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A B S T R A C T

Neuroblastoma is one of the children's malignant tumors with poor prognosis, as well as high recurrence and
metastasis rates after surgical removal and chemotherapy. γδ T-cell based immunotherapy receives increasing
attention thanks to the strong cytolytic activity to tumor cells. Our previous data revealed a significant increase
in circulating γδ T-cell frequency in NB patients. In the present study, we found that beside a reduction of IFN-γ
in serum of NB patients, DNAM-1 expression decreased in both circulating and PAM-expanded NB γδ T cells.
Upon PAM stimulation, NB γδ T cells showed a reduced level of cell proliferation. In addition, the cytolytic
activity of NB γδ T cells to NB cell lines was proved to be attenuated in a co-culture system. The fact that DNAM-
1 neutralizing antibody abolished the tumor cell killing accentuates the indispensable role of DNAM-1 molecule
in γδ T-cell cytolytic function.

1. Introduction

Neuroblastoma (NB) is an embryonal tumor of the sympathetic
nervous system, arising during fetal or early post-natal life from sym-
pathetic cells originated from the neural crest. It is the most common
solid extracranial malignancy of childhood. NB represents about 8% of
all malignancies diagnosed in patients younger than 15 years of age but
accounts for 15% of pediatric cancer deaths [1]. Moreover, NB tumor
progresses rapidly and is prone to early distant metastasis [2]. Despite
significant progress in treatment of NB, this disease is usually associated
with poor outcome, resulting in a long-term survival rate < 50% [3].
High recurrence, metastasis and mortality rates discourage the efficacy
of the NB treatment relying merely on traditional surgical removal and
chemotherapy regimen [4]. While GD2 monoclonal antibody [3],
adoptive T-cell transfer are implemented experimentally and clinically
[5,6], immunotherapy based on γδ T-cell emerges as one of the new

approaches for NB tumor therapy in recent years.
γδ T-cell is a unique and conserved population of lymphocytes that

have been the subject with growing interest owing to their essential role
mediating various types of immune response and immunopathogenesis
[7]. Human γδ T cells account for about 5–10% of CD3+ T cells in the
peripheral blood, but constitute a major T-cell subset in other anatomic
locations, such as the intestinal lining and mucosal membranes. In
contrast to αβ T cells, γδ T cells has restricted TCR repertoire. In human
Vγ9Vδ2 T cells account for 50–90% of total γδ T cells [8]. γδ T cells
show multiple effects in immune system such as antigen presentation to
αβ T cells, defense against infectious pathogens and interactions with B
cells or dendritic cells. Especially, γδ T cells exert their function mainly
by producing various cytokines and chemokines and mediating cyto-
toxicity to target cells.

It was demonstrated that γδ T cells could induce effective cytotoxic
responses against multiple types of tumors in vitro, including renal cell
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carcinoma [9], multiple myeloma [10] and ovarian epithelial carci-
noma [11]. Furthermore, both adoptive transfer of in vitro expanded γδ
T cells or stimulation of γδ T cells in vivo were explored clinically for
tumors treatment [12–15]. In a trial of adoptive transfer of in vitro
expanded γδ T cells to non-small cell lung cancer patients, results
showed that the peripheral γδ T cell numbers gradually increased with
the number of infusion times [16]. In addition, there was a statistically
significant correlation between clinical outcome and peripheral Vγ9Vδ2
T cell numbers in advanced breast cancer patients treated with phos-
phoantigen and IL-2 administration [17]. Similarly, the cytolytic ac-
tivity of γδ T cells against NB tumor is under active investigation in
experimental and clinical settings. NB cell line, as a target, was effec-
tively lysed by in vitro expanded γδ T cells in a co-culture system [5,18].
In addition, a phase I study revealed that zoledronate, an γδ T expander,
being administrated with IL-2 to NB patients resulted in a good toler-
ance in NB patients accompanied with an increase number and survival
rate of γδ T cells [19].

DNAX accessory molecule-1 (DNAM-1), also known as CD226, is
one of NK activating receptors (NKR) expressed by CD8+ T cells, NK
cells, γδ T cells and some myeloid cells. DNAM-1 recognizes Nectin-2
(CD112) and poliovirus receptor (PVR, CD155) expressed on a broad
range of tumor cells [20]. Binding of DNAM-1 molecule on NK cells to
PVR on neuroblastoma cells led to effective tumor killing [21]. It has
been well documented that, similar to NK cells, cytotoxic activity of γδ

T cells can be rapidly triggered by binding of DNAM-1 to its ligands
Nectin-2 or PVR on target tumor cells [22,23].

Our previous study has shown that in NB patients there was an
augmentation in circulating γδ T cells [24]. In the present study, we
aimed to answer the question whether γδ T cells in NB patients have
any functional impairment. Though Luminex cytokine quantification,
expression of multiple cytokines mediating tumor elimination, such as
IFN-γ, were found to decrease in NB serum. Furthermore, both freshly
isolated circulating γδ T cells and pamidronate (PAM)-expanded γδ T
cells exhibited a diminished expressions of DNAM-1 in NB patients. In a
co-culture system, NB γδ T cells exhibited a reduced killing ability
against NB cell lines. To be noted, the specific lysis of γδ T cells to NB
cells was virtually abolished by DNAM-1 neutralizing antibody. Results
from our study suggest that the reduction of DNAM-1 expression in NB
patient is likely responsible for poor cytotoxicity of γδ T cells to tumor.

2. Materials and methods

2.1. Subjects and sample collection

A total of 25 patients (12 boys, 13 girls; mean age 3.3 ± 0.3 years)
with NB and 35 healthy children (20 boys, 15 girls; mean age
2.8 ± 0.5 years) under regular physical examination were enrolled
between January 2017 and July 2018 from Beijing Children's Hospital
(Table 1). The study was approved by the Medical Ethics Committee of
Beijing Children's Hospital, Capital Medical University. Written con-
sents were provided by all participants and their parents or legal
guardians. Peripheral blood samples from healthy children and NB
patients were collected in BD Vacutainer™ plastic blood collection tubes
with EDTA K2 as anticoagulant at the onset of the disease. Serum
samples were collected in tubes without anticoagulant by a cen-
trifugation at 600g for 5min and the aqueous phase were taken.

Table 1
Patient information.

Group Gender Age INRGa Risk

Healthy controls Boy (57%) Girl
(43%)

2.8 ± 0.5 /
n=35
NB patients Boy (48%) Girl

(52%)
3.3 ± 0.3 Low/Intermediate risk

(52%)
n=25 High risk (48%)

a INRG, The International Neuroblastoma Risk Group.

Fig. 1. The cytokine expression in serum of NB patients and healthy controls. Serum samples from NB patients and healthy controls were collected and the
concentrations of multiple cytokines were detected using a Luminex200 platform.
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2.2. PBMC isolation

Freshly isolated EDTA anticoagulated blood was diluted with PBS
solution and layered carefully on Ficoll-Hypaque density gradients.
After centrifuged at 1000g for 20min at room temperature (RT), in-
terphase cell layer was carefully transferred into a 15-ml tube. The 15-
ml tube was then filled with 10ml PBS, and centrifuged at 600g for
5min. The cell pellet was re-suspended and viability of isolated PBMC
was determined by trypan blue exclusion staining.

2.3. Cell lines

Neuroblastoma cell lines SH-SY5Y (CRL-2266), SK-N-BE2 (CRL-
2271) and IMR-32 (CCL-127) purchased from American Type Culture
Collection (Manassas, VA, USA) were used in this study. SH-SY5Y and
SK-N-BE2, immortalized cell lines derived from neuroblastoma meta-
static bone marrow, were cultured in Dulbecco's modified Eagle's
medium (DMEM) (Gibco, Invitrogen, Carlsbad, CA, USA) supplemented
with 10% FBS (fetal bovine serum, Gibco, Invitrogen, Carlsbad, CA,
USA). IMR-32, an immortalized cell line generated from neuroblastoma
metastatic abdominal mass, was cultured in α-MEM (Gibco, Invitrogen,
Carlsbad, CA, USA) supplemented with 10% FBS. All cells were cultured

Fig. 2. The cytolytic molecule expression of circulating γδ T cells. PBMC were isolated from peripheral blood of NB patients and healthy controls and were analyzed
by BD LSRFortessa flow cytometer. (A) The expression of DNAM-1 in γδ T cells. (B) The expression of FasL in γδ T cells. (C) The expression of NKG2D in γδ T cells. (D)
The expression of TRAIL in γδ T cells. (E) The expression of gramzyme B in γδ T cells. (F) The expression of perforin in γδ T cells. (G) The apoptosis of γδ T cells. (H)
γδ T cells in PBMC were stimulated with PMA and ionomycin and then the expression of IFN-γ was detected.
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at 37 °C humidified cell incubator with 5% of CO2.

2.4. Measurement of serum cytokines

The Human Cytokine/Chemokine Panel MILLIPLEX® MAP kits (Cat.
No. HCYTOMAG-60K-13: G-CSF, IFN-γ, IL-1β, IL-2, IL-4, IL-6, IL-7, IL-
10, IL-12(p70), IL-15, IL-17, VEGF, FGF; and Cat. No. HCYP2MAG-62K-
04: CXCL12, IL-23, IL-33, TGF-β1) (Merck Millipore, Darmstadt,
Germany) were used to measure the serum concentration of multiple
cytokines by a Luminex200 platform (Merck Millipore, Darmstadt,
Germany). In brief, the plate was incubated with 200 μl wash buffer for
10min (shaking at RT, 600–800 rpm). The washing buffer was removed
subsequently by vacuum filtration and 25 μl of assay buffer (1×PBS
containing 1% bovine serum albumin, 0.05% Tween-20, 0.5M NaCl,
0.05% sodium azide) was added to the 96-well plate. Next, 25 μl of each
standard with a range 0.18 pg/ml to 32,500 pg/ml (depending on the
type of cytokine) together with the controls were added to according
wells. Following that, 25 μl of assay buffer was added to background
wells and 25 μl of sample was added to sample wells. The plate was
sealed and incubated at 4 °C (shaking) overnight. The next day, the
plate was washed twice with 200 μl wash buffer before 1 h incubation at
room temperature in the presence of 25 μl detection antibodies
(shaking). Next, each well were incubated with 25 μl Streptavidin-
Phycoerythin for 30min (shaking at RT). After two wash steps, 150 μl
sheath fluid was added and the data were collected by the Luminex200
platform. All samples were measured in duplicate.

2.5. Flow cytometry

Freshly isolated PBMC were re-suspended in PBS, containing 5%
FBS. For surface marker labeling of γδ T cells, 1× 106 cells/tube were
incubated with different combinations of the following antibodies:
TCRγδ-PE, CD3-APC, Annexin V (AV)-APC, CD226 (DNAM-1)-BV785,
CD314 (NKG2D)-BV605, CD178 (Fas-L)-BV421, TRAIL-APC. For cyto-
kine and intracellular marker labeling of γδ T cells, the following an-
tibodies were used: IFN-γ-BV650, granzyme B-PE/Cy7, perforin-BV510
(Supplementary Table 1). For surface marker labeling of NB cells, the
following antibodies were used: MICA/B-FITC, Nectin-2-PE, PVR-APC,
ULBP-1-PerCP, ULBP-2/5/6-PE, ULBP-3-APC (Supplementary Table 1).
Isotype-matched controls were included for each labeling. All anti-
bodies were from BioLegend (San Diego, CA, USA) and optimal titer of
each antibody was determined before use. Surface marker labeling was
performed by antibody incubation for 30min at 4 °C in dark and wa-
shed with PBS. For cytokine detection, γδ T cells were treated with
50 ng/ml PMA, 1 ng/ml ionomycin and GolgiStop protein transport
inhibitor (BD Biosciences, San Jose, CA, USA) for 5 h. For cytokine and
intracellular marker labeling, cells were permeabilized using Fixation/
Permeabilization Solution Kit (BD Biosciences, San Jose, CA, USA) ac-
cording to the manufacturer's protocol after surface marker labeling.
Finally, cells were re-suspended in 500 μl PBS subjected to events ac-
quisition by BD LSRFortessa flow cytometer (BD Biosciences, San Jose,
CA, USA). Analysis of cytolytic molecule, cytokine expression as well as

cell apoptosis, were performed by gating TCRγδ+ cells using a Flowjo
software (Flowjo LLC, Ashland, Oregon).

2.6. γδ T cell culture

PBMC were cultured in 10% FBS RPMI-1640 medium (Gibco,
Invitrogen, Carlsbad, CA, USA) with 10 μg/ml of PAM (Sigma-Aldrich,
St Louis, USA) at 37 °C humidified cell incubator with 5% CO2.
Recombinant human IL-2 (R&D System, Minneapolis, MN, USA) was
added to a final concentration of 25 ng/ml every 3 days and fresh cul-
ture medium was replenished. After 14-day culture, the purity of γδ T
cells was determined by flow cytometry with PE-labeled anti-TCRγδ
antibody (BioLegend, San Diego, USA). γδ T cell expansion was con-
sidered as successful when the TCRγδ+ population represents at least
90% of total cultured cells.

2.7. Carboxyfluorescein succinimidyl ester (CFSE) proliferation assay

After 7-day culture, γδ T cells were re-suspended in 2ml RPMI 1640
medium and incubated with 2 μM CFSE (Sigma-Aldrich, St. Louis, MO,
USA) at 37 °C for 10min. The reaction was terminated by cold medium
with 10% FBS and placed on ice for 5min. The stained γδ T cells were
washed and re-suspended with RPMI 1640 medium plus 10% FBS. γδ T
cells were then seeded (1×106/ml) in a 96-well plate in the presence
of 25 ng/ml IL-2 and cultured for another 4 days. Cells were analyzed
by FACSCalibur flow cytometer (BD Biosciences, San Jose, CA, USA).
CFSE fluorescence dilution events were calculated by Flowjo software.

2.8. Cytotoxicity assays

γδ T cell-mediated cytotoxicity against NB cell lines was assessed
using the CytoTox 96® Non-Radioactive Cytotoxicity Assay (Promega
Corporation, Madison, WI, USA), according to the manufacturer's pro-
tocol. NB cell lines SH-SY5Y, SK-N-BE2 and IMR-32 were used as target
cells. Briefly, before co-culture with target tumor cell line, γδ T cells
were prepared in a round-bottom 96-well culture plate through in vitro
PAM-stimulation in the presence of IL-2 starting from NB patients' and
healthy children's PBMC. Wells seeded only with γδ T cells (4× 105 or
8×105/well) served as the spontaneous LDH release control for ef-
fector cells and wells seeded only with NB cells (2× 104/well) served
as the spontaneous LDH release control for target cells; the experi-
mental wells were seeded with γδ T cells and NB cells at a ratio of 20:1
or 40:1. In the blocking assays, 10 μg/ml DNAM-1 neutralizing anti-
body (abcam, Cambridge, MA, USA) was added in the culture, and
mouse isotype IgG was added in juxtaposed wells as a control to vali-
date the specificity of the blocking. Cells were centrifuged at 250×g for
4min at 20 °C after incubation at 37 °C for 7 h. The lysis solution was
added to the target cell control wells 45min prior to supernatant har-
vest for determination of maximal LDH release. Then, a total of 50 μl
supernatant from each well was transferred to a flat-bottom 96-well
plate pre-loaded with 50 μl/well reconstituted substrate mix. Following
incubation at room temperature in dark for 30min, 50 μl stop solution

Table 2
The expression of cytolytic molecules and cytokines in γδ T cells.

Circulating γδ T cells (%) P value PAM-expanded γδ T cells (%) P value

HC NB HC NB

DNAM-1 77.28 ± 1.47 69.40 ± 3.09 0.019 84.81 ± 2.27 70.59 ± 4.90 0.009
FasL 10.25 ± 3.56 13.04 ± 4.70 0.639 21.08 ± 4.10 11.24 ± 3.92 0.114
NKG2D 59.27 ± 11.93 61.40 ± 9.71 0.891 63.21 ± 4.43 59.43 ± 3.90 0.528
TRAIL 17.20 ± 7.08 17.67 ± 4.58 0.957 74.48 ± 7.38 66.42 ± 7.96 0.468
Granzyme B 69.82 ± 8.78 44.81 ± 8.01 0.044 91.82 ± 2.80 81.08 ± 4.36 0.039
Perforin 43.02 ± 9.79 20.68 ± 3.69 0.047 75.24 ± 10.40 69.90 ± 12.17 0.743
IFN-γ 30.77 ± 3.96 16.98 ± 4.73 0.032 78.71 ± 4.14 55.27 ± 7.52 0.006
Annexin V 1.89 ± 0.79 3.88 ± 1.46 0.225 / / /
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was added and absorbance at 490 nm was read by TriStar2 LB 942
Multimode Reader (Berthold, Germany). The cytotoxicity of effector γδ
T cells to target tumor cells was calculated as follows: [(Experimental-
effector spontaneous-target spontaneous)/(target maximal-target
spontaneous)]× 100.

2.9. Statistical analysis

The data were expressed as the mean ± SEM. Statistical analyses
were performed using two-tailed Student t-tests (unpaired) in Prism 5.0
(GraphPad Software, San Diego, CA, USA). Significant differences be-
tween groups are represented by *p < .05, **p < .01, and
***p < .001.

3. Results

3.1. NB patients are characterized with a change in serum concentration of
multiple cytokines

Multiple cytokines in the serum of NB patients and healthy controls
were first examined by a Luminex200 platform. Our results showed that
IFN-γ, an important cytokine directing immune-mediated tumor de-
struction [25], was down-regulated in NB patient (Fig. 1A). Further-
more, while Th1 cytokine IL-12 expressed at a reduced level (Fig. 1B),
Th2 cytokines IL-4 and IL-6 were greatly up-regulated (Fig. 1C and D) in
NB patients compared with those in controls. To be noted, we also
detected a remarkable increase in VEGF concentration in NB patients
(Fig. 1E). VEGF has been reported as the most important key regulator
of angiogenesis in various cancer types [26]. In addition, VEGF also
inhibits T-cell development and may contribute to tumor-induced im-
mune suppression [27,28]. Taking together, the bias of increased Th2/
Th1 ratio and increased serum VEGF expression proposed a propensity
to pro-tumor microenvironment in NB patients, which has been re-
ported in other tumor types [29].

3.2. NB circulating γδ T cells expressed reduced levels of cytolytic molecules

To understand the function of γδ T cells in NB, the expression of cell
activating markers (DNAM-1, FasL, NKG2D and TRAIL) and in-
tracellular cytolytic granular molecules (granzyme B and perforin) on
freshly isolated γδ T cells were examined. As shown in Fig. 2, the γδ T
cells, regardless of healthy control or NB patient group, had a general
expression pattern: a high level of DNAM-1, low levels of FasL and
TRAIL and medium levels of NKG2D, granzyme B and perforin. How-
ever, as far as the expression levels of DNAM-1, granzyme B and per-
forin are concerned, γδ T cells from NB patients exhibited significant
reduced levels compared to those in controls (Fig. 2A, E and F, Table 2).
The expression of FasL, NKG2D and TRAIL, however, showed no dif-
ference between patients and controls (Fig. 2B, C and D, Table 2). The
reduced expression of cytolytic molecules DNAM-1, granzyme B and
perforin in NB patients suggested a compromised γδ T-cell cytotoxicity
to NB tumor. Poor cytotoxicity of NB γδ T cells was unlikely a result
from a decreased survival, since there is no evidence of apoptosis rate
change in patients' γδ T cells based on our Annexin V+ assay by flow
cytometry (Fig. 2G). Worth to mention, the intracellular expression of
IFN-γ in γδ T cells showed a remarkable decrease in NB patients
(Fig. 2H, Table 2), which was consistent with what has been found in
NB serum.

3.3. PAM-expanded NB γδ T cells are featured with a reduced proliferation
capacity and diminished expression of cytolytic molecules

It is well documented that phosphoantigens could activate γδ T cells
via TCR complementarity determining region (CDR) recognition [30].
To understand if there is any difference in γδ T-cell proliferation ca-
pacity and cytolytic activity between NB patients and healthy controls,
we stimulated isolated PBMC in petri dish with PAM and performed an
in vitro γδ T-cell expansion. In Fig. 3A, the proportion of γδ T cells was
increased to about 90% in day 14. During the in vitro culture, absolute
cell number counts and CFSE cell proliferation assays revealed that γδ T
cells from healthy controls generated more progeny through cell divi-
sion than γδ T cells from NB patients (Fig. 3B and C). Similar to the cells
at rest, PAM-expanded γδ T cells from healthy controls expressed higher
levels of DNAM-1 and granzyme B compared with γδ T cells from pa-
tients (Fig. 3D and H, Table 2). Much to our surprise, the expression
level of perforin, which had being seen to decrease in freshly isolated
resting γδ T cells from NB patients, showed no difference from that of
controls upon PAM stimulation; neither did the expression levels of
FasL, NKG2D and TRAIL which agreed with that had been found in
freshly isolated resting γδ T cells (Fig. 3E, F, G and I, Table 2). The
PAM-stimulated γδ T cells from healthy controls, as expected, expressed
IFN-γ at a much higher level in comparison to that in NB patient γδ T
cells (Fig. 3J, Table 2).

3.4. γδ T cells from NB patients exhibit significant poor cytolytic activity

Production of IFN-γ and expression of cytolytic granules are major
assembly for γδ T-cell cytotoxic function against malignant cells in vivo
[7]. We have demonstrated a decrease in expression levels of multiple
activating molecules in NB γδ T cells and verified that the proliferation
capacity of NB γδ T cells were attenuated upon PAM-stimulation. To
understand if these changes in NB γδ T cells adversely affected their
tumoricidal ability, we co-cultured in vitro expanded γδ T cells with NB
cell lines SH-SY5Y, SK-N-BE2 and IMR-32. Indeed, as shown in Fig. 4A,
B and C, γδ T cells form NB patients exhibited a diminished cytolytic
activity towards all three types of NB cell lines.

γδ T cells kill activated, infected, stressed, and transformed cells via
various strategies including but not limited to engagement of death-
inducing molecules (DNAM-1, NKG2D and FasL) and release of cyto-
toxic effector molecules (granzyme B and perforin) [31,32]. The death-
inducing molecules generally bind to corresponding ligands or re-
ceptors to induce tumor cell death. For instance, DNAM-1 recognizes its
ligands Nectin-2 and PVR [20]; and NKG2D recognizes MHC class I-
related molecule A/B (MICA/B) and UL16-binding proteins (ULBP)
[33]. We were interested in knowing the expression pattern of these
ligands in the NB cells used in the present study. Results in Fig. 4D, E
and F revealed that all three types of NB cell lines expressed extremely
low level of Fas, MICA/B and ULBP-1/2/3/5/6. However, NB cell line
SH-SY5Y and SK-N-BE2 expressed high levels of DNAM-1 ligands
Nectin-2 and PVR, and cell IMR-32 expressed high level of PVR only,
which is consistent with previous reports [34]. The expression pattern
implied that γδ T cells probably recognizes NB cells through DNAM-1
instead of NKG2D or FasL. To testify whether DNAM-1 is the key player
directing the cytolytic activity against NB cells, we performed cyto-
toxicity assays in the presence or absence of DNAM-1 neutralizing an-
tibody and found that the specific lysis of NB cells by γδ T cells was
abolished in anti-DNAM-1 treated group (Fig. 4G). Our results indicated

Fig. 3. The proliferation capacity and cytolytic molecule expression of PAM-expanded γδ T cells. (A) γδ T cells were stimulated with PAM and expanded in vitro for
14 days. (B) The cell numbers of PBMC and PAM-expanded γδ T cells were counted and fold change were calculated. (C) The CFSE proliferation assays were
performed during in vitro culture (from day-7 to day-11) and cells were analyzed by BD FACSCalibur flow cytometer (D) The expression of DNAM-1 in PAM-expanded
γδ T cells. (E) The expression of FasL in PAM-expanded γδ T cells. (F) The expression of NKG2D in PAM-expanded γδ T cells. (G) The expression of TRAIL in PAM-
expanded γδ T cells. (H) The expression of granzyme B in PAM-expanded γδ T cells. (I) The expression of perforin in PAM-expanded γδ T cells. (J) PAM-expanded γδ T
cells were stimulated with PMA and ionomycin and then the expression of IFN-γ was detected.
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Fig. 4. The cytolytic activity of PAM-expanded γδ T cells. (A-C) The cytotoxic assays were performed and PAM-expanded γδ T cells were cultured with NB cell lines
SH-SY5Y (A), SK-N-BE2 (B) and IMR-32 (C) at the ratio of 1:20 or 1:40. (D–F) The expression of Fas, MICA/B, ULBP-1/2/3/5/6, Nectin-2 and PVR were detected in
SH-SY5Y (D), SK-N-BE2 (E) and IMR-32 (F). (G) The cytotoxic assays were performed using neutralizing antibody against DNAM-1 and mouse IgG.
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that DNAM-1 played an indispensable role in directing cytolytic func-
tion of γδ T cells against NB cells, and suggested that reduction of
DNAM-1, granzyme B and IFN-γ expression in NB patients is likely one
of major culprits leading to the insufficient ability of γδ T cells for the
tumor elimination.

4. Discussion

γδ T cells, implementing anti-tumor surveillance and bridging the
gap between innate and adaptive immunity, are considered to be a
potent candidate for tumor immunotherapies [35]. In neuroblastoma,
γδ T cells exert important cytotoxic effects against tumor cells [5,18].
IFN-γ, one of the major Th1 cytokines for T-cell activation and cytolytic
function, was expressed at a much lower level in NB serum. The fact of
Th1 cytokine decrease and a concurrent increase in serum concentra-
tions of IL-4 and IL-6 in patients suggested a Th2 bias environment,
which is believed to promote tumor development [36]. In cellular level,
we found that main cytolytic factors including granzyme B, perforin as
well as IFN-γ were down-regulated in freshly isolated patient γδ T cells
indicating that γδ T cells from patients were installed with a subdued
cytolytic function. This has been further supported by the fact that upon
PAM-stimulation, in vitro expanded activating NB γδ T cells remained a
significant lower expression level of these cytolytic factors compared to
that in controls. Perforin, as an exception, had a trend of decreased
expression in NB γδ T cells yet not reach to a statistical difference. This
could be attributable to the gross up-regulation of perforin expression
upon activation by PAM for both NB γδ T cells and control cells.

In contrast to αβ T cells, γδ T cells do not usually express CD4 or
CD8 lineage markers, and they do not require conventional major his-
tocompatibility complex (MHC) for antigen presentation [37]. Fur-
thermore, Vγ9Vδ2 T cells can be expanded in vitro with a large number
following the stimulation with phosphoantigens in the presence of IL-2.
These characteristics make γδ T-cell an attractive candidate for adop-
tive cell transfer therapy. Administration of zoledronate-activated
Vγ9Vδ2 T cells was evidenced as a safe and promising immunotherapy
approach for treatment of patients with multiple myeloma in a clinical
study [38]. It has been documented that infusion and in vivo expansion
of haploidentical γδ T cells led to a complete remission in three out of
four malignant leukemia patients [15]. γδ T cells were also proven to
induce specific lysis of NB cells in vitro and treatment with zoledronate
and IL-2 to NB patients was safe and feasible [19,39,40]. Adoptive cell
transfer therapy of in vitro expanded γδ T cells and induce expansion of
γδ T cells in vivo were promising approaches for NB treatment, parti-
cularly in the condition of that GD2 antibody-based immunotherapy
[41] or manipulation of other immune cells [6,42] become unavailable
or ineffective. In the present study, we showed that even there was an
augment of γδ T cells in PBMC of NB patients, these cells were poor
responders to PAM stimulation with less capacity for proliferation as
well as a diminished cytolytic activity presented by reduced IFN-γ and
granzyme B expression. This impaired function of NB γδ T cells not only
results in an incompetent immune function to fend off the tumor but
also makes it not possible to use tumor infiltrated γδ T cells from pa-
tients for autologous adoptive cell transfer therapy. It appeared para-
doxical that γδ T cells in NB patient showed a higher percentage in vivo
while these cells presented with a subdued proliferation in vitro without
a change in cell survival, as revealed in our cell apoptosis assay and
microarray-based mRNA quantification (no significant difference in the
expression of major apoptosis related genes, such as Bcl-2 and Bim,
between healthy controls and NB patients). Other mechanisms might
involve in maintaining the homeostasis of these immuno-incompetent
otherwise intact γδ T cells in NB patients.

DNAM-1 was initially identified as a molecule promoting cytotoxi-
city and cytokine secretion by immune cells. Evidence showed that
induced DNAM-1 expression on activated γδ T cells promotes various
types of tumor cell lysis, including hepatocellular carcinoma cells [22],
primary multiple myeloma cells [43] and leukemia cells [44].

Meantime, it has been demonstrated that DNAM-1 ligands expression
on cancer cells were up-regulated in the process of cell lysis during a
chemotherapy regimen [45]. Our data revealed that the DNAM-1 ex-
pression maintained at a consistently lower level in NB γδ T cells no
matter if they were freshly isolated or being in vitro expanded by PAM
stimulation. This at least partially explained the diminished cytolytic
activity of NB γδ T cells to NB cell lines in a co-culture setting. Abol-
ishing the tumor cell lysis by γδ T cells in the presence of DNAM-1
neutralizing antibody in our co-culture system immediately validated
the irreplaceable role of DNAM-1 in mediating tumor killing. It is en-
visaged that manipulating DNAM-1 expression in NB patient γδ T cells
could become a valuable avenue to boost the effectiveness of γδ T-cell
based immunotherapy in the future.

TIGIT (T cell immunoreceptor with Ig and ITIM domains) expressed
on lymphocytes exert the immunoinhibitory effect by competing with
DNAM-1 for the same ligands PVR and Nectin-2 on target cells [46]
with stronger affinity [47]. Our data indicated that TIGIT expressed in
PAM-expanded NB γδ T cells with a higher level than that in healthy
controls (data not shown). It is boldly to suggest that the tilted ex-
pression of immunoinhibitory receptor TIGIT and immunoactivating
receptor DNAM-1 in a pro-tumor microenvironment could be the cul-
prit for insufficient γδ T cell tumoricidal ability in NB patients. That
being said, evidence from deep analysis of tumor infiltrated γδ T cells is
required to consolidate these findings.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.clim.2019.04.006.
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