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SUMMARY

Cellular therapy using chimeric antigen receptor (CAR-) engineered T cells can be effective in 
the treatment of refractory B-cell and plasma cell malignancies. Despite high initial response 
rates, a majority of patients will eventually experience relapse from CAR T-cell therapy. Part 
of relapses from CAR T-cell therapy can be ascribed to antigen escape, indicating that 
targeting of a single antigen may not always be sufficient to induce curative responses. On 
top of that, patients may experience antigen-positive relapse, indicating insufficient CAR 
T-cell performance to completely clear tumor cells. Both observations warrant that further 
improvements are needed, but also that there is room for alternative or complementary 
approaches. Alternatively to CAR engineering, T cells can be engineered to express a 
tumor-targeting T cell receptor (TCR). Opposed to CARs, TCRs recognize protein-derived 
peptides that are bound to human leukocyte antigen (HLA). While this HLA-restriction limits 
the patient pool that can be treated with a certain TCR, this also accesses a broad spectrum 
of potential antigens that can be targeted. 

With the emergence of CAR T cells, the role of TCR-engineered T cells (eTCR T cells) 
needs to be reevaluated. The work presented within this thesis aims at putting CAR- and 
TCR- based strategies in context to each other, helping to define unique features of both 
approaches, and ultimately providing perspective on how to potentially improve current 
receptor-engineered cellular therapy approaches.

CAR and eTCR T cells are different in their mode of antigen recognition, but also how a 
signal is transduced into the T cell upon antigen binding. It remains unclear how eTCR T 
cells and CAR T cells perform in a side-by-side comparison when targeting tumor cells 
that can be targeted by either. In chapter 2, we compared the activity of TCR- and CAR-
engineered T cells in targeting B-cell malignancies expressing the B-cell-associated antigen 
CD20. We generated T cells expressing different CD20-targeting CARs, and compared 
those to eTCR T cells recognizing a CD20-derived peptide in the context of HLA-A*02. 
While both reacted in an antigen-specific manner, we observed that the functionality of 
eTCR and CAR T cells was contextual. Generally, CD20-targeting CAR T cells produced 
higher amounts of IFNγ, and short term killing was more effective. Interestingly, eTCR and 
CAR T cells reacted differently towards different levels of target cell abundance. While 
CAR T cells proliferated vigorously after exposure to a small amount of target cells, CAR 
T-cell expansion correlated negatively with an increase in target cell exposure. In contrast, 
eTCR T expansion was rather moderate when targeting a low amount of target cells, but 
correlated positively with increasing amounts of target cells. At the highest level of target 
cell exposure, antigen-specific eTCR T-cell expansion was superior to that of CAR T cells. 
This observation paired with changes in the phenotypes of CAR and eTCR T cells. Increase 
in antigen exposure drove effector memory cell differentiation, upregulation of coinhibitory 
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molecules and sensitivity towards activation-induced cell death in CAR T cells. eTCR T 
cells on the other hand maintained a central memory phenotype, limitedly upregulated 
coinhibitory molecules and were more resistant towards activation-induced cell death. We 
conclude that target cell abundance differentially affects CAR and eTCR T-cell functionality, 
indicating that CAR and eTCR T-cell performance is contextual. 

While CAR-mediated recognition is co-receptor independent, TCRs are dependent on 
coreceptors to function optimally. In chapter 3, we explored whether manipulations of the 
CD8 coreceptor could be exploited to functionally tune the performance of eTCR T cells. 
We designed and characterized variants of CD8 that displayed an increased affinity for 
HLA. We hypothesized that these CD8 variants might increase the therapeutic efficacy of 
eTCR CD4 and CD8 T cells. We characterized two CD8a mutants, S53G and S53N, that both 
displayed increased affinity for HLA class I in cell-free biophysical measurements. Using 
cellular model systems, we showed that overexpression of those variants indeed could 
increase the functional sensitivity of T cell lines towards cognate antigen without inducing 
non-specific recognition. Functional sensitivity was only increased when the respective 
TCR-peptide-HLA (pHLA) interaction was of low affinity, while affinity-enhanced CD8 variants 
did not affect intermediate or high affinity TCR-pHLA interactions. When introduced into 
primary CD8 T cells transduced to express tumor-targeting TCRs, overexpression of the 
CD8 variants led to an increase in antigen-specific cytokine secretion. However, the same 
was observed when overexpressing CD8 wildtype (WT) in CD8 T cells, indicating that overall 
increased availability of surface CD8 may be beneficial for eTCR T-cell function. We also 
introduced the CD8 variants into CD4 T cells transduced to express HLA class I restricted 
tumor-targeting TCRs. The tumor-targeting TCRs were dependent on CD8, indicated by 
a lack of reactivity of CD8-negative CD4 T cells towards endogenously processed and 
presented peptide on target cells. When additionally equipped with CD8, those eTCR CD4 
T cells could react towards antigen expressing target cells. In this setting, the CD8-S53N 
mutant could provide an additional benefit in antigen-specific cytokine secretion without 
inducing unwanted reactivity. Manipulation of CD8 either by overexpression of CD8 WT or 
through the use of increased affinity variants may therefore prove useful for improving eTCR 
T-cell function. 

One of the major reasons of relapse from CAR T-cell therapy is antigen escape. In chapter 
4, we explored the potential complementary use of eTCR T cells and CAR T cells to prevent 
tumor escape. Our rationale was to harness both HLA-dependent and HLA-independent 
targeting to access a broader range of targetable antigens, thereby enabling an effective 
multi-antigen targeting strategy for the treatment of multiple myeloma. Initially, we compared 
the activity of BOB1-targeting eTCR and BCMA-targeting CAR T cells in lysing primary patient 
derived myeloma cells. Both eTCR and CAR T cells efficiently lysed primary myeloma cells. 
Following exposure to eTCR or CAR T cells, primary myeloma cells upregulated HLA, 
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while BCMA expression was downmodulated. Subsequently, we investigated whether a 
multiple myeloma cell line resistant to BCMA CAR-mediated target recognition would still 
be susceptible to TCR-mediated antigen recognition. eTCR T cells effectively cleared tumor 
cells lacking expressing of BCMA, both in vitro as well as in a murine xenograft model in 
vivo. Similarly, we examined whether myeloma cells that are resistant to TCR-mediated 
target recognition would remain susceptible to CAR-mediated targeting. To explore this, we 
generated myeloma cells with impaired HLA class I surface expression. These cells were 
efficiently cleared by BCMA-targeting CAR T cells both in vitro and in vivo. Finally, combining 
BCMA-targeting CAR T cells with BOB1 eTCR T cells demonstrated efficient eradication 
of established heterogenous myeloma in the bone marrow of immunocompromised mice, 
whereas single-antigen targeting led to progressive tumor growth as a consequence 
of antigen escape. Combination of HLA-dependent targeting by CAR T cells with HLA-
dependent targeting of eTCR T cells therefore presents an interesting to strategy to enable 
multi-antigen targeting of heterogenous tumors to prevent antigen escape. 

Following up on this strategy, we explored in chapter 5 whether the concept of dual-antigen 
targeting utilizing a transgenic TCR alongside a CAR could be extended to the development 
of a unified, single product. From a manufacturing standpoint, the generation of a single 
product is potentially advantageous as it aligns with existing manufacturing approaches 
when expressed from a single-expression vector.  We cloned a single expression vector 
encoding for both a BCMA-targeting CAR alongside the BOB1-targeting TCR. These cells, 
referred to as TRaCR (TCR and CAR) cells, underwent testing for their antigen-targeting 
capabilities, both when encountering either the CAR antigen or the TCR antigen alone 
as well as in settings of mixed antigen exposure. TRaCR T cells demonstrated antigen-
recognition of tumor cells expressing either the CAR antigen, the TCR antigen, or both 
antigens, therefore highlighting general dual-antigen specificity. Target cell recognition 
though the TCR was however less effective as compared to T cells expressing the BOB1 
TCR only, likely as a consequence of lower expression levels of the TCR in the single-
expression vector design. Furthermore, we observed that CAR-mediated target recognition 
was dominant when TRaCR T cells were exposed simultaneously to target cells expressing 
either the CAR or the TCR antigen alone. This resulted in TRaCR T cells preferentially lysing 
target cells expressing the CAR antigen, whereas target cells only expressing the TCR 
antigen experienced a survival benefit in the presence of CAR-antigen expressing target 
cells. We hypothesized that this phenomenon could be explained by reduced expression 
levels of the TCR in the single-expression vector TRaCR format. We therefore generated 
TRaCR T cells following an alternative protocol where CD8 T cells were first transduced to 
express the BOB1 TCR, followed by restimulation and transduction with the aBCMA CAR, 
thereby ensuring comparable eTCR expression between BOB1 eTCR T cells and TRaCR 
T cells. TRaCR T cells generated this way displayed improved expression of the BOB1 
eTCR. However, TRaCR T cells still displayed preferential target cell recognition through the 
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aBCMA CAR. Furthermore, preferential target recognition via the CAR could be replicated 
in TRaCR designs utilizing other TCRs, including a clinically validated TCR specific for NY-
ESO-1 and a virus-specific TCR targeting a cytomegalovirus-derived epitope. Using dual-
luminescence imaging in an in vivo model of heterogenous multiple myeloma, we validated 
that TRaCR T cells preferentially lysed BCMA-expressing target cells in vivo, suggesting 
translational relevance of this phenomenon. In conclusion, while TRaCR T cells display 
general dual-antigen specificity, a combination of separate products with single-antigen 
specificities might prove more useful for multi-antigen targeting strategies. 

GENERAL DISCUSSION

Chimeric antigen receptor (CAR-) engineered T-cell therapy has demonstrated great 
potential in the treatment of certain malignancies. While CAR T cells can induce deep 
and sustained responses in refractory patients, the fraction of truly curative responses 
remains however limited, leaving room for alternative or complementary approaches. 
Conceptually older, TCR-engineering can similarly redirect T cells towards cancer cells. 
With the emergence of CAR T cells, it is crucial to reassess the role of eTCR T cells. The 
work presented in this thesis aims to put TCR therapy into context within the framework 
of CAR T-cell therapy. Based on the findings in this thesis, we identify multiple anchor 
points for complementarity rather than competition of both approaches. The experience 
gained from CAR T cells can guide improvements in TCR-based strategies, and vice versa, 
improvements in CAR T-cell designs can be achieved by aligning them more closer with 
normal T-cell physiology. We further develop a rationale that both modalities should be 
utilized together, as each contributes to generating a product that is not only diverse in the 
antigens it can target, but also diverse in functionality. 

Comparing contextual performance can provide a rationale for designing better T-cell 
products
In chapter 2, the sensitivity of CAR T cells to overactivation became evident through a 
direct comparison with eTCR T cells and highlights a potential window of improvement by 
making CAR T cells more resilient towards overactivation, or to “make CARs more TCR-like”. 
This is congruent with several examples of preclinical CAR designs shifting more towards 
normalization of CAR signaling, such as the expression of a CAR through the endogenous 
TCR constant alpha (TRAC) locus via CRISPR/Cas9 mediated homology directed repair 1. 
CARs expressed that way showed a dynamic and reduced expression that followed the 
pattern of natural TCR expression directly regulated by activation. Activation of TRAC-CAR 
T cells through the CAR led to receptor-internalization and temporary downmodulation of 
the activity of the TRAC locus, allowing for the establishment of a refractory period where 
CAR T cells could not be triggered again, before reestablishing CAR expression to a default 
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levels. This mode of expression also reduced tonic signaling, and protected CAR T cells 
from overactivation and rapid ‘exhaustion’, indicating that restriction of activation may be 
beneficial for CAR T-cell performance. Similarly, temporary signaling cessation through 
pharmacological inhibition of T-cell signaling could improve CAR T-cell function 2. Treatment 
of CAR T cells with the kinase inhibitor dasatinib during manufacturing ameliorated the 
effects of tonic signaling, while a single time injection of dasatinib into tumor-bearing mice 
improved the efficacy of CAR T-cell therapy via the establishment of a rest period of CAR 
T-cell activation in vivo 2. Nevertheless, even dynamically activated CAR T cells remain 
sensitive towards (initial) overactivation. Additional improvements of CAR performance can 
be achieved through more subtle changes in the signaling domains of CARs, including 
modifications of the CD3 as well as costimulatory domains. Commonly, clinically applied 
CARs use CD3ζ, which intuitively seemed the best choice as CD3ζ contains 3 activating 
ITAM motifs, whereas other CD3 motifs only contain 1 ITAM motif. Interestingly, more ITAMs 
does not necessarily equal better performance. Instead, CAR T-cell performance could be 
tuned through inactivation of individual ITAM motifs within the CD3ζ domain, resulting in 
CAR T cells with improved population maintenance after antigen encounter 3. Similarly, a 
recent publication demonstrated that incorporating CD3δ instead of CD3ζ can improve CAR 
T-cell performance 4. CD3δ only contains one ITAM motif, but on top of that also includes an 
inhibitory domain that can recruit the inhibitory phosphatase SHP-1. This inhibitory domain 
presumably protected CD3δ-CAR T cells from excessive stimulation, resulting in improved 
in vivo performance. 

Conversely, eTCR T-cell performance may be improved through incorporation of 
concepts of the CAR field such as T-cell autonomous costimulation. In chapter 2, eTCR 
T cells produced rather moderate effector functions when encountering target cells with 
a low stimulatory capacity. The target cells that were used for those experiments, acute 
lymphoblastic leukemia (ALL) cells, are usually inefficient antigen-presenting cells (APC) 
characterized by low expression of adhesion molecules and costimulatory ligands, although 
some APC features may be inducible 5. CAR T cells on the other hand, providing their 
own costimulatory signaling, elicited strong effector functions despite the poor stimulatory 
phenotype of the target cells. For eTCR T cells, it could therefore be beneficial to engage 
costimulatory pathways to improve the response towards poorly stimulating target cells. 
One way to engage costimulatory signals on T cells would be through artificial costimulatory 
receptors that bind a tumor associated antigen (e.g. CD19) with an extracellular domain 
while transducing a costimulatory signal through the intracellular portion of common 
costimulatory receptors such as CD28 or 4-1BB 6. This type chimeric costimulatory molecule 
resembles a CAR, but does not induce TCR-like T-cell activation due to the absence of CD3 
signaling domains. Similarly, chimeric switch receptors that bind an inhibitory ligand such 
as PD-L1 or TIGIT can be used to translate an inhibitory stimulus into a costimulatory signal 
7-10. In both cases, selection of a suitable TAA or coinhibitory ligand will be necessary for 
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different tumor types that will likely require further optimization. Alternative ways to engage 
costimulatory signals could be through engineering of T-cell autonomous costimulation, 
whereby costimulatory signals are provided independently of tumor factors. One way to 
achieve that would be through expression of the costimulatory ligands on the engineered 
T cells themselves, providing trans-costimulation to bystander T cells or even auto-
costimulation 11-13. Alternatively, costimulatory motifs can be introduced into endogenous 
CD3ζ, thereby transducing costimulatory signals following TCR-mediated activation 14. 
That way, costimulatory pathways could be engaged regardless whether a costimulatory 
molecule is expressed on target cells or not, potentially improving effector functions, 
proliferation and persistence of eTCR T cells in sub-optimally stimulating environments. 

TCR-mediated antigen recognition is generally perceived as more sensitive than CAR-
mediated antigen recognition, whereby sensitivity is defined as the amount of stimulatory 
molecules that are needed to evoke T-cell activation 15-17. When targeting ALL-RL that 
expressed low levels of CD20 in chapter 2, CD20-directed CAR T cells displayed stronger 
effector functions and better long term tumor clearance as compared to CD20 eTCR T 
cells. While this may seemingly contradict the notion that TCR-mediated antigen recognition 
is generally more sensitive, one has to consider different levels of abundance of a full 
length surface protein versus a protein-derived peptide complexed in HLA. It is likely that 
the number of CD20 molecules is magnitudes higher than compared to CD20SLF-peptide 
presented in HLA-A*02. The amount of stimulatory CD20-pHLA present on ALL-RL may 
therefore be suboptimal for TCR-mediated recognition, whereas the amount of full-length 
CD20 may still be sufficient for CAR activation. This observation highlights that sensitivity as 
a response function to antigen density should only be compared within the same entity, and 
not between e.g. a full-length protein and protein-derived pHLA. The question of differential 
sensitivity of eTCR or CAR T cells becomes then more relevant when targeting the exact 
same epitope as is the case for TCR-like-CARs, i.e. CARs that are directed to pHLA complex 
rather than a full-length membrane protein 15,18. 

How the functional differences that we found during in vitro cultures in chapter 2 would 
clinically translate remains to be elucidated but allow for some speculation. Regarding 
toxicity, in the ZUMA-1 trial, a total of 93% of patients treated with axicabtagene ciloleucel 
(Yescarta) experienced cytokine release syndrome (CRS), with 13% of all patients 
experiencing high grade (>= 3) CRS 19. In chapter 2, CD20-directed CAR T cells secreted 
high amounts of IFNγ, even when stimulated by low amounts of target cells with a low 
antigen expression level. Notably, we used CAR designs for both the CD20-directed CAR as 
well as the CD19-directed control CAR that followed the design of Yescarta, i.e. a retrovirally 
expressed CAR design incorporating the costimulatory domain CD28. It is likely that the 
overall cytokine secretion by CAR T cells generally is much higher as compared to eTCR 
T cells, although we did not assess secretion of other pro-inflammatory cytokines such 
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as IL-2, GM-CSF or TNFα. While the main driver of clinical CRS is IL-6, a cytokine mostly 
derived from macrophages and monocytes rather than T cells, secretion of proinflammatory 
cytokines by CAR T cells is considered a critical event in the pathophysiology of CRS 20. In 
the in vitro studies in chapter 2, the long term clearance of CD20high ALL-CM was actually 
comparable between eTCR T cells and CAR T cells despite lower IFNγ secretion by eTCR 
T cells, indicating that high cytokine secretion might not necessarily be linked to better 
long-term tumor clearance. Therefore, reduction of cytokine production by CAR T cells 
could potentially lead to comparable clinical responses while limiting toxicity due to CRS. 
Preclinically, neutralization of IFNγ has been demonstrated not to compromise CAR T-cell 
efficacy21. Clinically, this notion is at least partially supported by the findings of a trial utilizing 
a CD19 directed CAR based on a humanized antigen recognition domain and different 
hinge and transmembrane domains 22. During this academia led trial, patients achieved 
response rates comparable to those treated with a commercial product. The incidence of 
CRS however was significantly lower, correlating with lower cytokine secretion in vitro and 
lower levels of IFNγ and other cytokines in the serum of treated patients. Nevertheless, 
eTCR T cells remain to be tested clinically for the treatment of B-cell malignancies before 
definitive statements on the correlation of in vitro cytokine release and in vivo efficacy of 
eTCR T cells and incidence of CRS can be made.

Our findings in chapter 2 showed that high tumor cell exposure may drive CAR T-cell 
dysfunction characterized by impaired CAR T-cell expansion. This is line with the observation 
that high disease burden is a negative predictor of response to CAR T-cell therapy in 
patients with lymphoma or leukemia 23-26. In turn, in vivo CAR T-cell expansion is an indicator 
of response 27. However, the clinical evidence for a direct negative correlation between 
tumor burden and expansion of CAR T cells is less clear. In one report the authors noted that 
disease burden was not a predictor for impaired CAR T-cell expansion, although disease 
burden was associated with worse response rates as in line with other reports 28. It hast to 
be noted though that the authors used a binary cutoff for high tumor burden (>40% blasts in 
bone marrow) that might occlude subtleties in the dose-response function of tumor burden 
and CAR T-cell expansion. Another study actually reported a positive correlation of tumor 
burden with CAR T-cell expansion in ALL patients 29. Nevertheless, the use of binary cutoff, 
in this case >5% blasts in bone marrow, again may result in an oversimplification. A more 
nuanced view on tumor burden, CAR T-cell expansion and response rates is presented 
by Locke et. al in CAR T-cell-treated patients with large B cell lymphoma. Here, CAR T-cell 
expansion first correlated positively with tumor burden, whereas patients with the highest 
tumor burden actually displayed impaired CAR T-cell expansion 25,30. To more accurately 
explain response to CAR T-cell therapy as a function of tumor burden and CAR T-cell 
expansion, multiple authors turn to an ‘in vivo’ E:T ratio instead, i.e. the ratio of CAR T cells 
at peak expansion normalized to baseline tumor burden as measured by metabolic volume 
or blast counts 25,26,30. This view would be compatible with our finding in chapter 2, where 
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CAR T-cell expansion first correlates positively with antigen exposure before eventually 
declining upon stimulation with a larger excess of target cells. For eTCR T cells, there is 
insufficient clinical data available to correlate tumor burden with response and eTCR T-cell 
expansion. Our data is suggestive though that eTCR T cell could potentially expand better in 
settings of high tumor burdens than do CAR T cells, which could make eTCR an interesting 
addition to the cellular therapy portfolio for the treatment of B cell malignancies.  

Combination therapies
In chapter 4, we advocated to combine CAR T-cell therapy with eTCR T-cell therapy for 
multi-antigen targeting strategies. Antigen escape remains one of the major reasons 
of relapse from receptor-engineered cellular therapy, and combinatorial targeting of 
multiple antigens will likely reduce the occurrence of antigen escape 31-41. The rationale of 
combining both eTCR and CAR strategies revolved around their different modes of antigen 
recognition. CAR T-cell recognition is HLA-independent, whereas eTCR T-cell-mediated 
recognition is dependent on antigen processing and presentation within HLA. The mode 
of antigen recognition affects the type of antigens that can be targeted, but also the way 
how tumor cells may evade CAR- or eTCR-mediated targeting. CAR T cells typically bind 
surface proteins, and loss or reduction of surface expression of the respective antigen can 
therefore result in evasion from CAR T-cell therapy 37. Furthermore, soluble antigen can 
bind to CAR T cells and thereby reduce CAR T-cell sensitivity 42. On the other hand, eTCR 
T cells recognize protein derived peptides in the context of HLA. Tumor cells can similarly 
evade TCR-mediated antigen recognition through loss of expression of the respective 
target antigen 43, but also through defects in antigen processing and presentation. This 
may include loss or mutation of the respectively targeted HLA-molecule, but can extend to 
more general features of antigen presentation such as loss of beta-2-microglobulin (B2M) 
44. The benefit of combining CAR and eTCR mediated targeting would therefore be two-
sided: TCRs can access antigens that are not amenable for CAR-mediated targeting, while 
conversely CARs can target tumor cells independently of defects in the general antigen 
processing and presentation machinery.

The type of antigens that can be targeted by CARs or TCRs are different, and the likelihood 
of antigen escape will vary between individual antigens. Targeting antigens that are relevant 
for tumor cell biology will less likely display complete loss of expression, whereas loss of 
antigens that are not immediately relevant for tumor cell biology will be more frequently 
observed. For example, CD19 is commonly targeted using CAR T cells for the treatment 
of several B cell malignancies 45. While CD19 is a coreceptor of B cell receptor signaling 
and important for B-cell differentiation, CD19 is not essential for B-cell survival and also not 
considered to be directly involved in the etiology of most B cell malignancies 46. Complete 
loss of CD19 surface expression could therefore be more probable, and, in line with that, up to 
25% of patients treated with CD19-targeting CAR T cells relapse with complete loss of CD19 
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surface expression on malignant cells 37. In contrast, BCMA is thought to be essential for the 
long term survival of bone marrow resident plasma cells 47, and has also been suggested 
to be involved in myeloma biology 48,49. A role in myeloma biology would overlap with the 
observation that true escape variants displaying complete lack of BCMA surface expression 
are relatively rare events after BCMA targeting CAR T-cell therapy. Instead, BCMA is more 
often down-modulated rather than completely lost 32,50-56. Moreover, point mutations in the 
CAR binding site of BCMA have been observed, thereby potentially preserving BCMA 
surface expression and function while escaping CAR-mediated recognition 31. Nevertheless, 
BCMA appears not to be essential for survival in multiple myeloma cell lines. In chapter 4, 
BCMA knockout did not affect the growth of myeloma cell lines both in vitro as well as in 
vivo, suggesting that BCMA may become redundant for myeloma survival and proliferation 
at some point during myeloma pathogenesis. While there are CAR T-cell therapies available 
targeting other antigens, such as GPRC5D or SLAMF7 for myeloma, there are no CAR T-cell 
therapies that target truly essential myeloma antigens. In contrast, eTCR T cells can target 
peptides derived from intracellular proteins that may be essential for the survival of malignant 
cells, a feature that could make antigen escape less likely. In chapter 4, we used a TCR 
targeting a peptide derived from BOB1. BOB1, a transcriptional coactivator, is considered an 
essential protein for the survival of multiple myeloma, making BOB1 an attractive target 57-60. 
This is confirmed by unpublished data not presented in this thesis showing that knockout of 
POU2AF1, the gene encoding BOB1, results in impaired survival in several multiple myeloma 
cell lines, including U266 and UM9 that were unaffected by loss of BCMA expression. 
Nevertheless, tumor cells that display general defects in antigen presentation, such as loss 
of B2M, can still evade eTCR T-cell therapy even if a truly essential antigen is targeted. In 
multiple myeloma, defects in the antigen presentation machinery have been described and 
are associated with disease progression from monoclonal gammopathy of undetermined 
significance  to multiple myeloma 61. As CAR-mediated target recognition is independent of 
antigen processing and presentation, potentially immune escaped tumor cells may still be 
targeted by CAR T-cell therapy. In conclusion, we argue that eTCR T cells and CAR T cells 
might be complementary to each other in their targeted antigens and recognition modes 
that together could reduce antigen escape of multiple myeloma after cellular therapy. 

Another consideration is whether eTCR and CAR T cells would also exhibit functional 
complementarity when used together. In chapter 2, we highlighted functional differences 
between eTCR and CAR T cells, demonstrating contextually different performance in terms 
of effector functions and T-cell expansion. Furthermore, in chapter 4, we observed that 
BCMA CAR T cells induced upregulation of HLA class I expression on primary myeloma 
cells derived from patient bone marrow aspirates. Conceivably, CAR T-cell activation might 
support the establishment of a proinflammatory milieu that could be beneficial for eTCR 
function. This could occur either through direct effects on tumor cells via the induction 
of antigen presentation pathways, or indirectly on the microenvironment. Furthermore, 
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CAR T-cell-derived cytokines such as IL-2 could directly support eTCR T-cell function. 
Additionally, when considering that CAR T-cell products usually consist of both CD8 as well 
as CD4 T cells, CD4 CAR T cells potentially could exert a help function for eTCR CD8 T cells, 
although CD4 T cell help for eTCR T cells could also be provided by the introduction of both  
TCR as well as CD8 into CD4 T cells as described in chapter 3. Conversely, incorporation of 
eTCR T cells might increase the therapeutic breadth of a combined cellular therapy product 
by sustaining effector functions and T-cell expansion in settings of high antigen exposure. 
A combination regimen consisting of eTCR and CAR T cells could therefore not only be 
attractive from an antigen-targeting perspective, but also functionally. 

Dual-specificity of T cells
In chapter 5, we explored whether T cells could be engineered to express a transgenic 
TCR alongside a CAR at the same time. We hypothesized that those T cells, termed 
TRaCR (TCR and CAR) T cells, could exhibit dual-antigen specificity. A single, dual-antigen 
targeting product could be interesting from a manufacturing point of view, as currently used 
protocols for commercial production of receptor-engineered T cells usually only allow for 
the manufacturing of a single product. Dual-specific T cells might therefore increase the 
accessibility to products that target more than one antigen. While we found that TRaCR 
T cells indeed could react to both the TCR antigen as well as the CAR antigen, we also 
observed that antigen recognition by the TCR was inferior in the TRaCR design when 
expressed from a single vector as compared to T cells only expressing the transgenic 
TCR. Furthermore, in the presence of both antigens, antigen recognition was preferentially 
conferred by the CAR, resulting in suboptimal clearance of tumor cells by TRaCR cells 
that only expressed the TCR antigen. Importantly, this could not be rescued by increased 
expression of the transgenic TCR. Moreover, TRaCR T cells appeared to be phenotypically 
more comparable to CAR T cells than to eTCR T cells in terms of expression of memory 
and coinhibitory markers. Translationally, especially the preferential antigen recognition 
phenotype could be relevant in the context of antigen escape.

Although the field of engineering T cells with dual- or even multi-antigen specificity is 
growing, many reports mostly focus on demonstrating general dual-antigen targeting 
capabilities, while aspects of preferential target recognition are often not or only indirectly 
assessed. Multiple designs have been described, from dual-antigen specific CAR T cell 
products, to dual-specific eTCR products, and to mixed eTCR-CAR T cells as presented 
within this thesis. For dual-antigen-targeting CAR T cells, most approaches follow either 
a dual-receptor design where two separate CAR constructs are expressed, called “dual 
CAR” design, or a pool of CAR T cells with separate specificities, or a so called ”tandem 
CAR” design, whereby the antigen recognition domains of two separate scFvs are fused 
together and linked to shared T-cell activation domains (figure 1) 33,34,36,39,41,62,63. Dual CARs 
can be generated from one expression vector or from two vectors encoding the two CARs 
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separately. In chapter 5, we generated TRaCR T cells both from a single expression vector 
as well as using two separate vectors.

 

Figure 1 Different dual-specific T-cell product designs using combinations of two CARs or a combination 
of a TCR and a CAR

For the treatment of B cell malignancies, several dual-antigen targeting CAR based strategies 
have already been tested clinically. Most strategies relied on simultaneous targeting of CD19 
and CD22, although other combinations such as CD19 and CD20 have also been explored 
for the treatment of B cell malignancies 64,65. Clinical success varied considerably between 
studies, and antigen escape as mechanism of relapse was not always assessed. One phase 
I study testing tandem CARs that simultaneously targeted CD19 and CD22 did systemically 
evaluate expression of CD19 and CD22 before treatment and after relapse 62. Interestingly, 
all patients that progressed due to antigen escape displayed a CD19-negative but CD22-
positive relapse, both in ALL as well as in large B cell lymphoma patients. Furthermore, 
CD22 antigen density appeared not to be changed in relapsed tumor cells compared 
to pretreatment material. This observation suggests that the product induced sufficient 
selection pressure versus CD19, whereas selection pressure was insufficient versus CD22. 
This is in contrast with the experience using CD22 single-targeting CAR T cells, where 
CD22 antigen density was significantly reduced at the time of relapse 66. In another phase II 
study, CD19 and CD22 directed CAR T cells were co-administered (pooled CAR) instead of 
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using dual-specific CAR T cells for the treatment of 225 ALL patients 67. Similarly, out of 43 
relapsing patients, 17 displayed loss of CD19 expression, whereas only one patient displayed 
loss of CD22 expression. On the one hand, this observation suggests that targeting CD19 
might generally inflict higher selection pressure than does targeting CD22, irrespective of 
the design of the dual-antigen-targeting approach. On the other hand, relapse from CD22-
targeting CAR T-cell therapy is generally associated with a decrease in expression rather 
than complete loss of CD22 expression 68,69. As changes in CD22 expression level were not 
systematically assessed in this phase II study by Wang et. al, it remains difficult to conclude 
from the available clinical data whether a single dual-specific product or a combination of 
mono-specific products would be better suited in preventing antigen escape. 

For the treatment of multiple myeloma, several CAR-based multi-antigen targeting strategies 
are being developed targeting different combinations of BCMA, CD38, CD19, SLAMF7 and/
or GPRC5D. Clinical data are however limitedly available, and data on antigen escape as 
potential cause of relapse is equally limited 70. One preclinical study assessed tandem 
CARs targeting BCMA and SLAMF7 (alternative name CS1) and assessed the phenotype of 
outgrowing tumor cells in an in vivo xenograft model of heterogenous myeloma 71. BCMA-
SLAMF7 dual-specific tandem CAR T cells prolonged survival of mice bearing heterogenous 
tumors compared to mice treated with single-antigen targeting CAR T cells. However, 
surviving tumor cells were mostly of a BCMA-negative and SLAMF7-positive phenotype, 
suggesting preferential target antigen recognition for BCMA. Whether the tandem CAR 
design would be inferior as compared to a combination of separately generated single-
antigen targeting CARs was not assessed. Another study did address an analogous question 
comparing different configurations of CAR T cells specific for GPRC5D and BCMA 34. They 
found that both a combination of GPRC5D and BCMA single-antigen-targeting (pooled CAR) 
as well as dual CARs were superior in an antigen escape rechallenge model in vivo as 
compared to tandem CARs. However, in a long term tumor-control model using low CAR 
T-cell doses against tumor cells that all expressed both GPRC5 and BCMA, the dual CAR 
T-cell design appeared superior as compared to pooled single-specific CAR T cells. The 
long term tumor control in an antigen escape model was however not assessed. Taken 
together, there is circumstantial evidence of preferential antigen recognition in different 
dual-specific CAR T cell designs that might be relevant clinically. The multiparametric nature 
of the question makes it however difficult to conclude superiority or inferiority of certain 
dual-specific CAR designs without systematic assessment. 

Dual-antigen specific T cells based on TCR-mediated recognition are explored to a lesser 
extent than are dual-specific CAR T cells. There have been two reports exploring expression 
of both a transgenic TCR alongside a CAR by mRNA electroporation or in combination with 
lentiviral transduction 72,73. In both reports, the authors demonstrated dual-antigen specificity 
of both introduced receptors, but deeper functional characterizations were limited, and 
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preferential target antigen recognition was not assessed. Strategies aiming to exploit dual-
antigen specificity based on the expression of multiple TCRs have also been described 
and demonstrated antigen recognition through both receptors 74. However, this approach 
comes with additional challenges. Competition between endogenous and introduced TCRs 
can lead to disbalanced expression between different TCRs, and the formation of mixed 
dimers can result in the development of novel unwanted reactivities 75,76. 

While dual-antigen receptor engineered T cells could increase the accessibility to dual-
antigen targeting strategies, the question remains whether this presents a suitable strategy 
in the future, even if challenges such as preferential target recognition as observed in 
chapter 5 due to receptor dominance will be addressed. Multi-antigen-targeting strategies 
will likely not be limited to two antigens, and especially in heterogenous tumors such as 
multiple myeloma targeting of more than two antigens will be desirable. Furthermore, the 
incorporation of TCRs into those strategies warrant additional considerations. Depending 
on patient HLA, one would need to design different CAR-TCR combinations. Instead, 
realizing a multi-compound approach combining multiple single-specific T cells may be 
more desirable. That way, one could also realize a polyfunctional T-cell product leveraging 
diverse functional properties of different types of engineered immune cells.  

CONCLUDING REMARKS

Receptor-edited cellular therapy of cancer has yet to fulfill its full potential. To increase the 
fraction of curative responses it will be crucial to increase the therapeutic breadth of cellular 
therapy products, both in the antigens that are targeted as well as in functionality. The ideal 
cellular therapeutic will target multiple antigens at a time, both HLA-dependently as well as 
independently of HLA. Functionally, cellular therapy needs to be efficient enough to induce 
sufficiently deep responses in diverse microenvironments, lesion sites and patients, while 
at the same time maintaining a manageable toxicity profile. The results presented within this 
thesis support the complementary use of eTCR T-cell therapy together with CAR T cells to 
realize a multi-targeting, multi-functional product. We found that eTCR T cells are functionally 
different from CAR T cells, performing differently in different contexts. Furthermore, HLA-
dependent and HLA-independent targeting could be leveraged to enable a broader 
coverage of tumor antigens to prevent antigen escape. Multi-antigen-targeting, single T-cell 
products using TCRs and CARs can be utilized to achieve that, but pose additional caveats. 
Further advancements may include additional target antigens and may extend to the 
incorporation of other cell types, such as CD4 T cells, γδ-T cells or NK cells. Another layer of 
complexity can be added by recent advances in genetic and epigenetic T-cell engineering. 
Defining an optimal combination regimen will be a challenging task, and clinical testing of 
eTCR products and combination therapies is warranted. 
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