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Abstract: Due to the CD1d restricted recognition of altered glycolipids, Vα24-invariant natural
killer T (iNKT) cells are excellent tools for cancer immunotherapy with a significantly reduced risk
for graft-versus-host disease when applied as off-the shelf-therapeutics across Human Leukocyte
Antigen (HLA) barriers. To maximally harness their therapeutic potential for multiple myeloma
(MM) treatment, we here armed iNKT cells with chimeric antigen receptors (CAR) directed against
the MM-associated antigen CD38 and the plasma cell specific B cell maturation antigen (BCMA).
We demonstrate that both CD38- and BCMA-CAR iNKT cells effectively eliminated MM cells in
a CAR-dependent manner, without losing their T cell receptor (TCR)-mediated cytotoxic activity.
Importantly, iNKT cells expressing either BCMA-CARs or affinity-optimized CD38-CARs spared
normal hematopoietic cells and displayed a Th1-like cytokine profile, indicating their therapeutic
utility. While the costimulatory domain of CD38-CARs had no influence on the cytotoxic functions of
iNKT cells, CARs containing the 4-1BB domain showed a better expansion capacity. Interestingly,
when stimulated only via CD1d+ dendritic cells (DCs) loaded with α-galactosylceramide (α-GalCer),
both CD38- and BCMA-CAR iNKT cells expanded well, without losing their CAR- or TCR-dependent
cytotoxic activities. This suggests the possibility of developing an off-the-shelf therapy with CAR
iNKT cells, which might even be boostable in vivo by administration α-GalCer pulsed DCs.

Keywords: CAR iNKT; multiple myeloma; CD38; BCMA; adoptive immunotherapy; chimeric
antigen receptor

1. Introduction

Over the past years, T cells engineered to express chimeric antigen receptors (CAR)
have shown great successes in the battle against hematopoietic malignancies [1]. Nonethe-
less, there are still important hurdles to be taken in order to make CAR therapy more
effective, safe, affordable, and universally accessible [1]. In particular, the necessity to
use the patients’ autologous polyclonal T cells for the production of CAR T cells seem to
generate a considerable variation in the efficacy of the therapy, since the quality of patient
T cells can be greatly influenced by previous treatment schemes and/or the tumor type of
the patients [1–3]. Hence, a patient-independent, off-the-shelf available CAR therapy is
the ultimate goal of many investigators [4–8]. Application of CAR T cells across Human
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Leukocyte Antigen (HLA) barriers, however, carries the risk of severe graft-versus-host
disease (GvHD) due to the expression of potentially alloreactive endogenous T cell re-
ceptors (TCRs) [9–11]. Therefore, several approaches have been proposed to silence the
endogenous TCR expression of CAR T cells with novel gene editing technologies [12–14].
Alternatively, killer immune cell subsets are currently being explored as “universal” CAR
carriers. An appealing candidate population consists of natural killer (NK) cells [15–20], as
they are highly cytotoxic but are not associated with GvHD [21]. Furthermore, NK cells
display a relatively short life-span which may allow better management of any toxicities of
CAR-directed cellular therapies. On the other hand, building a long-term memory may
not be possible with NK cells. An alternative is to introduce CARs into another subset of
innate-like, but antigen-specific immune cells that can sustain a long-term memory, such as
the invariant natural killer T (iNKT) cells [22]. iNKT cells recognize glycolipid antigens
presented by highly conserved CD1d via their defined and invariant T cell receptor (TCR)
(TRAV10-TRAJ18 paired with TRBV25-1 in humans) [23–26]. Due to this specific antigen-
recognition pattern, iNKT cells are not associated with GvHD or can even prevent it [27,28].
Furthermore, iNKT cells possess therapeutic potential, their infiltration in tumor sites has
been associated with better disease outcome [29], and reduced iNKT cell numbers and
function have been associated with disease progression in multiple myeloma (MM) [30,31],
prostate cancer [32], and several solid tumors [33].

Although iNKT cells represent a small fraction in the peripheral blood (0.003–0.7% of
CD45+ cells) [34], they display strong TCR-dependent cytolytic function [35]. Since their
CD1d-restricted TCR is responsive to α-galactosylceramide (α-GalCer), iNKT cells also
demonstrate rapid ex vivo expansion when stimulated by CD1d positive antigen present-
ing cells loaded with α-GalCer [19,22,36]. Furthermore, in clinical studies, stimulation
of iNKT cells with α-GalCer loaded antigen presenting cells enhanced their activity and
decreased patients’ tumor load [37–39]. This TCR-specific expansion property makes iNKT
cells appealing tools as CAR-carriers with low toxicity profiles. Thus, prompted by the
therapeutic potential of iNKT cells, and especially by the possibility to expand and boost
them through triggering their endogenous TCR, we here tested the feasibility of arming
iNKT cells with CARs directed against two important MM-associated antigens, CD38- and
the B cell maturation antigen (BCMA). For BCMA, we selected a high-affinity CAR which
is already being tested in clinical trials [40]. For CD38, we have used a unique affinity-
optimized (attenuated) CD38B1-CAR, which we developed in our laboratory. Due to its
attenuated affinity, this CD38B1-CAR exclusively targets MM cells expressing high levels
of CD38, while largely ignoring the healthy hematopoietic cells expressing normal levels of
CD38 [41,42]. In earlier studies, we have found that the costimulatory domain of CD38-
CARs can influence the effector and proliferative functions of T cells [43]. Therefore, we
here tested three CD38B1-CAR formats providing different costimulatory signals. The first
two CARs contained the traditional CD28 and 4-1BB costimulatory domains, respectively.
The third CD38B1-CAR contained, next to the CD28 costimulatory domain, a separately ex-
pressed a 4-1BBL molecule. The separate expression of this molecule enables the additional
triggering of the 4-1BB costimulatory pathway through autologous/paracrine 41BBL/41BB
interactions [44,45].

Towards developing an off-the-shelf approach, we studied the CAR transduction
efficacies, expansion capacities, the TCR- and CAR-dependent cytotoxic activity, and
cytokine profiles against MM cells. To evaluate off-tumor effects, we tested their reactivity
towards normal hematopoietic cells. In addition, we analyzed CAR iNKT cells for the
possibility to expand through the endogenous TCR via stimulation with α-GalCer pulsed
dendritic cells (DCs).

2. Results
2.1. Isolation and Transduction of Invariant NKT Cells

iNKT cells were isolated from healthy donor peripheral blood mononuclear cells
(PBMCs) by Vα24+ selection using magnetic cell sorting. Directly after cell sorting the
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iNKT cell purity was ~30–70% with an iNKT cell content of 50.000–200.000 cells based on
the double positive expression of Vα24 paired with Vβ11, as shown in Figure 1A. After
one week of stimulation with α-galactosylceramide (α-GalCer) pulsed PBMCs, the cells
expanded with a median of 11.7-fold (range 3–18), the purity increased up to 90%, and the
cells were transduced with the affinity-optimized CD38B1-CARs containing three different
co-stimulatory domains or with the BCMA-CAR, as schematically depicted in Figure 1B.
The low-affinity nerve growth factor (LNGFR), dsRed, or 4–1BBL, which were co-expressed
in the three different CD38-CAR constructs, were used to determine transduction efficiency,
and used as a surrogate for CAR expression, as previously validated [43]. The BCMA-CAR
expression was determined via direct CAR expression as measured by a goat-anti-mouse
F(ab’)2 binding to the murine scFv sequence. The mean transduction efficacy of CAR-iNKT
cells was ~50% (range: 20–90%, n = 8), as shown in Figure 1C, similar to transduction
efficacies of conventional T cells in our earlier studies [42,43].

Figure 1. Invariant natural killer T (iNKT) cell isolation and CAR expression. (A) Representative dot plots depicting the
gating strategy of iNKT cells by flow cytometry after purification with beads at Day 0 and at time of transduction on Day 7.
(B) Schematic overview of different CD38- and BCMA-CAR (B cell maturation antigen-chimeric antigen receptor) constructs
used; CAR expression is determined by expression of surrogate markers low-affinity nerve growth factor (LNGFR), dsRed,
or 4-1BBL. (C) Flow cytometry histograms illustrating the surrogate marker expression of LNGFR and 4-1BBL as detected
by APC-conjugated antibodies or by constitutive dsRed expression on the iNKT cells. The BCMA-CAR expression was
determined by goat anti-mouse IgG polyclonal antibody targeting the murine sequence of the heavy and light chains of
the CAR. Data are representative of independent transductions in iNKT cells of 3 donors for CD38-CARs and 6 donors for
BCMA-CARs.

2.2. iNKT Cells Equipped with a CAR Show CAR-Specific as Well as TCR-Dependent Cytotoxicity

CAR-transduced iNKT cells were tested for their cytotoxic activity through the CAR-
specific targeting of CD38 or BCMA expressed on multiple myeloma (MM) cell line UM9,
as shown in Figure 2A. As expected, the UM9 cells were completely eradicated by the iNKT
cells expressing the high affinity BCMA-CAR. Since the expression of CD38 on UM9 cells
is intermediate, as shown in Figure 2A, left panel, a lysis up to 60% was observed for the
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affinity tuned CD38-CAR iNKTs, with no noteworthy distinction between CARs containing
different costimulatory domains. Mock-transduced iNKT cells did not lyse UM9 cells.

To determine their cytotoxic activity via the CD1d-restriced invariant TCR, CD38-CAR,
BCMA-CAR, and mock-transduced iNKT cells were tested against the CD1d intermediate
positive MM1.s cells and against its CD1d-transduced variant with high levels of CD1d
expression, as shown in Figure 2B. Since MM1.s cells express high levels of CD38 and
BCMA, they were completely eliminated by both CD38- and BCMA-CAR iNKT cells even
at low effector to target (E/T) ratios, whereas the lysis by mock-transduced iNKT cells was
very low. Suggesting the intact signaling from the invariant TCR against MM cells, the
mock-transduced cells killed the MM1.s cells up to 50% at high E/T ratios, in agreement
with the intermediate CD1d expression detected on MM1.s, as shown in Figure 2C, left
panel. Importantly, the CD1d-transduced MM1.s cells were completely eradicated, not
only by CAR-transduced, but also mock-transduced iNKT cells even at low E/T ratios,
suggesting the full functional activity of the endogenous CD1d restricted invariant TCR,
as shown in Figure 2C, right panel.

Figure 2. Cytotoxic capacity of iNKT-CARs against multiple myeloma (MM)-cell lines. MM cell lines were co-incubated
with CAR iNKT cells at different E/T ratios as indicated for 16 h. (A) Flow cytometry density plot of UM9 depicting the
expression of CD38 and BCMA and cytotoxicity with CD38-CARs with various co-stimulation domains and BCMA-CAR.
(B) Flow cytometry density plot of MM1.s depicting the expression of CD38 and BCMA, histogram showing the expression
of CD1d on MM1.s and MM1.s-CD1d cell line, and (C) cytotoxic activity of BBz-CAR iNKT cells on MM1.s cells after 16 h of
co-incubation. Data is representative of 2 independent experiments. Error bars depict the SD.

2.3. Maximal On-Tumor and Minimal Off-Tumor Effects of CD38-CAR and BCMA-CAR
Transduced iNKT Cells

To study the effect of CAR iNKT cells on primary MM cells, we conducted flow-
based cytotoxicity assays on eight randomly selected bone marrow mononuclear cells
(BM-MNC) from MM patients. These samples contained 10–40% malignant plasma cells
(MM-PC) identified as cells expressing CD38highCD138+, as shown in Figure 3A,B. Since
the BM-MNCs contain both malignant MM cells and non-malignant hematopoietic cells,
this flow-based assay system allows us to simultaneously determine the on-tumor and
off-tumor cytotoxic activity of CAR-transduced cells [41,42]. As illustrated in Figure 3C, all
primary MM cells were effectively lysed by CD38-CAR as well as BCMA-CAR-transduced
iNKT cells, with no influence of the costimulatory domain. Since BCMA is expressed only
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on PCs, BCMA-CAR iNKTs did not lyse CD138 negative non-malignant hematopoietic
cells. Importantly, and consistent with all our previous studies [41–43], the cytotoxic
activities of affinity optimized CD38-CAR iNKTs were also exclusively directed against
CD38highCD138+ MM cells, while CD38int/high CD138- non-malignant cells were largely
ignored, as shown in Figure 3A. Of note, in seven out of the eight samples there was little or
no CD1d+ expression MM cells. Consequently, there was no mock-reactivity against these
MM cells, as shown in Figure 3C, panel Mock. In the only sample that contained CD1d+

MM plasma cells there was significantly elevated levels of lysis by mock-transduced cells,
again indicating the functional activity of the endogenous TCR, as shown in Supplementary
Figure S1.

Figure 3. Effective on-tumor and minimal off-tumor cytotoxic activities of CD38 and BCMA CAR-iNKT cells in whole
bone marrow samples. Representative flow cytometry density plots of two bone marrow samples depicting the specific
eradication of MM cells identified as CD38+ CD138+ cells by CD38-CAR iNKT (A) and BCMA-BBz CAR iNKT (B) cells in
16 h assays. (C) Cytotoxic results of CD38- and BCMA-CAR iNKT cells in various E/T ratios. The error bars indicate the
standard error of the mean (SEM )of independent assays with primary bone marrow mononuclear cell (BM-MNC) samples
derived from different MM patients (CD38-BBz, CD38-28z, CD38-28zBBL n = 2, BCMA-BBz n = 6, Mock n = 8).

2.4. The Cytokine Profiles CD38-CAR and BCMA-CAR-Transduced iNKT Cells

To further study the relevant functions of CAR iNKT cells, we analyzed the CAR-
dependent cytokine production profile in response to one of the primary MM samples,
as shown in Figure 4. A typical Th1 profile with very high levels of the proinflammatory
cytokines IFN-γ and TNF but low or no production of Th2 cytokines IL-4 and IL-10 was
found only for CD38-CARs carrying the 4-1BB costimulatory domain. Although other CAR
iNKT cells also produced somewhat higher levels of IFN-γ as compared to IL-4, the IFN-γ
to IL-4 ratios were in general lower than 10, suggesting a Th1/Th0 cytokine profile. Inter-
estingly though, IL-2 was not detected above the levels observed from mock-transduced
iNKT cells. A typical Th17 profile was not found in CAR iNKT cells. Furthermore, as
expected, none of the CAR iNKT cells or mock-transduced iNKT cells produced significant
levels of IL-6, one of the important cytokines associated with cytokine release syndrome.
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Figure 4. Cytokine production of CD38-CAR iNKT and BCMA-CAR iNKTs in response to primary BM-MNCs from MM
patients. After co-incubation with BM-MNC samples, cell supernatants were harvested to measure cytokine secretion with
a flow cytometry-based assay. Graph shows the secretion of IFN-γ, TNF, IL-2, IL-4, IL-6, IL-10, and IL17. Error bars indicate
standard error of the mean (SEM) (n = 3 independent CAR iNKT batches, generated from three healthy donors).

2.5. CAR-Dependent Expansion of CD38-CAR iNKT Cells with Different Costimulatory Domains

We next evaluated the ex vivo expandability of the CAR iNKT cells. Since the cos-
timulatory domain could influence the proliferative capacity, we focused on CD38-CAR
iNKT cells and expanded them in a CAR-dependent manner by weekly stimulation with
irradiated UM9 cells, as shown in Figure 5. The CD38-BBz-CAR iNKT cells vigorously
proliferated upon stimulation with UM9, until the end of the experiment (Week 6), with
total CAR+ iNKT cell yields around 107 cells. The growth of CD38-CARs carrying the CD28
costimulatory domain stagnated after Week 4, as shown in Figure 5A. Mock-transduced
cells proliferated to a lower extent as compared to CD38-BBz-CAR iNKT cells, revealing the
contribution of CD38-specific stimulation in the exponential growth of CD38-CAR iNKT
cells. Moreover, supporting this conclusion, at the end of the cultures, the percentage of
CAR+iNKT cells in cultures transduced with CD38-BBz-CAR markedly increased from
30% to 70% and maintained their CAR-dependent cytotoxic activities, as shown in Figure
5C. iNKT cells transduced with the CD38-CAR carrying the 4-1BB costimulatory domain
expressed little or low levels of PD-1 during the whole culture period. In contrast, CD38-
CAR iNKT cells containing the CD28 costimulatory domain expressed high levels of PD-1,
as shown in Figure 5D, left panel. In addition, the CD57 molecule, which is associated with
exhaustion/senescence [46–49] was virtually absent in all CAR-transduced iNKT cells in
contrast to mock-transduced cells, as shown in Figure 5D, middle panel. Reversely, the
CD39 molecule, which is thought to regulate activation of iNKT cells [50,51], was positive
on all CAR-transduced, but not on mock-transduced iNKT cells, as shown in Figure 5E,
right panel. Taken together, these results indicated that 4-1BB provided the most suitable
costimulatory signals for CAR-iNKT cells.
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Figure 5. CD38-dependent expansion and activation of functional CD38-CAR iNKT cells. CD38-CAR iNKT cells with
different costimulatory domains and mock-transduced cells were weekly re-stimulated with irradiated CD38+UM9 cell line
at a CAR+iNKT:/target ratio of 3:1, starting 4 days after transduction. (A) Depicted are the calculated numbers of total
iNKT cells (left) and of CAR + iNKT cells (right). (B) The percentage of CAR+iNKT cells in the culture at Week 2 and Week
6. (C) Cytotoxic activity of CD38-CAR vs mock-transduced iNKT cells towards a CD1d negative primary MM cell sample at
the end of the cultures. (D) Graphs depict the expression of PD-1, CD57, and CD39 on iNKT cells. Similar results were
observed in a second independent experiment.

2.6. TCR-Mediated Proliferation of CD38-CAR and BCMA-CAR iNKT Cells

In further analyses, we evaluated whether the CAR iNKT cells could be stimulated and
expanded by mature monocyte dendritic cells (moDC) loaded with α-GalCer. Since moDCs
also express CD38, CD38-CAR iNKT cells would receive both CAR- and TCR-mediated
signals, while BCMA-CARs would receive only signals from the invariant TCR. Therefore,
we first studied the stimulation of BCMA-CARs in a series of experiments with four
different donors, as shown in Figure 6A. BCMA-CAR iNKT cells vigorously proliferated
upon stimulation with α-GalCer loaded DCs. Although their expansion rates were not
as good as that of the mock-transduced iNKT cells, we achieved 1000-fold expansion of
CAR+ iNKT cells in five weeks of time, as shown in Figure 6A, middle panel. As expected,
the CAR iNKT percentages remained unchanged and BCMA CAR iNKT cells maintained
their CAR-dependent cytotoxic activities at the end of the expansion period, as shown in
Figure 6B.

Unlike the UM9 stimulated CD38-CARs, the BCMA-CARs stimulated with α-GalCer
loaded DCs were largely positive for the PD-1 molecule during the whole culture period
(data not shown). Therefore, in an independent setting we compared the growth of the
iNKT cells transduced with BCMA-CARs and the most optimal CD38-BBz-CAR upon
stimulation with α-GalCer loaded DCs, as shown in Figure 6C, and observed that the ex-
pansion rates of BCMA-CAR and CD38-CAR cells were somewhat lower (300–500-fold) but
similar. Nonetheless, while the percentages of BCMA-CAR+ iNKT cells remained the same
over time, the percentage of CD38-CAR+ iNKT cells diminished, as shown in Figure 6C,
right panel. Furthermore, unlike CAR-dependent stimulations, CD38-CAR iNKT cells also
expressed PD-1 after stimulation with α-GalCer loaded DCs. The checkpoint molecules
Lag3 and Tim3 were also positive on both BCMA- and CD38-CAR iNKT cells.

Finally, we questioned whether CAR iNKT cells that have already been stimulated for
several rounds with tumor cells in a CAR-dependent fashion could be further stimulated
with α-GalCer loaded DCs. As illustrated in Figure 7, it was still possible to expand fully
cytotoxic CD38-CAR iNKT cells by stimulation with α-GalCer loaded DCs, even if they
had been stimulated for 6 weeks only with tumor cells.
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Figure 6. Expansion of functional CAR iNKT cells stimulated by α-GalCer loaded dendritic cells (DCs). BCMA-CAR iNKT
cells and mock-transduced iNKT cells were weekly co-cultured with irradiated α-GalCer loaded DCs at an iNKT/DC ratio
of 5:2, starting 4 days after transduction. (A) The calculated numbers of total iNKT cells (left), of transduced iNKT cells
(middle), and the percentage of transduced iNKT cells at Week 2 and Week 6 of the culture (right). Error bars represent
standard error of the mean (SEM) (n = 4 donors). (B) The cytotoxic activity of BCMA-BBz CAR and mock-transduced iNKT
cells against UM9 cells at an E/T ratio of 3:1. Error bars represent SEM (n = 2) * p < 0.05 in a paired students T test. (C) Side by
side comparison of CD38-BBz and BCMA-BBz iNKT cell expansion. Graphs show the calculated numbers of total iNKT cells
(left), transduced iNKT cells (middle), and the percentage of transduced iNKT cells at Week 2 and 6 of cultures (right). Error
bars represent SEM (n = 2 donors). (D) The expression of exhaustion markers PD-1, Lag3, and Tim3 during culture (n = 2).

Figure 7. α-GalCer loaded DC induced expansion and activation of functional CD38-BBz CAR iNKT cells. Depicted is the
culture scheme (upper panel A) and the proliferation at Day 42 (lower panel A) of CD38-BBz CAR iNKTs stimulated with
CD38+UM9 cells until Day 35, followed by stimulation with α-GalCer loaded DCs. (B) Cytotoxic activity of CD38-CAR
and mock-transduced iNKT cells towards primary MM cells at the end of the cultures. (C) The percentage of iNKT cells
expressing activation/exhaustion markers PD-1, CD57, and CD39. Error bars depict standard error of the mean (SEM) (n = 2).
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3. Discussion

Over the past decade, several studies have convincingly demonstrated the anti-
tumor potential of CD1d-restricted iNKT cells against different solid and hematological
tumors [30,37–39]. It has been shown that iNKT cells not only produce cytokines but also
effectively kill CD1d positive tumor cell lines [19,36]. Although iNKT cells are very low
in frequency in human peripheral blood, the discovery that they can be exponentially
expanded ex vivo or in vivo through stimulation with α-GalCer loaded dendritic cells
(DCs) prompted the design of several strategies to utilize iNKT cells in cancer treatment.
Nonetheless in MM, CD1d expression, which is high in premalignant and early disease,
may be reduced and in some cases lost in the advanced stages [52], posing a potential
drawback for iNKT-based immunotherapies. In this study, we have successfully tack-
led this drawback by endowing iNKT cells with a high affinity BCMA-CAR and with
an affinity-optimized CD38-CAR, which selectively recognizes the high levels of CD38
antigen expressed on MM cells due to its attenuated CD38 affinity [43]. Both BCMA- and
CD38-CAR-transduced iNKT cells effectively redirected the killer functions of iNKT cells
toward MM cells. CD1d-transduced MM cells, which expressed high levels of CD1d were
additionally killed, most probably through the recognition of endogenously expressed
invariant TCR. Importantly, neither BCMA-CAR nor CD38-CAR-transduced iNKT cells
displayed any significant off-tumor toxicity toward normal hematopoietic cells. We thus
demonstrate that iNKT cells are excellent carriers for these therapeutically relevant CARs
for adoptive therapy of MM.

In our study, we have not only focused on the effector function of CAR iNKT cells but
have also given specific attention to define optimal conditions for their proper expansion.
This was important since generation of sufficient numbers of CAR iNKT cells with intact
CAR- and TCR-mediated functional activity would be required for adoptive therapy,
especially if the ultimate aim is to develop an off-the-shelf therapy. In this respect, the
correct choice of the costimulatory domain was especially important because we and
others have recently found that costimulatory domains of CARs not only influence their
cytotoxic activity but also their ex vivo and in vivo proliferation capacities [43]. Specifically,
while a CD28 costimulatory domain has been shown to enhance the cytotoxic activity of
CAR T cells, the 4-1BB signaling specifically enhanced the proliferative capacity and T
cell persistence [43,45]. Nonetheless, when we studied the impact of the costimulatory
domains using three variants of CD38-CARs, we did not observe an overt beneficial effect
of the CD28 costimulatory domain on the cytotoxic activity of iNKT cells above CARs
that expressed 4-1BB. In contrast, iNKT cells, equipped with a CAR carrying the 4-1BB
domain showed a better CAR-driven expansion as compared to those carrying a CD28
domain, without any compromise in CAR-mediated cytotoxic activity, also after long-term
(6–7 week) cultures. Importantly, in these long-term cultures, in contrast to CARs carrying
the CD28 domain, CARs carrying the 4-1BB costimulatory domain did not induce the
expression of exhaustion maker PD-1. The CD57 molecule, associated with maturation
and immune senescence [46–49] was also not upregulated. CAR iNKTs that provided both
CD28 and 4-1BB signals did not further improve their cytotoxic activity but were associated
with diminished expansion capacities. These data are not entirely in agreement with earlier
iNKT CAR studies, which suggests that for optimal stimulation of iNKT cells, CARs should
include both 4-1BB or a CD28 costimulatory domain [19,53]. Furthermore, in contrast to
these studies, the 4-1BB signaling skewed the CD38-CAR iNKT cells towards a Th1-like
phenotype. Nonetheless, it needs to be noted that that BCMA-CARs, which also contained
the 4-1BB costimulatory domain, skewed iNKT cells towards a Th1/Th0 phenotype. Thus,
a clear association between the costimulatory domain and the Th1 phenotype cannot be
derived from our results. It is noteworthy, however, that both CD38- and BCMA-CARs
containing the 4-1BB domain did not skew iNKT cells towards IL-17-like cells and did not
propagate the production of IL-6, one of the important cytokines associated with cytokine
release syndrome. Thus, although the cytokine profile of the 4-1BB containing CAR iNKT
cells was not always a typical Th1 profile, based on the cytotoxic effector function, little or
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no IL-6 production, and superior expansion levels, we think that 4-1BB signaling provides
efficient and sufficient co-stimulation for optimal expansion and functions of iNKT cells.

In our study, we finally explored whether CAR iNKT cells can be propagated by
α-GalCer loaded DCs, which are excellent stimulators of unmodified iNKT cells. We show
that stimulation of CAR iNKT cells in a TCR-dependent fashion also enables expansion
rates of 300–1000-fold for both BCMA- and CD38-CAR iNKT cells in 5 weeks.

Nonetheless, it needs to be emphasized that in our study we have not executed
a full (clinical) scale CAR iNKT cell expansion, but we deduced these prospects based
on expansion rates observed in small scale expansions starting with a very low number
of iNKT cells. Thus, toward clinical applications, the expansion rates observed in this
study need to be better determined in full-scale expansion experiments. Nonetheless,
a recent interim report of the first CAR iNKT Phase I clinical trial, targeting GD2 in
child neuroblastoma, demonstrated that CAR iNKT cells can be successfully expanded to
administer 3 × 106 CAR iNKT cells per square meter of body surface area, indicating the
feasibility of such strategies [54]. Another remarkable observation which needs attention in
future studies is the possible overstimulation of CD38-CAR iNKT cells through α-GalCer
loaded DCs, because when stimulated this way, the percentages of CD38-CAR iNKT cells
decreased in time, as shown in Figure 6, while this was not the case when they were
stimulated in a CAR-dependent fashion, using CD1d low expressing UM9 cells. Since
DCs express CD38 but not BCMA, overstimulation via combined CAR as well as TCR
stimulation could constitute a plausible explanation for this observation using CD38-CAR
iNKT cells, a phenomenon which was also demonstrated for CAR-transduced alloreactive
T cells [12].

Finally, another advantage of stimulating CAR-iNKT cells via their invariant TCR may
be the possibility of using α-GalCer loaded DCs to boost them in vivo by administration of
α-GalCer loaded DCs into patients who have already been treated with CAR-iNKT cells.
While this possibility needs to be tested in appropriate in vivo models, in this study we
provide early ex vivo evidence, supporting this possibility by demonstrating that CD38-
CAR iNKT cells which were continuously stimulated with tumor cells can still be expanded
by simulation with α-GalCer loaded DCs.

In conclusion, our study demonstrates not only the feasibility but also the most
optimal conditions for the generation of BCMA- and CD38-CAR transduced iNKT cells
to maximally exploit the therapeutic properties of BCMA- and CD38-CARs iNKT cells
in the battle against MM. iNKT cells can be safely used across HLA barriers and can be
exponentially expanded ex vivo without losing their functional properties. This strategy
holds great potential to apply to a broad patient population, hereby tackling an important
drawback of CAR-based adoptive immunotherapy strategies.

4. Materials and Methods
4.1. CAR Constructs

CD38B1-CAR (in short CD38-CAR) constructs containing different costimulatory
domains were previously described in detail [42,43]. The BCMA-CAR contained the 4-1BB
costimulatory domain and was constructed using the published murine scFv sequence
derived from BCMA02 CAR (product name bb2121, WO 2016/094304 A2) [55]. In the SFG
retroviral construct, the scFv was followed by a CD8a transmembrane domain and the
4-1BB and CD3ζ signaling domains or a CD28 transmembrane domain and intracellular
sequence as described in Zhao et al. [45]. The CAR sequences were linked by a P2A
sequence [56] to a truncated low-affinity nerve growth factor (LNGFR), dsRed, or 4-1BBL
sequence, as depicted in Figure 1A. The 4-1BBL sequence, which was obtained form EBV-
LCL cell line 10850, was integrated in CD38B1-CAR vectors as described previously [43].

Phoenix-Ampho packaging cells were transfected with 10 µg CAR constructs + 5 µg
gag-pol (pHIT60), and 5 µg envelope (pCOLT-GALV) vectors (Roche, Basel, Switserland)
using calcium phosphate precipitation. Next, 16 h post-transfection medium was replaced
with complete Dulbecco’s modified Eagle medium (DMEM) + 10% fetal bovine serum
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(FBS, and two and three days after transfection, cell free supernatants containing retroviral
particles were collected and directly used for transduction of iNKT cells.

4.2. iNKT Cell Isolation, Expansion, and Transduction

Healthy donor blood peripheral mononuclear blood cells (PBMCs) were isolated from
buffy coats (Sanquin, Amsterdam, The Netherlands) through Ficoll-Paque (GE Health-
care Life Sciences, Hoevelaken, The Netherlands) density centrifugation. iNKT cells were
purified using a Vα24 specific iNKT isolation kit (Miltenyi Biotec, Leiden, The Nether-
lands). Isolated iNKT cells were cultured in RPMI-1640 (Life Technologies, Bleiswijk,
The Netherlands) supplemented with 10% FCS (Invitrogen, Bleiswijk, The Netherlands),
penicillin (100 U/mL) and streptomycin (100 µg/mL), and 5.5 mM beta-mercaptoethanol
(Gibco, Bleiswijk, The Netherlands). After isolation, the iNKTs were stimulated with the
negative PBMC fraction irradiated (25 Gray) in a 1:1 ratio, supplemented with 100 ng/mL
α-galactosylceramide (α-GalCer) (KRN7000 Funakoshi, Tokyo, Japan). The culture was sup-
plemented with rhIL-2 (50 U/mL) (R&D, Minneapolis, MN, USA), rhIL-7 (10 ng/mL), and
rhIL-15 (10 ng/mL) (PeproTech, London, UK) twice a week until retroviral transductions,
which were performed in a RetroNectin-coated (15 µg/mL) (Takara, Saint-Germain-en-
Laye, France) non-tissue treated 24-well plate (Corning, Amsterdam, The Netherlands)
at a density of 5–10 × 105 cells/mL in the presence of 1.0 mL virus per well followed by
spinoculation (3000 rpm, 1 h at room temperature) in the presence of 4 µg/mL Polybrene
(Sigma, Zwijndrecht, The Netherlands). A second transduction was conducted after 16 h,
replacing 2/3 of the cell supernatant with freshly obtained virus. Then, 6–8 h after the
second hit, half of the cell supernatant was replaced by fresh complete culture medium
(RPMI-1640) (Life Technologies, Bleiswijk, The Netherlands) with the cytokine mix as
previously described. Transduction efficiency was determined after 72 h as described in
the flow cytometry section. iNKT cells were cultured in 48 or 24 well plates and were split
1:2 once a cell density of 1.5–2 × 106 cells per/mL was reached. Every 7–10 days, irradiated
(25 Gray) α-GalCer pulsed dendritic cells (DC) were added at E/T ratio 1:1 and the cultures
were supplemented with the cytokine mix described earlier.

4.3. Generation of moDCs

CD14+ cells were isolated from PBMCs using CD14 MicroBeads (Miltenyi Biotec,
Leiden, The Netherlands) and were cultured in RPMI-1640 (Life Technologies, Bleiswijk,
The Netherlands) supplemented with 10% FCS (Invitrogen, Bleiswijk, The Netherlands),
penicillin (100 U/mL), and streptomycin (100 µg/mL) supplemented with 580 U/mL
IL-4 and 1000 U/mL granulocyte/macrophage colony-stimulating factor (GM-CSF). After
5 days, 100 ng/mL α-GalCer and 1000 ng/mL Lipopolysacharide (LPS) were added.
At Day 7, the mature, α-GalCer loaded moDCs with high expression of CD80, CD83, CD86,
and HLA-DR were harvested and used to stimulate iNKT cells [57].

4.4. Primary Bone Marrow MNCs from MM Patients

Bone marrow mononuclear cells (BM-MNCs) from MM patients containing ~10–40%
malignant plasma cells (determined as CD38+/CD56+/−/CD138+ cells by flow cytometry)
were isolated from bone marrow aspirates through Ficoll-Paque (GE Healthcare Life
Sciences, Hoevelaken, The Netherlands) density centrifugation. Isolated cells were directly
used in cytotoxicity assays or cryopreserved in liquid nitrogen until use. All primary
samples were obtained after informed consent and according to the code of conduct for
medical research developed by The Council of the Federation of Medical Scientific Societies
(FEDERA https://www.federa.org/codes-conduct).

4.5. Cell Lines

Luciferase-transduced or unmodified human MM cell lines UM9, MM1.s, and MM1.s-
CD1d were previously described [41,58,59]. The MM cell lines were cultured in RPMI-1640
((Life Technologies, Bleiswijk, The Netherlands)) with 10% HyClone FCS (Fisher Scien-
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tific, Amsterdam, The Netherlands) and antibiotics (penicillin; 100 U/mL, streptomycin;
100 µg/mL). Phoenix Ampho cells were cultured in Dulbecco’s modified Eagle medium
(DMEM) + GlutaMAX ((Life Technologies, Bleiswijk, The Netherlands)) with 10% FCS
(Invitrogen, Bleiswijk, The Netherlands) and penicillin (10,000 U/mL) and streptomycin
(10,000 µg/mL).

4.6. Flow Cytometry

Flow cytometry was performed on an LSR Fortessa instrument (BD). Viable cells were
determined with live/dead cell marker (LIVE/DEAD® Fixable Near-IR; Life Technologies,
Life Technologies, Bleiswijk, The Netherlands). Transduction efficiency via associated
CAR expression was measured with an APC-conjugated antibody towards low-affinity
nerve growth factor (LNGFR CD271), 4-1BBL (CD137L) (Biolegend, London, UK), or with
F(ab’)2-Goat anti-Mouse (eBioscience, Bleiswijk, The Netherlands) in case of the murine-
based BCMA sequence. CAR-28z-dsRed was measured in the PE-CF594 channel to detect
dsRed. Additional antibodies used for iNKT phenotyping were: CD3, CD4, and CD8 (BD
Bioscience, San Jose, CA, USA), Vα24, Vβ11 (Beckman Coulter, Woerden, The Netherlands),
PD-1, CD57, CD39, Tim3, LAG3, CD62L (Biolegend, London, UK). In cytotoxicity assays
antibodies against CD1d, CD3, CD19, CD38, CD56, and CD138 (BD Bioscience, San Jose,
CA, USA) were used. Flow cytometry data were analyzed using FCS Express (Pasadena,
CA, USA) V6 software.

4.7. Flow Cytometry-Based Cytotoxicity Assay

Serial dilutions of mock- or CAR-transduced iNKT cells were incubated with target
cells for 16–24 h. To distinguish the two cell types, target cells or effector cells were pre-
stained with 0.5 µM Violet tracer (Thermo Fisher, Bleiswijk, The Netherlands). After the
incubation period, Flow-Count™ Fluorospheres (Beckman Coulter, Woerden, The Nether-
lands) were added and the cells were harvested and stained for different CD markers
(see Section 4.6) to identify different cell subsets. Viable cells were then quantitatively
analyzed through Flow-Count-equalized measurements. Percentage cell lysis was calcu-
lated as follows and only if the analyzed target cell population contained > 500 viable cells
in the untreated samples. % lysis cells = (1 − ((#viable target cells in treated wells/#of
beads)/(#viable target cells in untreated wells/#of beads))) × 100%.

4.8. Cytokine Measurements

CAR iNKT cells were stimulated with relevant target cells for 16 h. The cytokines
(IL-2, IL-4, IL-6, IL-10, IL17A, TNF, and IFN-γ) released in the culture supernatants were
quantified using a Cytokine Bead Array (CBA) Human Th1/Th2/Th17 cytokine kit (BD,
San Jose, CA, USA) according to the manufacturers’ protocol.

4.9. Statistical Analysis

Statistical analyses were performed using GraphPad Prism software version 7.0
(GraphPad, San Diego, CA, USA). For normal distributions, parametric student’s t-tests
were used. In analyses where multiple groups were compared, either a parametric ANOVA
with Bonferroni post hoc test or nonparametric Kruskal–Wallis test were used with subse-
quent multiple comparison. A p value < 0.05 was considered significant.
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CAR Chimeric Antigen Receptor
DC
GM-CSF
HLA

Dendritic Cell
granulocyte/macrophage colony-stimulating factor
Human Leukocyte Antigens

iNKT
LNGFR
LPS

Invariant Natural Killer T cell
Low-affinity Growth Factor Receptor
Lipopolysacharide

MM
NK
PBMCs
SEM

Multiple Myeloma
Natural killer
peripheral blood mononuclear cells
standard error of the mean

TCR T Cell Receptor

References
1. Lipowska-Bhalla, G.; Gilham, D.E.; Hawkins, R.E.; Rothwell, D.G. Targeted immunotherapy of cancer with CAR T cells:

Achievements and challenges. Cancer Immunol. Immunother. CII 2012, 61, 953–962. [CrossRef]
2. Dotti, G.; Savoldo, B.; Brenner, M. Fifteen years of gene therapy based on chimeric antigen receptors: “Are we nearly there yet?”.

Hum. Gene Ther. 2009, 20, 1229–1239. [CrossRef]
3. Shiao, S.L.; Ganesan, A.P.; Rugo, H.S.; Coussens, L.M. Immune microenvironments in solid tumors: New targets for therapy.

Genes Dev. 2011, 25, 2559–2572. [CrossRef]
4. Ruella, M.; Kenderian, S.S. Next-Generation Chimeric Antigen Receptor T-Cell Therapy: Going off the Shelf. BioDrugs Clin.

Immunother. Biopharm. Gene Ther. 2017, 31, 473–481. [CrossRef]
5. Themeli, M.; Kloss, C.C.; Ciriello, G.; Fedorov, V.D.; Perna, F.; Gonen, M.; Sadelain, M. Generation of tumor-targeted human T

lymphocytes from induced pluripotent stem cells for cancer therapy. Nat. Biotechnol. 2013, 31, 928–933. [CrossRef] [PubMed]
6. Torikai, H.; Reik, A.; Liu, P.Q.; Zhou, Y.; Zhang, L.; Maiti, S.; Huls, H.; Miller, J.C.; Kebriaei, P.; Rabinovich, B.; et al. A foundation

for universal T-cell based immunotherapy: T cells engineered to express a CD19-specific chimeric-antigen-receptor and eliminate
expression of endogenous TCR. Blood 2012, 119, 5697–5705. [CrossRef] [PubMed]

7. Urbanska, K.; Lanitis, E.; Poussin, M.; Lynn, R.C.; Gavin, B.P.; Kelderman, S.; Yu, J.; Scholler, N.; Powell, D.J., Jr. A universal
strategy for adoptive immunotherapy of cancer through use of a novel T-cell antigen receptor. Cancer Res. 2012, 72, 1844–1852.
[CrossRef]

8. Rivière, I.; Dunbar, C.E.; Sadelain, M. Hematopoietic stem cell engineering at a crossroads. Blood 2012, 119, 1107–1116. [CrossRef]
[PubMed]

9. Kolb, H.J.; Schattenberg, A.; Goldman, J.M.; Hertenstein, B.; Jacobsen, N.; Arcese, W.; Ljungman, P.; Ferrant, A.; Verdonck, L.;
Niederwieser, D.; et al. Graft-versus-leukemia effect of donor lymphocyte transfusions in marrow grafted patients. Blood 1995, 86,
2041–2050. [CrossRef]

10. Bleakley, M.; Riddell, S.R. Molecules and mechanisms of the graft-versus-leukaemia effect. Nat. Rev. Cancer 2004, 4, 371–380.
[CrossRef]

11. Dickinson, A.M.; Wang, X.N.; Sviland, L.; Vyth-Dreese, F.A.; Jackson, G.H.; Schumacher, T.N.; Haanen, J.B.; Mutis, T.; Goulmy, E.
In situ dissection of the graft-versus-host activities of cytotoxic T cells specific for minor histocompatibility antigens. Nat. Med.
2002, 8, 410–414. [CrossRef] [PubMed]

12. Eyquem, J.; Mansilla-Soto, J.; Giavridis, T.; van der Stegen, S.J.; Hamieh, M.; Cunanan, K.M.; Odak, A.; Gönen, M.; Sadelain,
M. Targeting a CAR to the TRAC locus with CRISPR/Cas9 enhances tumour rejection. Nature 2017, 543, 113–117. [CrossRef]
[PubMed]

https://www.federa.org/codes-conduct
http://doi.org/10.1007/s00262-012-1254-0
http://doi.org/10.1089/hum.2009.142
http://doi.org/10.1101/gad.169029.111
http://doi.org/10.1007/s40259-017-0247-0
http://doi.org/10.1038/nbt.2678
http://www.ncbi.nlm.nih.gov/pubmed/23934177
http://doi.org/10.1182/blood-2012-01-405365
http://www.ncbi.nlm.nih.gov/pubmed/22535661
http://doi.org/10.1158/0008-5472.CAN-11-3890
http://doi.org/10.1182/blood-2011-09-349993
http://www.ncbi.nlm.nih.gov/pubmed/22096239
http://doi.org/10.1182/blood.V86.5.2041.bloodjournal8652041
http://doi.org/10.1038/nrc1365
http://doi.org/10.1038/nm0402-410
http://www.ncbi.nlm.nih.gov/pubmed/11927949
http://doi.org/10.1038/nature21405
http://www.ncbi.nlm.nih.gov/pubmed/28225754


Int. J. Mol. Sci. 2021, 22, 1096 14 of 15

13. Okamoto, S.; Mineno, J.; Ikeda, H.; Fujiwara, H.; Yasukawa, M.; Shiku, H.; Kato, I. Improved expression and reactivity of
transduced tumor-specific TCRs in human lymphocytes by specific silencing of endogenous TCR. Cancer Res. 2009, 69, 9003–9011.
[CrossRef] [PubMed]

14. Nicholson, E.; Ghorashian, S.; Stauss, H. Improving TCR Gene Therapy for Treatment of Haematological Malignancies. Adv.
Hematol. 2012, 2012, 404081. [CrossRef] [PubMed]

15. Töpfer, K.; Cartellieri, M.; Michen, S.; Wiedemuth, R.; Müller, N.; Lindemann, D.; Bachmann, M.; Füssel, M.; Schackert, G.;
Temme, A. DAP12-based activating chimeric antigen receptor for NK cell tumor immunotherapy. J. Immunol. (Baltimore, MD,
1950) 2015, 194, 3201–3212. [CrossRef]

16. Bollino, D.; Webb, T.J. Chimeric antigen receptor-engineered natural killer and natural killer T cells for cancer immunotherapy.
Transl. Res. J. Lab. Clin. Med. 2017, 187, 32–43. [CrossRef]

17. Zhang, C.; Oberoi, P.; Oelsner, S.; Waldmann, A.; Lindner, A.; Tonn, T.; Wels, W.S. Chimeric Antigen Receptor-Engineered NK-92
Cells: An Off-the-Shelf Cellular Therapeutic for Targeted Elimination of Cancer Cells and Induction of Protective Antitumor
Immunity. Front. Immunol. 2017, 8, 533. [CrossRef]

18. Chu, J.; Deng, Y.; Benson, D.M.; He, S.; Hughes, T.; Zhang, J.; Peng, Y.; Mao, H.; Yi, L.; Ghoshal, K.; et al. CS1-specific chimeric
antigen receptor (CAR)-engineered natural killer cells enhance in vitro and in vivo antitumor activity against human multiple
myeloma. Leukemia 2014, 28, 917–927. [CrossRef]

19. Heczey, A.; Liu, D.; Tian, G.; Courtney, A.N.; Wei, J.; Marinova, E.; Gao, X.; Guo, L.; Yvon, E.; Hicks, J.; et al. Invariant NKT cells
with chimeric antigen receptor provide a novel platform for safe and effective cancer immunotherapy. Blood 2014, 124, 2824–2833.
[CrossRef]

20. Liu, D.; Tian, S.; Zhang, K.; Xiong, W.; Lubaki, N.M.; Chen, Z.; Han, W. Chimeric antigen receptor (CAR)-modified natural killer
cell-based immunotherapy and immunological synapse formation in cancer and HIV. Protein Cell 2017, 8, 861–877. [CrossRef]

21. Glienke, W.; Esser, R.; Priesner, C.; Suerth, J.D.; Schambach, A.; Wels, W.S.; Grez, M.; Kloess, S.; Arseniev, L.; Koehl, U. Advantages
and applications of CAR-expressing natural killer cells. Front. Pharmacol. 2015, 6, 21. [CrossRef] [PubMed]

22. Tian, G.; Courtney, A.N.; Jena, B.; Heczey, A.; Liu, D.; Marinova, E.; Guo, L.; Xu, X.; Torikai, H.; Mo, Q.; et al. CD62L+ NKT cells
have prolonged persistence and antitumor activity in vivo. J. Clin. Investig. 2016, 126, 2341–2355. [CrossRef] [PubMed]

23. Matsuda, J.L.; Naidenko, O.V.; Gapin, L.; Nakayama, T.; Taniguchi, M.; Wang, C.R.; Koezuka, Y.; Kronenberg, M. Tracking the
response of natural killer T cells to a glycolipid antigen using CD1d tetramers. J. Exp. Med. 2000, 192, 741–754. [CrossRef]
[PubMed]

24. Matsuda, J.L.; Mallevaey, T.; Scott-Browne, J.; Gapin, L. CD1d-restricted iNKT cells, the ‘Swiss-Army knife’ of the immune system.
Curr. Opin. Immunol. 2008, 20, 358–368. [CrossRef] [PubMed]

25. Nair, S.; Dhodapkar, M.V. Natural Killer T Cells in Cancer Immunotherapy. Front. Immunol. 2017, 8, 1178. [CrossRef] [PubMed]
26. Metelitsa, L.S. Anti-tumor potential of type-I NKT cells against CD1d-positive and CD1d-negative tumors in humans. Clin.

Immunol. (Orlando, FL, USA) 2011, 140, 119–129. [CrossRef]
27. Pillai, A.B.; George, T.I.; Dutt, S.; Teo, P.; Strober, S. Host NKT cells can prevent graft-versus-host disease and permit graft

antitumor activity after bone marrow transplantation. J. Immunol. (Baltimore, MD, 1950) 2007, 178, 6242–6251. [CrossRef]
28. Komanduri, K.V. GVHD protection? ThiNK iNKT cells. Blood 2012, 120, 1972–1973. [CrossRef]
29. Tachibana, T.; Onodera, H.; Tsuruyama, T.; Mori, A.; Nagayama, S.; Hiai, H.; Imamura, M. Increased intratumor Valpha24-positive

natural killer T cells: A prognostic factor for primary colorectal carcinomas. Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 2005,
11, 7322–7327. [CrossRef]

30. Dhodapkar, M.V.; Geller, M.D.; Chang, D.H.; Shimizu, K.; Fujii, S.; Dhodapkar, K.M.; Krasovsky, J. A reversible defect in natural
killer T cell function characterizes the progression of premalignant to malignant multiple myeloma. J. Exp. Med. 2003, 197,
1667–1676. [CrossRef]

31. Chan, A.C.; Neeson, P.; Leeansyah, E.; Tainton, K.; Quach, H.; Prince, H.M.; Harrison, S.J.; Godfrey, D.I.; Ritchie, D.; Berzins, S.P.
Natural killer T cell defects in multiple myeloma and the impact of lenalidomide therapy. Clin. Exp. Immunol. 2014, 175, 49–58.
[CrossRef] [PubMed]

32. Tahir, S.M.; Cheng, O.; Shaulov, A.; Koezuka, Y.; Bubley, G.J.; Wilson, S.B.; Balk, S.P.; Exley, M.A. Loss of IFN-gamma production
by invariant NK T cells in advanced cancer. J. Immunol. (Baltimore, MD, 1950) 2001, 167, 4046–4050. [CrossRef] [PubMed]

33. Crough, T.; Purdie, D.M.; Okai, M.; Maksoud, A.; Nieda, M.; Nicol, A.J. Modulation of human Valpha24(+)Vbeta11(+) NKT cells
by age, malignancy and conventional anticancer therapies. Br. J. Cancer 2004, 91, 1880–1886. [CrossRef] [PubMed]

34. Exley, M.A.; Wilson, B.; Balk, S.P. Isolation and Functional Use of Human NKT Cells. Curr. Protoc. Immunol. 2010, 90,
14.11.1–14.11.17. [CrossRef]

35. Brennan, P.J.; Brigl, M.; Brenner, M.B. Invariant natural killer T cells: An innate activation scheme linked to diverse effector
functions. Nat. Rev. Immunol. 2013, 13, 101–117. [CrossRef] [PubMed]

36. Rotolo, A.; Caputo, V.S.; Holubova, M.; Baxan, N.; Dubois, O.; Chaudhry, M.S.; Xiao, X.; Goudevenou, K.; Pitcher, D.S.; Petevi, K.;
et al. Enhanced Anti-lymphoma Activity of CAR19-iNKT Cells Underpinned by Dual CD19 and CD1d Targeting. Cancer Cell
2018, 34, 596–610.e511. [CrossRef] [PubMed]

37. Nieda, M.; Okai, M.; Tazbirkova, A.; Lin, H.; Yamaura, A.; Ide, K.; Abraham, R.; Juji, T.; Macfarlane, D.J.; Nicol, A.J. Therapeutic
activation of Valpha24+Vbeta11+ NKT cells in human subjects results in highly coordinated secondary activation of acquired and
innate immunity. Blood 2004, 103, 383–389. [CrossRef] [PubMed]

http://doi.org/10.1158/0008-5472.CAN-09-1450
http://www.ncbi.nlm.nih.gov/pubmed/19903853
http://doi.org/10.1155/2012/404081
http://www.ncbi.nlm.nih.gov/pubmed/22319532
http://doi.org/10.4049/jimmunol.1400330
http://doi.org/10.1016/j.trsl.2017.06.003
http://doi.org/10.3389/fimmu.2017.00533
http://doi.org/10.1038/leu.2013.279
http://doi.org/10.1182/blood-2013-11-541235
http://doi.org/10.1007/s13238-017-0415-5
http://doi.org/10.3389/fphar.2015.00021
http://www.ncbi.nlm.nih.gov/pubmed/25729364
http://doi.org/10.1172/JCI83476
http://www.ncbi.nlm.nih.gov/pubmed/27183388
http://doi.org/10.1084/jem.192.5.741
http://www.ncbi.nlm.nih.gov/pubmed/10974039
http://doi.org/10.1016/j.coi.2008.03.018
http://www.ncbi.nlm.nih.gov/pubmed/18501573
http://doi.org/10.3389/fimmu.2017.01178
http://www.ncbi.nlm.nih.gov/pubmed/29018445
http://doi.org/10.1016/j.clim.2010.10.005
http://doi.org/10.4049/jimmunol.178.10.6242
http://doi.org/10.1182/blood-2012-07-439612
http://doi.org/10.1158/1078-0432.CCR-05-0877
http://doi.org/10.1084/jem.20021650
http://doi.org/10.1111/cei.12196
http://www.ncbi.nlm.nih.gov/pubmed/24032527
http://doi.org/10.4049/jimmunol.167.7.4046
http://www.ncbi.nlm.nih.gov/pubmed/11564825
http://doi.org/10.1038/sj.bjc.6602218
http://www.ncbi.nlm.nih.gov/pubmed/15520823
http://doi.org/10.1002/0471142735.im1411s90
http://doi.org/10.1038/nri3369
http://www.ncbi.nlm.nih.gov/pubmed/23334244
http://doi.org/10.1016/j.ccell.2018.08.017
http://www.ncbi.nlm.nih.gov/pubmed/30300581
http://doi.org/10.1182/blood-2003-04-1155
http://www.ncbi.nlm.nih.gov/pubmed/14512316


Int. J. Mol. Sci. 2021, 22, 1096 15 of 15

38. McEwen-Smith, R.M.; Salio, M.; Cerundolo, V. The regulatory role of invariant NKT cells in tumor immunity. Cancer Immunol.
Res. 2015, 3, 425–435. [CrossRef]

39. Richter, J.; Neparidze, N.; Zhang, L.; Nair, S.; Monesmith, T.; Sundaram, R.; Miesowicz, F.; Dhodapkar, K.M.; Dhodapkar, M.V.
Clinical regressions and broad immune activation following combination therapy targeting human NKT cells in myeloma. Blood
2013, 121, 423–430. [CrossRef]

40. Raje, N.; Berdeja, J.; Lin, Y.; Siegel, D.; Jagannath, S.; Madduri, D.; Liedtke, M.; Rosenblatt, J.; Maus, M.V.; Turka, A.; et al.
Anti-BCMA CAR T-Cell Therapy bb2121 in Relapsed or Refractory Multiple Myeloma. New Engl. J. Med. 2019, 380, 1726–1737.
[CrossRef]

41. Drent, E.; Groen, R.W.; Noort, W.A.; Themeli, M.; Lammerts van Bueren, J.J.; Parren, P.W.; Kuball, J.; Sebestyen, Z.; Yuan, H.;
de Bruijn, J.; et al. Pre-clinical evaluation of CD38 chimeric antigen receptor engineered T cells for the treatment of multiple
myeloma. Haematologica 2016, 101, 616–625. [CrossRef] [PubMed]

42. Drent, E.; Themeli, M.; Poels, R.; de Jong-Korlaar, R.; Yuan, H.; de Bruijn, J.; Martens, A.C.M.; Zweegman, S.; van de Donk, N.;
Groen, R.W.J.; et al. A Rational Strategy for Reducing On-Target Off-Tumor Effects of CD38-Chimeric Antigen Receptors by
Affinity Optimization. Mol. Ther. J. Am. Soc. Gene Ther. 2017, 25, 1946–1958. [CrossRef]

43. Drent, E.; Poels, R.; Ruiter, R.; van de Donk, N.; Zweegman, S.; Yuan, H.; de Bruijn, J.; Sadelain, M.; Lokhorst, H.M.; Groen, R.W.J.;
et al. Combined CD28 and 4-1BB Costimulation Potentiates Affinity-tuned Chimeric Antigen Receptor-engineered T Cells. Clin.
Cancer Res. Off. J. Am. Assoc. Cancer Res. 2019, 25, 4014–4025. [CrossRef] [PubMed]

44. Stephan, M.T.; Ponomarev, V.; Brentjens, R.J.; Chang, A.H.; Dobrenkov, K.V.; Heller, G.; Sadelain, M. T cell-encoded CD80 and
4-1BBL induce auto- and transcostimulation, resulting in potent tumor rejection. Nat. Med. 2007, 13, 1440–1449. [CrossRef]
[PubMed]

45. Zhao, Z.; Condomines, M.; van der Stegen, S.J.C.; Perna, F.; Kloss, C.C.; Gunset, G.; Plotkin, J.; Sadelain, M. Structural Design of
Engineered Costimulation Determines Tumor Rejection Kinetics and Persistence of CAR T Cells. Cancer Cell 2015, 28, 415–428.
[CrossRef]

46. Snyder-Cappione, J.E.; Nixon, D.F.; Chi, J.C.; Nguyen, M.L.; Kirby, C.K.; Milush, J.M.; Koth, L.L. Invariant natural killer T (iNKT)
cell exhaustion in sarcoidosis. Eur. J. Immunol. 2013, 43, 2194–2205. [CrossRef]

47. Lopez-Vergès, S.; Milush, J.M.; Pandey, S.; York, V.A.; Arakawa-Hoyt, J.; Pircher, H.; Norris, P.J.; Nixon, D.F.; Lanier, L.L. CD57
defines a functionally distinct population of mature NK cells in the human CD56dimCD16+ NK-cell subset. Blood 2010, 116,
3865–3874. [CrossRef] [PubMed]

48. Gayoso, I.; Sanchez-Correa, B.; Campos, C.; Alonso, C.; Pera, A.; Casado, J.G.; Morgado, S.; Tarazona, R.; Solana, R. Immunose-
nescence of human natural killer cells. J. Innate Immun. 2011, 3, 337–343. [CrossRef] [PubMed]

49. Nielsen, C.M.; White, M.J.; Goodier, M.R.; Riley, E.M. Functional Significance of CD57 Expression on Human NK Cells and
Relevance to Disease. Front. Immunol. 2013, 4, 422. [CrossRef]

50. Takenaka, M.C.; Robson, S.; Quintana, F.J. Regulation of the T Cell Response by CD39. Trends Immunol. 2016, 37, 427–439.
[CrossRef]

51. Fang, F.; Yu, M.; Cavanagh, M.M.; Hutter Saunders, J.; Qi, Q.; Ye, Z.; Le Saux, S.; Sultan, W.; Turgano, E.; Dekker, C.L.; et al.
Expression of CD39 on Activated T Cells Impairs their Survival in Older Individuals. Cell Rep. 2016, 14, 1218–1231. [CrossRef]
[PubMed]

52. Spanoudakis, E.; Hu, M.; Naresh, K.; Terpos, E.; Melo, V.; Reid, A.; Kotsianidis, I.; Abdalla, S.; Rahemtulla, A.; Karadimitris, A.
Regulation of multiple myeloma survival and progression by CD1d. Blood 2009, 113, 2498–2507. [CrossRef] [PubMed]

53. Xu, X.; Huang, W.; Heczey, A.; Liu, D.; Guo, L.; Wood, M.; Jin, J.; Courtney, A.N.; Liu, B.; Di Pierro, E.J.; et al. NKT Cells
Coexpressing a GD2-Specific Chimeric Antigen Receptor and IL15 Show Enhanced In Vivo Persistence and Antitumor Activity
against Neuroblastoma. Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 2019, 25, 7126–7138. [CrossRef] [PubMed]

54. Heczey, A.; Courtney, A.N.; Montalbano, A.; Robinson, S.; Liu, K.; Li, M.; Ghatwai, N.; Dakhova, O.; Liu, B.; Raveh-Sadka, T.;
et al. Anti-GD2 CAR-NKT cells in patients with relapsed or refractory neuroblastoma: An interim analysis. Nat. Med. 2020, 26,
1686–1690. [CrossRef]

55. Chekmasova, A.A.; Horton, H.M.; Garrett, T.E.; Evans, J.W.; Griecci, J.; Hamel, A.; Latimer, H.J., IV; Seidel, S.L.; Ryu, B.Y.;
Kuczewski, M.; et al. A Novel and Highly Potent CAR T Cell Drug Product for Treatment of BCMA-Expressing Hematological
Malignances. Blood 2015, 126, 3094. [CrossRef]

56. Kim, J.H.; Lee, S.R.; Li, L.H.; Park, H.J.; Park, J.H.; Lee, K.Y.; Kim, M.K.; Shin, B.A.; Choi, S.Y. High cleavage efficiency of a 2A
peptide derived from porcine teschovirus-1 in human cell lines, zebrafish and mice. PloS One 2011, 6, e18556. [CrossRef]

57. Lameris, R.; Schneiders, F.L.; de Gruijl, T.D.; van der Vliet, H.J. Exploiting the CD1d-iNKT cell axis for potentiation of DC-based
cancer vaccines. Methods Mol. Biol. (Clifton, N.J.) 2014, 1139, 155–165. [CrossRef]

58. Lameris, R.; de Bruin, R.C.; van Bergen En Henegouwen, P.M.; Verheul, H.M.; Zweegman, S.; de Gruijl, T.D.; van der Vliet, H.J.
Generation and characterization of CD1d-specific single-domain antibodies with distinct functional features. Immunology 2016,
149, 111–121. [CrossRef]

59. Lameris, R.; Shahine, A.; Pellicci, D.G.; Uldrich, A.P.; Gras, S.; Le Nours, J.; Groen, R.W.J.; Vree, J.; Reddiex, S.J.J.; Quiñones-Parra,
S.M.; et al. A single-domain bispecific antibody targeting CD1d and the NKT T-cell receptor induces a potent antitumor response.
Nat. Cancer 2020, 1, 1054–1065. [CrossRef]

http://doi.org/10.1158/2326-6066.CIR-15-0062
http://doi.org/10.1182/blood-2012-06-435503
http://doi.org/10.1056/NEJMoa1817226
http://doi.org/10.3324/haematol.2015.137620
http://www.ncbi.nlm.nih.gov/pubmed/26858358
http://doi.org/10.1016/j.ymthe.2017.04.024
http://doi.org/10.1158/1078-0432.CCR-18-2559
http://www.ncbi.nlm.nih.gov/pubmed/30979735
http://doi.org/10.1038/nm1676
http://www.ncbi.nlm.nih.gov/pubmed/18026115
http://doi.org/10.1016/j.ccell.2015.09.004
http://doi.org/10.1002/eji.201243185
http://doi.org/10.1182/blood-2010-04-282301
http://www.ncbi.nlm.nih.gov/pubmed/20733159
http://doi.org/10.1159/000328005
http://www.ncbi.nlm.nih.gov/pubmed/21576928
http://doi.org/10.3389/fimmu.2013.00422
http://doi.org/10.1016/j.it.2016.04.009
http://doi.org/10.1016/j.celrep.2016.01.002
http://www.ncbi.nlm.nih.gov/pubmed/26832412
http://doi.org/10.1182/blood-2008-06-161281
http://www.ncbi.nlm.nih.gov/pubmed/19056691
http://doi.org/10.1158/1078-0432.CCR-19-0421
http://www.ncbi.nlm.nih.gov/pubmed/31484667
http://doi.org/10.1038/s41591-020-1074-2
http://doi.org/10.1182/blood.V126.23.3094.3094
http://doi.org/10.1371/journal.pone.0018556
http://doi.org/10.1007/978-1-4939-0345-0_14
http://doi.org/10.1111/imm.12635
http://doi.org/10.1038/s43018-020-00111-6

	Introduction 
	Results 
	Isolation and Transduction of Invariant NKT Cells 
	iNKT Cells Equipped with a CAR Show CAR-Specific as Well as TCR-Dependent Cytotoxicity 
	Maximal On-Tumor and Minimal Off-Tumor Effects of CD38-CAR and BCMA-CAR Transduced iNKT Cells 
	The Cytokine Profiles CD38-CAR and BCMA-CAR-Transduced iNKT Cells 
	CAR-Dependent Expansion of CD38-CAR iNKT Cells with Different Costimulatory Domains 
	TCR-Mediated Proliferation of CD38-CAR and BCMA-CAR iNKT Cells 

	Discussion 
	Materials and Methods 
	CAR Constructs 
	iNKT Cell Isolation, Expansion, and Transduction 
	Generation of moDCs 
	Primary Bone Marrow MNCs from MM Patients 
	Cell Lines 
	Flow Cytometry 
	Flow Cytometry-Based Cytotoxicity Assay 
	Cytokine Measurements 
	Statistical Analysis 

	References

