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Chapter 8

Both iNKT and Vγ9Vδ2-T cells are exceptional T cell subsets as they combine the adaptive
immune characteristics of pro-inflammatory T cells with the rapid response of innate cells.
Furthermore, and in contrast with conventional T cells, ligand recognition and subsequent
cellular activation via their highly restricted and conserved T cell receptor (TCR) is MHCindependent and circumvents the need for therapy personalization.1–3
iNKT cells are reactive to glycolipid antigens presented by the MHC-class I-like CD1d molecule
and, depending in part on co-stimulatory signals and the cytokine microenvironment, can
mediate and promote either an anti-inflammatory or pro-inflammatory immune response.
The prototypic ligand α-galactosylceramide (α-GalCer) has been widely studied for its ability
to induce a pro-inflammatory iNKT cell mediated immune response in which activated
iNKT become cytotoxic against target cells and in addition stimulate the activation of other
immune effector cells via the predominant production of IFN-γ.4–6
Vγ9Vδ2-T cells are the major γδ-T cell subset in human peripheral blood and become
activated by the recognition of non-peptide phosphoantigens (pAg) upregulated by
“altered-self” cells as a consequence of bacterial infection, stress or malignancy. Vγ9Vδ2-T
cell activation can be further enhanced by the engagement of NKG2D with stress-related
ligands. Upon activation, activated Vγ9Vδ2-T cells can kill solid and hematological tumor
cells of various origins, stimulate the maturation of immature dendritic cells (DC) and
present antigens to αβ-T cells.7–9

This thesis
In this thesis, we have addressed the role that CD1d-restricted iNKT and BTN3A1restricted Vγ9Vδ2-T cells can play in tumor immunotherapy and by what means these
conserved immune axes could be modulated through the use of variable domains of heavy
chain-only Abs (VHH or Nanobodies). The single-domain nature of VHHs provides multiple
advantages compared to conventional antibodies e.g. enhanced tissue/tumor penetration,
increased stability, solubility, a strong ability to easily refold, low immunogenicity, easy
construction into multimeric molecules and the production of functional molecules in
E.coli or yeast allowing cost- and time reduction.10–12
For both Vγ9Vδ2-T and iNKT cells, functional and numerical defects have been observed
in cancer patients.8,13 In Chapter 2, we report an updated analysis on the clinical outcome
of 47 head- and neck squamous cell carcinoma (HNSCC) patients in whom the peripheral
iNKT cell levels before the start of curative-intent radiotherapy were assessed. Patients
were stratified according to their iNKT cell levels one day before the start of radiotherapy.
Subsequently, overall survival (OS), disease-specific survival (DSS), locoregional control
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(LRC) and the development of distant metastasis (DM) were recorded from the start of
the therapy until the time of first failure or the most recent follow-up if no relapse was
detected, with a median follow-up time of 8.7 years. It was found that patients with low
iNKT cell levels had a strikingly unfavorable clinical outcome as determined by OS, DSS and
LRC as compared with patients without this deficiency. Since human papillomavirus (HPV)
status is a strong independent prognostic factor of survival in oropharyngeal cancer14, a
possible correlation between HPV status and iNKT cell levels was investigated. However,
all the oropharyngeal cancer patients with intermediate/high iNKT levels were found
to be negative for HPV infection which implicated that the survival benefit found in the
intermediate/high iNKT level group was not correlated to HPV status. As a direct relation
between low intratumoral iNKT numbers and poor prognosis was found in neuroblastoma
and colorectal cancer15,16, the predictive value of iNKT cells could be a more general
phenomenon and underscores the relevance of this small immune cell subset in antitumor
immunity.

8

Cognate interactions between iNKT and CD1d expressing DC are important for reciprocal
activation of both iNKT and DC. This cognate help to DC can, at least in part, be mimicked
by direct ligation of CD1d by mAbs.17 In addition, mAb ligation of CD1d expressed by tumor
cells induced apoptosis in several malignancies, including B-lymphoblastic and MM cell
lines, as well as in MM patient samples.18 In Chapter 3 we set out to generate anti-CD1d
VHHs with similar functional features as described for the CD1d mAbs. From a panel of
21 specific anti-CD1d clones, select VHH clones could be linked to three specific functions.
First, two clones were found to induce the maturation and cytokine production of monocytederived DC potentially skewing immune responses towards a pro-inflammatory Th1-type
response in the absence of other co-stimulatory signals (e.g. TLR- and CD40-signaling).
Since CD40 ligation further stimulates DC activation19, one could envision that a bispecific
VHH targeting both CD1d and CD40, whether or not fused to a tumor-associated antigen
(TAA), could be a powerful tool for vaccination purposes. Importantly, the size restriction of
the lymphoid compartment of lymph nodes (<70 kDa) prevents pathogens from entering20
though should facilitate easy access of (bi-)specific VHH (~30 kDa) to this conduit system
to subsequently ligate DC. This surrogate “cognate” signal could possibly mimic iNKT
help and permit DC to prime CD4+ and CD8+ T-cells.19 Second, one CD1d-specific VHH
clone was found to induce increased binding of annexin V on CD1d expressing tumor cells
such as B-lymphoblast cells and MM cells, indicative of early apoptosis. Third, one CD1dspecific VHH was identified that could effectively inhibit recognition of the CD1d-α-GalCer
complex by iNKT cells thereby inhibiting iNKT cell activation and cytokine production. This
VHH could be useful in iNKT cell mediated auto-immune and pulmonary inflammatory
disorders. The small size and stability of VHHs make them of particular interest to evaluate
their therapeutic effect after local aerosol delivery. Together these anti-CD1d VHHs provide
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novel tools that can be useful when considering immunotherapeutic approaches that focus
on either blocking CD1d, targeting DC for vaccination, or the induction of apoptosis in
CD1d-expressing tumor cells.
Activation of iNKT cells via α-GalCer in the context of CD1d induces a rapid cytokine
storm that promotes the activation of NK cells, CD4+ and CD8+ cells, B cell, neutrophils,
macrophages and the DC with which they interact.21–23 In Chapter 4, the stimulatory
effect of activated iNKT cells on Vγ9Vδ2-T cell activation and cytotoxicity was investigated.
Indeed, activated iNKT could induce and enhance Vγ9Vδ2-T cell activation, IFN-γ production
and the lysis of tumor cells. This effect was cell-contact independent and co-culture with
neutralizing antibodies against several cytokines revealed that this was regulated by
TNF-α. The stimulatory effect of iNKT cells on the effector function of Vγ9Vδ2-T cells can
be used to strengthen future Vγ9Vδ2-T cell based immunotherapeutic approaches, e.g. by
co-loading of monocyte-derived DC with α-GalCer and pAg in order to potentiate antitumor immune responses.
The combination of MHC-independent recognition of ligands predominantly exposed by
stressed or malignant cells and powerful antitumor effector functions make the Vγ9Vδ2-T
cell subset of major interest for exploitation in cancer immunotherapy.2,24 In Chapter 5
we have described the generation and characterization of a novel set of 20 different antiVγ9Vδ2-TCR VHHs through the specific immunization of llamas. We have shown that the
generated VHHs were highly specific for the Vγ9Vδ2-TCR and display variable but overall
high affinity to predominantly either the Vγ9- or Vδ2-TCR. The Vγ9- and Vδ2-TCR specific
VHHs with the highest affinity were further explored and found to be useful as tools for
various research applications e.g. flow cytometric and immunocytochemical detection of
Vγ9Vδ2-T cells and efficient Vγ9Vδ2-T cell enrichment from PBMC by magnetic-activated
cell sorting (MACS). Importantly, we found both activating and non-activating Vγ9Vδ2-T
cell VHHs among the panel of Vγ9Vδ2-TCR VHHs, which are of interest for the further
development of Vγ9Vδ2-T cell based immunotherapeutic approaches.
Although Vγ9Vδ2-T cells play an important role in antitumor and antimicrobial defense,
there are circumstances in which Vγ9Vδ2-T cell activation can be considered detrimental to
the host. Patients given aminobisphosphonates (NBP) for the treatment of hypercalcemia,
osteoporosis or metastatic bone disease often experience bothersome side effects
resembling an acute phase response (APR).25–27 This is believed to be caused by the high level
of pro-inflammatory cytokine production by activated Vγ9Vδ2-T cells as a consequence of
mevalonate pathway inhibition and pAg accumulation. To date, no agents are available
that can clinically inhibit Vγ9Vδ2-T cell activation.24,27–30 In Chapter 6, the non-activating
Vγ9Vδ2-TCR specific VHHs were investigated for their ability to block the Vγ9Vδ2-TCR.
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The VHH with the best Vγ9Vδ2-TCR neutralizing properties was VHH clone 5E7. When
stimulated by human NBP-exposed cells, this VHH could significantly inhibit the activation
and production of pro-inflammatory cytokines by both human Vγ9Vδ2-T cell lines and ex
vivo PBMC of various healthy adult volunteers. VHH 5E7 could also neutralize Vγ9Vδ2-T
cell activation when exposed to tumor cells that are known to naturally activate Vγ9Vδ2-T
cells as a result of an overactive mevalonate pathway. It has been reported that such
tumor cells thereby can produce long-lasting supraphysiological pAg levels in vivo which
in combination with an absence of adequate IL-2 co-stimulation can result in Vγ9Vδ2-T
cell unresponsiveness in e.g. chronic lymphocytic leukemia (CLL) and perhaps in relapsed/
refractory low-grade non-Hodgkin lymphoma (NHL) and multiple myeloma (MM).
Abrogation of such continuous Vγ9Vδ2-T cell activation, e.g. by VHH 5E7, could possibly
prevent Vγ9Vδ2-T cell anergy and exhaustion and thereby improve antitumor responses;
however, this will need further investigation.30–32 Moreover, VHH 5E7 can block Vγ9Vδ2-T
cell activation by the activating anti-BTN3A1 monoclonal antibody (mAb) 20.1. So far, it
remains unclear how the Vγ9Vδ2-TCR exactly senses alterations in BTN3A1 conformation
and/or membrane distribution upon elevated levels of pAg leading to its activation.33 In vitro
and in silico binding analyses in our study indicate that VHH 5E7 predominantly binds to
the Vδ2-chain of the Vγ9Vδ2-TCR, and that its predicted binding regions show substantial
overlap with the binding regions predicted in our study for the interaction between the
Vγ9Vδ2-TCR and BTN3A1, which together is strongly suggestive of a direct interaction
of BTN3A1 with the Vγ9Vδ2-TCR. In summary, this reported Vγ9Vδ2-T cell specific VHH
that binds with high affinity and stability and that can block pAg-dependent as well as
pAg-independent activation of Vγ9Vδ2-T cells, holds promise for the development of an
immunotherapeutic strategy designed to prevent unintended Vγ9Vδ2-T cell activation
in patients treated with NBP’s and possibly in patients that suffer from an unresponsive
Vγ9Vδ2-T cell population as a result of continued low-level stimulation by tumor cells.

8

Multiple clinical studies have explored Vγ9Vδ2-T cells for tumor immunotherapy e.g. by
adoptive transfer of ex vivo expanded Vγ9Vδ2-T cells or the in vivo activation of Vγ9Vδ2-T
cells through the administration of NBP’s or synthetic pAg, alone, or in combination with
low-dose IL-2.34,35 Though these approaches were well tolerated and capable of inducing
clinically relevant anti-tumor responses in several cases, overall results lack consistency.
This is probably caused by the fact that all these therapies resulted in a systemic Vγ9Vδ2-T
cell activation and not necessarily in the preferential accumulation of these cells in the
tumor microenvironment. In Chapter 7 the generation of a bispecific VHH was described.
In this bispecific VHH an agonistic anti-Vγ9Vδ2-TCR VHH was fused to an antagonistic
anti-EGFR VHH aiming for a preferential accumulation and activation of Vγ9Vδ2-T cells
specifically at the site of the EGFR-expressing tumor, resulting in their specific lysis. As a
Vδ2-TCR specific VHH is more specific for Vγ9Vδ2-T cells than a Vγ9-TCR specific VHH,
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and the Vδ2-specific VHH 6H4 consistently activated Vγ9Vδ2-T cells of multiple donors,
this VHH was selected as the anti-Vγ9Vδ2-TCR VHH unit to be fused to the anti-EGFR
VHH unit. The previously reported highly specific antagonistic anti-EGFR VHH 7D12 was
selected as a suitable targeting candidate for integration in the bispecific VHH.36 EGFR was
selected as a tumor target as this is a proven clinically relevant tumor target and agents
directed at EGFR inhibition (e.g. anti-EGFR mAbs competing for ligand binding, such as
cetuximab and panitumumab, and EGFR-specific small molecule kinase inhibitors, such as
erlotinib or gefitinib) are relevant treatment options for several advanced-stage epithelial
cancers including non-small-cell lung cancer, colorectal cancer, pancreatic cancer, and
head and neck squamous cell carcinoma. Though treatment with these agents is related
to improved progression free and overall survival, this only applies to a minority of the
cancer patients. Furthermore, RAS and BRAF mutation related unresponsiveness together
with frequently occurring skin toxicities are limiting factors that indicate there is room for
improvement in EGFR directed therapy.37,38 The bispecific VHH facilitated simultaneous
binding of Vγ9Vδ2-T cells and EGFR-overexpressing tumor cells and thereby stimulated
strong Vγ9Vδ2-T cell activation and degranulation resulting in potent lysis of EGFR
expressing tumor cells both in vitro and in in vivo mouse xenograft models. In addition, this
novel bispecific VHH would be applicable for a large patient group as induced tumor cell
lysis was independent of KRAS or BRAF mutations and was not affected by variations in the
Vγ9Vδ2-TCR δ2-CDR3 region known to vary between individuals.39 As the anti-EGFR VHH
can easily be exchanged for VHHs directed to various other tumor-associated epitopes40,
this novel Vγ9Vδ2-T cell targeted therapy can be applied to a broad range of tumor types.

Future perspectives
Reduced levels and/or an impaired function of iNKT cells have been found in the peripheral
blood of patients with multiple malignancies and have been correlated with poor clinical
outcome but not with disease stage, nor were their numbers or functionality restored after
surgical removal of the tumor.41,42 The latter observation suggests this iNKT impairment to
be an intrinsic cause rather than an effect of cancer and stipulates the importance of this
small subset in cancer control. Table 1 provides an overview of published data reporting on
a relation between iNKT cell levels and iNKT cell functions in the tumor microenvironment
and clinical impact. Varying findings have been reported on γδ-T cell levels in cancer
patients, which vary in relation to the γδ-T cell subset and the type of malignancy. However,
an impaired function and reduced level of peripheral blood Vδ2+ (most often paired with
Vγ9) and Vγ9Vδ2-T cells is a common event in cancer patients and moreover, reduced
Vγ9Vδ2-T cell levels in the tumor microenvironment have also been related to clinical stage
as summarized in Table 2.43,44
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- Percentage of Vα24+-T cells in PBMCs was significantly decreased in HTLV-1–associated myelopathy/tropical
spastic paraparesis (HAM/TSP, n=13) and adult T-cell leukemia (ATL, n=11) patients compared with that in healthy
donors. The percentage of Vα24+-T cells in HTLV-1infected asymptomatic carriers (ACs, n=12) was not significantly
decreased compared to healthy donors.
- Absolute numbers of Vα24Vβ11-T cells in PBMC were significantly reduced in HNSCC patients compared to agematched controls.
- Reduced absolute numbers of Vα24Vβ11-T cells in the CD3+ population in HNSCC patients compared to agematched controls did not reach significance, however a trend was observed.
- Lowered % Vα24Vβ11-T cells in the CD3+ population of HNSCC patients correlated to poor disease outcome.
- Percentage and absolute numbers of Vα24Vβ11-T cells in PBMC in primary lung cancer patients (n=60) are
significantly reduced compared to healthy controls. However, no significant correlation was found between clinical
stage of the cancer patients and % Vα24Vβ11-T cells or numbers in PBMC.
- Percentage of Vα24Vβ11-T cells in PBMC was diminished in advanced prostate cancer patients compared to healthy
controls.
- Absolute numbers of Vα24Vβ11-T cells were significantly decreased in cancer patients compared to healthy donors.
- Absolute numbers of Vα24Vβ11-T cells are approximately 50% lower in cancer patients compared to age- and sex
matched controls. The decrease in Vα24Vβ11-T cell number was independent of tumor type or tumor load and was
not restored after surgery in breast cancer patients (n=18) or radiotherapy of head and neck cancer patients (n=14).

Hematopoietic malignancy
patients (n=70)

HTLV-1 infected leukemia
patients (n=11)
Melanoma patients (n=13)
HNSCC patients (n=33)

Primary lung cancer patients
(n=60)
Advanced prostate cancer
patients (n=6)
Advanced solid malignancy
patients (n=21)
Advanced cancer patients
(n=120)

Yoneda et al.51

Azakami et al.52

Kawano et al.53

Molling et al.54

Motohashi et al.41

Tahir et al.55

Giaccone et al.56

Molling et al.42

- No significant difference between % or number of Vα24Vβ11-T cells in cancer patients and age- and sex matched
controls. However, melanoma patients (n=17) had a significantly lower % Vα24Vβ11-T cells and numbers, and breast
cancer patients (n=10) had a significantly lower % Vα24Vβ11-T cells but not numbers compared to controls.
- No significant difference between % Vα24+-T cells in PBMC of patients with advanced malignancy (n=21) compared
to healthy controls.

Solid malignancy patients
(n=109)
Advanced malignancy patients
(n=21)

Crough et al.58

Yanagisawa et al.59

Dhodapkar et al.
Myeloma patients (n=21)

Similar

- Absolute numbers of Vα24Vβ11-T cells were significantly decreased in melanoma patients compared to healthy donors.

Low

- No significant difference between absolute numbers of Vα24Vβ11-T cells in PBMC of patients with progressive
(n=7) or nonprogressive myeloma (n=4), MGUS (n=10), or healthy controls (n=13)

57

- Absolute numbers of CD161+ Vα24+-T cells and CD4-CD8- CD161+ Vα24+-T cells were significantly decreased in
patients with hematopoietic malignancies compared to healthy donors.
- As individual groups, acute myelogenous leukemia (AML) with no-remission (NR)(n=15), malignant lymphoma
(ML) with NR (n=8) and myelodysplastic syndrome (MDS) with NR (n=4) patients had significantly decreased
CD161+ Vα24+-T cells numbers, but not chronic myelogenous leukemia (CML)(n=7) or ML with complete remission
(CR)(n=8) patients compared with healthy donors.
- Absolute numbers of CD4-CD8- CD161+ Vα24+-T cells in deceased patients was significantly lower compared to
surviving patients.

Levels in the peripheral blood compared to healthy controls

Study population

Study

Findings

Table 1. Study results for iNKT cell levels and function in the peripheral blood and tumor microenvironment of cancer patients.
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- In vitro culture of PBMC with GalCer loaded DC plus IL-2; impaired IFN-γ production by Vα24Vβ11-T cells in PBMC
of patients with progressive (n=9) myeloma compared to nonprogressive myeloma (n=4), MGUS (n=10) or healthy
controls (n=8). Impaired IFN-γ production by Vα24Vβ11-T cells in PBMC of patients with progressive (n=9) myeloma
was not related to enhanced IL-4 production.
- In vitro culture of isolated Vα24+ cells with irradiated PBMC, α-GalCer and IL-2; reduced expansion of iNKT cells in
advanced prostate cancer patients (n=6) compared to prostate cancer patients in remission (n=3) and healthy donors
(n=7).
- In vitro culture of isolated Vα24+ cells with CD1d-transfected cells; reduced IFN-γ production by iNKT cells of
advanced prostate cancer patients (n=6) compared to healthy donors (n=7).

HTLV-1 infected leukemia
patients (n=5)

Myeloma patients (n=23)

Advanced prostate cancer
patients (n=6)

Primary lung cancer patients
(n=10)

Motohashi et al.41

Primary lung cancer patients
(n=10)

Myeloma patients (n=4)

Myeloma patients (n=4)

Dhodapkar et al.57

Dhodapkar et al.57

- In vitro culture of PBMC with GalCer loaded DC plus IL-2; impaired IFN-γ production by Vα24Vβ11-T cells in tumor
bed (bone marrow) of patients with progressive (n=2) myeloma compared to nonprogressive myeloma (n=2).
- In vitro culture of PBMC with GalCer loaded autologous DC plus IL-2 for 2-3 weeks; no differences were found in
fold expansion of Vα24Vβ11-T cells in PBMC of patients with progressive (n=5) and nonprogressive myeloma (n=3),
MGUS (n=4) or healthy donors (n=5).

Ex vivo functionality of tumor infiltrating cells

- Vα24Vβ11-T cells in tumor bed (bone marrow) were comparable between patients with progressive (n=2) and
nonprogressive myeloma (n=2).

No relation

- Median Vα24Vβ11-T cell numbers per gram lung tissue were 2.5 times higher in the lungs of cancer patients (n=10)
compared to healthy controls.

Relation

Levels of tumor infiltrating cells in relation to clinical outcome

In vitro stimulation isolated Vα24Vβ11-T cells with α-GalCer; no difference observed in IFN-γ production between
Advanced cancer patients (n=11) -cancer
patients (n=11) and controls.

Motohashi et al.41

Molling et al.42

- In vitro stimulation isolated Vα24Vβ11-T cells with α-CD3 mAb; no difference observed in IFN-γ production
between primary lung cancer patients (n=10) and controls.

Melanoma patients (n=13)

Kawano et al.53

Similar
- In vitro culture of isolated Vα24+ cells α-GalCer and IL-2; fold expansion and cytotoxicity against the cell lines Daudi
lymphoma and SK-Mel-28 melanoma of iNKT cells of melanoma patients were comparable to iNKT cells of healthy
donors.

Advanced malignancy patients
(n=21)

- In vitro culture of PBMC with α-GalCer and IL-2; significant reduced expansion and cytokine production of Vα24+
cells in cancer patients (n=21) compared to healthy donors. However, upon Vα24+ cell sorting and in vitro culturing
with APC, α-GalCer and IL-2 no significant difference was observed between iNKT cells expansion or cytotoxicity
against cell line U937 of cancer patients compared to healthy donors.

In vitro culture of Vα24Vβ11-T cells with α-GalCer and IL-2; significant reduced expansion of iNKT cells in cancer
Solid malignancy patients (n=28) -patients
(n=28) compared to healthy donors (n=37).

- In vitro culture of PBMC with GalCer plus IL-2; Vα24+ cells in the PBMCs from most of the HAM/TSP (n=11) and
ATL (n=5) patients showed little or no expansion in contrast to Vα24+ cells in the PBMCs of most of the ACs (n=6).
- In vitro culture of PBMC with GalCer plus IL-2; perforin expression levels indicative for cytotoxicity were lower in
Vα24+ cells from ACs (n=4) and HAM/TSP (n=4) patients than in those from healthy donors.

Impaired

Ex vivo functionality in the peripheral blood compared to healthy controls

Yanagisawa et al.59

Crough et al.58

Tahir et al.

55

Dhodapkar et al.57

Azakami et al.
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Epithelial ovarian carcinoma
(EOC) patients (n=60)
Advanced solid tumor patients
(n=45)

Thedrez et al.62

Nicol et al.61

Cordova et al.

-In vitro culture of isolated PBMC with the NBP zoledronate plus IL-2; the majority of cancer patients had a reduced
expansion capacity of Vγ9Vδ2-T cells however, as a group, expansion capacity was similar for cancer patients as
compared with healthy controls.

Primary melanoma patients
(n=23)

Argentati et al.60

Primary melanoma
patients(n=46)

- In vitro culture of isolated PBMC; % and absolute number of Vδ2+-T cells after stimulation with the pAg BrHPP
or the NBP zoledronate both plus IL-2, was significantly less expanded in EOC patients in comparison with healthy
controls.

Advanced solid tumor patients
(n=45)

Nicol et al.61

43

- In vitro culture of isolated PBMC; % of Vδ2 -T cells producing IFN-γ and TNF-α before and after stimulation with
the pAg isopentenyl pyrophosphate plus IL-2, and expansion, was significantly reduced in melanoma patients in
comparison with healthy controls. No difference was determined in cytotoxicity.

Primary melanoma patients
(n=23)

Argentati et al.60

Impaired

- % δ2+-T cells of tumor-infiltrated mononuclear cells is inversely correlated with clinical stage in primary melanoma
(n=46).

Relation

Levels of tumor infiltrating cells in relation to clinical outcome

+

Ex vivo functionality in the peripheral blood compared to healthy controls

-Patients had significantly lower Vγ9Vδ2-T cells compared to healthy controls.
-As a group, patients with melanoma had lower initial Vγ9Vδ2-T cells compared to cancer patients with other
malignancies.

-Patients had a significantly lower proportion of Vδ2+-T cells compared to age-matched healthy controls.

Low

Levels in the peripheral blood compared to healthy controls

Findings

Study population

Study

Table 2. Study results for Vδ2+ and Vγ9Vδ2-T cell levels and function in the peripheral blood and tumor microenvironment of cancer.

8

Because of the apparent relation between numerical and functional defects in iNKT and
Vγ9Vδ2-T cells and clinical outcome of cancer patients, as well as the strong anti-tumor
functions that these cell types can effectuate, these immune subsets are very promising for
cancer immunotherapy. We have aimed to enhance and leverage the antitumor functions of
Vγ9Vδ2-T cells through the development of a bispecific VHH designed to specifically retain
and activate Vγ9Vδ2-T cells at the tumor site. A similar approach has recently been reported
in which a tribody was constructed from two mouse antibodies, one directed to the γ9chain of the Vγ9Vδ2-TCR and the other directed to the tumor associated antigen Her2/neu.
This (Her2)2xVγ9 tribody efficiently lysed Her2/neu overexpressing pancreatic cells both in
in vitro and in in vivo mouse xenograft experiments45, as did our bispecific VHH. However,
the use of the nearly full-sized (~100kD) tribody has several limitations related to e.g. the
mispairing of heavy and light chains, limited stability and the risk of developing humananti-mouse antibodies (HAMA) in patients leading to antibody neutralization and adverse
events in the form of a cytokine release syndrome46,10 which is expected to be circumvented
by the use of VHHs. In addition, due to their small size, VHHs have enhanced tissue/ tumor
penetration and can also be cost- and time-effectively produced in bacteria and yeast.10,47
For our work on the bispecific Vγ9Vδ2-T cell activating VHH, we used EGFR as a model
tumor antigen. As mentioned before, this tumor target specific VHH can be easily replaced
by a different tumor antigen specific VHH in order to make the bispecific VHH applicable
for a larger and variable set of tumors and malignancies. Indeed, VHH specific for various
other tumor antigens have already been developed including Her2/neu, VEGFR2, c-Met,
CXCR740 -and CD1d as described in chapter 7. CD1d can be an interesting tumor target as
CD1d has been reported to be expressed by several malignancies e.g. MM, B- and T-acute
lymphoblastic leukemia, and colorectal cancer.6,48,49 Among the CD1d-specific VHHs that
we have developed, the CD1d-specific VHH that induced signs of early apoptosis in CD1d
transfected B-lymphoblast and multiple myeloma cells would probably be most suitable
for incorporation into a bispecific VHH fused to the Vγ9Vδ2-TCR specific VHH, as such a
bispecific VHH would on the one hand induce apoptosis via the CD1d-specific VHH and on
the other hand simultaneously trigger Vγ9Vδ2-T cell activation and subsequent lysis of the
CD1d-expressing tumor cells to which they bind. iNKT cells exert their effects in part by
stimulating different immune cells, among which Vγ9Vδ2-T cells, and in this way regulate
immune responses. Recently, an iNKT cell tumor targeting construct was described that
was generated by fusing a β2-microglobulin (β2m)-CD1d molecule loaded with α-GalCer
to a scFv of a humanized anti-HER2 mAb that induced iNKT and NK cell activation,
IFN-γ secretion, DC maturation and the inhibition of growth of HER2/neu-expressing
lung metastasis in mice.50 Also in this construct, the tumor antigen Her2-targeting scFv
portion could conceivably be replaced by a VHH directed to other tumor antigens making
this construct interesting for tumor immunotherapy aimed at iNKT activation. However,
it will need to be investigated whether the mentioned iNKT and Vγ9Vδ2-T cell targeting
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constructs are able to activate the functionally impaired iNKT and Vγ9Vδ2-T cells in cancer
patients and stimulate their proliferation, especially given the fact that iNKT and Vγ9Vδ2-T
cell numbers are often reduced. Importantly, iNKT and Vγ9Vδ2-T cells of patients with
various advanced-stage malignancies could still be activated upon α-GalCer pulsed
autologous mature DC or NBP administration, respectively, indicating that iNKT and
Vγ9Vδ2-T cell reactivity in these patients was not completely abolished.63, and Schneiders
FL et al., submitted. These are promising findings suggesting that an impaired iNKT and
Vγ9Vδ2-T cell function can be restored and offer opportunities for cancer immunotherapies
aimed at iNKT and/or Vγ9Vδ2-T cell activation.

8

To date, multiple efforts have been made to redirect immune effector cells to the tumor
microenvironment e.g. by using bispecific antibody-based constructs and CAR-T cells.
Pronounced effects have been observed in clinical trials, especially for various B-cell
malignancies targeting both CD19 and CD3 (e.g. the BiTE blinatumomab and anti-CD19
CAR)46,64, though there is still room for improvement, in particular for solid malignancies.
A major limitation in the targeting of CD3 is that it is expressed by all T cells including
immunosuppressive T cells such as regulatory T cells (Tregs) that predominate in the tumor
microenvironment and are related to unfavorable prognosis.65 It has been shown that by
using CD3-based targeting approaches, Tregs are target-specifically activated alongside T
effector cells and actively suppress the activation and proliferation of effector T cells.66 For
this reason, antibody-based constructs designed to exclusively trigger immune cells with a
pro-inflammatory function, such as Vγ9Vδ2-T cells, may be preferable over the targeting
of CD3. Of note, the use of these pro-inflammatory VHH constructs may increase immune
infiltration of tumors and consequently make them more responsive to currently clinically
applied immunotherapies such as immune checkpoint inhibitors, e.g. anti-CTLA-4 or
anti-PD-(L)1. In addition and as mentioned before, the use of antibody fragments derived
from conventional antibodies requires a variable heavy-light chain domain interaction
for optimal performance and is susceptible to instability. Moreover, this required variable
heavy-light chain domain interaction necessitates the use of more complex manufacturing
systems resulting in increased production costs when compared to the manufacturing costs
for VHHs. High manufacturing costs is also a well-known obstacle for the use of CAR-T
cell therapy as this approach requires the labor-intensive adoptive transfer of most often
autologous immune cells. In contrast, our developed bispecific VHH is expected to be
applicable not only ”off-the-shelf” but also to a large patient group as all individuals have
Vγ9Vδ2-T cells which despite inter- and intra-individual sequence variation in the Vγ9Vδ2TCR δ2-CDR3 region39 can be targeted by our bispecific VHH.
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Concluding remarks
In this thesis we have reported on the role that iNKT and Vγ9Vδ2-T cells play in cancer
and how the function of these cells can be manipulated for immunotherapeutic purposes
using specific VHHs. The Vγ9Vδ2-T cell and CD1d-specific VHHs described in this thesis
constitute promising tools not only for the further characterization of these immune cell
subsets, but also for the future clinical exploration in various conditions in which these
conserved cell subsets have been implicated to play a role.
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