of NCAM1-prelabelled TEGs was performed as described above, 
by prediction of behavioral signatures with the random forest classifier. NCAM1+/– TEGs 
were identified based on an NCAM1 intensity threshold in individual TEGs, visually 
defined at the time points where the 488-nm laser was turned on. To ensure inclusion 
of true NCAM1– or NCAM1+ TEGs, two intensity thresholds were defined. 

Pseudotime trajectory inference 

Two experimental SORT–seq replicates of TEGs cocultured with 13T PDOs, generated as 
described above, were used for trajectory interference (Extended Data Fig. 6b). 
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Proliferating Tcells were excluded from the analysis because they did not show any 
dynamic inflammatory genes during analysis. Afterwards, the gene expression table was 
log normalized with a 10,000 scaling factor. Shared nearest-neighbor, graph-based 
clustering was done as described above at a resolution of 2. Based on marker gene 
expression of CD8, CD4 and IL17RB56, TEGs were subclustered into three subtypes: 
IL17RB−CD8+eff, IL17RB−CD4+eff and IL17RB+CD4+mem. Downstream analyses were 
performed on each subset separately and compared with each other where mentioned. 
The RunFastMNN function from the SeuratWrappers package was utilized to correct for 
batch effects between the two SORT–seq replicates. We used the package Monocle3 
(ref.57) to infer the pseudotime trajectory and significantly dynamic genes for each Tcell 
subtype. For each cell subtype, either no-target control or nonengagedEnriched TEGs were 
designated as the root of the trajectory. To acquire comparable results from both Seurat 
and Monocle3 packages, the FastMNN batch-corrected UMAP coordinates were 
imported and used throughout the trajectory analysis in Monocle3. In IL17RB−CD4+eff 
and IL17RB+CD4+mem subtypes, Monocle identified no-target control cells as a separate 
partition. To have all cells along with a single pseudotime spectrum, we added maximum 
pseudotime values of no-target control Tcells to pseudotime values of remaining cells in 
that subtype. For all TEG subtypes, significant dynamic genes along with the pseudotime 
trajectory were calculated and identified using Monocle3’s graph_test function, with 
1×10–20 q-value as the significance cutoff. Afterwards, using both k-means clustering 
and visual inspection of gene behavior over the pseudotime, TEGs were clustered into 
subclusters of similar pattern (CL1–8; Fig. 5g). The expression profile of the genes, along 
with the pseudotime trajectory, was plotted using the package pheatmap58 using row-
scaled (z-score) expression values. Smoothed gene behavior was calculated and 
visualized recruiting the gam smoothing function in the ggplot2 package59. 

Behavior signature inference over pseudotime 

To align pseudotime inference with the different behavioral signatures that we 
identified with BEHAV3D, we built a probability map distribution for different behavioral 
signatures over the pseudotime based on the fundamental principle of transitivity of 
probabilistic distribution (Fig. 5f). We defined three states of cells quantified by different 
methods: 

Behavioral_signatures (Bsig): (Static, Lazy, Medium scanner, Scanner, Super scanner, 
Tickler, Engager, Super engager). Behavioral signatures of cells identifed by imaging (Fig. 
5b).  

• Experimental_engagement_state (Expeng): (No-target control, Nonengaged, 
Nonengagedenriched, Engaged, Super engaged). Cell distribution among different 
experimental conditions (Fig. 5a).  
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• UMAP_cluster (Ucl): (1…X). Cell assignment to distinct clusters grouping cells of similar 
gene expression. Shared nearest-neighbor, graph-based clustering was repeated several 
times using the Seurat package FindNeighbors and FindClusters functions with 
resolution in the range 1–7. From these three different cell states, the following 
information was quantified:  

• p(Bsig|Expeng): for each Experimental_engagement_state we quantifed the probability 
distribution of each Behavioral_signature (Fig. 5f). This was achieved by reproducing the 
Experimental_engagement_states in silico on our imaging data. These values were 
calculated separately for CD4+ and CD8+ TEGs.  

• p(Expeng|Ucl): for each UMAP_cluster, we quantifed the probability of each 
Experimental_engagement_state belonging to this cluster.  

Given these probabilities, we then quantified for each Tcell the probability distribution 
of each unique Behavioral_signature in each UMAP_cluster using the equation:  

𝑝𝑝 (𝐵𝐵𝑠𝑠𝑠𝑠𝑠𝑠|𝑈𝑈𝑐𝑐𝑐𝑐) = � 𝑝𝑝 (𝐵𝐵𝑠𝑠𝑠𝑠𝑠𝑠|𝐸𝐸𝐸𝐸𝑝𝑝𝐸𝐸𝐸𝐸𝑠𝑠)  ×  𝑝𝑝 (𝐸𝐸𝐸𝐸𝑝𝑝𝐸𝐸𝐸𝐸𝑠𝑠|𝑈𝑈𝑐𝑐𝑐𝑐)
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸

 

As a result, each cell was assigned a certain probability distribution for different 
behavioral signatures. To refine the probability map, the same process was repeated for 
seven runs with different cluster sizes and final probability distributions were averaged 
per cell. Note that, for cells belonging to the No-target control 
Experimental_engagement_state, a Behavioral_signature called No-target control was 
assumed. Given that the nonengaged behavioral signatures (Static, Lazy, Slow scanner, 
Medium scanner, Super scanner) exhibited an identical probability map, their values 
were plotted together. For visualization purpose, extreme outlier values of skewed 
distributions were transformed to a maximal cutoff value. Based on the probability 
distribution of different behavioral signatures, pseudotime was divided into four 
stages—Baseline (no organoids), Environmental stimuli, Short engagement and 
Prolonged engagement—for each TEG subtype (CD8+eff, CD4+eff and CD4+mem). 

Serial killer gene signature analysis 

Genes of CL7 (Fig. 5g and Supplementary Tables 4 and 5) were analyzed to identify a 
unique signature for killer TEGs. Sixty-one of 83 genes comprising this cluster were 
common to TEGs incubated with 13T and 10T organoids and underwent extensive 
literature curation to identify those with a known role in Tcell cytotoxicity, Tcell biology 
(not related to cytotoxicity), morphological plasticity or other processes such as GTPase 
signaling, ribogenesis and transcriptional regulation. 
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Cytotoxic in vivo T cell signature definition and projection on TEGs 

To generate a signature gene set for cytotoxic CD8+ Tcells in samples from patients with 
BC, we downloaded two publicly available datasets from GEO (accession nos. 
GSE114724 (ref.40) and GSE110686 (ref. 41)). Raw data were downloaded and analyzed 
with Seurat, using the same procedure utilized for TEG data processing. Clusters were 
identified and named using the marker genes defined in the study of Savas et al.41. From 
the study of Azizi et al.40, only TILs were used for analysis. Clusters were generated with 
a resolution of 0.9. For the Azizi and Savas studies, two marker gene lists were identified 
for cytotoxic CD8+ Tcells (based on the 2,000 variable features and an average log(fold 
change) cut off of 0.3; Supplementary Table 6). The overall enrichment of the identified 
gene sets for each study was calculated using VISION60 and visualized on top of UMAP 
cell embeddings for each study. In addition, the overall enrichment of in vivo identified 
gene sets was projected on the UMAP of TEGs. For the following methods we refer to 
Supplementary Protocols: primary DMG patient-derived lines and head and neck cancer 
PDO cultures, cell lines, WT1 Tcells, ROR1 CAR Tcells, flow cytometry analysis of NCAM1 
and ROR1 expression, sorting of NCAM1–/+ TEGs, Tcell serial killing capacity analysis, PDO 
bulk RNA-seq, SORT–seq sample preparation, SORT–seq library preparation and 
sequencing, mapping and quantification of SORT–seq data, SORT–seq and 10X Genomics 
data integration and TEG subpopulation analysis, differential gene expression analysis 
of TEGs cocultured with distinct PDO cultures and gene set enrichment analysis. 

Statistics and reproducibility 

Statistical analysis was performed using either R or Prismv.7 software (GraphPad), and 
results are represented as mean±s.e.m. unless indicated otherwise; n represents 
independent biological replicates. Two-tailed unpaired t-tests were performed between 
two groups unless indicated otherwise. Pearson correlation was used for paired 
comparison among three different readouts (IFN-γ production, cell viability and live 
imaging). For live-cell imaging, the increase in dead cell dye between the first and last 
time points was used as a measure. To compare tumor volumes in mice treated with 
TEGs or TEG001 mock cells, two-way analysis of variance (ANOVA) with repeated 
measures was performed. To compare frequencies of different behavioral signatures 
among PDOs, a Pearson’s chi-squared test was applied. To compare the percentage of 
dead organoids when TEGs were cocultured with different PDOs, one-way ANOVA 
followed by Bonferroni correction was performed. To estimate the change in correlation 
between PDO death dynamics and cumulative contact with TEGs for different behavioral 
signatures, data were fitted to a linear mixed model with experimental replicate as the 
random effect to account for variation between them. For cell type enrichment analysis 
of TEG first and second action after engagement, a hypergeometric test was used 
(Fisher’s exact test). For comparisons of percentages of distinct TEG subtypes in the 
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same well (CD4+ versus CD8+ or NCAM+ versus NCAM), for each behavioral signature 
data were fitted to a linear regression model with each individual replicate set as the 
random effect to account for variation between them. For comparisons of percentages 
between different Tcell lines (different wells), the standard deviation of the difference 
between mean cluster percentages for pairs of Tcell lines was calculated by taking the 
square root of the sum of the variances of both separate distributions (Fig. 3j). For each 
fitted model, ANOVA was computed with an F-test. For comparison of IFN-β treatment, 
paired t-tests were performed. To ensure global TEG behavior atlas (Fig. 2a,b) 
reproducibility, we pooled 22 different imaging datasets comprising TEGs and LM1 cells 
cocultured with 13T or 100T organoids. Supplementary Table 8 summarizes the value of 
n per condition for Figs. 2b, 3f–j and 6e–g and includes statistical test details from Fig. 
2f. 

Reporting summary 
Further information on research design is available in the Nature Research Reporting 
Summary linked to this article. 

Data availability  

RNA-seq data of this study have been deposited in the Gene Expression Omnibus 
under accession no. GSE172325 (https://www-ncbi-nlm-nih-gov.ezproxy.u-
pec.fr/geo/query/acc.cgi?acc=GSE172325). Imaging data used for the behavioral 
reference map have been deposited in the BioImage Achive under accession no. S-
BIAD448 (https://www.ebi.ac.uk/biostudies/studies/s-biad448).  

Code availability  
We provide the BEHAV3D framework as a compilation of Rscripts on github 
(https://github.com/alievakrash/BEHAV3D). 

Online content  

Any methods, additional references, Nature Research reporting summaries, source 
data, extended data, supplementary information, acknowledgements, peer review 
information; details of author contributions and competing interests; and statements of 
data and code availability are available at https://doi.org/10.1038/ s41587-022-01397-
w. 
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Extended Data 

Extended Data Figure 1. Multi-spectral 3D imaging quantification of organoid killing. (a) Emission 
spectra of the indicated fluorescent real-time cell dyes separately imaged by multispectral imaging with 
the lambda mode using the indicated lasers. (b) Overview of fluorescent real-time cell dyes for labelling 
the indicated cell types. (c) Schematic representation of the co-culture setup. (d) Quantification of death 
of individual PDOs in the presence of control TEGs expressing a mutated Vψ9/V82 TCR (LM1s). (e) 
Quantification of the percentage of dying single organoids (% of total) over time for each PDO co-cultured 
with LM1 control TEGs (right panel) or in the absence of T cells (left panel) (n = 4 independent 
experiments; mean). (f) Quantification of death of individual PDOs in the presence of TEGs. (g) 
Comparison of average size of PDOs (t = 0 of TEG co- culture) that were either dying or alive at 10 h of co- 
culture with TEGs for the indicted PDO lines. Data corrected for control LM1 T cell responses. n = 4 (20 T 
and 10 T) or 5 (25 T, 27 T, 62 T) independent experiments. Two-tailed unpaired t test: NS = p > 0.05. (h) 
Quantification of killing of 11 10 T PDO clonal lines as well as the parental culture using a CellTiter-Glo® 
viability assay, upon overnight co-culture of organoids with TEGs in the presence of pamidronate, (n = 3 
(10T-1 and 10T-2) or 4 (all other clones) independent experiments; mean ± s.e.m.). (i-l) Quantification of 



CHAPTER 4 

 

4 

94 

PDO targeting using a CellTiter-Glo® viability assay (i) or INFψ ELISA assay (k), upon 24 h co-culture of 
organoids with TEGs in the presence of pamidronate, and Pearson correlation plots between the 
outcomes of live cell imaging compared to CellTiter-Glo® measured viability (j). (F = 75.05, DFn=1, DFd=12, 
95% CI [0.5184, 0.8668], p < 0.0001) and INFψ ELISA (l) (F = 14.49, DFn=1, DFd=12, 95% CI [0.257,0.9452], 
p = 0.0025). Data corrected for control LM1 T cell responses. (n = 4 independent experiments; mean ± 
s.e.m.). (d,f: Single organoids that crossed the mean dead cell dye intensity threshold of 7 (dashed lines) 
are considered dying (red lines)). 

 

 

 

 

 

 

 

 

 

 

 

 

Extended Data Figure 2. GO terms associating with PDO sensitivity to TEGs. (a-c) Heatmap showing 
normalized gene expression (Row Z-score) for the indicated PDOs harvested at two different time points 
in culture (experimental replicates ‘_1’ and ‘_2’). GO terms ‘extracellular matrix (ECM) and ECM- 
associated proteins’ (a), ‘cytokines signaling in immune system’ (b) and ‘interferon signaling’ (c) are 
presented, which were identified in the gene ontology enrichment analysis of differentially expressed 
genes between the six highest versus six lowest TEG-sensitive organoid cultures from Fig. 1h. 
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Extended Data Figure 3. Properties of the 9 TEG behavioral clusters, random forest classification and 
head and neck cancer and diffuse midline glioma PDO targeting. (a,b) Representative multispectral 
overview images (a; scale bars, 50 µm) and enlarged sections for clusters of interest (b; scale bars, 20 µm) 
of 13 T organoids co- cultured with TEGs classified into 9 different behavioral clusters. n = 11 independent 
experiments. (c) Schematic representation of the Random Forest classification pipeline and the resulting 
heatmap showing relative intensity values of T cell features indicated for each cluster resulting from the 
classification of the experiment in Fig. 2c. (OC, organoid contact; Dis, square displacement; Sp, speed; TI, 
T-cell interaction; CD, cell death) (d,e) Error rate of the training data per cluster and overall for all trees 
(d) and correlation plot between ground truth cluster classification and predicted cluster classification (e). 
Color represents ground truth cluster. (f,g) Quantification of head and neck cancer (H&N) PDO (f) or 
diffuse midline glioma (DMG) PDO (g) targeting using a CellTiter-Glo® viability assay upon overnight co- 
culture with TEGs in the presence of pamidronate. Data corrected for control LM1 T cell responses. (n = 3 
independent wells, representative graph of n = 3 independent experiments; mean ± s.d.). (h) Images of 
H&N cancer & DMG PDO cultures (yellow) showing killing by TEGs (blue) at the indicated time points of 
imaging. Dead cells in red. Scale bars, 50 µm. (i) Behavioral cluster distribution of TEGs co-cultured with 
the indicated PDOs. χ2 test; p = 1.132e-08. (j) Representative multispectral images of H&N2 PDOs 
(rendered in grey) co-cultured with TEGs classified as static (C2; green) or super engager (C9; red), Scale 
bars, 15 µm. (k) Change in correlation between 10 T organoid death dynamics (measured as increase in 
dead cell dye) and cumulative contact with TEGs (from behavior clusters 7-9). Data is represented as mean 
correlation per timepoint of all single organoids (n = 4 independent experiments). Linear mixed model 
fitting with each experimental replicate as a random effect: C9 vs C8, p < 2e-16; C9 vs C7, p < 2e-16. (h-j: 
representative data of n = 3 independent experiments). 

  

https://www.nature.com/articles/s41587-022-01397-w#Fig2


 Uncovering the mode of action of engineered T cells in patient cancer organoids 

 
97 

4 

 

Extended Data Figure 4. Unique targeting features of CD4+ and CD8+ TEGs and behavioral signatures in 
relation to NCAM1 expression. (a) Representative FACS plots showing CD4, CD8, αβ TCR and Vψ9/V82 
TCR expression for cultured CD4+ and CD8+ LM1s or TEGs. (b) Representative image of long-term tracking 
of TEGs in co-culture with 13 T organoids (grey surface rendering at t = 0) showing full tracks (up to 20 hrs; 
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rainbow-colored). Scale bar, 50 µm. (c) Time series color plot showing long-term tracks of TEGs (co-
cultured with 13 T) and how they change their behavioral signature overtime for each time interval. (0- 
3.3 hrs; 3.3-6.6 hrs; 6.6-10 hrs; 10-13.3 hrs). Colors indicate cluster identity for each TEG (see j). Tracks 
were classified into 6 different groups (named according to their most distinct behavior) and the 
proportion of CD4+TEG and CD8+TEG is indicated per group. TEGs were pooled from 3 independent 
experiments. (d) CD4+ TEG moving away from a 13 T organoid without killing. Scale bars, 20 µm. (e) Images 
showing 13 T organoids and CD8+ TEGs with defined anchor points. Scale bars, 10 µm. (f) Quantification 
of fold increase in cell length. Individual cells pooled from 6 independent experiments. Boxplot depicts 
the median, first and third quartiles, whiskers extend 1.5 times from the interquartile range. (g) UMAP 
plot shows distinct TEGs subsets unexposed to PDOs, pooled from three independent experiments. (h) 
Gene-expression dot plot of a curated set of differentially expressed genes in each cell subpopulation. 
Rows depict cell subpopulations as in g, while columns depict genes. (i) Quantification of breast cancer 
PDO targeting using a CellTiter-Glo® viability assay upon overnight co-culture with sorted 
NCAM1−CD8+TEGs or NCAM1+CD8+TEGs. Data corrected for organoid only responses. Unpaired T test: 34 T 
p = 0,0263; 27 T p = 0,0198; 10 T p = 0,0289. (n = 3 individual wells, representative data of 3 independent 
experiments; mean ± s.d.). (j) Relative behavioral cluster distribution of NCAM1−CD8+ TEGs or 
NCAM1+CD8+ TEGs co-cultured with 13 T PDOs. (k) FACS histogram plots showing NCAM1 expression in 
TEGs that were cultured in the absence (grey) or presence of IL-15 (black) for 10 days. (Representative 
data of 3 (b,d,e,k) or 4 (a) independent experiments). 

 

 

 

 

Extended Data Figure 5. Analysis of TEG behavior and killing properties. (a) Quantification of the first 
action and second action of CD4+ and CD8+ TEGs after they engaged with an organoid. (n = 3 independent 
experiments). Hypergeometric test was used to analyze cell type enrichment in each category. ‘Kills 
multiple cells’ p < 0.0001; ‘Kills one cell’ p = 0.000015; ‘No killing’ p= 0.0018. (b) Quantification of the 
number of cells killed in a sequence by CD8+TEGs in time. (n = 3 independent experiments). (c) 
Quantification of the time it takes to kill one 13 T tumor cell for CD4+ TEGs and CD8+ TEGs (n = 3 
independent experiments). 
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Extended Data Figure 6: Behavior-guided transcriptomics of TEGs co-cultured with 13T organoids. (a) 
Dynamic change of the percentage of TEGs exhibiting super engager behavior (C9) over time in co-culture. 
Color denotes TEGs co-cultured with 13 T or 10 T organoids and line type CD4+ (dashed) or CD8+ (solid) 
TEGs. The 6 hrs time point was selected for single cell TEG sequencing (dashed grey line). (b) Separate 
UMAP embeddings showing inferred pseudo-time trajectory of CD8+eff, CD4+eff and CD4+mem TEGs. Color 
scale represents the inferred pseudotime. (c) Functional enrichment analysis for biological processes and 
pathways from gene clusters (CL) that are downregulated (CL1), upregulated (CL3) or transiently 
expressed (CL2) over the pseudotime trajectory of TEGs targeting 13 T organoids. CL1-3 are represented 
in Fig. 5g. (d) Gene- expression dot plot of the 61 conserved genes composing the (serial) killer gene 
signature separated by function. Rows depict genes, while columns depict stage of targeting. Dot color 
gradient indicates average expression, while size reflects the proportion of cells expressing a particular 
gene. 

 
 

  

https://www.nature.com/articles/s41587-022-01397-w#Fig12
https://www.nature.com/articles/s41587-022-01397-w#Fig12
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Extended Data Figure 7. Overlap between cytotoxic signature of tumor-infiltrating T cells and super 
engager TEG gene expression. (a,b) UMAP embedding color-coded for different populations of tumor-
infiltrating lymphocytes (TILs) isolated from human breast cancer tumor samples from the Savas et al.41 (a; 
310 genes) or Azizi et al.40 (b; 543 genes) study. (c,d) UMAP embedding of TILs showing relative expression 
of a cytotoxic gene signature identified in the Savas et al. (c) or Azizi et al. (d) dataset. (e) UMAP 
embedding of TEGs enriched for different behaviors (see Fig. 5c-e) showing normalized gene expression 
projection of the Savas et al. or Azizi et al. cytotoxic signature. Colors represent the log2 transformed 
normalized counts of genes. (f) Violin plots for different TEG subtypes showing expression of the cytotoxic 
gene signature identified in Savas et al. (left panel) or Azizi et al. (right panel). Colors indicate different 
stages of targeting. 

  

https://www.nature.com/articles/s41587-022-01397-w#Fig5
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Extended Data Figure 8. Behavior-guided transcriptomics of TEGs co-cultured with 13T and 10T 
organoids. (a) Heatmap showing normalized gene expression of behavior-enriched TEG populations co-
cultured with 10 T or 13 T organoids, or cultured without PDOs (No target control). Columns represent 
cells ordered by TEG populations and rows represent the expression of genes. Shown are 534 genes 
induced upon prolonged organoid engagement (super engagers) in both 10 T and 13 T co- cultures from 
Fig. 6b. (b) Functional enrichment analysis (conserved biological processes and pathways) of genes 
induced in both 10T- and 13T-co-cultured super engager TEGs (shown in A). (c) Functional enrichment 
analysis of genes differentially expressed between 10T- and 13T-co- cultured super engager TEGs. Top 
differentially regulated biological processes and pathways are shown. (d) IFN-ß concentration measured 
for the different organoid cultures in Fig. 6e-g. 
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Abstract  

In this study we explore strategies to improve αβT cell infiltration within the tumor 
microenvironment (TME) in order to boost the efficacy of adoptive αβT cell therapies in 
various malignancies. Infiltration of tumor-reactive αβT cells, especially CD8+ αβT cells, 
correlates with improved clinical outcomes and responses to immunotherapies. Using 
in vitro models, we examined the infiltration of BCMA-targeting CAR αβT cells (BCMA-
CART) and BTN2/3-targeting γδTCR (TEG) engineered αβT cells, finding that αβT cell 
infiltration was limited; particularly in the CD8+ T lymphocyte compartment. 
Chemokines including CCL4 were found to be essential for  αβT cell migration in the 
TME, with blocking of these chemokines showing a reduction in αβT cell migration and 
tumor-specific killing. Furthermore, overexpressing the corresponding chemokine 
receptor CCR5 in tumor-reactive αβT cells significantly improved infiltration capacity 
and tumor targeting of engineered immune cells. This study highlights the importance 
of improving αβT cell infiltration for αβT cell therapies and argues for the potential of 
CCR5 overexpression in CD8+ αβT cells for improving clinical outcomes, particularly in 
the treatment of solid malignancies.  
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Introduction  

Chimeric antigen receptor (CAR) or T cell receptor (TCR) engineerd  αβT cells therapies 
have demonstrated remarkable success in the treatment of hematological malignancies 
in recent years1. Nonetheless, translating the success of  these engineered αβT cell 
treatments to solid tumors has been proven to be more challenging2. Solid tumors 
construct immune-excluded, local microenvironments that block the infiltration and 
activation of endogenous αβT cells. This while cytotoxic αβT cell infiltration in the TME 
is associated with a good prognosis for multiple cancer types such as breast, colorectal 
and various hematological malignancies3-5. Furthermore, strong infiltration of 
specifically activated CD8+ T-cells correlate to favorable responses to checkpoint 
blockade treatments like targeting either PD-1 or CTLA-46-7. In the case of TCR- or CAR -
T cell therapies, similar correlations are observed where CD8+ T lymphocytes infiltration 
also correlates to better clinical responses and prognosis in patients8. These findings 
unscore the pivotal role of infiltrating, tumor-reactive αβT cells play in providing 
effective clinical responses towards malignancies in patients. 

However, αβT cell infiltration in the tumor microenvironment is limited by an array of 
immunosuppressive mechanisms orchestrated by both the tumor and other cells 
residing in the surrounding TME9,10. Physical barriers such as a high-density extracellular 
matrix and irregular vasculature are frequently observed in TME of malignancies. 
Additionally, dysregulation in immune cell migration signalling; specifically the 
mismatch of the chemokine profile expressed in the TME and chemokine receptor 
expression profile of cytotoxic αβT cells is a vital obstacle to overcome11. For instance, 
CCL2 expression by cancer-associated fibroblasts (CAF) has been reported to stimulate 
the proliferation of breast cancer cells12 while CXCR2 and CXCR4 signalling in the 
metastatic lung niche allows for the recruitment of immunosuppressive MDSCs13. In 
contrast, clinical data of melanoma patients indicates that a lack of expression of the 
CCR5 ligands CCL4 and CCL5 correlates to limited infiltration of antigen-specific αβT cells 
and thereby a reduced anti-melanoma immune response14. Presumably, the 
contribution of chemokines in the TME to pro- and anti-tumor immune responses will 
be context dependent, highlighting the overall complexity of chemokine receptor 
signaling in cancer. However, these findings provide a rationale for further investigating 
the role of chemokine receptors within the tumor microenvironment. 

In this study, αβT cell infiltration in the TME of both hematological and solid tumors was 
studied to identify pathways that could be engineered to boost αβT cell infiltration. To 
this end, in vitro models of both tumor microenvironments were used to test BCMA-
targeting CAR-αβT cells (BCM-CART) as well as BTN2/3-targeting γδ-TCR-engineered  
αβT cells (TEG)15-17. Although partial tumor killing was observed in these models,  αβT 
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cell infiltration was limited. Specifically, CD8+ CAR and TEG cells were migrating to a 
lesser extend then their CD4+ counterparts. Upon overexpression of the CCR5 
chemokine receptor on αβT cells, CD8+ CAR and TEG  αβT cells were able to improve 
their infiltration in the TME of both solid and hematological malignancies. This improved 
αβT cell infiltration led to and significant increase in tumor targeting in both 
hematological and solid tumor types. 

Materials and Methods 

Generation of engineered αβT cells 

Primary PBMCs were isolated using Ficoll-Paque (GE Healthcare) from buffy coats of the 
Sanquin Blood Bank. Next, αβT cells were isolated from primary PBMCs by activation via 
α-CD3 (OKT3; Janssen-Cilag) and IL-2 (Clinigen).  

αβT cells using the BCMA-CART or tumor-reactive γδTCR were transduced according to 
previously published protocols18. In short, Gag-pol (HIT-60) and env (COLT-GALV) were 
transfected into Phoenix-Ampho cells combined with plasmids of either γ and δTCR 
chains18 in the pMP71 vector or a previously described BMCA-CAR sequence19 in the 
pBullet vector containing a neomycin resistance. Activated  αβT cells were transduced 
with the filtered viral supernatant produced by these phoenix-ampho cells combined 
with polybrene (Sigma-Aldrich).  

After two transduction rounds, αβT cells were selected under either neomycin (Merck) 
or puromycin (Merck) in the case of the BCMA-CART and CCR5 expressing cells 
respectively. Additionally, the γδTCR transduced cells were magnetically depleted for 
non-transduced, αβ-TCR positive αβT cells using the biotin-labeled anti-αβTCR antibody 
(BW242, Miltenyi Biotech) and α-biotin magnetic beads (Miltenyi Biotech) on MD 
columns (Miltenyi Biotech) according to the manufacturers protocol.   

Subsequently, transduced αβT cells were expanded on the rapid expansion protocol10. 
After expansion, cells were sorted for expression of either CD4 or CD8 by MACS selection 
using α-CD4 and α-CD8 microbeads (Miltenyi Biotech) and MS columns (Miltenyi 
Biotech) according to the manufacturers protocol.  

Construction of the CCR5 construct 

The DNA sequence of the wildtype CCR5 chemokine receptor20-21 was synthetized by 
BaseClear and cloned into the pBullet vector containing a puromycin resistance. The 
restriction enzymes NCoI, BamHI and T4 ligase used for this cloning were provided by 
NEB. The CCR5-pBullet vector was included in the transfection mix of the phoenix-
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ampho cells together with either plasmids containing the BCMA-CART or γ and δTCR 
chains for the BTN2/3-targeting γδTCR as mentioned above10. 

Cell cultures 

RPMI-8226, (ATCC), KG1a (ATCC) and patient-derived AML blasts were cultured in 10% 
FBS, 1% Penicillin Streptomycin containing RPMI(GlutaMax). HEK293F and αβT cells 
were cultured in DMEM(GlutaMAX) with 10% FBS and 1% Pen-Strep. Mesenchymal stem 
cells were supplied by the Utrecht Cell Therapy Facility and cultured in 10% FBS, 1% 
Penicillin Streptomycin containing DMEM(GlutaMAX) supplemented with 0.2mM l-
ascorbic acid (Bio-connect).  

Organoid cultures  

Organoids derived from either breast or colon cancer were generated and cultured in 
Matrigel as previously described22-24. In short, organoids were cultured in Matrigel 
covered in DMEM(GlutaMAX) containing 10% FBS, 1% Pen-Strep and multiple growth 
factors. These organoids were isolated from the Matrigel using TrypLE Express and 
filtered through a 70 μm cell strainer before being used in co-culture assays.  

In vitro malignant bone marrow niche models  

The in vitro bone marrow models were generated as previously described15. In short, 
RPMI-8226 cells or patient-derived AML blasts were dyed using the Vybrant DiO dye and 
seeded together with Vybrant DiD (Thermo Fisher) dyed mesenchymal stromal cells 
(MSCs) in Matrigel in the bottom compartment of a 5.0 µm pore transwell plate (3385, 
Corning). After a four day culture of the targe αβT cells with the MSCs, αβT cells were 
added to the upper compartment of the transwell plate in 10 μM Pamidronate (VWR 
international).  

For the chemokine blocking experiments, neutralizing antibodies targeting CXCL1 (AF-
310, Invitrogen), CCL4 (24006, Invitrogen) and CXCL10 (33036, Invitrogen) or the CCR5 
inhibitor Maraviroc (HY-13004, Bio-connect) were administered at the manufacturers 
IC50 simultaneously with the engineered  αβT cells.  

After a two days co-culture with of αβT cells, supernatant of the model was used for 
Luminex (SigmaAldrich) analysis at the UMC Utrecht multiplex core. Recovery solution 
(Corning) was used to dissolve the Matrigel and retrieve a single cell suspension 
according to the manufacturers protocol. Next, cell suspensions of both compartments 
were stained for αβT cell surface markers (see flow cytometry section). FACS Flow count 
Fluorospheres (Beckman Coulter) were added and samples were run on a Flow 
Cytometer to quantify the tumour load and αβT cell infiltration.  
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In vitro organoid models  

Both colon and breast cancer organoids were seeded in Matrigel similar to the bone 
marrow models mentioned above but lack the presence of MSC17. After a four day 
culture in Matrigel in the lower compartment of the transwell plate,  αβT cells were 
administered to the upper part for a two day incubation. Subsequently, both 
compartments were isolated using cell recovery solution (Corning) according to the 
manufacturers protocol. Next, cells were stained for  αβT cell markers and FACS Flow 
count Fluorospheres (Beckman Coulter) were added to each sample. Samples were run 
on a Flow Cytometer to quantify  αβT cell infiltration and tumor targeting. Note; all 
breast cancer organoid experiments were performed in the Princess Maxima Centre.   

Flow cytometry stainings  

The following antibodies were used according to the manufacturer instructions; CD3 
(UCHT1, Biolegend), CD4 (RPA-T4, Biolegend), CD8 (RPA-T8, Biolegend), TCRpan γδ 
(IMMU510, Beckamn Coulter), TCRpan αβ (IP26, eBioscience), CCR5 (HM-CCR5, Thermo 
fisher), CCR6 (R6H1, Thermo Fisher), CXCR2 (5E8-C7-F10, Thermo Fisher) and CXCR3 
(CXCR3-173, Thermo Fisher). 
Surface expression of the BCMA-CAR was determined by a primary staining of the  αβT 
cells with biotinylated BCMA (Bio-connect) followed by an secondary staining of 
Streptavidin-PE (AB_10053328, BD Pharmingen) according to manufacturer’s protocol.  

3’ single cell RNA library preparation and sequencing 

We prepared the harvested cells for the 3’ scRNAseq by depleting them of dead cells 
using the Dead Cell Removal Kit (Miltenyi) and MS Columns (Miltenyi) according to the 
manufacturer’s protocol, and straining them through a 70 um strainer. 12.000 live cells 
from each condition were taken for 3’ scRNAseq. Libraries were prepared using the 10X 
Genomics v3.1 Single Index workflow and reagents (10X Genomics 1000127, 1000121, 
1000213, 1000171), according to the manufacturer’s protocol. The samples were 
sequenced on Illumina NovaSeq 6000 at depths of 13000–39500 read pairs per cell. 
FASTQ read files were generated from the raw intensity files using the built-in software 
of the NovaSeq 6000. The reads were then aligned onto the human genome and 
transcriptome using the CellRanger 6.0.1 software (10X Genomics) with GRCh38-2020-
A (10X Genomics) as a reference. Demultiplexing of multiplets was done based on SNP 
deconvolution of donors within samples with the snp-dmx-cancer tool25. The 
successfully aligned reads, together with the demultiplexing data, were then analysed 
in R 4.0.1, primarily with the Seurat package26. Inference of the  αβT cell type (CD4+ or 
CD8+) was done with the scmap R package27. 
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Software 

GraphPad Prism 8, Microplate Manager (Bio-Rad), FACSDiva (BD Biosciences), R 
software (R foundation), Office 2016 (Microsoft).  

Results 

αβT cell migration towards the tumor site correlates with tumor targeting 

We applied a 3D, multicellular system to model the malignant bone marrow niche15 that 
allowed not only for physiological interaction between tumor cells and the healthy 
stroma, but also enabled to study the spatial dynamics of tumor specific αβT cells. After 
establishing the 3D architecture of tumor cells and stroma in Matrigel15, we applied αβT 
cells on the top of the 3D structure by using a transwell system that required active 
migration of αβT cells to reach malignant targets below. This setup allowed for the 
monitoring of the efficacy of tumor killing, the role of healthy stroma and αβT cell 
effector properties simultaneously16 (Figure 1A). TEGs showed efficient killing of a range 
of tumors such as the multiple myeloma cell line RPMI-8226, leukemic cell lines KG1a 
and MV4-11 and primary multiple myeloma samples compared to αβT cells containing 
a non-function/mock γδ TCR control (TEG-LM1) (Figure 1B), while the healthy stroma 
fraction of the co-culture system remained unharmed (Supplementary Figure 1). Killing 
capacity of TEG cells in the 3D bone marrow model however seemed suboptimal since 
we did not observe complete killing with any of the here-tested tumor targets in a two 
day window. In order to gain more insight in this heterogeneity in TEG targeting, we 
quantified the total number of αβT cells present after treatment as well as the αβT cell 
fractions that were either migrated to  the lower (migrated) part of the transwell culture 
or remained in the upper part (non-migrated) (Figure 1C). We assumed that suboptimal 
killing of targets was not only the result of heterogenous target expression and therefore 
also tested BMCA- CAR-T efficacy in the same models system. BCMA-CART were 
administered to the leukemic bone marrow models containing either RPMI-8226 or 
patient-derived MM blasts (Figure 1D-1E), however BCMA-CART were unable to 
completely eradicate even the RPMI-8226 target. 
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Figure 1. Tumor killing is dependent on αβT cell  migration in the tumor microenvironment. Schematic 
timeline of 3D TME model experiments; Tumor cells and stromal cell are dyed and co-cultured for 4 days 
in Matrigel. αβT cell s are administered on a transwell (A). TEG specific killing of tumor cells in the 3D TME 
model compared to mock αβT cell  control (B). Amount of TEG cells was determined by CD3 staining on 
cells isolated from both compartments (C). BCMA-CART specific killing of tumor cells in the 3D TME model 
compared to mock αβT cell  control TEG-LM1 (D). Amount of BCMA CART was determined by CD3 staining 
on cells isolated from both compartments (E). Correlation between total αβT cell s isolated on day 6 and 
αβT cell  specific killing of all tested tumors and αβT cell  therapies (F). Correlation between migrated αβT 
cell s isolated on day 6 and αβT cell  specific killing of all tested tumors and αβT cell  therapies (G). Error 
bars represent SD (n≥3). 
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Next, the extent of TEG and BCMA-CART targeting of all tumor samples cultured in the 
in vitro transwell model was correlated to either persistence of all αβT cells (migrated 
and non-migrated) or only to migrated αβT cells observed two days post administration 
(Figure 1F-G). The persistence of total αβT cells showed low predictive value for the level 
of T-cell specific tumor killing (R2: 0,30) while only focusing on the migrating αβT cells 
did show a higher correlation (R2: 0,72). This emphasizes that rather the amount of αβT 
cells that are able to migrate towards the tumor inside the TME than the total amount 
of αβT cells persisting could be determinant for the efficacy of the αβT cell therapy. 

Blocking CXCL1, CCL4 or CXCL10 reduces αβT cell migration and thereby 
lowers αβT cell specific killing. 

Since tumor specific αβT cells actively migrated to the tumor site through small trans-
well pores, we assumed that the presence of soluble factors facilitated target specific 
migration. To this end, we collected supernatants of 3D co-cultures and screened via 
Luminex technology for soluble molecules that might play a role in αβT cell attraction to 
the tumor site. 3D co-cultures containing either primary patient-derived MM samples, 
the MM cell line RPMI-8226 or the AML cell line KG1a combined with donor-derived 
MSCs showed elevated levels of CXCL1, CCL4 and CXCL10 in tumor models only upon 
treatment with TEG cells, suggesting that these chemokines play a role in  antigen-
specific migration and tumor killing (Figure 2A). 

To test whether these chemokines binding to receptors on the αβT cells is needed for 
an effective αβT cells migration towards the tumor micro-environment, neutralizing 
antibodies were used to block the function of these chemokines (Figure 2B). When 
blocking antibodies against CXCL1, CCL4 and CXCL10 were administrated simultaneously 
with the αβT cells, we found that migration of either TEG  or BCMA-CART was 
significantly reduced compared to blocking of the non-elevated chemokine CCL20 with 
identical antibody isotype. This reduction in αβT cell migration also resulted in a 
significant lowering of the tumor killing of both TEG treatment as BCMA-CART treatment 
(Figure 2C). This indicates that binding of these chemokines to αβT cells is needed for 
the migration of αβT cells and that this migration plays an important role in killing 
capacity of these αβT cells. 
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Figure 2. CXCL1, CCL4 and CXCL10 gradients facilitate TEG cell migration in the tumor 
microenvironment. Luminex analysis of 3D TME models treated with mock αβT cell  (TEG-LM1) or TEG 
cells, cultured with primary MM or cell line RPMI-8226 or KG1a. Concentrations found in TEG-treated 
conditions are normalized to their TEG-LM1 control (A). Neutralizing antibodies were administered at the 
IC50 dose simultaneous with TEG administration. TEG cell migration (B) and RPMI-8226 tumor killing (C) 
was determined two days post administration. Error bars represent SD (n≥3).  
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Figure 3. Combined migration of CD4+ and CD8+ αβT cell s leads to optimal tumor killing. TEG killing of 
RPMI-8226 cells in the 3D TME model at either CD4 / CD8 alone or in a 1:1 ratio of CD4:CD8 compared to 
mock αβT cell  control (A). TEG and TEG-LM1 cell migration in the 3D TME model cultured with RPMI-8226 
at either CD4 / CD8 alone or in a 1:1 ratio of CD4:CD8 (B,C). CD4 skewing in the migrated TEG fraction 
over time in RPMI-8226 3D TME models treated with  a 1:1 ratio of CD4:CD8 (D). Chemokine receptor 
expression on isolated TEGs and BCMA-CART from 3D TME models cultured with RPMI-8226; see Figure 
1B,D (E). Error bars represent SD (n≥3).  
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Both CD4+ and CD8+ αβT cell migration is necessary for optimal tumor 
reactivity 

To further investigate which population of αβT cells are migrating in the tumor 
microenvironment, CD4+ and CD8+ TEG cells were separated and administered 
separately or in a 1:1 ratio to 3D TME models cultured with RPMI-8226 (Figure 3A). 
Administering CD4+  αβT cells alone showed a reduced killing compared to administering 
CD4+ and CD8+ αβT cells in a 1:1 ratio as expected28. Similarly, treatment with CD8+ TEG 
cells alone demonstrated less efficient killing compared to the CD4+ and CD8+ 
combination confirming that the presence of both subsets is needed for an optimal anti-
tumor response.  

While CD8+ αβT cells applied alone resulted only in marginal levels of  αβT cell migration, 
both CD4+ αβT cells alone and a combination of CD4+ and CD8+ αβT cells in combination 
led to significantly higher numbers of migrated αβT cells to the TME (Figure 3B-C). 
Furthermore, when CD4+ and CD8+ αβT cells were administered simultaneously, 
significantly more CD4+ than CD8+ αβT cells migrated into the TME (Figure 3D). This 
data combined indicates that CD4+ αβT cells are more capable to migrate into the tumor 
microenvironment than CD8+  αβT cells. Although migrated CD8+ αβT cell have a higher 
killing capacity than CD4+ αβT cells once migrated, the combination of both migrated 
CD4+ and CD8+ αβT cells provides the highest tumor killing. This highlights the 
importance of the presence of both αβT cell subsets at the tumor site. 

To further assess the dynamics in  αβT cell migration of CD4+ and CD8+ αβT cells, we 
isolated  αβT cells from the 3D tumor microenvironment (migrated αβT cells) and 
measured surface expression of the chemokine receptors corresponding to the elevated 
chemokines CXCL1, CCL4 and CXCL10 via flow cytometry (Figure 3E). CCR5, the main 
chemokine receptor of CCL4 showed an approximately 5-fold higher expression in CD4+ 
than in CD8+ αβT cells, both in  TEG and BCMA-CART. While CXCR2, the chemokine 
receptor binding CXCL1 also showed significantly higher surface expression in CD4+ αβT 
cells compared to the CD8+ αβT cells but to a lesser extent; approximately 1,5-fold. In 
contrast, CXCR3, the chemokine receptor binding CXCL10, showed higher expression in 
the CD8+ subset compared to the CD4+ subset. Finally, the receptor binding CCL20 
(CCR6) did now show any differences in expression between CD4+ and CD8+ fractions in 
TEG-LM1 (Mock), TEG or BCMA-CART. This expression profile of CD4+ and CD8+ αβT cells 
suggests a unique role for CCR5 expression on CD4+ αβT cells in the ability to migrate 
better in the TME than CD8+  αβT cell. 
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Figure 4. CCR5 overexpression improves CD8+ αβT cell  migration and thereby tumor killing. Maraviroc 
blocking of CCR5 on TEG cell migration in RPMI-8226 3D TME models at either CD4+ or CD8+ engineered 
αβT cells alone or in a 1:1 ratio of CD4:CD8 (A). Maraviroc blocking of CCR5 on TEG specific killing of 
RPMI-8226 cells in the 3D TME model at either CD4 / CD8 alone or in a 1:1 ratio of CD4:CD8 compared 
to mock αβT cell  control (B). Effect of CCR5 overexpression on TEG and TEG-LM1 migration in the 3D 
TME model in a 1:1 ratio of CD4:CD8 (C,E). Effect of CCR5 overexpression on CD4+ and CD8+ TEG cells 
and their killing capacity towards RPMI-8226 (D,F). scRNA sequencing of BM models with AML and MSCs 
followed by TEG treatment. CCL4 expression was plotted per cellular compartment (G,H). Error bars 
represent SD (n≥3). 
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Overexpression of CCR5 in CD8+ αβT cells enhances αβT cell migration and 
tumor killing via positive feedback loop  

To confirm the role of CCR5 in the migration patterns of CD4+  αβT cells in the TME, we 
used Maraviroc, a clinically known inhibitor of CCR5 receptor29 to block the chemokine 
receptor on TEG cells before administered to 3D in vitro BM models cultured with RPMI-
8226 (Figure 4A-B). While administering Maraviroc did not affect CD8+  αβT cell 
migration, the amount of  CD4+ αβT cells that migrated to the tumor site was 
significantly reduced when αβT cells were administered in a 1:1 ratio of CD4+:CD8+. This 
indicates that CCR5 expressed on CD4+ αβT cells is an important factor for their 
migration towards their tumor target. 

In order to boost CD8+ αβT cell migration to the tumor site, TEG-LM1 and TEG cells were 
genetically engineered to overexpress the CCR5 receptor via retroviral transduction18 

(Supplementary Figure 2A-B). As a result, TEG-CCR5 αβT cells showed increased 
migration in the 3D models cultured with RPMI-8226 when compared to wild type TEG 
cells and improved tumor targeting, which persisted up to 8 days (Figure 4C). 
Importantly, CCR5 overexpression exclusively improved the migration of the CD8+ T-cell 
subset while providing additional CCR5 to the CD4+ αβT cell subset did not further 
improve migration (Figure 4D). Consequently, the enhanced migration of CD8+ TEG-
CCR5 did lead to increased tumor killing in both the CD8+  αβT cell alone condition as 
well as in the combination with CD4+ αβT cells (Figure 4 E-F). 

To identify the source of the produced CCL4, scRNA sequencing of 3D TME models 
containing TEG cells, primary AML and donor-derived MSC was performed showing that 
upon TEG treatment, migrated αβT cells are the main producers of CCL4 (Figure 4G, 
Supplementary 3). Interestingly, when dissecting CD4+ and CD8+ TEG cells, we found 
that the CD8+ TEG cells produce more CCL4 compared to the CD4+ TEG cells (Figure 4H). 
This all together suggests that CD8+ αβT cell presence in the TME is needed in order to 
initiate a positive feedback loop that will attract additional αβT cells.  

CCR5 overexpression leads to increase αβT cell migration and tumor 
killing of solid tumors 

To investigate whether supplementing engineered  αβT cells with CCR5 leads to 
increased αβT cell infiltration and tumor killing also in solid tumor models, we tested 
TEG-CCR5 αβT cells in 3D tumor models containing either patient-derived breast cancer 
organoids and patient-derived colon cancer organoids (PDOs).  

Overexpression of CCR5 in TEG significantly increased both αβT cell migration (Figure 
5A) and tumor killing (Figure 5B) in both tested breast cancer PDO-models, leading to 
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an approximetally two-fold increase in tumor targeting. Importantly, overexpression of 
CCR5 in  αβT cells expressing a non-fucntional Vg9Vd2TCR (TEG-LM1) neither lead to 
more  αβT cell migration nore increased tumor killing. Targeting patient derived colon 
cancer organoids with either TEG or TEG-LM1 cells overexpressing CCR5 led to improved 
migration of the αβT cells towards the tumor site (Figure 5C). However, only the TEG-
CCR5 cells showed improved tumor killing while the TEG-LM1-CCR5 cells left tumor cells 
unharmed (Figure 5D). This increase in  αβT cell migration and tumor killing was mainly 
a result of a significant increased migration of CD8+ TEG-CCR5 cells when compared to 
the wild type TEG. This data shows that predominantly the CD8+ αβT cells benefit from 
gaining additional expression of the chemokine receptor (Figure 5E-F). 

Discussion 

Clinical responses to immune cell based therapies partially rely on the ability of αβT cells 
to infiltrate to the tumor microenvironment where low immune infiltration rates often 
leads to poor clinical responses30. Therefore, improving the αβT cell infiltration of 
adoptively transferred αβT cells such as CARTs and TCR-engineered  αβT cells can 
potentially exhibit future clinical benefits31. To this end, we used 3D models that enabled 
studying and modifying  αβT cell migration capacity towards the tumor 
microenvironment of both hematological and solid malignancies to demonstrate the 
benefits of overexpression of the chemokine receptor CCR5 in adoptive αβT cell 
treatments to improve tumor clearance.  

Chemokines and their chemokine receptors play a vital role in tumor progression by 
either restricting or promoting anti-tumor immunity32. Especially in a range of solid 
tumors, chemokine environment affecting αβT cell infiltration has been identified as 
major cause of the lack of anti-tumor αβT cell responses33. While αβT cell infiltrating 
capability is has not been reported as limiting factor for the clinical outcome of CART 
therapies against bone marrow malignancies, we found that in 3D bone marrow niche 
models mainly the CD4+ fraction of tumor specific  αβT cells were infiltrating,  while the 
CD8+  αβT cells were largely responsible for tumor clearance once infiltrated. This 
finding not only suggests that improving CD8+  αβT cell infiltration is key for improving 
the tumor clearance even in bone marrow residing maligancies but also provided an 
experimental tool to identify factors that influence the delicate dynamics of engineered 
αβT cells in the TME. 
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Figure 5. CCR5 overexpression improves αβT cell  migration and thereby tumor killing of TEG cells in 
solid tumors. Effect of CCR5 overexpression on TEG and TEG-LM1 cell migration towards two, patient-
derived breast cancer organoids (PDO1,2) seeded in Matrigel (A,B). Effect of CCR5 overexpression on TEG 
and TEG-LM1 migration towards three, patient-derived colon cancer organoids  (PDO3-5) seeded in 
Matrigel (C,D). Effect of CCR5 overexpression on CD4+ and CD8+ TEG cells targeting the two patient-
derived breast cancer PDO1,2 (E) or the three colon cancer organoids PDO3-5 seeded in Matrigel (F). Error 
bars represent SD (n≥2).  
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Luminex analysis of the TEG-treated leukemic microenvironment identified three 
chemokine gradients present in high concentrations namely CXCL1, CCL4 and CXCL10. 
We showed, furthermore, that blocking the interaction of these chemokines with the 
corresponding main chemokine receptors on αβT cells such as CXCR2, CCR5 and CXCR3, 
respectively leads to decreased immune infiltration and tumor clearance. While these 
chemokines have been previously suggested to play a pivotal role in tumor specific αβT 
cell infiltration in various solid tumor types34, we here show that largely differential 
surface expression of the CCR5 on  the CD4+ αβT cell fraction of engineered αβT cells 
could provide a potential advantage for these cells for their infiltration to the tumor site 
compared to CD8+ αβT cells. Preferential CD4+ αβT cell infiltration as a result of their 
better response to chemokine gradients has been described in various solid tumors 
where the migrated CD4+ regulatory αβT cells negatively shaped the local immune 
environment35. Although we did not investigate the role of regulatory CD4+ αβT cell 
accumulation on the killing capacity of the adoptive αβT cell therapy used, we primarily 
focused on whether equipping CD8+ αβT cells with CCR5 would overcome their limited 
capability to infiltrate. Although overexpression of  CCR5 in tumor reactive CD8+ αβT 
cells improved their immune infiltration leading to a higher tumor clearance, the 
presence of both CD4+ and CD8+ αβT cells was required for optimal tumor clearance 
suggesting a limited role here for regulatory CD4+ αβT cells.  

Clonally expanded, tumor specific CD8+ αβT cells have been previously suggested to 
produce CCL4 in oropharyngeal squamous cell carcinoma (OPSCC)36. Furthermore, we 
found that the majority of CCL4 mRNA is the TME is produced by tumor infiltrating CD8+ 
αβT cells. Supplementing CARTs and TCR engineered CD8+ αβT cells with CCR5 would 
therefore possibly lead to a positive feedback loop in which infiltration and tumor 
encounter induced CCL4 production would induce further CD8+ αβT cell migration 
towards the tumor microenvironment. 

In conclusion, aiding the infiltration of adoptive αβT cell therapies will improve their 
efficacy for the treatment of multiple malignancies. Mainly, improving the infiltrating 
rate of the cytotoxic, CD8+ fraction of the T lymphocytes will yield better clinical 
responses. Overexpression of the CCR5 receptor in this fraction increased their 
sensitivity to the CCL4 gradient present in the TME leading to increased infiltration and 
tumor targeting. These results indicate additional engineering on αβT cell products can 
improve their clinical benefit.     
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Supplementary Figures  

Supplementary Figure 1. Mesenchymal stem cells from different donors are not targeted by TEG 
treatment. 3D TME model experiments; Tumor cells and stromal cell are dyed and co-cultured for 4 days 
in Matrigel. Subsequently, either TEG or TEG-LM1 (mock) cells are administered on a transwell for a two-
day treatment. On day 6, amount of MSCs was quantified on flow cytometry and normalized to the TEG-
LM1 condition.  

 
 
 

 

 

 

 

 

 

 

 

Supplementary Figure 2. Overexpression of the CCR5 receptor in TEG cells. CCR5 surface expression was 
measured on wildtype (green) and CCR5 transduced (blue) CD4+ TEG cells (A). Similarly, surface 
expression of CCR5 was measured on wildtype (green) and CCR5 transduced (blue) CD8+ TEG cells while 
showing unstained in red.  
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Supplementary Figure 3. scRNA sequencing identifies αβT cells as main producers of CCL4. Principle 
component analysis of the scRNA data of TEG treated bone marrow models identifies three distinct cell 
populations. TEG cells in top left (CD3+, data not shown) show mRNA expression of CCL4 while the other 
cell populations; AML and MSCs show low to none expression of CCL4.  
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Abstract 

Despite recent successes in adoptive T cell therapies against hematological 
malignancies, response rates remain variable, and patients often experience relapse 
post-treatment. This phenomenon is potentially influenced by the immunosuppressive 
tumor microenvironment within the bone marrow (BM), a complex niche where 
mesenchymal stem cells (MSCs) play a pivotal role, by producing extracellular matrix and 
immunomodulatory factors. However, the specific contribution of MSC-mediated 
immunomodulation to the outcome of adoptive T cell therapies is not understood. 

We built an experimental and analysis pipeline that integrates single-cell functional data 
from a multicellular 3D BM model into single-cell RNA sequencing analysis. In this system 
we distinguished immunosuppressive (s-MSC) from permissive MSC (p-MSC). These 
MSC donor-intrinsic phenotypes differ in their capacity to support or suppress 
engineered T cell mediated tumor cell killing. Permissive MSCs (p-MSCs) display dynamic 
transcriptomic profiles that adapt to the surrounding cellular environment, particularly 
in the presence of tumor and immune cells, while the transcriptomic heterogeneity of  
immunosuppressive MSCs (s-MSCs) is more limited. Furthermore, we show that 
suppressive versus permissive MSCs differ in their collagen gene expression profile and 
suppress the migratory and cytolytic capacity of genetically engineered T cells, which is 
dependent on the inhibitory collagen receptor LAIR-1 on T cells. 

In summary, using a 3D co-culture model we reveal donor-intrinsic differences in the 
capacity of MSC to suppress anti-tumor T cell activity in the bone marrow niche through 
extracellular matrix remodeling, possibly explaining patient-specific responses to 
engineered T cell therapy.  
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Introduction 

Adoptive T cell therapies (ACT) have risen, over the past few decades, as one of the most 
promising novel treatments against cancers, such as leukemia’s or other hematological 
malignancies. Despite recent successes of immunotherapies in on-going clinical trials 
targeting several types of blood cancers[1-6], and the approval CART therapies by the 
Food and Drug Administration (FDA)[7-10], it is difficult to predict heterogenous 
responses of patients and the relatively high chance for relapse after treatment [11, 12].  

The ACT most extensively studied and clinically tested are chimeric antigen receptor 
(CAR) T cells, which target highly specific antigens expressed in tumor cells [13]. 
However, the high dependency on the surface expression of these hyper specific 
antigens provides a window for the tumor to become resistant to the therapy via antigen 
escape, increasing relapse in patients [14, 15]. Hence, novel ACTs are being studied, such 
as αβ T cells engineered to express a defined Vγ9Vδ2 TCR (TEGs) [16, 17] and novel dual 
targeting TEGs[18]. γδTCRs recognize elevated levels of phosphoantigens (pAg) 
generated through the mevalonate pathway, allowing for MHC independent activation 
[19-21].   

Despite considerable efforts put into improving these therapies, the major roadblock 
that all T cell immunotherapies face, the tumor microenvironment (TME), it’s still largely 
unknown and misunderstood. The complexity of its cellular composition, the non-
cellular factors involved, and the cross-talk with tumor cells all create an adverse hostile 
environment which hinders anti-tumor responses and support tumor growth [22]. The 
bone marrow (BM) microenvironment is a complex niche, comprised mostly of 
endothelial progenitor cells (EPCs) and mesenchymal stem cells (MSC), in which 
hematopoietic stem cells (HSCs) reside. These HSCs relay on local interaction and 
support of stromal cells within this niche to facilitate their regulation and hematopoietic 
function [23, 24], hence, it’s the ideal environment for pathological hematopoietic cells 
proliferation and survival [25], acting as a tumorigenic driver for leukemia’s.  

BM-MSCs are a very heterogeneous population of cells with self-renewal capacity and 
the ability to differentiate to multiple lineages: osteocytes, adipocytes and chondrocytes 
[26]. In the tumor microenvironment, MSCs promote growth of tumor cells and possess 
immunosuppressive features which further allow the tumor to escape immune 
surveillance [27]. MSCs contribute substantially to the formation and remodeling of the 
extracellular matrix (ECM) of the TME, supporting tumor growth and metastasis [28]. To 
do so, MSC secrete components of the fiber network, such as collagens [29], as well as 
metalloproteinase and lysyl oxidases which are enzymes involved in the remodeling of 
the morphology, thickness and stiffness of the matrix [30]. Increasing our understanding 



CHAPTER 6 

 

6 

132 

on the immunomodulatory role of MSCs, could shed light on the reason behind the 
variability in response rates between patients and how to intervene with these 
mechanisms for the improvement of T cell-based therapies and their clinical outcome. 
Thus, in this study, we performed an in-depth analysis of the immunomodulatory 
properties of MSCs. To this end, a single cell T cell function in a malignant 3D bone 
marrow model was combined with single-cell RNA sequencing for a full characterization 
of the role MSCs play in the tumor microenvironment. 

Results 

Donor-dependent MSC immunomodulation affects T-cell efficacy and 
migration 

To assess the immunomodulatory effects of MSC from different individuals on T-cell 
immunotherapies, we designed a multifaceted 3D model with tumor cells, MSC, 
endothelial cells and different types of immune effector cells to mimic the malignant 
bone marrow niche [25]. (Figure 1A). When using TEGs as immune effector cells, killing 
efficacy differed in the presence of five randomly chosen MSC donors: When using MSC 
from donor 03, 06 and 09 TEGs were unable to kill RPMI-8226 tumor cells in the 
presence of Pamidronate while when using MSCs from donor 13 and 18 TEGs were able 
to kill up to 60% of all tumor cells (Figure 1B). Consequently, MSC donors were 
categorized accordingly into two primary groups based on their ability to influence T 
cell-specific tumor killing: immunosuppressive MSCs (s-MSC: donors 03, 06, and 09) and 
immunopermissive MSCs (p-MSC: donors 13 and 18). Migration of TEGs into the bottom 
compartment of the Transwell system was likewise significantly diminished when s-MSC 
were utilized in comparison to p-MSC (Figure 1C and Supplemental Figure 1). 
Immunomodulatory effects by s-MSC on TEGs was again seen when using various 
primary pediatric leukemia samples and leukemic cell lines as tumor targets, indicating 
the immunoregulation of TEGs by MSCs is donor-specific and independent of the tumor 
target (Figure 1D). Similarly, the immunosuppressive effect of s-MSC on T-cells 
compared to p-MSC was also observed when introducing BCMA CAR T-cells instead of 
TEGs to target RPMI-8226 (Figure 1E). Importantly, s- and p-MSCs did not differ in their 
proliferation capacity in culture neither in the co-cultures settings (Figure 1F). Together, 
these findings suggest that MSCs have a donor-dependent effect on tumor targeting by 
T-cells independent of the leukemic model or T-cell therapy implemented in the model.  
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Figure 1. 3D bone marrow model reveals donor-dependent MSC immunomodulation that affects 
migration, persistence, and tumor-killing capacity of T-cells. (A) Schematic depicting the components 
and timeline of 3D in vitro model designed to mimic the bone marrow TME (designed with Biorender). 
(B) Killing of RPMI-8226 cells by TEG001 relative to TEG-LM1 control on day 6 when co-cultured with 
MSCs from 5 different healthy donors. (C) Total migrated TEG001 cells in bottom compartment of 
Transwell system on day 6 when co-cultured with RPMI-8226 and immunosuppressive (MSC06) or 
permissive (MSC18) stromal cells. (D) Killing of patient-derived AML cells (donors 01, 02, 03) and AML 
cell lines by TEG001 on day 6 when co-cultured with MSC06 or MSC18 (normalised to TEG-LM1 control). 
(E) Killing of RPMI-8226 by BCMA CAR T-cells on day 6 when co-cultured with MSC06 or MSC18 
(normalized to TEG-LM1 control). (F)Total MSC cell counts on day 6 after co-culture with RPMI-8226 and 
TEG001 (normalised to TEG-LM1 control). 
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Figure 2. Immunosuppressive MSCs display a more rigid transcriptomic profile at steady state with 
enriched transcription of cell division genes compared to the more variable profile of permissive MSCs. 
(A) Principal component analysis (PCA) plot of RNAseq transcriptomic analysis done on 
immunosuppressive MSCs (donors 3, 6, 8, 9) and permissive MSCs (donors 10, 14, 16) cultured at steady 
state. The immunomodulation of these donors was previously characterized using the 3D BM model. (B) 
Gene set enrichment analysis (GSEA) plot depicting the statistically significant biological pathways for the 
immunosuppressive and permissive MSCs (left). Unsupervised clustering of the MSCs based on relevant 
genes from marked pathways supports the phenotypic split between the immunosuppressive and 
permissive MSCs (right). 
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Transcriptomic profiles of p-MSCs ands-MSCs reflect distinct programs  

To enhance our understanding of how mesenchymal stem cells (MSCs) with different 
capacities to modulate T cell-mediated tumor cytotoxicity are regulated at the 
transcriptomic level, we conducted RNA sequencing (RNAseq) on a panel of s-MSCs and 
p-MSCs. Analysis of the transcriptomic data via principal component analysis 
demonstrated that s-MSCs displayed a more compact cluster in the space defined by the 
first two principal components, indicating a more homogenous gene expression profile 
relative to p-MSCs (Figure 2A).  Gene Set Enrichment Analysis (GSEA) showed that, p-
MSCs had higher enrichment of terms such as ‘leukocyte migration’, ‘chemotaxis’, 
‘immune effector process’, suggesting their role in fostering an immune-tolerant milieu 
even in the absence of T-cells or tumor cells. Conversely, s-MSCs had increased 
enrichment of biological pathways like ‘cell division’, ‘metabolic processes’, and ‘protein 
production’ (Figure 2B). Despite the increased enrichment of cell division related genes 
in the transcriptomic profiles, we did not detect higher numbers of s-MSCs in co-
cultures, as shown in Figure 1F.  

s-MSC and p-MSC do not only have a different transcriptomic 
heterogeneity, but also different plasticity   

To deepen our comprehension of the transcriptomic regulation in mesenchymal stem 
cells (MSCs) within a malignant bone marrow environment, particularly when these cells 
are in contact with tumor cells and T cells, we established co-cultures of either s-MSCs 
or p-MSCs with pediatric AML blasts (referred to as ‘cancer’ in our single cell RNA-
sequencing (scRNA) experiments) embedded in Matrigel and TEGs (Figure 3A). We 
designed an experimental matrix that incorporated various cellular combinations to 
replicate incremental complexity levels of the bone marrow microenvironment. After 
co-culture, samples were processed per experiment into scRNA libraries and submitted 
for sequencing. The initial cell type separation per experiments was facilitated by single 
nucleotide polymorphism (SNP) profiles as the experimental components originated 
from distinct individuals. The separation was corroborated using uniform manifold 
approximation and projection (UMAP) alongside cell type annotation methodology, 
which divided the combined datasets into three major cluster groups corresponding to 
the expected cell types: cancer, TEGs, and MSCs, each identified by the expression of 
their canonical marker genes (Figure 3B). When we labelled the UMAP-plots according 
to the experiments cell phenotypes we noticed that s- and p-MSC types showed the 
highest levels of heterogeneity within cell types. Further, to investigate the interactions 
of MSCs with the components of our constructed bone marrow model, we examined 
the transcriptomic profiles of each element individually, but aggregated from all 
experimental runs. 
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Figure 3. Single-cell analysis reveals uniformity in the transcriptome of suppressive MSCs independent 
of TEG or tumor cell presence, while the transcriptomic activity of permissive MSCs is more susceptible 
to its environment. (A) Process of single cell sequencing of the 3D co-cultures of the bone marrow 
niche (B) UMAP plot of unsupervised clustering of the combined dataset, annotated by experiment (cell 
type composition).  (C) GSEA plot of a subset of HALLMARK genesets over the pseudobulk profiles of MSC 
subsets per experiment. (D) UMAP plot displaying the unsupervised clustering of MSC subsets from all 
experiment.  (E) Cluster composition of the MSC population per experiments (%). The colors correspond 
to those of the clusters in (D). 
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Initiating our analysis, we conducted gene set enrichment analysis (GSEA) on the 
pseudobulk transcriptomes of MSC populations across our data collection, focusing on 
a selection of hallmark gene sets from molecular signature databases. This analysis 
reaffirmed the proliferative nature of s-MSCs and the pro-inflammatory milieu 
associated with p-MSCs, consistent across various experimental conditions (Figure 3C). 
To profile the cellular compositions of each dataset from our experimental conditions, 
we applied unsupervised clustering and identified eight distinct MSC clusters (Figure 
3D).   

After clustering we split the dataset per experiments to reveal the effect of conditions 
over the cluster compositions. In case of s-MSCs, cluster0 (top differential markers: 
KRT19, TIMP3, CHI3L1) and cluster1 (TOP2A, CENPF, MKI67) (Supplemental Data) were 
predominant, with their proportions remaining stable irrespective of whether cancer 
cells or TEGs were present alone or in combination (Figure 3E, column 1-3). GO-term 
analysis of cluster 0 revealed terms related to ossification and organ development, 
which led us to investigate the published references of the leading marker genes 
(Supplemental Figure 2). Both KRT19 (keratin 19) as an intermediate filament molecule 
[31], the metalloprotease inhibitor TIMP3 (TIMP metalloprotease inhibitor3) 
(https://journals.aai.org/jimmunol/article/188/6/2876/85583/Stromal-TIMP3-
Regulates-Liver-Lymphocyte) and the secreted glycoprotein CHI3L1 (chitinase-3-like 
protein1) [32] have been associated with immunosuppression and exctracellular matrix, 
hinting at a potential role in fostering immunoresistance within the tumor 
microenvironment (TME).  Cluster 1 represented the cells with proliferative signatures, 
mirroring the proliferative profiles of s-MSCs in the (bulk) RNAseq experiments 
(supplemental data).  

Contrariwise, p-MSCs displayed a different profile as compared to s-MSC in the presence 
of TEGs or cancer cells (Figure 3E, column 4-6). Under conditions with exclusively TEGs 
or cancer cells clusters 2 and 6 prevailed. These clusters were characterized by 
differential gene expression associated with hypoxia and apoptosis (cluster2 (BNIP3, 
HMOX1, LDHA)) and stress response pathways (cluster6 (PLCG2, PLK2, NFKBIZ)). In 
addition, in the presence of both TEGs and cancer cells, cluster 2 and 6 of p-MSCs 
showed in contrast to s-MSC a major shift towards  cluster 3 and 4, reflecting an 
upregulation of genes implicated in extracellular matrix construction, (cluster3 (COL4A1, 
POSTN, THBS1)), and genes involved in immune cell infiltration, like CRYAB (cluster4) 
[33]. These findings suggest that the transcriptomic landscape of s-MSCs is not only 
different from p-MSCs but also comparatively stable, whereas p-MSCs exhibit an 
additional degree of plasticity in the presence of tumor and immune cells. 
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Figure 4. Permissive MSCs allow for a transcriptomic shift primarily in the TEG population, while 
suppressive MSCs constrain TEG to a distinct, transcriptomic profile independent of tumor 
presence.  (A) CD4 / CD8 composition of the TEG subset from each experiment (%), according to our type 
prediction. (B) UMAP plot depicting the unsupervised cluster analysis of CD4+ TEGs. (C) Cluster 
composition of the CD4+ TEG population per experiments (%). The colors correspond to those of the 
clusters in (B).  (D) Density dot plot of the percentage of cells from CD4+ TEG clusters (from B) that express 
a given gene ('percent expressed') and the scaled average expression of canonical marker representing 
the marked terms. (E) UMAP plot depicting the unsupervised cluster analysis of CD8+ TEGs. (F) Cluster 
composition of the CD8+ TEG population per experiments (%). The colors correspond to those of the 
clusters in (E).  (G) Density dot plot of the percentage of cells from CD8+ TEG clusters (from B) that express 
a given gene ('percent expressed') and the scaled average expression of canonical marker representing 
the marked terms. 
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s- and p-MSC impact transcriptomic heterogeneity of TEGs differently 

Since s- and p-MSCs affected tumor targeting of T cells differently, we aimed to 
understand whether the s- and p-MSC impact transcriptomic heterogeneity of TEGs. To 
this end, we dissected TEG transcriptomic data from all experiments and performed 
unsupervised clustering. First, we focused on the distinction of CD4+ and CD8+ TEGs. 
Given the absence of proteomic information for the single-cell transcriptomic profiles, 
we utilized a support vector machine (SVM) algorithm to predict the CD4/8 status of 
TEGs. This prediction was based on our earlier multiomic single-cell RNA sequencing 
experiment that provided us with profiles of FACS-sorted CD4+ and CD8+ TEG 
populations (Supplemental Figure 3A-D, supplemental data). Upon comparing the 
CD4/CD8 distribution across different experimental TEG populations, we observed a 
greater proportion of CD8+ TEGs in the milieu containing p-MSCs (Figure 4A). 

Firstly CD4+ and CD8+ TEGs cultured alone, had a different cluster composition when 
compared to transcriptomic composition of TEGs in the presence of MSC. For CD4+ TEGs 
(Figure 4B-C-D), a predominantly GZMA and GZMA-related cytotoxicity cluster1 gave 
way to cluster0, characterized by GNLY-associated cytotoxicity along with genes 
implicated in 'response to external stimulation' and 'apoptosis' (Supplemental Figure 3E, 
supplemental data). The newly appeared cluster0 represented the majority of CD4+ TEG 
cells in all co-culture setups involving s-MSCs, in the presence and absence of tumor cells 
(Figure 4C and D). In contrast, the combination of p-MSCs with TEGs spawned an 
additional cluster (cluster4) indicative of T-cell activity and exhaustion, distinguished by 
CCL3 and CCL4 expression. This cluster disappeared when tumor cells were introduced 
and CD4+ TEGs in the presence s-MSC or p-MSC did not differ substantially, except for 
the lower representation of cluster0. (In Figure3 C and F we ordered the two most 
complete co-culturing experiments, with different MSC-types, next to each other and 
squared them to guide the visual comparison.) 

Similarly, CD8+ TEG populations (Figure 4E-F-G) showed clusters 1 and 2 as dominant 
clusters in the absence of any additional components of the model,  associated with 
TCR-binding (cluster1 (HLA-DRB1/5)), adhesion (cluster2 (CXCR6)). The clusters of the 
CD8 ‘TEG alone’ condition were replaced by a GNLY-marked cluster that (unlike in CD4s) 
additionally expressed genes related to oxidative phosphorylation (NDUFA1, ATP5MD) 
(Supplemental Figure 3F, supplemental data). Again, p-MSCs alone induced the 
emergence of a new cluster (cluster4) expressing CCL3 and CCL4. In contrast to CD4+ 
TEG in the presence of p-MSC, the CD8+ TEG cluster composition changed markedly with 
the addition of tumor cells when compared to comparable experimental conditions with 
s-MSC (Figure 4, marked with the square). The exclusively identified cluster in this 
scenario (cluster3 in p-MSC + CD8 TEG + cancer cells) was defined by terms such as 
‘response to stress’ and ‘apoptosis’ (BTG1, BCL2L11).  We conclude, that both s-MSC and 
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p-MSC changed transcriptomic heterogeneity of CD4+ and CD8+ TEGs, however only in 
the presence of p-MSC did CD8+ TEGs show additional plasticity in transcriptomic 
heterogeneity once they encountered tumors. 

Immunopermissive environments display higher number of potential cell-
to-cell interactions  

While we established that s- and p-MSCs distinctly influence tumor-specific T cell 
functions within the 3D bone marrow niche, the question arose whether this modulation 
stemmed from specific receptor-ligand interactions. To explore this, we utilized the cell-
chat algorithm, which predicts potential receptor-ligand interactions by calculating 
communication probabilities based on gene expression data, of a list of receptors and 
their ligands, and their overall representation throughout the compared groups.  

Our analyses focused on comparing two separate experiments, each containing all three 
components (MSC + CD4 TEG + CD8 TEG + cancer cells ( The CD4-CD8 annotations of the 
TEG cells were from our previous analysis.), with the only variable being s- or p-MSC. As 
such, each half of the analysis contains cells that could potentially interact (unlike when 
combining the cells from all experiments).  We identified communication between every 
compartment of the model and also pathways within the same compartment. The MSC 
> MSC communication represented a prominent part of the complete list of potentially 
active channels (Figure 5A). Overall, in permissive conditions we detected higher 
number of different channels (Figure 5B).    

We next compared the information flow (defined by the sum of communication 
probabilitis among all pairs of cell groups in our analysis), for specific signaling pathways 
in suppressive versus permissive conditions. 

Certain pathway groups, such as VISFANTIN and NOTCH prominently increased their 
information flow when s-MSCs were present, while with p-MSCs, pathways like BAG, 
GALECTIN and MHC-I were more prominent (Figure 5C). To further dissect these 
findings, we categorized the channels into sending (outgoing, green) and receiving 
(incoming, blue) pathways and compared their heir prevalence across the three cell 
types under both conditions (Figure 5D, E). Both s- and p-MSCs were highly represented 
both as senders and as receivers, underscoring the importance of MSC > MSC signaling 
within our models. The lower halves if these plots show channels that were detected in 
permissive but not in suppressive conditions. The higher number of detected channels 
at both the outgoing and the incoming sides in the permissive conditions is mirrored 
again on the lower halves of Figure 5D and E. The channels listed there are only detected 
on the permissive environments. The plasticity of CD8 TEGs that we described earlier in 
Figure 4F is now gaining an additional level of explanation as these cells did not only  
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Figure 5. MSCs represent an important cell-cell communication hub in the model marrow model. (A) 
Comparison of numbers of interaction within the complete suppressive and permissive experiments. (B) 
Number of detected channels per experiment. (C) List of detected channel groups, marking their 
representation per experiment. (D) List of incoming channel groups, per cell type (source) per experiment. 
(E) List of outgoing channel groups, per cell type (receiver) per experiment. (F) Scaled expression of main 
detected collagen genes, per MSC-clusters (from Figure 3D). (G) Scaled expression of main detected 
collagen genes, in MSC cells per experiment (from Figure 3B). (H) Scaled expression of LAIR-1 and COL3A1, 
per cell types per experiment. 

fib
ril

la
r 

no
n-

fib
ril

la
r 

B C 

D 

F H 

Number of inferred interactions 

s-MSC 
+ TEG 

+ cancer 

p-MSC 
+ TEG 

+ cancer 

p-MSC  
+TEG  
+ cancer 

s-MSC  
+TEG  
+ cancer 

cancer 

Outgoing signaling patterns  
suppressive 

Outgoing signaling patterns  
permissive 

Incoming signaling patterns  
suppressive 

Incoming signaling patterns  
permissive 

s-MSC 
+ TEG 

- 

MSC                      TEG_CD4                               TEG_CD8                                 cancer 

s-MSC 
+ TEG 

+ cancer 

p-MSC 
+ TEG 

+ cancer 

s-MSC 
 - 

+ cancer 

s-MSC 
+ TEG 

 - 

p-MSC 
 - 

+ cancer 

p-MSC 
+ TEG 

  - 

- 
TEG 

- 

TEG_CD8 TEG CD4 MSC TEG_CD8 TEG_CD4 MSC cancer TEG_CD8 TEG_CD4 MSC cancer TEG_CD
 

TEG_CD4 MSC cancer 

TEG_CD8 

TEG_CD4 

MSC 

cancer cancer 

TEG_CD8 

TEG_CD4 

MSC 

permissive suppressive 

To
ta

l n
um

be
r o

f i
nf

er
re

d 
in

te
ra

ct
io

ns
 

s-MSC 
- 

+ cancer 

s-MSC 
+ TEG 

+ cancer 

p-MSC 
+ TEG 

- 

p-MSC 
- 

+ cancer 

p-MSC 
+ TEG 

+ cancer 

E 

A 

G 



CHAPTER 6 

 

6 

142 

express higher number of ligand-receptor pairs compared to the CD4 TEGs, but also the 
number of their active channels were higher in the permissive environment (compared 
to the permissive).  

This groups of channels in Figure 5 D and E contained potential points of interventions, 
leading us to initiate validation and exploratory studies. However, first we followed up 
the COLLAGEN pathway, a channel that was highly represented in both conditions 
(Figure 5C), and is biologically relevant considering the MSCs and the extracellular 
matrix. 

We analyzed the data according to the fibrillar and non-fibrillar classification of 
collagens, attributing per-cluster annotations to identify the primary sources of various 
collagen types (Figure 5F, as clusters form Figure 3D,E). Cluster3 showed high levels of 
multiple types of collagens which reflected on the associated GO-terms (es 
Supplemental Figure 2), along with clusters 6 and 8. To draw comparative insights into 
the collagen production influenced by p- or s-MSCs under differing conditions, we 
combined the MSC profiles per each experiment (Figure 4G) and discerned that a 
fibrillar-type collagen signature (involving COL1A1, COL1A2, COL3A1, COL5A1) was more 
associated with s-MSCs, in contrast to the non-fibrillar types (COL4A1, COL4A2, COL8A1) 
prevalent in the permissive conditions. This prompted us is the idea to investigate the 
COLLAGEN pathway through the lens of a receptor that was not present in the original 
cell-chat reference dataset but is described to bind to collagen; LAIR-1 [34-36], an 
immunoinhibitory receptor. Specifically, COL3A1's link to adverse cancer prognosis 
potentially via LAIR-1 interaction garnered our attention [34-38] 

Next, in a comparative analysis of LAIR-1 and COL3A1 expression across the entire 
dataset, grouping the cells per cell-type per experiment (Figure 5H) confirmed the MSCs 
as the primary source of collagen expression and both CD4 and CD8 TEGs as components 
that express the collagen-binding LAIR-1 receptors. We made several novel 
observations: firstly, not only TEGs, but also the cancer cells expressed LAIR-1. Secondly, 
this expression was more prominent when the cancer cells were co-cultured with s-
MSCs, compared to the p-MSC condition. Lastly, LAIR-1 was induced in TEGs when co-
cultured with MSCs. 
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Figure 6. Interference of collagen folding in MSCs and LAIR1-mediated binding to collagen in TEG001 
both increase tumor killing in the suppressive microenvironment. (A) TEG001-specific killing of RPMI-
8226 and (B) TEG001 infiltration into bottom compartment of 3D model on day 6 after β subunit of prolyl 
4-hydroxylase (P4HB) gene was knocked out in MSC06 and MSC18 on day 0. (C) TEG001-specific killing of 
RPMI-8226 and (D) TEG001 infiltration on day 6 after antibody blocking of LAIR1 on TEG001 (+ isotype 
control) prior to T-cell administration on day 4. (E) Total amount of migrated CD4+ and CD8+ TEG001 and 
TEG-LM1, treated with LAIR Isotype and LAIR1 blocking antibody, in the bottom compartment of the 
transwell system of an in vitro 3D RPMI-8226 model made with MSC18 and MSC06. 

 

Interference with LAIR1 increases cancer killing in the presence of s-MSC 

To validate that collagen structures in s-MSCs play a role in modulating anti-cancer CD8+ 
T cell functions via cell-cell interactions and thus play a role in the immunosuppression 
of T cell-mediated cancer killing, we investigated whether collagen binding by LAIR-1 
impacts T cell function. LAIR-1 was higher in expression on CD8+ as compared to CD4+ 
TEGs (Supplemental Figure 4).  Furthermore, we knocked out the protein disulphid 
isomeresase (P4HB), an enzyme responsible for collagen polymerization in cells [39], in 
both s-MSC and p-MSC using CRISPR Cas (MSCP4HB-KO). These s-MSCP4HB-KO were then 
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seeded in 3D bone marrow niches containing RPMI-8226 and treated with CD4+ and 
CD8+ TEGs in 1:1 ratio. Using s-MSCP4HB-KO instead of s-MSC resulted in significant 
increase in cancer killing by TEG cells p-MSC and p-MSCP4HB-KO did not affect cancer 
(Figure 6A). Migration capacity of TEGs in the 3D bone marrow niche was however not 
affected by s-MSCP4HB-KO (Figure 6B).  

To further investigate the mechanism how collagens produced by MSCs could modulate 
T cell function, we inhibited LAIR-1, that binds to collagens [35] by using a-LAIR-1 
blocking antibodies. We pretreated TEGs with either a-LAIR-1 or isotype control 
antibodies and used them as treatment in the 3D bone marrow niche. LAIR-1 blocking 
on TEGs rescued cancer killing only when s-MSC was present but not in the presence of 
p-MSC (Figure 6C), gain emphasizing the role of LAIR-1 in the context of s-MSC. 
Altogether our data demonstrate that collagen expression by s-MSCs play an important 
role in creating an immunosuppressive milieu in the malignant bone marrow impacting 
anti-cancer potential of cancer specific T cells. 

Discussion  

In this study, we identified from healthy individuals s-MSC and p-MSC which differ in 
transcriptomic heterogeneity, transcriptomic plasticity, and function. While s-MSC have 
been rigid in terms of transcriptomic heterogeneity, plasticity and were mainly immune 
suppressive, p-MSC showed more transcriptomic plasticity not only themselves in the 
presence of cancer cells and engineered immune cells but were also able to induce 
transcriptomic plasticity in CD8+ T cells and associated with an improved killing of 
leukemic blasts. P-MSC created a milieu with more pro-inflammatory cytokine profiles. 
In addition, s-MSC and p-MSC rearranged the extracellular matrix differently with 
varying composition of collagens. This allowed to interfere in the presence of s-MSC with 
either collagen polymerization or blocking collagen binding via LAIR1 which increased 
both killing and infiltration capacity of mainly cancer specific CD8+ T cells. 

Our data suggests that the differential MSC phenotypical profiles found are intrinsic to 
different individuals as distinct phenotypes grew out from different donors.  This 
observation is in line with the observation that indeed MSC from different donors have 
different abilities to be immune suppressive when used for the treatment of acute graft 
versus host disease [40].  However, as we did not systematically compare multiple MSC 
clones from the very same donor we could not assess whether different individuals have 
exclusive s-MSC or p-MSC or whether both phenotypes are coexisting or one is 
dominant. Regardless of this consideration, we demonstrate that gene expression 
differences between s- and p-MSCs are responsible for the immunomodulatory 
features. While s-MSC have been stable in transcriptomic heterogeneity, p-MSC further 
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changed profiles once T cells and cancer cells were added. However, functional 
consequences of s- and p-MSC have been maintained regardless of the cancer type 
present in the environment implying that this observation is not only relevant for the 
more extensively studied AML, but also other hematological cancer cell types like MM.  

Transcriptomic heterogeneity in the infused engineered T cell product has been most 
recently described as major predictor for clinical outcome for various hematological 
malignancies [41]. We described that transcriptomic heterogeneity correlates with T cell 
behavior against solid cancers [42]and can be further modulated by different types of 
co-stimulation [18] against liquid and solid c ancers. Our current data set implies that 
such 3D models might be too simplistic as simply the addition of MSC even in the 
absence of cancer cells further alters transcriptomic heterogeneity of engineered 
immune cells. Most importantly intrinsic abilities of MSC and the preference in s- or p-
MSC has further major impact on shaping transcriptomic heterogeneity and most likely 
needs to be taken into consideration in individualized therapies. S-MSCs negatively 
affected the persistence and cancer killing capacity of CD8+ T cells, which is in line with 
previous findings describing the immunomodulatory properties of MSC influencing 
effector cells. For instance, IFNγ production by effector cells induces PD-L1 expression 
by MSCs, lead to T cell inactivation and exhaustion [43]. Furthermore, secretion of anti-
inflammatory cytokines such as IDO1, TFG-β and IL-4 among others [26, 27]. However, 
such studies did not dissect whether these properties are linked to all MSC or a property 
of s- or p-MSC. We showed now that the migration capacity of T cells to the cancer 
microenvironment was also strongly hindered by s-MSCs, while p-MSC induced pro-
inflammatory genes in T cells.  

Our data imply that s- and p-MSCs are able to remodel the extracellular matrix via 
expressing key proteins involved in matrix stiffening in line also other reports [44]. 
However, our data imply that different types of collagens are observed in either s- or p-
MSC, suggesting that these may play an important role in the differential phenotype 
between MSCs. Assuming that different individuals favor either s-MSC or p-MSC this 
would argue for varying preferences in the extracellular matrix of healthy tissues and 
the cancer microenvironment. Here, we show that s-MSCs preferentially express type I, 
III and VI collagens, while p-MSC express type IV and XII collagens. Type I and III collagens 
are fibril-forming collagens that when highly expressed, lead to a dense fibrillary 
network which stiffness the ECM, a known hallmark of cancer [45]. Type I and III 
collagens have been also reported to be high affinity ligands for inhibitory receptor  
LAIR-1 [35, 36] and to inhibit the effector cytotoxic activity of CD8+ T cells [46]. Our data 
now show that indeed CD8+ TEGs expressed at the cell surface higher levels of LAIR-1, 
and thus, benefited the most from LAIR-1 blocking treatment in the suppressive MSC 
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environment. This effect is most likely due to an higher infiltration capacity of mainly 
CD8+ TEGs into the cancer microenvironment.   

Altogether, we describe varying preferences for s- or p-MSC in different individuals, 
which associated most likely with different cell matrix already in healthy tissues. Intrinsic 
differences between s- and p-MSC derived from different individuals drive for many 
individuals a stronger suppressive phenotype through the modulation of the collagen 
composition. Once cancer develops cell matrix produced due to the presence of s-MSC 
can be detrimental for cancer immune surveillance and cancer immune therapies. 
Characterizing the individual preferences for MSC in patients’ prior therapies might in 
the future allow to further individualize immune therapies through e.g. the addition of 
LAIR1-blocking antibodies. 
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Methods   

Cell Culture 

Bone marrow-derived mesenchymal stem cells (BM-MSCs) were isolated from healthy 
donors at the Utrecht University Medical Center. The BM-MSCs were cultured in DMEM 
medium (Fisher Scientific) containing 10% fetal bovine serum (FBS, Bodinco), 1% 
penicillin (100 U/mL) and streptomycin (100 µg/mL) (P/S) and 0.2 mM L-ascorbic acid-2-
phosphate (Sanbio) and passaged once confluency reached ~80% using 0.5% trypsin-
EDTA (Gibco). RPMI-8226 cells (ATCC) were maintained at a concentration of 0.35 ∙ 106 
cells/mL in RPMI-1640 medium (Thermo Fisher Scientific) containing 10% FBS and 1% 
P/S. 

All engineered T-cells (TEG-LM1, TEG001, HER2 CAR T-cells, BCMA CAR T-cells) were 
cultured using a two-week Rapid Expansion Protocol (REP) in which the T-cells are 
cultured with a mixture of irradiated Daudi cells (ATCC), human peripheral blood 
mononuclear cells (PBMCs, Sanquin Blood Bank, Amsterdam NL), and Lymphoblastoid 
Cell Line (LCL) cells (company). The T-cells and REP cell mixture are cultured with RPMI-
1640 medium containing 2.5% human serum (UMC Utrecht, the Netherlands), 1% P/S, 
2.5 mM beta-mercapotethanol (Gibco), IL-2 (50 U/mL), IL-15 (5 ng/mL), and PHA (1 
µg/mL). Every 3-4 days within the two-week REP cycle, half of the media was refreshed, 
and IL-2 levels were replenished. 

Transfection and Lymphocyte Transduction 

Transfection of Retroviral Packaging Cells: On Day 1, Phoenix-AMPHO cells (ATCC) are 
seeded and cultured at 37°C in DMEM media (Gibco) with 10% FCS and 1% P/S. On day 
2, a transfection mixture of pHIT60 (gag, pol genes), pCOLT-GALV (env genes), FuGENE-
HD Transfection Reaction (company), and the plasmid of interest (pMP71-TEGLM1, 
pMP71-TEG001, pBullet-BCMA-CAR, or pBullet-HER2 CAR) is prepared and incubated at 
room temperature for 20 minutes. The transfection mixture is then slowly added to the 
media of the Phoenix-AMPHO cells. On day 3, the DMEM media is replaced with 
complete huRPMI-1640 medium. 

T-cell Activation: On day 2, PBMCs are selected for CD4+ and CD8+ T-cells using Human 
CD4 Microbeads (Miltenyi Biotec) and Human CD8 Microbeads (Miltenyi Biotec) 
according to the manufacturer’s protocol. The isolated T-cells were then resuspended 
at a concentration of 2E6 cells/mL in complete RPMI-1640 medium and activated with 
Dynabeads T-Activator CD3/CD28 beads (30 ng/mL, Thermo Fisher Scientific, 11456D), 
IL-15 (154 U/mL), and IL-7 (1700 U/mL). The T-cells were plated in 6-well plates and 
incubated at 37°C. 
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T-cell Transduction: On day 4, retroviral supernatant from the Phoenix-AMPHO cells 
was collected, filtered using a 0.45 µm syringe filter (Sastedt), and supplemented with 
IL-2 (50 U/mL) and Polybrene (5 µg/mL, Sigma Aldrich). The activated T-cells were 
combined, magnetically -pdepleted of Dynabeads, centrifuged, and resuspended in the 
retroviral supernatant. The T-cells were plated in 6-well plates, centrifuged at 25,000 
rpm at 30°C for 60 minutes, and subsequently incubated overnight at 37°C. On day 5, 
the second transduction hit was performed as on day 4 with the exception of adding IL-
2 to the retroviral supernatant. After centrifugation, the T-cells were restimulated with 
CD3/CD28 Dynabeads (30 ng/mL) and IL-2 (50 U/mL) and incubated at 37°C. When 
applicable, G418 neomycin (800 µg/mL) was added to select for the transduced T-cells. 
On day 10, IL-2 was added (50 U/mL). On day 11, magnetic Dynabead depletion was 
performed prior to placing the transduced T-cells on REP. 

3D Bone Marrow in Vitro Model 

Donor-derived primary mesenchymal stromal cells (MSCs) and either cancer cell lines or 
patient-derived samples were seeded in Matrigel in the bottom compartment of a 
Transwell system to allow for cell proliferation and structural resemblance of the cellular 
structure [25]. Two days later engineered T cells were subsequently administered to the 
top compartment, and through active migration, could reach and target cancer cells. 
After additional two days co-culture the top and bottom compartments were collected 
separately, and cellular components were separated from the extracellular matrix 
components. We were able to then quantify absolute number of cells of each cellular 
subset allowing us to assess cancer killing, T-cell migration, and the immunomodulatory 
effects of MSCs. 

Model Assembly (Day 1): BM-MSCs and RPMI-8226 cells were stained with DiD and DiO 
dye (Thermo Fisher Scientific), respectively, according to the manufacturer’s protocol. 
The cells were then combined (70,000 MSCs/well; 20,000 RPMI-8226 cells/well) and 
resuspended in growth-factor reduced Matrigel (Corning Life Sciences) that had 
previously been diluted to a concentration of 6.9 mg/mL using DMEM media. 75 µL of 
cell suspension was then distributed to the bottom of wells of a Transwell plate with a 
3.0 µm pore membrane (Corning Life Science). Next, the plate was incubated at 37°C for 
10 minutes. 125 µL of media (1:1 ratio of complete RPMI-1640 and complete DMEM 
media) was added to both top and bottom compartments once the Matrigel solidified. 
The Transwell plate was left to incubate at 37°C for 4 days. 

T-cell Administration (Day 5): Engineered T-cells were administrated to the top 
compartments of the Transwell system (50,000 cells/well) using complete RPMI-1640 
medium. When applicable, T-cells were pre-incubated with 5µg/mL blocking antibodies 
against NKp30 (Clone #210845; R&D Systems) for 1 hour prior to administration. 
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Pamidronate (Calbinochem) was added to all TEG conditions for a final concentration of 
10 uM. Plate was then left to incubate at 37°C for 2 days. 

Cell Isolation (Day 7): Cell suspensions in the top compartments were collected and 
placed in FACS analysis tubes (company). The top compartments were then washed 
once with FACS buffer (Phosphate-buffered Saline (PBS) with 1% sodium azide and 1% 
bovine serum albumin (BSA)) and added to the analysis tubes accordingly. To isolate the 
cells from the Matrigel in the bottom compartments, two consecutive incubations of 20 
minutes with Cell Recovery Solution (Corning Life Sciences) were performed prior to 
being placed in FACS analysis tubes. The samples were then washed, stained, and 
measured using flow cytometry. Equal amounts of Flow Count Fluorophores (Beckman 
Coulter) were added to all samples prior to measurement. 

Flow Cytometry 

Samples were stained for 20 minutes at 4°C using the following antibodies where 
applicable: CD3-AF647 (UCHT1; Biolegend), CD4-PB (RPA-T4; Biolegend), CD8-PerCP-
Cy5.5 (RPA-T8; Biolegend), pan αβ TCR – APC (IP26, Thermo Fisher Scientific), pan γδ 
TCR-PE-Cy7 (clone; company), LAIR1-PE (NKTA255; Thermo Fisher Scientific), NKp30-
eFluor450 (AF29-4D12; Thermo Fisher Scientific). All samples were measured on the LSR 
Fortessa (BD) or Canto II (BD) using Diva Software (BD). 

Single-cell RNA Sequencing 

3D Model Preparation and Cell Isolation: On day 0, various co-cultures were assembled 
as described under the section “3D Model” with the exception of the use of dye to label 
the stromal and cancer cells and of the use of the Transwell system. On day 4, TEG001 
were administrated to the co-culture. On day 6, cells were isolated using Cell Recovery 
Solution (Corning Life Sciences). The harvested cells were then depleted of dead cells 
with the Dead Cell Removal Kit (Miltenyi Biotec) according to the manufacturer’s 
protocol and strained with a 70 µm strainer.  

3’ Single-cell RNA Library Preparation and Sequencing: 12,000 living cells from each co-
culture experimental condition were prepared for 3’ scRNA sequencing using the 10X 
Genomics v3.1 Single Index workflow and reagents (10X Genomics 1000127, 1000121, 
1000213, 1000171) according to the manufacturer’s protocol with the following 
exception: 10% Tween-20, 50% glycerol, and Qiagen buffer EB (10 mM Tris-HCl, pH 8.5) 
were prepared in-house. Libraries were sequenced on Illumina NovaSeq 6000. 

Data Analysis: The reads from FASTQ read files were aligned on the GRCh38-2020-A 
(10X Genomics) human genome and transcriptome reference using CellRanger 6.0.1 
software (10X Genomics). Demultiplexing of  components of co-cultures within shared 
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libraries was done based on single nucleotide polymorphism (SNP) deconvolution of 
donors within samples with the vireo and cellsnp R packages. The count matrices of the 
aligned readswere analyzed in R(4.0.1).Before dimensionality reduction and clustering, 
low-quality cells were excluded (based on gene counts, and percentage of mitochondrial 
genes). Data were normalized, scaled and log-transformed using the NormalizeData 
function of the seurat package. Principal component analysis (PCA) was performed on 
the scaled data with the 4000 most variable genes. The number of principal components 
used was determined using the ElbowPlot function. We calculated a UMAP 
representation of the data for visualization and calculated clusters, using the 
FindNeighbors and FindClusters functions. Marker genes that differentiated between 
clusters were identified using the FindAllMarkers function. We applied gene ontology 
(GO) over-representation test with clusterProfiler. We applied the cellchat package to 
map the possible cell-cell interactions. 

Bulk RNA Sequencing 

MSC samples were prepared and sent to the Utrecht Sequencing Facility (USEQ) 
according to their guidelines. Raw counts were obtained. The dataset was filtered to 
remove all genes with less than 10 raw reads in total from all samples. DESeq2 R package 
(Love, M.I. et al, Genome Biology 2014) was then used to obtain a DEG list based on Log2 
fold change analysis. 

Statistical Analysis 

Experimental data was analyzed using GraphPad Prism 9 for Windows (GraphPad 
Software Inc., La Jolla, CA, USA). Statistical significances between groups were assessed 
with two-way ANOVA tests. Significant variance was determined with one-way ANOVA 
analysis. Standard error of the mean (SEM) is represented by error bars. P-values lower 
than 0.05 were considered statistically significant, with asterisks indicating the following 
P-value ranges: (*) P < 0.05, (**) P < 0.01, (***) P < 0.001, (****) P < 0.0001. 

Ethics declarations 

MSCs were sourced from the GMP-licensed Cell Therapy Facility of the UMC Utrecht by 
expansion from bone marrow. Bone marrow aspirates were obtained from healthy 
donors according to the guidelines of the Dutch Central Committee on Research 
Involving Human Subjects (CCMO, Biobanking bone marrow for MSC expansion, 
NL41015.041.12). CCMO approved and informed consent was signed by either the bone 
marrow donor or the legal guardian of the donor.  

  



The properties of mesenchymal stem cells in the tumor niche direct the outcome of 
engineered T cell therapy   

 
151 

6 

References 

1.  Davids, M.S., et al., Ipilimumab for Patients with Relapse after Allogeneic 
Transplantation. N Engl J Med, 2016. 375(2): p. 143-53. 

2.  Berger, R., et al., Phase I safety and pharmacokinetic study of CT-011, a humanized 
antibody interacting with PD-1, in patients with advanced hematologic malignancies. 
Clin Cancer Res, 2008. 14(10): p. 3044-51. 

3.  Daver, N., et al., Efficacy, Safety, and Biomarkers of Response to Azacitidine and 
Nivolumab in Relapsed/Refractory Acute Myeloid Leukemia: A Nonrandomized, Open-
Label, Phase II Study. Cancer Discov, 2019. 9(3): p. 370-383. 

4.  Ghorashian, S., et al., Enhanced CAR T cell expansion and prolonged persistence in 
pediatric patients with ALL treated with a low-affinity CD19 CAR. Nat Med, 2019. 25(9): 
p. 1408-1414. 

5.  Turtle, C.J., et al., CD19 CAR-T cells of defined CD4+:CD8+ composition in adult B cell 
ALL patients. J Clin Invest, 2016. 126(6): p. 2123-38. 

6.  Hay, K.A., et al., Factors associated with durable EFS in adult B-cell ALL patients 
achieving MRD-negative CR after CD19 CAR T-cell therapy. Blood, 2019. 133(15): p. 
1652-1663. 

7.  Pasquini, M.C., et al., Real-world evidence of tisagenlecleucel for pediatric acute 
lymphoblastic leukemia and non-Hodgkin lymphoma. Blood Adv, 2020. 4(21): p. 5414-
5424. 

8.  Martin, T., et al., Ciltacabtagene Autoleucel, an Anti-B-cell Maturation Antigen 
Chimeric Antigen Receptor T-Cell Therapy, for Relapsed/Refractory Multiple Myeloma: 
CARTITUDE-1 2-Year Follow-Up. J Clin Oncol, 2023. 41(6): p. 1265-1274. 

9.  Neelapu, S.S., et al., Axicabtagene Ciloleucel CAR T-Cell Therapy in Refractory Large B-
Cell Lymphoma. N Engl J Med, 2017. 377(26): p. 2531-2544. 

10.  Schuster, S.J., et al., Tisagenlecleucel in Adult Relapsed or Refractory Diffuse Large B-
Cell Lymphoma. N Engl J Med, 2019. 380(1): p. 45-56. 

11. Sambi, M., L. Bagheri, and M.R. Szewczuk, Current Challenges in Cancer 
Immunotherapy: Multimodal Approaches to Improve Efficacy and Patient Response 
Rates. J Oncol, 2019. 2019: p. 4508794. 

12.  Brown, C.E. and C.L. Mackall, CAR T cell therapy: inroads to response and resistance. 
Nat Rev Immunol, 2019. 19(2): p. 73-74. 

13.  Sterner, R.C. and R.M. Sterner, CAR-T cell therapy: current limitations and potential 
strategies. Blood Cancer J, 2021. 11(4): p. 69. 

14.  Xu, X., et al., Mechanisms of Relapse After CD19 CAR T-Cell Therapy for Acute 
Lymphoblastic Leukemia and Its Prevention and Treatment Strategies. Front Immunol, 
2019. 10: p. 2664. 

15.  Maude, S.L., et al., Chimeric antigen receptor T cells for sustained remissions in 
leukemia. N Engl J Med, 2014. 371(16): p. 1507-17. 

16.  Gründer, C., et al., gamma9 and delta2CDR3 domains regulate functional avidity of T 
cells harboring gamma9delta2TCRs. Blood, 2012. 120(26): p. 5153-62. 

17.  Marcu-Malina, V., et al., Redirecting alphabeta T cells against cancer cells by transfer of 
a broadly tumor-reactive gammadeltaT-cell receptor. Blood, 2011. 118(1): p. 50-9. 

18.  Hernandez-Lopez, P., et al., Dual targeting of cancer metabolome and stress antigens 
affects transcriptomic heterogeneity and efficacy of engineered T cells. Nat Immunol, 
2023. 

19.  Vyborova, A., et al., gamma9delta2T cell diversity and the receptor interface with 
tumor cells. J Clin Invest, 2020. 130(9): p. 4637-4651. 



CHAPTER 6 

 

6 

152 

20.  Mamedov, M.R., et al., CRISPR screens decode cancer cell pathways that trigger 
gammadelta T cell detection. Nature, 2023. 621(7977): p. 188-195. 

21.  Sebestyen, Z., et al., Translating gammadelta (gammadelta) T cells and their receptors 
into cancer cell therapies. Nat Rev Drug Discov, 2020. 19(3): p. 169-184. 

22.  Mancini, S.J.C., et al., Deciphering Tumor Niches: Lessons From Solid and 
Hematological Malignancies. Front Immunol, 2021. 12: p. 766275. 

23.  Goulard, M., C. Dosquet, and D. Bonnet, Role of the microenvironment in myeloid 
malignancies. Cell Mol Life Sci, 2018. 75(8): p. 1377-1391. 

24.  Mendez-Ferrer, S., et al., Bone marrow niches in haematological malignancies. Nat Rev 
Cancer, 2020. 20(5): p. 285-298. 

25.  Braham, M.V.J., et al., Cellular immunotherapy on primary multiple myeloma 
expanded in a 3D bone marrow niche model. Oncoimmunology, 2018. 7(6): p. 
e1434465. 

26.  Uccelli, A., L. Moretta, and V. Pistoia, Mesenchymal stem cells in health and disease. 
Nat Rev Immunol, 2008. 8(9): p. 726-36. 

27. Papait, A., et al., The Multifaceted Roles of MSCs in the Tumor Microenvironment: 
Interactions With Immune Cells and Exploitation for Therapy. Front Cell Dev Biol, 2020. 
8: p. 447. 

28.  Hass, R., Role of MSC in the Tumor Microenvironment. Cancers (Basel), 2020. 12(8). 
29.  Amable, P.R., et al., Protein synthesis and secretion in human mesenchymal cells 

derived from bone marrow, adipose tissue and Wharton's jelly. Stem Cell Res Ther, 
2014. 5(2): p. 53. 

30.  El-Haibi, C.P., et al., Critical role for lysyl oxidase in mesenchymal stem cell-driven 
breast cancer malignancy. Proc Natl Acad Sci U S A, 2012. 109(43): p. 17460-5. 

31.  Zhikai Wang, R.Y., Jiayun Li, Ya Gao, Philip Moresco, Min Yao, Jaclyn F. Hechtman, 
Matthew J. Weiss,  Tobias Janowitz, Douglas T. Fearon, Pancreatic cancer cells 
assemble a CXCL12-keratin 19 coating to resist immunotherapy. BioRxviv, 2020. 

32.  Chen, A., et al., Chitinase-3-like 1 protein complexes modulate macrophage-mediated 
immune suppression in glioblastoma. J Clin Invest, 2021. 131(16). 

33.  Cheng, L., et al., The role of CRYAB in tumor prognosis and immune infiltration: A Pan-
cancer analysis. Front Surg, 2022. 9: p. 1117307. 

34.  Vijver, S.V., et al., Collagen Fragments Produced in Cancer Mediate T Cell Suppression 
Through Leukocyte-Associated Immunoglobulin-Like Receptor 1. Front Immunol, 2021. 
12: p. 733561. 

35.  Lebbink, R.J., et al., Collagens are functional, high affinity ligands for the inhibitory 
immune receptor LAIR-1. J Exp Med, 2006. 203(6): p. 1419-25. 

36.  Lebbink, R.J., et al., Identification of multiple potent binding sites for human leukocyte 
associated Ig-like receptor LAIR on collagens II and III. Matrix Biol, 2009. 28(4): p. 202-
10. 

37.  Peng, D.H., et al., Collagen promotes anti-PD-1/PD-L1 resistance in cancer through 
LAIR1-dependent CD8(+) T cell exhaustion. Nat Commun, 2020. 11(1): p. 4520. 

38.  Joseph, C., et al., The ITIM-Containing Receptor: Leukocyte-Associated 
Immunoglobulin-Like Receptor-1 (LAIR-1) Modulates Immune Response and Confers 
Poor Prognosis in Invasive Breast Carcinoma. Cancers (Basel), 2020. 13(1). 

39.  Wilhelm, D., et al., Tissue-specific collagen hydroxylation at GEP/GDP triplets mediated 
by P4HA2. Matrix Biol, 2023. 119: p. 141-153. 

40.  van der Wagen, L.E., et al., Efficacy of MSC for steroid-refractory acute GVHD 
associates with MSC donor age and a defined molecular profile. Bone Marrow 
Transplant, 2020. 55(11): p. 2188-2192. 



The properties of mesenchymal stem cells in the tumor niche direct the outcome of 
engineered T cell therapy   

 
153 

6 

41.  Kirouac, D.C., et al., Deconvolution of clinical variance in CAR-T cell pharmacology and 
response. Nat Biotechnol, 2023. 41(11): p. 1606-1617. 

42.  Dekkers, J.F., et al., Uncovering the mode of action of engineered T cells in patient 
cancer organoids. Nat Biotechnol, 2023. 41(1): p. 60-69. 

43.  Jiang, W. and J. Xu, Immune modulation by mesenchymal stem cells. Cell Prolif, 2020. 
53(1): p. e12712. 

44.  Ma, Z., et al., Bone Marrow Mesenchymal Stromal Cell-Derived Periostin Promotes B-
ALL Progression by Modulating CCL2 in Leukemia Cells. Cell Rep, 2019. 26(6): p. 1533-
1543 e4. 

45. Zhang, J., et al., The role of network-forming collagens in cancer progression. Int J 
Cancer, 2022. 151(6): p. 833-842. 

46.  Meyaard, L., The inhibitory collagen receptor LAIR-1 (CD305). J Leukoc Biol, 2008. 
83(4): p. 799-803.  



CHAPTER 6 

 

6 

154 

Supplementary Figures  

Supplemental Figure 1. Relative amount of T cells normalized to TEG-LM1 control in a co-
culture with MSC donor 6 and 18 in matrigel after 2 days.   
 
 
 
 

 

Supplemental Figure 2. GO-term analysis of MSC clusters. 
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Supplemental Figure 3. (A) UMAP plot displaying the unsupervised clustering of TEG subsets from all 
experiment.  (B) CD4 and CD8A expression of the predicted CD4 and CD8 TEG subsets. Grey color mark 
lack of expression. (C) UMAP plot displaying the predicted CD4 and CD8 types of TEG cells from all 
experiment. (D) CD4 / CD8 composition of the TEG clusters in (A) (%), according to our type prediction. (E) 
GO-term analysis per CD4 TEG clusters. (F) GO-term analysis per CD8 TEG clusters. 
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Supplemental Figure 4. LAIR-1 expression and mean fluorescence intensity (MFI) of CD4+ 
(yellow) and CD8+ (blue) TEGs compared to unstained cells (grey).  
 
 
 
 
 
Supplementary Table 1. Fisher-tests.  
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Supplementary Table 2. topDEGs_MSC. 
 

 
  

rank Cluster_0 Cluster_1 Cluster_2 Cluster_3 Cluster_4 Cluster_5 Cluster_6 Cluster_7 Cluster_8
1 KRT19 HIST1H4C BNIP3 MTRNR2L1HSPA1A GADD45B PLCG2 H2AFZ HLA-DRA
2 TIMP3 HIST1H1B HMOX1 THBS1 CRYAB DDIT3 MTRNR2L8RHOC CD74
3 DCBLD2 HIST1H1D LDHA NEAT1 FOSB AL627171. CSKMT SRM S100A4
4 SULF1 TOP2A IMP3 COL4A1 FOS RRAD PLK2 UBE2S HLA-DPB1
5 CHI3L1 CENPF GAPDH POSTN RRAD SNAPC1 PPP1R15AUBE2C HLA-DRB1
6 PDLIM4 H2AFZ NQO1 CEMIP DUSP1 SNHG8 MTRNR2L1MYL9 SERPINB1
7 CXXC5 TPX2 PMAIP1 CCN2 JUN HES1 NFKBIZ MRPL12 HLA-DPA1
8 TGM2 UBE2C FGF5 FN1 ATF3 ID2 SLC38A2 PFN1 RGCC
9 NREP PRC1 CITED2 COL12A1 ACTA2 GAS5 MAFB LSM2 PRSS57

10 CTHRC1 CKS2 PGAM1 GJA1 HSPH1 RSRC2 MALAT1 CKS2 SPINK2
11 MAP1A MKI67 RND3 SPARC DNAJB1 BHLHE41 SOD2 NAA10 H1FX
12 MXD4 CCNB1 VASN MALAT1 GADD45B HES4 JUN KRT10 RAB11FIP1
13 NME3 TYMS ENO1 MEG3 KLF6 NR1D1 RND3 MLF2 CYBA
14 PENK ASPM PTX3 TGFBI ANGPTL4 SQSTM1 CCNL1 COX5A PYCARD
15 ANKH PCLAF EMP3 VCAN ID4 GADD45A ABL2 TUBA1C AIF1
16 ID3 PTTG1 COTL1 COL6A3 CKB ATF3 SOCS3 PDLIM2 SNHG29
17 KRT10 TMPO IGFBP6 COL3A1 KLF2 FBXO32 HEXIM1 LSM7 PLEK
18 ARL1 NUSAP1 ALDOA APLP2 TPM1 HSPA1A PPP1R10 CENPX TSC22D3
19 HIF1A ANLN TMSB10 FSTL1 JUNB SNHG12 PIK3R3 ID3 VAMP8
20 APCDD1L DEK NUPR1 COL1A2 NNMT EGR1 HYMAI CHI3L1 H2AFY
21 WWTR1 RRM2 PKD1 PDIA3 PRRX2 CXCL3 NABP1 SIVA1 ATP5MC2
22 MICAL2 KIF23 MIF ITGBL1 HSPA1B PPP1R15ABRD2 FHL2 HLA-DMA
23 CRABP2 CENPW FTH1 HSPA5 JUND TAF1D STAT3 GNG5 PNRC1
24 CTSK STMN1 LGALS1 FBN1 NUPR1 LMCD1 AL627171. BEX3 CLEC2B
25 ARFGAP3 CKAP2 PRDX1 COL1A1 CCN2 GDF15 TNFAIP3 STUB1 GAS5
26 FAM114A1UBE2T FAM180A COL4A2 TSC22D3 PIM3 SLC2A3 AURKAIP1 ELF1
27 S100A6 SMC4 ABL2 PSAP DNAJA1 SLC3A2 SYNE1 ATP5F1D RILPL2
28 CNN3 HMMR SNHG29 HSP90B1 EGR1 SNHG15 ANKRD11 EVA1B ANKRD28
29 CCL2 CDK1 TPT1 LRP1 SGK1 PLK2 COL6A2 MRPL27 EIF3E
30 GALNT1 CENPE EEF1G THBS2 KRT18 NFKBIA NFKBIA HINT1 EIF3G
31 MYO1B PBK BNIP3L COL5A1 C11orf96 EPB41L4AGLS COPZ2 JUND
32 LXN BIRC5 FAM162A VMP1 ANKRD1 ANKRD1 IRF1 LY6E MXD4
33 CLDN14 CEP55 AVPI1 LMAN1 ZFAND5 BBC3 AC020916 S100A16 GIHCG
34 RBPJ CKS1B PRSS23 FAT1 IER3 ZFAS1 CHD2 LY6K SAT1
35 RNF7 SMC2 IFITM3 LOX TIPARP CHMP1B INTS6 ATP5MC3 ZEB2
36 FAM98A UBE2S S100A10 INHBA KCNE4 SOX4 NR1D1 CUTA ID3
37 VPS28 DLGAP5 TFPI2 COL8A1 TAGLN PMAIP1 CEBPD EIF4EBP1 NOP53
38 PRRX1 CLSPN TPI1 COL6A1 HSPB1 HIST1H4H MYH9 GABARAP TUBA1A
39 MPG HIST1H1E TXNRD1 COL5A2 UBC CEBPD SMURF2 YIF1A EEF1A1
40 BAALC CENPK SELENOM LTBP2 NR4A1 IER2 NDRG1 SH3BGRL3SR
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Supplementary Table 3. topDEGs_TEG_CD4.  

 
  

rank Cluster_0 Cluster_1 Cluster_2 Cluster_3 Cluster_4 Cluster_5 Cluster_6 Cluster_7
1 IFI27 C15orf48 KLF2 DUT CCL4L2 HIST1H1B CD8A CD9
2 GNLY GZMA KLRB1 PCLAF CSF2 HIST1H4C CTSW HPGDS
3 TSC22D3 BATF S100A4 TYMS CCL3 HIST1H1D GNLY PHLDA2
4 STK17A MZB1 SPOCK2 HELLS IL13 STMN1 KLRK1 ARG2
5 ZFP36L2 GZMB LTB CLSPN CCL4 MKI67 NKG7 EGLN3
6 S100A6 HLA-DRA AQP3 STMN1 IFNG TUBA1B AIF1 BACE2
7 CXCR4 HLA-DRB1CXCR4 GINS2 IL4 HIST1H3D CD8B KRT81
8 LPIN2 HLA-DPA1RORA PCNA IL5 HIST1H1C GZMH FCER1G
9 CCL5 SIRPG GIMAP7 NASP TNF HMGB2 LIME1 TRAV20

10 PDCD4 HLA-DPB1GIMAP4 MCM4 NR4A2 HIST1H1E NCR3 PTTG1
11 CKAP2 HLA-DRB5LIMS1 MCM7 NR4A3 TOP2A GZMK PALLD
12 MXD4 CCR1 RIPOR2 TUBA1B CD69 NUSAP1 RCBTB2 PTGDR2
13 S1PR4 ID2 RNASET2 CENPU DUSP2 HIST1H3B MATK KRT7
14 TNFAIP3 PGK1 TNFRSF25ATAD2 CD40LG TUBB CD52 CYSLTR1
15 RABAC1 HLA-DQA2SOS1 DNAJC9 GADD45B RRM2 LAIR2 KRT86
16 RNASEK RGL4 TRBC2 FEN1 PHLDA1 PCLAF ITGA1 TNFRSF18
17 CCSER2 ARG2 LIME1 CHEK1 NR4A1 TYMS CLEC2B B3GNT2
18 HERC5 CALHM6 CORO1B MCM3 BIRC3 CENPF HCST LPCAT2
19 TXNIP TMSB10 PPP2R5C SNRNP25 REL HIST1H2ALCCL5 CCDC71L
20 NR3C1 CKLF PCED1B-AMCM5 PIM3 ASPM LRRN3 MIIP
21 ISG20 HLA-DMA NEAT1 MSH6 NFKBID H2AFZ TRBC1 IL17RB
22 PYHIN1 CCL5 TRAC GMNN SLA HIST1H2AHGIMAP4 CHCHD10
23 ELK3 NDFIP2 PBXIP1 DEK PTGS2 UBE2C GABARAP BAG2
24 ATP5ME CTSC GIMAP5 ATAD5 PRDX1 HIST1H2AGYBX3 GLRX
25 SQSTM1 HLA-DQA1MAF NUDT1 SDC4 HMGN2 LINC01871PMCH
26 IGFLR1 GPI RESF1 TMPO MIR155HG DUT SPNS3 EIF4G2
27 GCC2 LINC01943TC2N H2AFZ RNF19A TMPO PCED1B-ASPP1
28 PFDN5 STX3 CCR4 ORC6 RILPL2 HIST2H2ACHOPX LAT
29 DNPH1 RSAD2 ANKRD12 BRCA1 EVI2A CDK1 PRMT2 GLO1
30 BTG1 PLAAT3 ITGA4 CDT1 TNFSF14 TPX2 ABI3 SLFN5
31 LEPROTL1ACTB NTRK2 HMGB2 KDM6B CKS1B GRAP2 PGK1
32 CD2 PRF1 S1PR4 CENPX EGR3 TUBB4B JAML GATA3
33 ATP5F1E CD3E CYTIP SMC2 RGCC BIRC5 IGF1 GPAT3
34 EPSTI1 PYCARD ADD3 HNRNPAB MAP3K8 CDKN3 TESC CCNG2
35 BCL11B SMCO4 CDC42EP3DHFR EGR2 UBE2S APOBEC3 BATF
36 RALA BCL3 PDCD4 DNMT1 DUSP5 ATAD2 ITGB1 RTKN2
37 PET100 FAM89B CERK SLBP TNFSF9 HIST1H3G LPAR6 SNHG8
38 ZBTB1 MIIP LST1 MCM6 NFKBIA H2AFX KRT10 ACER3
39 SP100 TRBC1 TIPARP WDR76 BTG2 SMC4 BIN1 CDKN2D
40 LGALS8 LTA ZBTB38 MKI67 SIAH2 PRC1 PREX1 MMP25
41 NUB1 LPCAT2 TNFSF13BUSP1 NAMPT DLGAP5 PRF1 PDLIM5
42 PCED1B-ACD48 FKBP11 FAM111B CREM KIF11 CD37 TPMT
43 ARL14EP TPI1 IFI44 CENPH SPRY1 HIST1H3F SH3BGRL3GAS5
44 N4BP2L2 GAPDH TMEM167ACHAF1A RAB11FIP1FBXO5 GNPTAB LMNA
45 ACTG1 GBP5 E2F1 DUSP6 HIST1H2BHGSTP1 DENND1B
46 ITM2A CD52 SNRPB ARL5B CCNA2 FAM126A TNFRSF4
47 MAPKAPK HPGD RANBP1 FASLG CENPW GYPC SMIM3
48 CLIC1 ZNRF1 CDC6 GZMB CDCA8 MTRNR2L1LINC00667
49 LAIR2 GIMAP1 DTL JUNB HMGB1 BTG1 CAPG
50 TPST2 JAML SIVA1 FOSL2 CLSPN GPI ECI2
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Supplementary Table 4. topDEGs_TEG_CD8. 

 

 

 

rank Cluster_0 Cluster_1 Cluster_2 Cluster_3 Cluster_4 Cluster_5
1 GNLY TRBC1 KRT86 TSC22D3 IFNG HIST1H1B
2 ISG15 LINC01871CXCR6 FKBP5 CSF2 STMN1
3 IER2 HLA-DRB1TRAC ZFP36L2 IL13 TUBA1B
4 GZMK GPI ID2 CXCR4 XCL2 PCLAF
5 S100A6 RCBTB2 TXNIP PIK3IP1 CCL4L2 TYMS
6 STAT1 LPAR6 KRT81 DDIT4 XCL1 HIST1H4C
7 MX1 ITGB1 GIMAP7 TXNIP CCL3L1 MKI67
8 IL27RA HLA-DRB5CD48 BTG1 CCL3 HMGB2
9 RNASEK CD52 KLRG1 SMAP2 CCL4 DUT

10 ATP5ME CD2 PDLIM2 ZBTB16 IL4 HIST1H1D
11 NDUFA3 FAM126A TRG-AS1 BBC3 TNF CLSPN
12 ATP5F1E HLA-DRA GAS5 BCL2L11 NR4A2 TUBB
13 IGFLR1 RGL4 EIF3E LPIN2 NR4A3 H2AFZ
14 ZRANB2 CASP1 EVL TRMO IL5 HELLS
15 LYSMD2 HLA-DPB1AGTRAP PDCD4 CRTAM PCNA
16 OTULIN PGK1 SEPHS2 CCSER2 GZMB TOP2A
17 EML4 HLA-DQA2RGL4 CREBRF PIM3 NUSAP1
18 SNX10 ABI3 NCR3 LBH PHLDA1 NASP
19 OST4 GZMH RFLNB RCSD1 REL HIST1H1C
20 CLDND1 IGF1 FKBP11 SYTL3 EVI2A TMPO
21 IL2RG RNF167 RASSF1 AKAP13 NFKBID HMGN2
22 LIMA1 HLA-DMA TPT1 ERN1 MIR155HG CENPF
23 CCL5 CAMK1 LSP1 UBC SDC4 ATAD2
24 TMEM258 ANKRD12 PLCG2 BPTF RGCC RRM2
25 TMA7 BCL11B CDKN2A HERPUD1 NR4A1 GINS2
26 SNHG6 CD6 GIMAP5 ETS1 KDM6B SMC2
27 PAXX LPCAT2 ZNRD1 KLF13 DUSP2 MCM7
28 SEC62 SIRPG IL16 PPP1R2 CD69 ASPM
29 BHLHE40 PTTG1 TRAF3IP3 YPEL2 GADD45B MCM4
30 PET100 APOBEC3 RHOC CNOT6L TNFSF14 HIST1H3D
31 MRPL52 LINC02694SIT1 PARP8 RILPL2 CENPU
32 C12orf57 HLA-DQA1ATF7IP2 RESF1 BIRC3 DNAJC9
33 HCST BCL2 CD3E CDV3 RNF19A GMNN
34 ATP5MD GIMAP4 NCAM1 NIBAN1 EGR3 HIST1H1E
35 NDUFA1 PREX1 TRGC2 FAM102A DUSP5 MCM3
36 NDUFC1 HLA-DPA1SLAMF7 HERC5 EGR2 DEK
37 DSTN JAML CSTB MYH9 FASLG FEN1
38 ANXA2 THEMIS SYNRG UGP2 MAP3K8 CENPM
39 COX7C IER5L PNN SLFN5 CD40LG SNRNP25
40 NDUFB1 LAT NDFIP2 SMIM3 NAMPT CHEK1
41 DDHD1 GRAP2 CCDC85B IL10RA TNFSF9 BRCA1
42 RAB8B JUN EEF1A1 PPM1K IL23A ORC6
43 MRPS36 CD3E GIMAP1 GABARAP BCL2A1 DHFR
44 SON SH3BGRL3C4orf3 CASP8 ZBED2 CENPK
45 SAMD3 HLA-DQB1TPI1 PRDM1 PRDX1 ANP32B
46 NECAP2 RASGRP1 SRSF9 IKZF1 SLA SMC4
47 EIF2S2 STX3 EIF4B GPATCH8 SPRY1 MCM5
48 LBR PPDPF UBE2F CD8B CREM CKS1B
49 NA AIF1 PGK1 OGA NFKBIA RANBP1
50 NA CD3G HTATSF1 FAM3C IER3 NUDT1



CHAPTER 6 

 

6 

160 

 Supplementary Table 5. Collagen genes  
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T cell therapy for cancer 

In the past decade cancer therapy has shifted from generalized standard treatments, 
such as chemotherapy, to more personalized approaches. Adoptive T cell therapy (ACT) 
and the idea of harnessing the anti-tumor capability of the patient’s own immune 
system in the form of tumor infiltrating lymphocytes (TILs) and checkpoint inhibitors 
have revolutionized the opportunities for cancer treatment1,2. The approval of 
engineered T cells expressing a chimeric antigen receptor (CAR-T cells) by both the FDA 
and EMA finally has resulted in overwhelming clinical successes of treating 
hematological malignancies, in particular acute lymphoblastic leukemia (ALL), diffuse 
large B-cell lymphoma (DLBCL) and myeloma. Targeting solid tumors with ACT, however, 
remains a challenge. In chapter 1, we described the main roadblocks of targeting solid 
tumors3 – antigen dilemma, T cell fitness and an immune-suppressive tumor 
microenvironment – and provide in this thesis potential solutions. 

Overcoming the “antigen dilemma” by Vγ9Vδ2TCR based T-cell 
therapies 

One of the major pitfalls of the appliance of CAR-based immunotherapies in solid tumors 
is their reliance on a widely expressed yet tumor-specific antigen. Often, chosen 
antigens are also expressed on healthy tissue, resulting in on-target off-tumor effects by 
the CAR-T cells4. One strategy to overcome this limitation is by using Vγ9Vδ2TCR instead 
of an antibody-based CAR5. As opposed to αβTCRs and CAR-T cells they specifically 
target malignantly transformed cells6 in an HLA-independent manner. In addition, 
Vγ9Vδ2TCR target a broad range of hematopoietic and solid tumors in vitro7. Despite 
the promising features of Vγ9Vδ2T cell based therapies, they have yet to be successfully 
transferred into clinical applications, mainly due to the high diversity in affinity and 
avidity of the TCRs in bulk Vγ9Vδ2T cells8,9. To overcome diversity Vγ9Vδ2T cells 
regarding Vγ9Vδ2TCR-affinity and co-receptors expression, our group has developed so 
called TEG (αβ T cells engineered to express a defined γδ TCR) over the past decade10-12. 
In this approach αβ T cells are being engineered to express a specific, high affinity 
Vγ9Vδ2TCR to combine the broad but tumor-specific killing capacity of Vγ9Vδ2T cells 
with the high proliferation capacity of ab T cells. This therapy is currently undergoing 
evaluation in a phase I clinical trial (NTR6541)13,14, where we recently reported that a 
patient suffering from acute myeloid leukemia achieved a complete remission after 
administration of one infusion of TEG001 (TEGs with the specific Vγ9Vδ2TCR clone 5)15.  



 Summarizing Discussion 

 
165 

7 

A major dilemma of Vγ9Vδ2TCR based therapies: poor definition 
of the target 

A major challenge in the application of Vγ9Vδ2TCR-based therapies is the incomplete 
knowledge of the functional mechanism of this cell type, which has a direct impact on 
selection of eligible patients and further directed improvement of the therapy. 
Vγ9Vδ2TCR recognize stress-induced intracellular accumulations of phosphoantigens 
(pAg)16 and subsequent changes in the BTN2A1-BTN3A-RhoB-complex17-23. From this 
complex, butyrophilin BTN2A1 has been identified as direct ligand of the 
Vγ9Vδ2TCR21,22, and in 2023 the crystal structure of BTN2 with BTN3 allowed to 
hypothesize that pAg glue BTN2 with BTN3 to activate Vγ9Vδ2T cells24. Also the 
transcriptional regulation of BTN2 and BTN3 has been elucidated by a CRISPR screen25, 
however still letting many important pieces of the puzzle open, for instance additional 
involved intracellular players as well as at what stage of cancer development this 
pathway is activated. Within this context we describe in chapter 3 in two independent, 
step-wise mutagenesis models of colorectal cancer (CRC)26 and breast cancer (BC), that 
as little as a single oncogenic mutation is sufficient to fully activate the BTN-pathway 
and consequently trigger targeting by Vγ9Vδ2T cells. While the normal human small 
intestinal organoid stem cells remained untargeted, single mutations in either APC, KRAS 
and p53, respectively, lead to increased IFNγ production by Vγ9Vδ2TCR T cells. Similarly, 
non-tumorigenic epithelial breast cell line MCF10a only became recognized by 
Vγ9Vδ2TCR T cells upon an introduced mutation in the tyrosine-kinase domain of 
HER2/ErbB2. This is in stark contrast to other forms of ACT and immune checkpoint 
inhibition (ICI), where a high mutational burden has been shown to correlate with 
efficacy of the treatment27-29 and is underlining the important role of Vγ9Vδ2T cells in 
early immunosurveillance and their great potential in cancer therapy. Moreover, we 
could link multiple specific commonly occurring mutations in known oncogenes, namely 
KRASG12D (shown in CRC)26, ErbB2/HER2V777E/L (shown in BC)30, that indicate a positive 
response to treatment with TEG or other Vγ9Vδ2TCR based therapies. Notably, a 
mutation on position V777 of HER2 was associated with resistance to monoclonal 
antibody therapy with trastuzumab31, rendering Vγ9Vδ2TCR based therapies a valid 
option for alternative treatment. Furthermore, we not only provided evidence that the 
oncogenic mutations allowing for recognition of a tumor cell are activating the 
PI3K/AKT/mTOR pathway, but also that BTN2A1 surface upregulation is a direct 
consequence of this, and in reverse blocking of PI3K diminished BTN2A1 surface 
expression and targeting by Vγ9Vδ2TCR T cells in various cell lines. Interestingly, not all 
PI3K-activating HER2/ErbB2 mutations triggered activation of TEG001, suggesting a 
different downstream activation cascade for distinct mutations. Previous studies have 
found evidence for a transcriptional upregulation of BTN2A1 and BTN3A by the AMPK 
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activating compound AICAR25 or as a consequence of EBV-induced activation of the JNK 
pathway32, followed by enhanced targeting by Vγ9Vδ2T cells. While JNK is a downstream 
signaling pathway of PI3K33, AMPK and AKT pathways are often observed to regulate the 
cellular mechanisms autophagy and apoptosis in opposing directions34,35. However, 
AICAR specifically has been found to not only activate AMPK, but also AKT35,36 and 
mTORC237, and the AMPK-inhibitor compound C simultaneously reduced AKT activity36, 
respectively. Hence, the mechanism we discovered might trigger the same downstream 
effects than JNK and AICAR-activated AMPK signaling and further investigation to their 
identification will be necessary.  

Hallmarks of Vγ9Vδ2TCR tumor recognition, such as relocalization of BTN2A1 and RhoB 
to the cell membrane were found to occur already in the absence of targeting-boosting 
aminobisphosphonates (ABP). Full activation of Vγ9Vδ2T cells, however, required 
elevated pAg levels, suggesting a two-step activation process. We could link ABP-
treatment to two novel phosphorylation sites in the juxtamembrane region of BTN3A1, 
potentially promoting heterodimerization of BTN2A1 and BTN3A1 and therefore 
stabilizing surface expressed BTN2A1. Finally, by applying an innovative proximity 
proteomics approach we uncovered an ABP-dependent interactome of BTN3A1-
proximate proteins and identified with PHLDB2, SYNJ2 and CARMIL1 three novel 
proteins that are involved in regulating targeting by Vγ9Vδ2TCRs. Those proteins are 
potentially fostering cytoskeletal spatial rearrangements together with RhoB17 to allow 
and maintain BTN2A1 and BTN3A1 surface expression, heterodimerization and 
stabilization of the immunological synapse. Although we found evidence of the 
involvement of PHLDB2, SYNJ2 and CARMIL1 in the regulation of Vγ9Vδ2TCR targeting, 
further research is necessary to clarify their role in the signaling cascade leading to 
tumor killing by Vγ9Vδ2T cells.  

Our findings in this chapter enhance our understanding of Vγ9Vδ2T cell targeting, 
hopefully improving the identification of patients susceptible to treatment with 
Vγ9Vδ2TCR-based immunotherapies and allow next generation engineering strategies 
like TEGs7,11 and Gamma delta TCR anti-CD3 bispecific molecules (GABs)38 to enfold their 
full potential. Moreover, the outcomes of this chapter resulted in a patent application, 
and as motivating as it is that signatures of cell activation have been patented it caused 
at the very same time delay in the publication process. 

Characterizing heterogeneity of engineered immune cells 

Depending on the ACT, some crucial criteria for release of the final cell product, like cell 
viability and cell purity are strictly regulated. In contrast, the final composition of CD4+ 
and CD8+ and their subsets is often very heterogeneous when administered to patients, 
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even though their capacity in terms of proliferation, persistence, and their anti-tumor 
effect despair significantly. Hence, we introduce in chapter 4 BEHAV3D, a 3D-live-
imaging tool for assessing the heterogeneity in behavioral and phenotypic traits among 
cellular immunotherapies with potential to contribute to the optimization of 
personalized cell-based therapies for targeting solid tumors39. In this study, interactions 
between TEG and patient-derived breast cancer organoids (BC PDOs) were live-tracked 
on a single cell level by 3D-imaging. To allow comparisons and conclusions on efficacy 
and changes in the cellular composition over the duration of co-culture, the TEG product 
composition was kept within specific definitions (>90% γδTCR+, <5% endogenous γδT 
cells, 50% CD4+:50% CD8+). BEHAV3D identified and differentiated nine classifications 
of TEG001 subtypes, that varied in their tumor engagement from static/dying to highly 
engaged (“super-engagers”) T cells. Interestingly, the composition of the subsets over 
time varied between differentially targeted PDOs, as the percentage of engaging T-cells 
increased in co-cultures with effectively killed PDOs compared to healthy or untargeted 
PDOs, although the starting TEG product was equal among all conditions. This 
observation emphasizes the importance of striving to apply defined ratios of CD4 and 
CD8 TEG/CAR-T cells to in vitro experiments and finally to patients to allow conclusions 
over differentiation and enrichment of subtypes of the cells during treatment. 
Implementing defined ratios of subsets of cellular therapy would also allow better 
comparability among patients and even among types of therapies (e.g. CAR-T and TEG) 
and therefore potentially higher chances to detect shortcomings or risks of certain 
treatments earlier. Furthermore, a synergistic effect of a defined CD4:CD8 ratio in B-ALL 
patients treated with CAR-T cells targeted against CD19 in vitro and in vivo has been 
described40. Hence, although properties such as killing of entire PDOs by single effector 
cells as well as serial killing capacity, a characteristic that has been shown favorable for 
CD8+ CAR-T cells previously41, were features observed for CD8+ TEG, also CD4+ TEG and 
the interaction between the subsets appear to be crucial for scanning, persistence and 
finally killing . The importance of CD4+ CAR-T cells for the latter has been described in a 
recent observation of long-term persisting CAR-T cells in leukemia patients, which were 
found to be exclusively CD4+42.  

Moreover, the insights gained in this study will allow for a better characterization of 
cellular therapy products even during their development, and for identification of 
interesting novel targets for improvement. For instance, transcriptomic analysis of TEG 
by single cell RNA sequencing (scRNAseq) revealed differential expression of neural cell 
adhesion molecule 1 (NCAM1) in activated CD8+ T cells. These NCAM1+CD8+ T cells 
more often showed super-engager behavior and higher killing capacity compared to 
NCAM1-CD8+ T cells, and NCAM1 surface expression was elevated in TEGs expanded in 
the presence of IL-15. Zou et. al have shown that simultaneous decrease of inhibitory 
receptors PDL-1, Tim-3 and Lag-1 on HER2 CAR-T cells resulted in increased expression 
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of NCAM1, accompanied by prolonged CAR-T cell survival, increased tumor infiltration 
and IFNγ production43. Yet, further research is required to assess whether the functional 
characteristics of super-engager cells can be artificially induced by armoring TEG or CAR-
T cells with NCAM1. Another option to increase this and other potent phenotypes would 
be selection of TEGs during the engineering and production process. This, however 
would pro-long the already time-consuming manufacturing process and the 
heterogenous apheresis material among patients44 would potentially lead to higher 
rates of failed production.  

Enhancing migration and circumventing a hostile tumor 
environment  

Infiltration of the tumor microenvironment (TME) by cytotoxic T cells is associated with 
good prognosis in a variety of cancer types, among others colorectal45, breast46, and 
multiple hematological malignancies47, as well as the infiltration of CD8+ T lymphocytes 
in the context of ACTs such as CAR-T cell therapy48. However, it has been shown that the 
tumor itself and the surrounding TME itself harbors multiple factors to create a 
tumorigenic and environment hostile for anti-tumor immune cells49,50. These factors 
include the cellular composition of the TME (e.g. mesenchymal stromal cells, 
immunosuppressive myeloid-derived cells and regulatory T cells) as well as the dense 
extracellular matrix in solid tumors51,52. In chapters 5 and 6 we aimed to overcome these 
factors by actively modifying T cells for increased tumor infiltration. These modifications 
of T cells include genetically removing expression of specific proteins and armoring T 
cells with additional proteins. In these chapters we conduct experiments in a complex 
3D multicellular co-culture setting in which the engineered T cells have to actively 
migrate to the tumor site and into a 3D structure of tumor cells and stroma in Matrigel, 
mimicking tumor infiltration53. We investigated both, hematological and solid 
malignancies using cell lines, patient-derived tumor cells as well as patient-derived 
organoids (PDO).  

In chapter 5, we investigated the discrepancy we observed in T cell migration among 
CD8+ and CD4+ engineered T cells in a TME infiltration model. Even when administered 
in an equal ratio, CD8+ T lymphocytes migrated less efficiently to the TME than CD4+ T 
cells. A screening for soluble molecules uncovered increased levels of chemokines 
CXCL1, CCL4 and CXCL10 correlated with efficient tumor targeting in 3D tumor models 
and blocking of these chemokines significantly reduced the capacity of TEG and CAR-T 
cells to infiltrate and target tumor cells. Analysis of the corresponding surface receptors 
for these chemokines revealed significantly lower expression of CCL4-receptor CCR5 in 
CD8+ cells. A more in-depth investigation by scRNAseq identified CD8+ T cells as main 
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source of CCL4 expression. In this thesis we therefore propose to armor T cell based 
immunotherapies with the chemokine receptor CCR5, as we found it to enhance tumor 
migration of cytotoxic CD8+ T cells, infiltration as well as T cell killing of both, breast 
cancer and colorectal cancer PDOs in a 3D multicellular TME model. Armoring T cells 
engineered to express a non-functional Vγ9Vδ2TCR called TEG-LM111 did increase 
migration of the T cells, however their killing capacity remained unaffected, nor did we 
observe targeting of healthy stromal cells by the modified T cells. While we need to 
collect further proof in in vivo studies, these are first indications for the safety of this 
strategy. Furthermore, CCR5 is not exclusively binding to CCL4, its ligands include CCL3 
and CCL554,55. These chemokines are described to be mostly secreted by tumor-
associated cells, including various activated immune cells56. Therefore, arming T cells 
with CCR5 might result in a positive feedback-loop and potentially recruiting additional 
T cells, enhancing efficacy of the treatment. Drug resistance of acute lymphoblastic 
leukemia has been described as response to increased expression of both, CCL3 and 
CCL4 upon treatment with anticancer drugs57. In such a situation, CCR5-armored T cell-
based therapies would possess a unique advantage of increased tumor targeting even 
when anticancer drugs fail. Nevertheless, CCL4 secretion is clearly tumor-associated and 
has been shown to factor angiogenesis by increased expression of VEGF in cancer cells58, 
therefore the advantage of increased recruitment of TEGs to the tumor site needs to be 
carefully balanced to a potential pro-tumor effect of the increase of CCL4 secretion by 
CD8+ T cells. However, it remains unclear whether CCR5 is the only potential interesting 
receptor, many other chemokine receptors have been suggested for genetic engineering 
such as CXCR259 and more systematic studies will be needed to explore the optimal co-
engineering.  

In chapter 6, we laid the focus on analyzing immunosuppressive characteristics of the 
TME in the malignant bone marrow niche and identifying mechanisms to modify the 
interaction with T cells to allow a more effective tumor infiltration. We used in vitro 
multicellular 3D models to analyze the immunomodulatory effect of Mesenchymal 
stromal cells (MSC) on the efficacy of T cell based immunotherapies, like TEG and CAR-
T, and observed a strong MSC donor dependency. Further analysis by bulk and single 
cell RNA sequencing (scRNAseq) revealed these differences between 
immunosuppressive and immunopermissive MSCs to be intrinsic and independent of 
the cellular environment. Our findings furthermore suggest a difference in collagen 
expression between the types of MSCs, with permissive MSCs expressing preferentially 
type IV and XII collagens, and suppressive MSCs preferentially type I, III and VI collagens. 
The here-identified signatures are presenting a potential option as prognostic markers 
for patient screening upfront immunotherapy. While patients with an 
immunopermissive profile seem suitable for treatment with regular T cell based 
immunotherapy, patients that present an immunosuppressive profile might profit from 
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additional treatments, such as collagen-blocking options. For instance, we provide 
evidence that blocking of the collagen-receptor LAIR-1 on T cells partially overcomes the 
suppressive effect of MSCs and increases killing, providing more evidence of the 
importance of collagens in the immunosuppressive characteristics of the tumoral 
extracellular matrix and the role of MSCs in the formation of this collagen matrix.  The 
immune inhibitory receptor LAIR-1 is widely expressed on peripheral blood leukocytes60 
and blocking of interaction of LAIR-1 and its ligands has been previously proposed to be 
of advantage for T cell targeting61. In an ongoing phase 1/2 clinical trial, blocking of LAIR-
1 ligands by a LAIR-2 fusion protein (NC410)62, is being tested (clinical trial 
NCT04408599), and especially combinational blockade of TGF-β, PD-L1 and LAIR-1 was 
found to have a strong anti-tumor effect in vitro63. While one advantage of a broad 
treatment like this might be the additional effect on other LAIR-1 expressing immune 
cells besides T cells61, the risk of side-effects and toxicities needs to be taken seriously. 
Another, more directed approach might be the generation of a LAIR-1KO T cell therapy 
product. There is ongoing research on applying the technology of CRISPR-Cas9-based 
gene editing in the context of engineered T cells, and first results seem promising64, as 
it appeared to be safe in a phase 1 human pilot study65. However, the feasibility to 
implement an extra step into the manufacturing protocol needs to be considered with 
care. More in vitro and in vivo studies will be needed to investigate the potential value 
of our engineering strategy. Instead of genetically removing protein expression by 
CRISPR-Cas9 technology, the armored CAR-T cells describe engineered T cells expressing 
additional chemokines or receptors for advanced efficacy, persistence or attraction of 
other anti-tumor immune cells66. Previous designs of armored CAR-T cells include 
cytokine-secreting CARs, designed to self-stimulate, improve persistence or local 
proliferation of the CAR-T cells in the TME, or attract other cytotoxic immune cells. While 
some modifications, for instance secretion of IL-1867-69, have been found safe for patient 
infusion, others such as IL-15 resulted in severe toxicities70. Advanced modifications like 
inducible secretion might help to develop further combinations of interleukin-armored 
CAR-T cells and might be beneficial to implement in our designs as well71,72. Overall, in 
all of these promising concepts adverse effects of armoring T cells need to be carefully 
accounted for and the safety of the patient needs to be priority over increased efficacy 
at all times.  
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Concluding remarks 

Overall, the findings of this thesis prove that there is still a multitude of possibilities to 
improve T cell based therapies as well as the advantage of the analysis of complex co-
culture and screening systems in the quest of discovering new strategies to improve 
T cell based therapies in general, and Vγ9Vδ2TCR-based therapies specifically. 
Vγ9Vδ2TCR based T cell engineering therapies are promising future therapies for a 
variety of tumors, both, hematological and solid malignancies. In this thesis, we 
contributed to clarify crucial parts of the functional mechanism of this type of γδ T cells 
to exploit their full potential. We provided proof of specific and commonly occurring 
mutations in cancer cells that trigger recognition through a Vγ9Vδ2TCR, and can 
hopefully assist in providing more personalized cancer care and allow for selection of 
patients that will be most likely to respond to treatment with Vγ9Vδ2TCR based immune 
therapies.  
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Nederlandse Samenvatting 

T cel therapie tegen kanker 
Bij kanker vindt er ongecontroleerde deling van cellen plaats. Tot voor kort bestonden 
de meest gebruikte behandelmethoden tegen kanker uit opereren, chemotherapie of 
bestraling. Deze behandelingen zijn echter niet heel specifiek en zorgen voor veel 
bijwerkingen in de patiënten. 

De afgelopen decennia is ontdekt dat het menselijke immuunsysteem niet alleen in staat 
is ziekteverwekkers, zoals virussen en bacteriën, te bestrijden maar dat deze ook een 
belangrijke rol speelt in het detecteren en opruimen van gemuteerde (kanker) cellen. 
Sindsdien is er veel onderzoek gedaan waarbij gebruikgemaakt wordt van het 
immuunsysteem om een meer gepersonaliseerde en preciezere kankertherapie te 
ontwikkelen, in de vorm van immunotherapie. 

Vandaag de dag bestaan er veel vormen van immunotherapie, waaronder 
gemodificeerde T cellen die een chimeer antigeen receptor tot expressie brengen (CAR-
T cellen). De goedkeuring van CAR-T cellen door de FDA en de EMA heeft gezorgd voor 
een overweldigend klinisch succes in de behandeling van hematologische 
aandoeningen, in het bijzonder tegen acute lymfatische leukemie (ALL), diffuus 
grootcellig B cel lymfoom (DLBCL) en myeloma. CAR-T cellen herkennen kwaadaardige 
cellen door bepaalde stukjes eiwitten op het oppervlak, antigenen geheten, door middel 
van hun antigeen-receptor. Ondanks het succes in de behandeling van hematologische 
aandoeningen blijft het aanpakken van solide tumoren met celtherapie een uitdaging. 
In hoofdstuk 1 worden de belangrijkste hindernissen voor het aanpakken van solide 
tumoren beschreven -  antigeen dilemma,  T cel fitness en een immuun-
onderdrukkende tumor micro omgeving - en zullen mogelijke oplossingen in deze thesis 
benoemd worden.  

Oplossing voor  het “antigeen dilemma” door gebruik van Vγ9Vδ2TCR 
gebaseerde T-cel therapieën 

Een van de grootste nadelen van het gebruik van CAR-gebaseerde immunotherapie in 
solide tumoren is hun afhankelijkheid van een breed tot expressie gebracht en tumor-
specifiek antigeen. Vaak komen gekozen antigenen ook tot expressie in gezond weefsel, 
welke vervolgens herkend kunnen worden door de CAR-T cellen, wat tot (ernstige) 
bijwerkingen leidt. Een mogelijke oplossing voor dit probleem is het gebruik van een 
Vγ9Vδ2TCR. Vγ9Vδ2T cellen zijn een subset van T cellen, die in plaats van de meer 
gebruikelijke αβTCR een bepaald type TCR genaamd γδTCR bij zich dragen op het 
oppervlak. Ondanks dat deze cellen maar een kleine fractie van ongeveer 5% van alle T 
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cellen in menselijk bloed uitmaken, zijn ze erg interessant voor onderzoekers in het veld 
van immunotherapie. Dit komt door de manier waarop ze tumorcellen herkennen. Ze 
zijn in staat subtiele verschillen in het metabolisme van kwaadaardige cellen te 
detecteren.  

Deze Vγ9Vδ2TCR herkent een breed scala van hematopoietische en solide tumoren in 
vitro, oftewel in het lab. Ondanks de veelbelovende kenmerken van op Vγ9Vδ2T-cell 
gebaseerde therapieën, zijn deze nog niet succesvol toegepast in de kliniek. Dit komt 
voornamelijk doordat in de mix van Vγ9Vδ2TCRs er grote verschillen zijn in hoe goed 
deze in staat zijn om zich aan hun doel te binden. Als oplossing voor dit probleem heeft 
onze groep in het afgelopen decennium TEGs ontwikkeld; αβ T cellen aangepast om een 
bepaalde γδ TCR tot expressie te brengen. Bij deze methode introduceren we een 
tumor-specifieke en sterk bindende γδTCR in αβT cellen, waardoor de twee voordelen 
van beide type T cellen benut worden. Namelijk de brede maar tumor-specifieke 
herkenning van de γδTCR en de mogelijkheid om snel uit te groeien van αβT cellen.  

Een groot dilemma van Vγ9Vδ2TCR gebaseerde therapie: slechte definitie 
van het target 

Alhoewel Vγ9Vδ2T cellen een grote groei in onderzoek focus hebben doorgemaakt de 
afgelopen jaren, en ze in het middelpunt staan van meerdere nieuwe aanpakken van 
immunotherapie, is hun directe ligand BTN2A1 pas onlangs ontdekt. Ook is het 
herkennings mechanisme van Vγ9Vδ2TCR T cellen nog niet helemaal bekend. In 
hoofdstuk 3 beschrijven we het onbekende mechanisme van transformatie in 
kwaadaardige cellen waardoor Vγ9Vδ2TCRs tumorcellen herkennen en aanvallen. Om 
de vroegste transformaties in kankercellen na te bootsen, hebben we enkelvoudige 
oncogenische mutaties genetisch aangebracht in gezonde borstcellen en darm 
organoïden – simpel gezegd, 3-dimensionale mini-versies van een orgaan. Dit is gedaan 
om te laten zien dat deze enkelvoudige mutaties genoeg zijn om herkenning door 
Vγ9Vδ2TCR T cellen te induceren. Verder onderzoeken we de betrokken cellulaire 
pathways en identificeren we nieuwe betrokken eiwitten.   

Karakteriseren van heterogeneity of gemodificeerde immuuncellen 

In hoofdstuk 4 introduceren we een 3D-live-imaging platform, BEHAV3D, die het live 
volgen en karakteriseren van T cellen en hun dynamische interactie met van patiënten 
afkomstige borstkanker organoïden mogelijk maakt. We beschrijven hoe we cellulaire 
anti-kanker immunotherapie kunnen verbeteren door verschillende types van T cellen 
in dit systeem te identificeren. Dit geeft de mogelijkheid om te verrijken voor een 
bepaalde potente transcriptomische handtekening in effector cellen voor het toedienen 
aan patiënten.  
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Vergroten van migratie en circumventing een hostile tumor omgeving  

Naast de αβ receptor, dragen αβ T cellen meerdere andere receptoren op hun 
oppervlakte, waaronder de co-receptoren CD4 en CD8. T cellen die CD8 op hun 
oppervlakte dragen, de zogenoemde cytotoxische T cellen, zijn in staat om 
geïnfecteerde of gemuteerde cellen te elimineren. T cellen die een CD4 receptor bij zich 
dragen scheiden verschillende stofjes uit, zogenoemde cytokines, die indirect het doden 
van tumorcellen tot stand brengen.  

In hoofdstuk 5 tonen we aan dat TEGs het beste zijn in het doden van tumorcellen als zowel 
CD4+ als CD8+ TEGs aanwezig zijn. Echter, zelfs als deze toegediend worden in gelijke delen 
zijn de CD4+ cellen beter in staat om naar de tumor plek te bewegen. In dit hoofdstuk 
hebben we CD8+ TEGs en CAR-T cellen genetisch aangepast om een extra receptor tot 
expressie te brengen op hun oppervlak, CCR5. Dit stelt hen in staat om beter naar de plek 
van de tumor te migreren voor een meer gestuurd anti-tumor effect.  

In hoofdstuk 6 hebben we een poging gewaagd de vijandige micro omgeving van de 
kwaadaardige beenmerg tumor te begrijpen en te overwinnen. We ontdekte dat 
mesenchymale stamcellen (MSC), cellen die een groot deel van de beenmerg tumor 
micro omgeving uitmaken, gemodificeerde immuuncellen zowel kunnen stimuleren als 
remmen in de aanpak van kwaadaardige cellen als deze samen gekweekt worden met 
tumorcellen. Verder laten we zien dat het erg donor afhankelijk is of deze cellen een 
remmende of stimulerende invloed hebben. We bevestigden de rol van MSCs in het 
vormen van een immunosuppressieve collageen matrix, een netje van collageen-
draden. LAIR-1 is een receptor die tot expressie komt op T cellen, die remmende 
signalen naar de T cell stuurt na binding met collageen. We laten zien dat het verstoren 
van deze binding, door LAIR-1 te blokkeren op T cellen, zorgt voor een toename in 
tumorinfiltratie in de aanwezigheid van immuunonderdrukkende MSCs.  

In het laatste hoofdstuk, hoofdstuk 7, worden de resultaten van deze thesis samengevat 
en bediscussieerd in de context van recente literatuur in het veld van Vg9Vδ2T cel 
biologie en modificering van T cell immunotherapieen.  
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