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ABSTRACT
An effective therapy regimen for relapsed/refractory high-risk neuroblastoma (NB) includes the anti-
GD2 monoclonal antibody, dinutuximab, in combination with temozolomide and irinotecan, sup-
porting a role for chemo-immunotherapy in NB. γδ T cells are an attractive anti-tumor immunother-
apy because of their direct cytotoxic activity mediated through cell surface receptors NKG2D and
CD16. NKG2D facilitates the innate recognition of stress-induced ligands whereas CD16 recognizes
antibody bound to tumors and activates mechanisms of antibody-dependent cellular cytotoxicity
(ADCC). This study demonstrates an efficient method for expanding and storing γδ T cells from NB
patient-derived apheresis products at clinically relevant amounts. The expanded patient-derived γδ
T cells were cytotoxic against the K562 cell line and multiple NB cell lines. Combining γδ T cells with
dinutuximab led to a 30% increase in tumor cell lysis compared to γδ T cells alone. Furthermore,
low-dose temozolomide in combination with expanded γδ T cells and dinutuximab resulted in
increased IFNγ secretion and increased γδ T-cell surface expression of FasL and CD107a. IMR5 NB
cell line xenografts established subcutaneously in NSG mice were treated with a regimen of
dinutuximab, temozolomide, and γδ T cells. This combination caused targeted killing of NB xeno-
grafts in vivo, reducing tumor burden and prolonging survival. These data support the continued
preclinical testing of dinutuximab and temozolomide in conjunction with γδ T-cell immunotherapy
for patients with recurrent/refractory NB.
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Introduction

Neuroblastoma (NB), the most common extracranial pediatric
solid tumor, is treated with multimodal therapy, including cyto-
toxic chemotherapy, autologous stem cell transplantation, local
control with surgery and radiation, and maintenance immu-
notherapy. Despite increases in the intensity of therapy, high-
risk NB has a 5-year event-free survival rate of <50%.1,2 Further
dose escalation to improve survival is limited by the acute and
chronic toxicities already encountered with current chemother-
apy regimens.3–5 Cytotoxic chemotherapy has rarely been cura-
tive in high-risk NB as an individual treatment, leading to the
evaluation of more targeted agents and novel modalities, most
recently immunotherapy (for example, see: NCT03294954,
NCT01460901, NCT01576692, NCT03242603, NCT03373097,
and NCT02311621). Chemotherapy can positively impact the
efficacy of immunotherapy by limiting the interference of pro-
tumorigenic immune regulatory cells systemically andwithin the
tumor microenvironment.6–11 It can also be detrimental, as che-
motherapy can be toxic to the therapeutic immunocompetent
cells, whether innate or adaptive.12,13 While chemotherapy lacks
specificity and generally targets proliferating cells, it can still be

used as an effective method to sensitize tumors to anti-tumor
cytotoxic T-cell lymphocytes.14–16

The use of monoclonal antibodies (mAb) as a cancer ther-
apeutic has been clinically evaluated in an array of neoplastic
disorders.17 Specifically for NB, the development of antibodies to
GD2 (3-F8, ch14.18 now dinutuximab, hu14.18K322A, etc.18),
a diasylganglioside found on a subset of NB cells, proved useful
in the setting of minimal residual disease, yet showed little effect
on the growth of bulky tumors in the relapsed and refractory
setting.19–26 However, the combination of dinutuximab with
chemotherapy resulted in a 47% response rate, with complete
and partial responses seen in relapsed/refractory patients with
bulky metastatic disease27. Furthermore, the combination of
chemotherapy and a similar monocloncal anti-GD2 antibody
in newly diagnosed high-risk NB patients has shown thus far
response rates as high as 80%.23,28,29 Although increased
response rates have been achieved, the effect of anti-GD2 anti-
body and chemotherapy combinations on cure rates in newly
diagnosed high-risk NB patients is currently unknown and,
therefore, actively under investigation in pilot clinical trials.
Overall, the success of dinutuximab and chemotherapy combi-
nations has established a paradigm of trial concepts and
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preclinical investigations to identify additional agents that will
augment this effective chemo-immunotherapy backbone
(NCT01576692 and NCT0379349).

The biological effectiveness of anti-GD2 antibodies, including
dinutuximab, is dependent on antibody-dependent cellular cyto-
toxicity (ADCC) through the CD16, FcγRIII, receptor.30,31 We
hypothesized the efficiency of monoclonal antibodies (mAbs),
such as dinutuximab, could be improved by the infusion of
cytotoxic cells capable of recognizing the Fc portion of mAbs.
γδ T cells are innate immunocompetent cells that are an attrac-
tive candidate for immunotherapy because, unlike αβ T cells,
they are not restricted by major histocompatibility complexes
(MHC). Importantly, subsets of expanded γδ T cells have been
shown to express high levels of CD16,32 which can enhance
ADCC through Fc recognition. In addition, γδ T cells have
intrinsic anti-tumor activity as they also express FasL and recog-
nize stress antigens.33,34 γδ T cells have the inherent ability to
recognize stress antigens including MHC class I related chain A/
B (MICA/B) andUL16 binding protein (ULBPs) via the NKG2D
receptor (natural killer group 2, member D).35,36 The interaction
of NKG2Dwith stress-inducible ligands produces rapid cell lysis
and secretion of pro-inflammatory cytokines, including
IFNγ.34,37 Studies have also shown that host γδ T- cell tumor
infiltration results in an overall better prognosis.38 Taken
together, we hypothesize that administration of an ex vivo
expanded γδ T-cell product could be an effective and novel
treatment for high-risk NB.

Unfortunately, efforts aimed at expanding γδ T cells in vivo
have not shown clinical benefits. For example, stimulating the
production of γδ T cells in vivo with IL-2 can concurrently
stimulate the production of regulatory T cells, potentially inhi-
biting immune surveillance of cancer cells.39,40 We therefore
devised a novel method to successfully expand γδ T cells from
peripheral blood. Our previous studies demonstrated γδ T cells
from healthy donor frozen peripheral blood mononuclear cells
(PBMCs) can be expanded using a serum-free expansion
protocol.41 Notably, newly diagnosed high-risk NB patients
undergo hematopoeitic stem cell collection and storage in antici-
pation of autologous stem cell transplant as a standard of care,
yet many of these apheresis products go unused. One goal of
these investigations was to assess whether γδ T cells from NB
patient apheresis products could be used as a potential source for
a viable and active expansion.

NKG2D is highly expressed on healthy donor expanded γδ
T cells.32,33,42 Prior studies have shown that chemotherapy
induces the expression of stress antigens such as, MHC class
I chain-related protein A or protein B (MICA/B) or UL16-
binding proteins (ULBPs), on the tumor cell surface, increasing
tumor cell vulnerability.43 By increasing susceptibility of cancer
cells to recognition via the NKG2D receptor on γδ T cells,
chemoimmunotherapy combinations can provide a therapeutic
benefit not seen by either modality alone.14,15,35,44–46 The alky-
lating agent, temozolomide (TMZ), is used in heavily pre-treated
relapsed patients to induce tumor cell killing47. TMZ is known to
induce transient expression of NKG2D ligands.14,15,35 We there-
fore hypothesized that dinutuximab and TMZ in combination
with ex vivo expanded γδ T cells may provide a benefit to NB
treatment outcomes. Herein, our data supports the ability to
expand γδ T cells in serum-free conditions from apheresis

hematopoietic stem cell (HSC) products collected from patients
with NB and illustrates a survival benefit when combining these
cells with chemotherapy and mAb therapy.

Results

Robust NB patient-derived γδ T cell expansion in serum
free media

Recently, we published a good manufacturing practice (GMP)-
compliant process using serum-free media to expand γδ T cells
with aminobisphosphonates (e.g. zoledronic acid) combined
with IL-2.41 To determine whether these methods could be
translated to frozen primary NB patient mobilized and apher-
esed PBMCs, the serum-free protocol with zoledronic acid and
IL-2 supplementationwas employed using cells harvested from 5
NB patients and compared to healthy controls, which were
included to replicate our previoius findings. Overall, the percen-
tage of γδT cells fromNB patient donors during 2-week cultures
increased from 1.15 ± 0.90% to greater than 75% of the popula-
tion (Figure 1(a)). Mean-fold expansion of NB patient-derived
γδ T cells ranged from 25- to 310-fold.

Reproducibility was tested by expanding cells from one donor
in triplicate, which showed no significant variability (paired
t-test) in the percentage of γδ T cells during the expansion
process (Figure 1(b)). Flow cytometry analysis confirmed the
resulting cell populations to be of similar composition among
the NB patient and healthy PBMCs, including populations of γδ
T cells (CD3+, pan-γδ+), αβ T cells (CD3+, pan-γδ−), and a low
percentage of CD3− cells. Specifically, by day 14 of expansion,
the myeloid/lymphoid non-T-cell population (CD3−, CD56−)
comprised 2–10% of the population, NK cells (CD3−, CD56+)
accounted for 4–12%, the non-γδ lymphocytes range from 4% to
26%, with the γδ lymphocytes constituting the majority of the
population, at 60–82% (Figure 1(c), Supplemental Table 1).
Additional flow cytometry characterization was performed to
further classify the different γδ T-cell populations, predomi-
nantly the Vδ2 subtype (Supplemental Figure 1, Supplemental
Table 2). The majority of cells are CD3+ (95.57 ± 0.00) and of
these, the majority are γδ T cells (85.63 ± 0.85 Vδ2 and 7.00 ±
0.07 Vδ1). Of the Vδ2 γδ T cells, we further subdivided into
CD28+CD27+ (65.90 ± 0.71), CD28- CD27+ (19.73 ± 1.56), and
CD28- CD27- (12.37 ± 0.99) (Supplemental Table 2). These
results therefore show that the bulk population of the γδ
T cells are defined as Vδ2 γδ effector memory T cells, denoted
by CD28 +CD27+ CD16+ CD45RA-CD45RO+ and CD62L-
phenotype.48 Based on preliminary RNAseq data (data not
shown) the transcripts for perforin and granzyme are high (in
the top 10% of RNA reads). Therefore, supporting that effector
memory cells have high granzyme/perforin expression.
Additionally, the NB patient-derived γδ T cells lack PD1/PDL1
expression, suggesting the cells can function despite a PD1/
PDL1 rich tumor environment (Supplemental Table 2). As
expected there is a mixed expression of CD57, as this senescence
marker indicates some cells are further down the senescence
pathway than others (Supplemental Table 2). Together, these
data demonstrate the ability to consistently achieve similar
expansion of active NB patient-derived γδ T-cell populations
and the subtypes associated with these expansions.
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NB patient-derived γδ T cells remain cytotoxic after
freezing

To evaluate the cytotoxicity of patient-derived γδ T cells
against a standard K562, chronic myelogenous leukemia cell
line, expanded γδ T cells were co-incubated at a 5:1 effector to
target ratio. The γδ T cells derived from NB patients (N = 5)
and healthy donors (N = 3) were used against the target cell
line to determine the percentage of cells killed by effectors,
which was evaluated by flow cytometry (Figure 2(a,c)). To
ensure the γδ T cells would be uniform and useful as a cellular
product, we evaluated γδ T-cell cytotoxicity following
a serum-free freezing process. The viability of the γδ T cells
post-thaw was assessed using trypan blue exclusion and was
consistently greater than 70%. Eight hours after the cells were
thawed, cell killing was normalized to background cell death
and maintained at 51.9 ± 5.5% (N = 5), which was not
significantly different from the 58.7 ± 10.3% prior to freezing
(N = 5) (Figure 2(b,d)).

Killing by NB patient-derived γδ T cells is enhanced when
combined with dinutuximab

In the presence of mAb, the FcγRIII receptor, CD16, facilitates
ADCC and this mechanism has been evaluated pre-clinically in
NB models.49–52 The serum-free expansion and activation of γδ
T cells demonstrated that patient-derived and healthy donor

cells have a robust expression of CD16 (Figure 3(a-b)). CD16
expression at the start of expansion was <20% and increased to
80% by day 6 on the total and γδ T cell populations.

To first determine the binding potential of dinutuximab to
a number of NB cell lines, dinutuximab was biotinylated and
flow cytometry was used to measure its binding to NGP, NLF,
SMS-SAN, NB1691, LAN5, NB1643, SMS-KCNR, IMR5, Kelly,
SKNBE2C (MYCN amplified) and SKNAS, CHLA15, and
CHLA20 (MYCN single copy) NB cell lines. These cell lines
were derived from a variety of human NB tumors with variable
GD2 expression, aggressiveness of the disease, and genomic
profiles, including those with and without MYCN amplification
and/or ALK mutations. High GD2 expression correlated with
greater dinutuximab binding (non-linear regression second
order polynomial R2 = 0.94) compared with dinutuximab bind-
ing to non-NB cell lines that lack GD2 expression such as K562,
Jurkat, and 697, which were used as references for non-specific
binding (Figure 3(c)). Interestingly there is less correlation
between the amount of GD2 expressed on the cell line surface
and the increase in cytotoxicity with DTX. This suggests that the
γδ T cells are able to recognize antibody targets on the cell
surface regardless of the concentration of antibody bound. To
assess the cytotoxicity potential of patient-derived γδ T cells
against human-derived NB cell lines, three separate patient-
derived γδ T-cell expansions were used in cytotoxicity assays
with high GD2-expressing NB cell lines at 5:1 effector to target
ratios, with and without dinutuximab (Figure 4(a)). The average

Figure 1. Expansion of γδ T cells from NB patient-derived PBMCs. (a) γδ T cells were expanded using serum-free conditions from commercially available healthy
donor PBMCs (n = 2, with one repeated expansion using the same donor) or NB patients (n = 6, where some patient samples were expanded multiple times). All
cultures were supplemented with IL-2 on days 0 (500 IU/mL), 3 (500 IU/mL), 6 (1,000 IU/mL), and 9 (1,000 IU/mL) and zoledronic acid (5 µM) on days 0 and 3. Live
cells were gated for CD3+, CD56-, and pan γδ TCR+ to determine γδ T-cell percentage. Data comparing a healthy donor versus a NB patient starting product were
not significantly different by non-paired, two tail t-test on day 7 (p = 0.97) and 12 (p = 0.55). (b) An apheresis product from a single NB patient was divided into two
samples and each was expanded three times. The average γδ T-cell percentage and standard deviation are shown. (c) The cellular distribution of a starting PBMC
product on day 0 differs from the cellular components on day 14 of expansion, and the change is not dependent on the donor being healthy or having NB. γδ T cells
comprise less than 5% of the starting cellular product and increases to 60–90% of the expanded cells.
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cell killing of IMR5, Kelly, CHLA15, CHLA20, and SMS-SAN
NB cell lines increased 97.9%, 62.9%, 32.7%, 33.0%, and 54.5%,
respectively, when target cells were incubated with γδ T cells and
dinutuximab relative to baseline cell death of untreated cells. We
performed live cell imaging over 6 hr, which confirmed
increased cell killing of IMR5 cells when treated with γδ T cells
and dinutuximab compared to background cell killing in target
or effector cells alone (Figure 4(b-c)). Representative still images
from the live cell imaging reveals the high intensity of PI staining
at 6 hrs when γδ T cells were incubated with IMR5 cells, clearly

demonstrating the cytotoxic potential of patient-derived γδ
T cells against NB (Figure 4(c)).

Patient-derived γδ T cells in combination with
dinutuximab do not affect NB growth in a xenograft
murine model

To test the effectiveness of patient-derived γδ T cells in vivo,
NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice were used to
establish subcutaneous NB tumors with IMR5 cells. Once the

Figure 3. CD16 expression of NB patient-derived γδ T cells and dinutuximab binding to NB cell lines A. γδ T cells were expanded using serum-free conditions and
examined for surface expression of CD16 by flow cytometry. CD16 expression on days 0, 6, 12, and 14 of expansion is shown for the bulk culture (a) and specifically
on γδ T cells (b). Multiple NB cell lines of variable genomic profiles and disease aggressiveness were evaluated for the percentage of GD2 surface expression and
dinutuximab (DTX) binding (c) Biotinylated DTX (0.5 μg) was used to demonstrate the specificity of antibody binding to NB cell lines, which showed a trend between
GD2 expression and DTX binding with increased surface GD2 corresponding to increased DTX binding (N = 3 per sample and the mean is shown).

Figure 2. Cytotoxic activity of NB patient-derived γδ T cells Healthy donor (a, b) and NB patient (c, d) γδ T cells were expanded to day 14 and frozen at 1 × 107 cells/
mL. Prior to freezing, cells were tested for cytotoxic potential against K562 cells. The left side panels show data from cells prior to freezing and the right side panels
show data from cells after freezing. For the post-thaw samples, cells were thawed at 37oC and incubated in growth media for 8 hrs prior to use in the 4 hr
cytotoxicity assay. (b, d) γδ T cells were used at a 5:1 effector to target ratio and incubated for 4 hr with K562 cells. Cytotoxicity was measured using flow cytometry
by gating on the target cells stained with VPD450 and then analyzing the target cells for the dead stain dye, eFluor Alexa 780. There was no significant difference
between pre-freeze and post-thaw γδ T-cell percentage as well as cytotoxicity (one-way ANOVA p = 0.618, N = 4). Raw representative flow cytometry data are
shown.
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tumor was palpable (125 mm3), the animals were randomized to
receive γδ T cells alone or γδ T cells with 200 or 400 μg of
dinutuximab, all delivered intravenously. Injections of γδ T cells
were administered every 3 days over 15 days and dinutuximab
was administered on days 1 and 10 (Figure 5(a)). Mice were
monitored for tumor growth (Figure 5(b)), weight, and survival.
There were no significant differences in the average tumor
volume, weight, or survival between these treatment groups by
one-way ANOVA on days 10 and 20.

To determine the efficiency of tumor targeting by dinutux-
imab and γδ T cells, biotinylated dinutuximab was adminis-
tered and on days 1, 4, and 7 after injection, tumors were
harvested and antibody-coated tumor cells were measured by
flow cytometry. The greatest binding to tumor cells was
observed on day 4 with a geometric mean fluorescence inten-
sity (MFI) of 1848. Day 1 and 7 MFI were 1459 and 1056,
respectively (Figure 5(c)). As expected, γδ T-cell homing to
IMR5 cells was low, with less than 1% of the tumor being γδ
T cells, which was approximately 10-fold less than the per-
centage of the γδ T cells found in peripheral blood
(Supplemental Figure 2).53 In addition, the persistence of γδ
T cells in peripheral blood demonstrated a steady decline with

values decreasing to near baseline by 1 week after administra-
tion (Supplemental Figure 3).

Temozolomide enhances dinutuximab and γδ T cell
in vitro and in vivo killing of NB cells

Temozolomide (TMZ) has been reported to induce stress
ligands in models of glioblastoma, leading to increased γδ
T cell-based killing of glioblastoma cells.35 When incubating
IMR5 NB cells with TMZ, there was no detected inducible
increase in NKG2DL (MICA/B, ULBP1, ULBP2/5/6) with
doses ranging from 100 μM to 2 mM (Supplemental Figure
4). However, when IMR5 cells were incubated at a dose of 400
μM TMZ for 1 hr prior to performing a cytotoxicity assay
with γδ T cells in combination with dinutuximab, there was
a 10% increase in cell death compared to IMR5 treated with
only γδ T cells and dinutuximab (non-paired t-test p < 0.05)
(Figure 6(a)). To analyze the secretion of cytokines that could
potentially be influencing cell death, the media from
a cytotoxicity assay was collected and probed for cytokine
expression (Figure 6(b)). An increase in the secretion of

Figure 4. Evaluating ADCC with NB patient-derived γδ T cells (a) Cytotoxicity assay using NB cell lines that showed high GD2 expression. Black bars indicate NB
patient-derived γδ T cells at a 5 to 1 effector to target ratio while the grey bars represent the same assay with dinutuximab (DTX) included at 5 μg/mL. DTX alone did
not show significant killing (data not shown). Expanded NB patient cells functioned as the effector cells and experiments were repeated in triplicate, mean and
standard deviations (SD) are shown. (Significance determined by paired t-test * p < 0.05; **p < 0.01). (b) Live cell images at 6 hrs of IMR5 cells (stained with CFSE) co-
incubated with or without γδ T cells (stained with VPD450 proliferation dye) and with or without DTX (5 μg/mL). Cell death was quantified by PI intensity (100 μM).
The mean and SD (N = 4) were quantified by the relative intensity of PI staining over 6 hrs during live cell imaging. (c) Representative still images at 6 hrs: CFSE stain
shows the IMR5 target cells, VPD450 shows the effector γδ T cells, PI staining identifies dead cells and bright field are captured.
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IFNγ and TNFα was observed when γδ T cells/dinutuximab
were cultured with IMR5 cells, but there was no significant
difference when TMZ was added to this combination. When
IMR5 cells were incubated with γδ T cells, dinutuximab, and
TMZ there was an increase in MIF expression. In addition to
measuring cytokine expression, the γδ T cells from these
assays were examined for cytotoxicity markers, including
FASL and CD107a, to determine if TMZ pretreatment of
NB cells induces γδ T cells FAS-mediated killing. FASL and
CD107a were indeed increased on γδ T cells when cultured
with NB cells pretreated with dinutuximab and TMZ (Figure
6(c)). CD112, CD15, TRAIL-R1, TRAIL-R2, and FAS were all
expressed in IMR5 cells, and 400 μM TMZ did not alter the
expression of these ligands on IMR5 (Supplemental Figure 5).

To determine if the enhanced killing observed with TMZ
in vitro occurs in vivo, TMZ sensitivity was tested on established
IMR5 subcutaneous xenografts growing in NSG mice. Once
tumors were 125mm3, TMZ was administered intraperitoneally
at 125 mg/kg, 85 mg/kg, 40 mg/kg, or 20 mg/kg once a day every
3 days (for a total of six doses) (Figure 7(a,c)). The 125 mg/kg
dose was lethal and the 85 mg/kg dose resulted in nearly com-
plete tumor eradication. Doses below 85 mg/kg resulted in
tumor growth, but only after completion of the six doses. Mice
that received 20 mg/kg had diminished tumor growth; however,
tumors progressed in every mouse in this cohort. A clear dose-
response was achieved between 0 and 85 mg/kg TMZ.
Combining 40 mg/kg TMZ with dinutuximab did not affect

tumor growth, nor did the combination of γδ T cells and TMZ
(Figure 7(b,d)). In all combination treatments using TMZ and
γδ T cells, TMZ was administered 8 hrs prior to the γδ T cells. In
contrast to TMZ plus γδ T cells, mice treated with the combina-
tion of patient-derived γδT cells, dinutuximab, and 20 or 40mg/
kg TMZ dose showed a significant reduction in tumor growth
compared to untreated or mice treated with any single therapy
alone (p = 0.01) (Figure 7(d–f)). In addition to tumor reduction,
the combination of immunotherapies (γδ T cells and dinutux-
imab) with TMZ resulted in significant survival benefits for mice
treated with 40 mg/kg TMZ (log-rank Mantel-Cox, p = 0.0059)
(Figure 7(g)). Mice treated with a combination of γδ T cells,
dinutuximab and TMZ at 20 mg/kg also showed significant
survival advantage (log-rank Mantel-Cox, p < 0.05) compared
to TMZ treatment alone (Figure 7(h)). Additionally, there is
a statistically significant survival advantage of γδ T cells +
dinutuximab + 40 mg/kg TMZ compared to γδ T cells + dinu-
tuximab + 20 mg/kg TMZ (log-rank Mantel-Cox, p = 0.04).

Discussion

The goal of these studies was to determine if a readily available
cellular source material could be expanded into a cytotoxic γδ
T-cell product, and if the expanded cells could be used to treat NB
in a preclinical model. NB is currently treated with chemotherapy,
radiation therapy, surgery, autologous stem cell transplantation,
and maintenance immunotherapy containing dinutuximab.1 For

Figure 5. In vivo effectiveness of NB patient-derived γδ T cells and dinutuximab (a) Schematic of the treatment plan for NSG mice injected subcutaneously with IMR5
cells and treated with γδ T cells, dinutuximab (DTX), or a combination of the two. (b) The mean tumor volume is shown for each group: untreated (N = 8), γδ T cells
only (N = 8), γδ T cells + DTX (200 μg) (N = 6), γδ T cells + DTX (400 μg) (N = 4). The mean and standard deviation is shown for each cohort. (c) NSG mice with
established IMR5 subcutaneous tumors were injected with 200 μg biotinylated DTX. Mice were sacrificed and tumors processed prior to injection (untreated) and
after injection on days 1, 4, or 7. Representative flow cytometry for N = 3 is shown.
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high-risk patients, survival outcomes remain poor.3,13 Since most
children undergoing stem cell transplantion have additional
unused apheresis products, there is potential to expand γδ T cells
from these banked cells to be used as a therapeutic. Although
substantial progress is being made in the field of cellular immu-
notherapy, NB specific advances have been limited. For example,
the development and standardization of autologous chimeric anti-
gen receptor (CAR) T-cell protocols allowed for the development
of anti-GD2-based CARs.52,54,55 However, the GD2 CAR has had
some setbacks, such as severe off-tumor toxicities including fatal
encephalitis in preclinicalmodels.56 In the current study, γδT cells
are presented as an alternative to αβ-based CAR T cells as γδ
T cells should have specific advantages since multiple killing
mechanisms are inherent to these cells, including ADCC-based
mechanisms, FasL expression, and targeting of stress antigens.

Recently, we developed protocols for a serum-free expansion
method for γδ T cells from normal donors and showed that cells
expanded using this GMP-compliant process provided
a sufficient cell source to support clinical testing41. In this cur-
rent study, the protocol was expanded to include cell products
from children who underwent standard treatments for NB. This
is the first study to utilize NB patient stem cell collection pro-
ducts for generating γδ T cells, which supports the expansion
manufacturing process. The composition of the expanded pro-
duct on day 14 is not significantly different compared to expan-
sions using healthy donor PBMCs. In addition, the data shows
that patient-derived cells retain their cytotoxic activity after
storage in liquid nitrogen, which is important as it is predicted

that multiple doses of the cellular product would be needed for
each subject. The ability of patient-derived γδ T cells to recog-
nize and kill tumor cells through mechanisms of ADCC and
stress antigen recognition is important because it is anticipated
the cells will be combined with standard of care therapy for
relapsed and ultimately newly diagnosed NB, that includes
both antibodies and chemotherapy that can enhance cytotoxicity
by γδ T cells.42,57 Importantly, CD16 is upregulated during γδ
T cells expansion and supports ADCC-based killing. Because the
use of dinutuximab has demonstrated improved clinical out-
comes in newly diagnosed and relapsed patients, the expansion
and infusion of CD16+ γδ T cells in combination with dinutux-
imab is predicted to be beneficial, and our in vitro data shows
that this combination does provide some benefit when targeting
highly expressing GD2 NB cell lines. However, the tumor killing
by the combination of γδ T cells and dinutuximab using an
immunocompromised NSG mouse, lacking in NK, B, and
T cells, is insufficient for NB tumor eradication. Furthermore,
the in situ microenvironment may also affect γδ T cells/dinu-
tuximab efficacy possibly via immune cell exhaustion of the
cellular product, which may benefit from cytokine supplementa-
tion which is done clinically with anti-GD2 antibody therapy.
Our data strongly supports that the lack of in vivo efficacy of the
dinutuximab/γδ T cell combination alone is most likely due to
insufficient trafficking of γδ T cells to the tumor, which is a well-
defined issue for cellular products.53,58,59

To enhance the effectiveness of patient-derived γδ T cells, we
tested the combination of immunotherapy and chemotherapy.

Figure 6. Increasing γδ T-cell function when combined with dinutuximab and TMZ (a) Representative flow cytometry of IMR5 cell killing with combinations of
dinutuximab (DTX), TMZ, and γδ T cells. From top to bottom, panel A shows killing for non-treated cells or cells treated with DTX, TMZ, γδ T cells (5:1 effector:target),
γδ T cells (5:1 effector:target) with DTX, or γδ T cells (5:1 effector:target) with DTX and TMZ. IMR5 background dead cell staining was 6%, which was similar to
treatments with DTX (5 μg/mL; 11% dead cells) and TMZ (400 μM; 11% dead cells). Average cell death increased to approximately 30% with γδ T cells, 39% with γδ
T cells and DTX, and 46% with γδ T cells, DTX, and TMZ (N = 3, p < 0.05). (b) Average and SD (N = 3) of human cytokine array quantified using ImageJ analysis.
Consistent with previous findings, γδ T cells secrete proinflammatory cytokines IFNγ and TNFα mixed with NB cells. There is an increase in cytokine production when
DTX and TMZ is included. All data is quantified as relative intensity to naïve γδ T cells. There is no significant difference between effector to target ratios 5 to 1 + DTX
and 5 to 1 + DTX + TMZ. Data in these groups is significantly different compared to 5 to 1 effector to target ratio alone p < 0.05. (c) Flow cytometry was performed
to measure FASL and CD107a on γδ T cells 4 hrs after initiation in cytotoxicity assays. Black and grey bars represent FASL and CD107a, respectively. Expression of
these proteins is elevated when γδ T cells are incubated with IMR5 cells and further elevated when combined with DTX and TMZ.
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Figure 7. Enhancing NB patient-derived γδ T-cell effectiveness in vivo by combination therapy (a-b) Schematic representation of the treatment plan for NSG mice
injected subcutaneously with IMR5 cells. Time T = 0 refers to when the tumor reaches a minimum of 125 mm3 and the start of treatment. NSG mice with established
IMR5 subcutaneous tumors were treated over a 17-day period at varied doses of TMZ, DTX, and γδ T cells. (c) Tumor volume was measured and average tumor
volume over time and standard deviation was calculated for TMZ doses of 20 mg/kg (N = 4), 40 mg/kg (N = 5), 60 mg/kg (N = 2), 85 mg/kg (N = 5), and compared to
untreated controls. (d) Untreated (N = 8), 2.5 × 106 γδ Only (N = 8), γδ + dinutuximab (DTX) (400 μg) [N = 4], TMZ (40 mg/kg) [N = 5], DTX (400 μg)+TMZ (40 mg/kg)
[N = 4], γδ+TMZ (40 mg/kg) [N = 5], and γδ+DTX (400 μg)+TMZ (40 mg/kg) [N = 6] were evaluated through day 30. (e) A lower dose of TMZ (20 mg/kg) [N = 4] was
used alone or with various combinations of DTX and γδ T cells [minimum of N = 4 per cohort]. (f) TMZ (40 mg/kg) [N = 5] and γδ+DTX (400 μg) + TMZ (40 mg/kg) [N
= 6] are compared by paired t-test over 4 weeks (*p = 0.029 at week 4). (g) Survival curves to day 50 from the start of treatment, shows a significant survival
advantage among animals that received 40 mg/kg TMZ with 400 μg DTX and 2.5 × 106 γδ T cells compared to γδ T cells alone, γδ T cells + DTX, γδ T cells + TMZ,
and TMZ + DTX (log-rank p < 0.001). (h) Survival curves to day 50 from the start of treatment, demonstrates significance in survival when using lower doses of TMZ
(20 mg/kg) with 400 μg DTX and 2.5 × 106 γδ T cells compared to untreated animals, γδ T cells only, γδ T cells+DTX, and TMZ (20 mg/kg) only (log-rank p < 0.001).
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Combining chemotherapy and cell-based therapeutics is typi-
cally complicated by chemotherapy-induced lymphopenia.
Because TMZ is rapidly metabolized to inactive products, it
provides a unique opportunity for combining treatment mod-
alities. We hypothesized that TMZ could upregulate stress anti-
gens and would subsequently be systemically inactivated/
eliminated prior to administration of the γδ T cells, thereby
providing a rational means of the timing of the combination
treatment. However, the in vitro data contradicts the use of TMZ
as an inducer of stress-ligands in NB cells. Instead, the combina-
tion of TMZ and dinutuximab induced an increase in cytokine
secretion, increased FasL expression on γδ T cells, and enhanced
degranulation when γδ T cells were co-cultured with target cells.
Therefore, based on these mechanisms, and apart from stress
antigen expression, it was predicted the combination would be
more effective in vivo than TMZ alone.

In an IMR5 in vivo murine model of NB, TMZ effectively
reduced tumor growth in a dose-dependent manner. When
using doses of TMZ that do not eradicate tumor growth
alone, a significant benefit was observed when combining
TMZ with γδ T cells and dinutuximab.

This response was not achieved with either of the single or
double treatment regimens. Interestingly, the benefit of γδ
T cells was achieved without co-administration of IL-2 or zole-
dronic acid, which have been previously used by others to sup-
port γδ T-cell survival.50,60 The mechanism by which TMZ
enhances the effectiveness of γδ T cells and dinutuximab is not
yet fully understood. One hypothesis is that TMZ does not act
directly on the tumor cells. Tumor cell growthmay be prevented
by affecting cells within the tumor microenvironment, such as
those involved in angiogenesis.61 It has been shown that low
dose metronomic TMZ indeed inhibits tumor angiogenesis.61

Additionally, anti-angiogenic therapies show potential benefit
when combined with immunotherapies for solid tumors
through normalization of abnormal tumor vasculature to allow
for increased infiltration of innate or adoptive immune effector
cells.62 Thus, TMZ may directly control tumor growth and
vasculature architecture to allow for the immunotherapeutic
component of treatment to be established in the tumor
microenvironment,63 supporting the notion that this mechan-
ism deserves further investigation in NB. Importantly, not only
can the combination reduce tumor growth, but the ability to
capitalize on the non-cytotoxic anti-tumor properties of che-
motherapy agents allows for lower chemotherapy dosing and
can benefit high-risk NB patients by reducing short- and long-
term toxicities associated with chemotherapy. For example,
a strategy incorporating expanded γδ T cells from a NB patients’
apheresed-frozen PBMC product, collected during standard of
care upfront therapy, potentially allows for a decrease in subse-
quent chemotherapeutic dosing without forgoing effectiveness
to prolong survival. Additionally, there are alternative strategies
to combined TMZ and cellular therapy including genetic engi-
neering of immunocompetent cells using vectors encoding
methylguanine methyltransferase,35 producing drug resistance.
This modification is required for protecting expanded cell ther-
apy products after administration and during the chemotherapy
challenge. However, it appears this engineering may not be
necessary if the administration of the cellular therapy and che-
motherapy are properly timed.

Overall, the data supports that NB patient-derived γδ
T cells can be efficiently expanded, and that the expanded
cells enhance the effectiveness of chemoimmunotherapy
in vivo. Although effective, it remains necessary to develop
methods to increase the trafficking of γδ T cells to the tumor
and increase their persistence in vivo. The data shows patient-
derived cells can provide benefit to the standard of care
chemotherapy and dinutuximab-based immunotherapy treat-
ments. While the majority of cellular based immunotherapies
primarily rely on αβ T cells, there are limitations to the use of
these cell products in solid tumor treatments. As such, alter-
native approaches such as the use of γδ T cells are necessary.
These results support the potential for clinical use of ex vivo
expanded γδ T-cell products to treat patients with highly
aggressive pediatric cancers, like neuroblastoma.

Materials and methods

Expansion of γδ T cells in serum-free media

Mobilized apheresed PBMCs were obtained from consented,
deceased, neuroblastoma patients at Children’s Healthcare of
Atlanta (Atlanta, GA). Commercially available healthy donor
frozen PBMCs were obtained from AllCells (Alameda, CA). At
the time of stem cell collection, each patient had undergone two
cycles of induction chemotherapy. Cells were cultured with
OpTmizer (Life Technologies, Carlsbad, CA) serum-free media
and supplemented with 2 mM L-glutamine and 1% penicillin/
streptomycin. All cultures were stimulated with 500–1000 IU/ml
of IL-2 (Peprotech, Rocky Hill, NJ) and 5 µM zoledronic acid
(Sigma-Aldrich). Media changes were performed every 3 days.
On days 0 and 3, cells were provided with 500 IU/mL of IL-2,
whereas on day 6 and 9, 1000 IU/mL is given. Zoledronic acid
was used at the start of culture and added again on day 3. Total
cell numbers were monitored periodically over a 2-week period
via Cellometer (Nexcelom, Lawrence, MA). Dead cells were
identified by trypan blue exclusion. γδ T-cell percentage and
PBMC cellular composition were monitored via flow cytometry
on days 0, 7, 12, and 14.

Cell lines and cell culture

Neuroblastoma cell lines (courtesy of Children’s Oncology
Group (COG) Cell Line Repository) and K562 cells were
cultured in RPMI 1640 with L-glutamine (Corning cellgro,
Manassass, VA) and 10% FBS and 1% Penicillin/Strep added.

Flow cytometry

Cells were washed with phosphate buffered saline (PBS) and
centrifuged at 100xg. The cells were decanted and incubated
with Invitrogen (San Diego, CA) eBioscience Fixable Viability
Dye eFluor 780 for 30 min with shaking at room temperature.
The cells were washed in 10 volumes of PBS. Supernatant was
decanted and replaced with the appropriate antibody cocktail in
PBS. The antibodies used from BD Biosciences (Franklin Lakes,
NJ), include: BV421 Mouse Anti-Human CD3 (Clone UCHT1),
PE Mouse Anti-Human TCR-1 (Clone 11F2), BUV395 Mouse
Anti-Human CD56 (Clone NCAM16.2), BV711 Mouse Anti-
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Human CD178 (Clone NOK-1), APC Mouse Anti-Human
CD107a (Clone H4A3), PE Mouse Anti-Human CD95 (Clone
DX2), BV480 Mouse Anti-Human CD3 (Clone UCHT1), APC-
R700 Mouse Anti-Human CD56 (Clone NCAM16.2), BV711
Mouse Anti-Human CD27 (Clone M-T271), BUV496 Mouse
Anti-Human CD16 (Clone 3G8), BUV661 Mouse Anti-Human
CD4 (Clone SK3), PerCP-Cy5.5Mouse Anti-Human CD8 (Clone
RPA-T8), BB515 Mouse Anti-Human CD45RA (Clone HI100),
BV650 Mouse Anti-Human CD45RO (Clone UCHL1), BV421
Mouse Anti-Human CD57 (Clone NK-1), BUV563 Mouse Anti-
Human CD62L (Clone DREG-56), BV786 Mouse Anti-Human
PD1 (Clone EH12.1), PE-CF594 Mouse Anti-Human PDL1
(Clone MIH1), BUV737 Mouse Anti-Human FAS (Clone DX2),
PE Mouse Anti-Human FASL (Clone NOK-1), and BUV395
Mouse Anti-Human CD107a (Clone H4A3). Antibodies used
from BioLegend (San Diego, CA) include: APC anti-human
CD314 (NKG2D) (Clone 1D11), Brilliant Violet 711 Anti-
Human CD16 (Clone 3G8), BV605 Mouse Anti-Human TCR
Vδ2 (Clone B6), and PE-Cy5 Mouse Anti-Human CD28 (Clone
CD28.2). Antibodies obtained from R&D Systems (Minneapolis,
MN) include: PE Mouse Anti-Human TRAIL-R1 (Clone 69036),
APCMouse Anti-Human TRAIL-R2 (Clone 71908), APCMouse
Anti-HumanCD112 (Clone 610603), andPEMouseAnti-Human
CD155 (Clone 300907). PE-Cy7 Mouse Anti- Human TCR Vδ1
was purchased from ThermoFisher Scientific (Waltham, MA).
Cells were analyzed by flow cytometry using an LSRII (BD
Biosciences, Franklin Lakes, NJ) and a BD FACSymphony (BD
Biosciences, Franklin Lakes, NJ).

Cytotoxicity assays

The in vitro cytotoxic potential of naïve γδ T cells against multi-
ple malignant cell lines was assessed in flow cytometry-based
cytotoxicity assays. Target cell lines included the myeloid leuke-
mia cell line, K562 (ATCC, Manassas, VA), and the neuroblas-
toma cell lines, IMR5, CHLA15, Kelly, CHLA20, and SMS-SAN.
Target cells were labeled with the Violet Proliferation Dye 450
(BD Biosciences, Franklin Lakes, NJ) and incubated with γδ
T cells at the varied effector to target (E:T) ratios: 0:1, 1:1, 5:1,
10:1 for 4 hrs at 37°C. Target cell death was analyzed via flow
cytometry using dead cell stains (eBioscience Fixable Viability
Dye eFluor 780) and incubating for 30 min with shaking at room
temperature and/or 7-aminoactinomycin D (7AAD) was imme-
diately added prior to data acquisition.

Freezing/thawing γδ T cells

Cells were washed once with PBS and spun at 300xg for 5
min. Cells were resuspended in Albumin (Human) U.S.P.
Albutein 5% (Grifols Therapeutics Inc.) with a 9% DMSO
content at a concentration of 1 × 107 γδ T cells per mL. All
reagents were kept at 4°C during the freezing process. Cells
were then slowly frozen at a rate of −1°C per minute until
they reached −80°C and promptly moved to liquid nitrogen
storage. To thaw the cells, they were incubated in a 37°C
water bath until nearly thawed and subsequently diluted in
10 times the volume of complete OpTmizer media prior to
centrifugation at 300xg for 5 min. Cells were resuspended in
media containing IL-2 at 1,000 IU/mL concentration.

Biotinylation of dinutuximab

Clinical grade dinutuximab was biotinylated using EZ-Link™
Sulfo-NHS-Biotin (Thermo Fisher Scientific, Waltham, MA).
Five hundred micrograms of antibody were added to an
Amicon Ultra filter using DPBS/Modified (GE Life Sciences,
Marlborough, MA) to adjust volume. The tube was centri-
fuged at 300 xg for 15 min. The EZ Link Sulfo NHS-LC Biotin
was reconstituted in water (10 mg/ml) and added to the
concentrated antibody in the Amicon Ultra filter at 1 mg of
biotin reagent per mg of protein. The reaction proceeded for
30 min on ice. Hepes Buffered Saline (HBS)/0.05% azide was
used to concentrate biotinylated-dinutuximab.

Cytokine release studies

γδ T cells were incubated for 4 hrs in a cytotoxicity assay with
IMR5 neuroblastoma cells in cultures of 1 mL of media per
condition. Media was removed from the cells, and any float-
ing cells were centrifuged at 500xg for 5 min. Supernatant was
removed and immediately utilized in the ProteomeProfiler kit
(R&D Systems, Minneapolis, MN). A Chemidoc BioRad
Imager was used to acquire images and ImageJ/Fiji (NIH,
Bethesda, MD) image analysis software was used for densito-
metry analysis. Data were normalized to basal γδ T-cell cyto-
kine secretion culture in media after 4 hrs.

Live cell imaging

IMR5 cells were transduced with a lentiviral vector green
fluorescent protein (GFP) construct under the EF1α promoter
(Lentigen, Gaithersburg, MD) at a multiplicity of infection of
10. Cells were cultured and sorted using a Sony SH800 to
collect the top 5% of GFP+ cells by MFI. γδ T cells were
labeled using Violet Proliferation Dye 450.

IMR5 cells were plated on Lab-Tek II Chamber Coverglass 8
well chambers in the center 4 wells 24 hrs prior to imaging to
allow the cells to adhere to the glass. Immediately prior to ima-
ging, γδ T cells and 100 μMof propidium iodide (PI) (Invitrogen,
Carlsbad, CA) were added to each well. Imaging was conducted
over 6 hr and images were taken every 19 min. Cells were imaged
using a Leica SP8 inverted confocal microscope at 10x using a 458,
488, and 514 nm argon laser. Images were analyzed using ImageJ/
Fiji (NIH, Bethesda, MD) image analysis software.

In vivo mouse experiments

NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice were purchased
from Jackson Laboratory (Bar Harbor, ME) and were main-
tained in a pathogen-free environment. Mice were cared for
according to the established principles of the Institutional
Animal Care and Use Committee (IACUC), and all animal
protocols were approved by the IACUC. Five-week-old mice
were each inoculated subcutaneously via the right flank with
IMR5 cells. Mice were visually monitored, and tumor growth
was measured with calipers, and treated when tumors reached
approximately 125 mm3 in volume typically 30 days after
inoculation.

Tumor volume was determined by the following equation.
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where r1 is the length of the tumor measuring anterior to
posterior and r2 is the length of the tumor dorsal to ventral.
When tumors were established mice were administered dinu-
tuximab, TMZ, or γδ T cells. Mice were injected with 200–400
μg of dinutuximab, IV every 10 days. TMZ and γδ T cells
(2.5x106 cells) were injected via the tail vein every three days.
This treatment plan was 17 days long. Mice were weighed and
measured every other day for 4 weeks.

γδ T-cell persistence in vivo

γδ T cells were expanded from healthy donor PBMCs. On day
12 of expansion, the population was determined to be 70%
pan-γδ T cells, as measured by flow cytometry. NSG mice
were randomized to treatment groups, with three mice per
group. Mice were injected via tail-vein with either 5x106, 10 ×
106 or 15 × 106 cells. On days 1, 3, 6 and 8 following injection,
blood samples from each mouse were analyzed by flow cyto-
metry using BD LSRII Flow Cytometer (BD Biosciences, San
Jose, CA). Antibodies used included FITC anti-human CD45
(BD Biosciences, San Jose, CA), APC anti-mouse CD45.1 (BD
Biosciences, San Jose, CA), and PE anti-human TCR γ/δ-1
(BD Biosciences, San Jose, CA).

Stress antigen expression on NB cells and mechanism of
cytotoxicity induced by TMZ

IMR5 cells were seeded at a concentration of 250,000 cells
per mL in 1 mL. TMZ was added at a concentration of 100
μM to 2 mM for varying lengths of from 0 to 24 hrs. Cells
were collected from the plate using 1 mL Versene (Gibco).
Cells were counted, washed, and incubated with APC human
ULBP-2/5/6 (R&D systems), Alexa Fluor® 488 human ULBP-1
(R&D Systems), and PE human MICA/MICB (Biolegend) for
30 min prior to FACS analysis. A similar process was used to
analyze receptor status on the surface of IMR5 cells. IMR5
cells were plated at a concentration of 500,000 cells per mL.
TMZ was added at a concentration of 400 μM for 8 hr. Cells
were removed using Versene, washed, counted, and stained
for flow cytometry analysis.

Statistical analysis

All statistical analysis and graphing were performed using
Sigma Plot version 13 (Systat Software Inc,) and GraphPad
Software Prism. The exact method, for example, ANOVA,
T-test, or log ranked Mantel–Cox test, are described for
each experiment where they are used.
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