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ABSTRACT
GD2-redirected chimeric antigen receptor (CAR) T lymphocytes represent a promising therapeutic option
for immunotherapy of neuroblastoma (NB). However, despite the encouraging therapeutic effects
observed in some hematological malignancies, clinical results of CAR T cell immunotherapy in solid
tumors are still modest.

Tumor driven neo-angiogenesis supports an immunosuppressive microenvironment that influences
treatment responses and is amenable to targeting with antiangiogenic drugs. The latter agents promote
lymphocyte tumor infiltration by transiently reprogramming tumor vasculature, and may represent a valid
combinatorial approach with CAR T cell immunotherapy.

In light of these considerations, we investigated the anti-NB activity of GD2-CAR T cells combined with
bevacizumab (BEV) in an orthotopic xenograft model of human NB. Two weeks after tumor implantation,
mice received BEV or GD2-CAR T cells or both by single intravenous administration. GD2-CAR T cells
exerted a significant anti-NB activity only in combination with BEV, even at the lowest concentration
tested, which per se did not inhibit tumor growth. When combined with BEV, GD2-CAR T cells massively
infiltrated tumor mass where they produced interferon-g (IFN-g), which, in turn, induced expression of
CXCL10 by NB cells. IFN-g , and possibly other cytokines, upregulated NB cell expression of PD-L1, while
tumor infiltrating GD2-CAR T cells expressed PD-1. Thus, the PD-1/PD-L1 axis can limit the anti-tumor
efficacy of the GD2-CAR T cell/BEV association.

This study provides a strong rationale for testing the combination of GD2-CAR T cells with BEV in a
clinical trial enrolling NB patients. PD-L1 silencing or blocking strategies may further enhance the efficacy
of such combination.
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Introduction

Neuroblastoma (NB) is the most frequent extracranial solid
tumor in children, accounting for about 15% of pediatric tumor
deaths.1 Despite advances in multimodal therapeutic approaches,
the outcome of patients with metastatic disease at diagnosis still
remains poor.2 Immunotherapy represents a valid adjuvant to
standard frontline therapies, and different antibody and cell-
based immunotherapeutic protocols for NB have been developed
and tested in preclinical and clinical studies.3

Genetic engineering of peripheral blood T lymphocytes with
chimeric antigen receptors (CAR) has allowed the development
of immunotherapeutic approaches based on CAR-redirected T
lymphocytes that recognize tumor associated antigens in MHC-
independent manner, overcoming defects in antigen processing

and presentation of tumor cells.4 GD2 is a disialoganglioside
highly expressed on human NB cells that represents a good tar-
get for NB immunotherapy.5 GD2-redirected CAR T cells (GD2-
CAR T) represent a new therapeutic option for GD2C tumors,
and different clinical trials with GD2-specific CAR T cells in NB
patients have been published and are ongoing.6-9

Clinical results of CAR T cell-based immunotherapy have
been very good in selected hematological malignancies such as
acute lymphoblastic leukemia and multiple myeloma, but modest
in solid tumors.10-12 GD2- CAR T cell infusion in NB patients
with bulky disease resulted in marginal clinical responses, and
similar results were reported in most CAR T cell treated patients
with other solid malignancies.7-10 Different barriers contribute to
limit the potency of CAR T cells in solid tumors, including poor
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in vivo persistence and expansion, limited trafficking and pene-
tration into tumor mass and CAR T cell dysfunctions induced
by the immunosuppressive tumor milieu.10

Neoangiogenesis, driven by proangiogenic factors secreted
by tumor cells plays a fundamental role in tumor growth and
metastasis.13 Tumor vascularity and expression of different
angiogenic factors by human NB cells correlates with more
aggressive advanced stages and with MYCN amplification of
tumor cells.14-16 Structural and functional abnormalities of
tumor vasculature support a microenvironment that favors
tumor progression and metastasis, and sustains immunosup-
pression and chemo-resistance.17 The tortuous course, the
irregular diameter and the erratic pericyte coverage of tumor
microvessels creates a shambolic vascular network where blood
flow is compromised. This, in turn, creates a hypoxic and acidic
milieu in which tumor responsiveness to irradiation as well as
tissue penetration of chemotherapeutic drugs and antitumor
lymphocytes are impaired.17,18

Targeting tumor vasculature by antiangiogenic agents is a
promising approach for cancer therapy originally developed
with the aim of starving tumor cells by inhibition of new vessel
growth and destruction of existing abnormal tumor vascula-
ture.19,20 Vascular endothelial growth factor (VEGF) is a central
mediator of tumor angiogenesis, and drugs are being tested for
its direct or indirect targeting in preclinical studies and clinical
trials.21-23 Bevacizumab (BEV) is a humanized monoclonal
antibody to human VEGF-A, which has been clinically
approved for cancer therapy, either as monotherapy or in com-
bination with standard cytotoxic therapy.24 Different anti-
angiogenic strategies including VEGF-A targeting were shown
to control tumor growth in xenograft models of human NB
and are currently being tested in clinical trials.25-27

Beside their vessel blocking activity, antiangiogenic agents
have been shown to transiently repair and remodel tumor vascu-
lature, reprogramming tumor microenvironment and creating a
“vessel normalization window” that improves anti-tumor immu-
nity and enhances tumor sensitivity to chemo- and radio-ther-
apy.28-31 Antiangiogenic agents promote leukocyte/endothelium
interaction and sustain leukocyte extravasation and tumor infil-
tration, thus lending support to the use of such agents in combi-
nation with cellular immunotherapy of cancer.32-34

We have here investigated the antitumor activity of GD2-
CAR T lymphocytes in combination with BEV in an orthotopic
xenograft model of cell-based immunotherapy for human NB.
We used clinical grade, third generation GD2-CAR T cells con-
taining CD28 and OX40 as costimulatory endodomains, that
do not produce the same high levels of tonic CAR signaling
and functional exhaustion reported for second generation
GD2-CAR T cells.35,36 Our results demonstrate that GD2-CAR
T cells exerted a significant anti-tumor activity only when com-
bined with BEV due to increased tumor infiltration.

Results

In vivo anti-NB activity of GD2-CAR T cells in combination
with BEV

GD2-CAR T lymphocytes were expanded in vitro from the
peripheral blood of normal individuals in the presence of IL-7

and IL-15 for 14 days, then checked for immunophenotype and
cytotoxic activity before being used for in vivo experiments.
GD2-CAR T cell fractions consisted of CD45ROC, CD62LC

central memory and CD45ROC, CD62L¡ effector memory
CD4C and CD8C T cells, which specifically lysed the GD2C

HTLA-230 and IMR-32 human NB cell lines (Fig S1). In con-
trast, control non-transduced (NT) T cell blasts did not kill
GD2C target cell lines (Fig S1).

In vivo anti-NB activity of GD2-CAR T cells in combination
with BEV was investigated using an orthotopic xenograft model
by implanting Scid/Beige mice in the adrenal gland with GD2C

HTLA-230 or IMR-32 cell lines. Two weeks after HTLA-230 cell
engraftment, mice received iv NT T cells (10 £ 106/mouse), or
BEV, or GD2-CAR T cells (10 £ 106/mouse) either alone or
48 h after BEV infusion. As shown in Fig. 1 A, mice receiving
GD2-CAR T cells after 5 mg/kg BEV infusion survived signifi-
cantly longer than mice treated with NT cells or GD2-CAR T
cells alone (P D 0.0002). Survival of mice treated with GD2-
CAR T cells as single agent did not significantly differ from that
of mice receiving control NT cells. BEV alone at 5 mg/Kg signifi-
cantly improved survival of NB-bearing mice as compared with
both NT- and GD2-CAR T cell treatment (P D 0.0044). In the
attempt to reduce the antitumor effects of BEV while preserving
BEV-mediated tumor microvessel remodelling, a second group
of mice received a lower dose of BEV (2 mg/Kg). As shown in
Fig. 1B, only HTLA-230 tumor-bearing mice that received the
combined treatment with GD2-CAR T cells C 2 mg/Kg BEV
showed significantly increased survival compared to mice receiv-
ing NT cells or GD2-CAR T cells alone (P D 0.0006). BEV infu-
sion at 2 mg/Kg did not exert any antitumor effect. Consistently
with these results, significantly increased survival was observed
in Scid/Beige mice orthotopically engrafted with a second NB
cell line, i.e. IMR-32, that received GD2-CAR T cells and 2 mg/
Kg BEV in combination (Fig. 1C).

These results indicated that in Scid/Beige mice orthotopi-
cally engrafted with human NB cells, GD2-CAR T cells exerted
their anti-NB activity exclusively when combined with the anti-
angiogenic agent, pointing to synergistic anti-NB effects of
GD2-CART cells and BEV.

BEV-mediated tumor microenvironment remodelling
maximizes anti-NB functions of GD2-CAR T cells by
supporting their tumor infiltration capacity

Orthotopic xenografts with human NB HTLA-230 cells in Scid/
Beige mice gave rise to rapidly growing and well-vascularized
tumors characterized by numerous mitotic and some apoptotic
figures (Fig. 2,a-d). The vascular network was significantly
reduced in tumors from 5 mg BEV-treated mice (Table 1) in
association with a marked reduction in VEGF-A expression by
NB cells (Figure S2, a and c) and frequent apoptotic figures
(Table 1) along the vascular walls (Fig. 2, h), which resulted in
small ischemic-hemorrhagic foci (Fig. 2, e). Morphological
changes were observed in the surviving vessels, which fre-
quently appeared elongated and less tortuous (Fig. 2, f) than
those of control tumors (Fig. 2, a-d).

Tumors from GD2-CAR T-treated mice were vascularized
such as were control tumors (Fig. 2, j and Table 1). The former
tumors were characterized by a distinct CD3CT cell infiltrate
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(Fig. 2, k), which was found mostly at the edge of the tumor
mass, where some apoptotic events were observed (Fig. 2, i-l
and Table 1). The combined treatment with GD2-CAR T and
5 mg BEV induced wide ischemic-hemorrhagic foci (Fig. 2,
m) in association with a rarefied (Fig. 2, n and Table 1) and
severely damaged vascularization, and a massive infiltration
of CD3CT cells into the tumor mass (Fig. 2, o), as confirmed
by double CD31/CD3 immunostaining (Fig. 3, d). The apo-
ptotic events (Fig. 2, p and Table 1), together with the ische-
mic-necrotic phenomena, resulted in multiple wide areas of
tumor destruction. Later on, the tumors became small
shrunken masses formed by sheets of ghost tumor cells mixed
with rare lymphocytes within a rarefied and vessel-free stroma
(Fig. S3, a, b).

BEV alone at lower dose (2 mg/Kg) led to limited reduction in
VEGF-A expression (Fig S2, b), without a significant decrease in
microvessel number (7.2 § 3.3 of 2 mg BEV-treated vs 10.6 §
2.7 of CTR, Table 1), which, as observed after 5 mg/Kg BEV
treatment, appeared remarkably less winding than vessels of con-
trol tumors. The combined treatment with GD2-CAR T cells
plus 2 mg/Kg BEV resulted in substantial extravasation of
CD3CT lymphocytes (Fig. 3, b) homogeneously penetrating the
tumor (Fig. 3, c), which showed frequent (p < 0.05) apoptotic
events (apoptotic index: 15.8 § 3.8% of GD2-CAR T C 2 mg

BEV-treated, vs 6.0 § 2.2% of CTR, Table 1), a compromised
vascular network (blood vessels: 4.0 § 2.5 of GD2-CAR TC2 mg
BEV-treated, vs 10.6 § 2.7 of CTR, Table 1) and ischemic-hem-
orrhagic foci.

In summary, these experiments indicate that GD2-CAR T
cells could efficiently infiltrate the inner tumor mass and cause
significant tumor damage only when combined with BEV, even
at a dose per se devoid of anti-tumor activity.

Interplay between NB tumor cells and GD2-CAR T cells
sustains and amplifies GD2-CAR T cell recruitment into NB
tumor

Next we investigated whether GD2-CAR T/NB cell interactions
could reprogram tumor microenvironment and amplify GD2-
CAR T cells recruitment inside the tumor mass. In tumors
from GD2-CAR T-treated mice, perforin and IFN-g were
expressed by lymphoid cells confined at the edge of the tumor
(Fig. 4 A, a and b), while the IFNg -inducible chemokine
CXCL10 was detected only in the adjacent tumor cells (Fig. 4B,
c). In contrast, tumors from mice receiving GD2-CAR T cells
in combination with BEV were heavily infiltrated with lym-
phoid cells mostly expressing perforin and IFN-g (Fig. 4 A, c
and d), and widespread cancer cell expression of CXCL10 was

Figure 1. Survival of mice engrafted with HTLA-230 or IMR-32 NB cells and treated with GD2-CAR T cells and BEV as single agents or in combination. A-B. Six-week old
female Scid/Beige mice were xenografted in the left adrenal gland with HTLA-230 NB cells (1x106 cells/mouse). Two weeks later, mice received human untransfected T
cells (NT, 10x106/mouse), BEV(Avastin� , A: 5 mg/Kg; B: 2 mg/Kg) or GD2-CAR T cells (10x106 cells/mouse) given either alone or 48 hours after BEV. A single iv treatment
was performed. Kaplan-Meier analyses from two independent experiments with T cells from two donors are shown. C. Six-week old female Scid/Beige mice were xeno-
grafted in the left adrenal gland with IMR-32 NB cells (1x106 cells/mouse). Two weeks later, mice received human untransfected T cells (NT, 10x106/mouse), BEV (Avastin� ,
2 mg/Kg) or GD2-CAR T cells (10x106 cells/mouse) given either alone or 48 hours after BEV. A single iv treatment was performed. Kaplan-Meier analysis is shown.
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observed within the tumor core (Fig. 4 B, d). These results sup-
port the hypothesis that GD2-CAR T cells producing IFN-g
and perforin induce tumor cell expression of CXCL10, which
recruits additional GD2-CAR T cells. This model predicts that
GD2-CAR T cells express functional CXCR3.

To test this hypothesis, we next performed in vitro studies
addressing GD2-CAR T cell expression of CXCR3 and migration
induced by CXCL10. As shown in Fig. 5, A and B, GD2-CAR T
cells expressed CXCR3 and migrated in response to its ligand
CXCL10, while co-culture of GD2-CAR T cells and NB cells
induced CXCL10 chemokine release by tumor cells (Fig. 5C).

We finally investigated whether IFN-g-producing GD2-CAR
T cells could induce PD-L1 upregulation in NB cells. Prelimi-
nary in vitro experiments showed that PD-1 expression level on
GD2-CAR T cells before infusion was low (n D 3, median
CD4C: 29%; CD8C: 3,5%, data not shown), but increased with
CAR T cell activation after co-culture with tumor cells (n D 3,

median CD4C: 46%; CD8C: 29%, data not shown), likely
mimicking the sequence of events which occur in vivo following
infusion of GD2-CAR T cells. Similar results have been reported
previously by other investigators.7

As shown in Fig. 6, a scattered and slight expression of PD-
L1, which appeared mainly on tumor cells (and sometimes on
endothelial cells) was observed at the edge of tumors in GD2-
CAR T cell-treated mice (Fig. 6, b), whereas it was widely dis-
tributed in tumors from GD2-CAR T plus BEV-treated mice
(Fig. 6, c). Expression of PD-1 by tumor infiltrating cells with
lymphocyte morphology was detected in both experimental
conditions, but it was evidenced at the tumor edge in the for-
mer, while it was evenly distributed in the latter (Fig. 6, e, f).
Thus, IFN-g and possibly other cytokines secreted by tumor
infiltrating GD2-CAR T cells, could sustain the recruitment of
GD2-CAR T cells inside the tumor, but also contribute to the
generation of immunosuppressive tumor microenvironment.

Table 1. Microvessel count and apoptotic index in tumors from Scid/Beige mice either untreated or treated with BEV, GD2-CAR T cells or both.

PBS BEV (5 mg) GD2-CAR T GD2-CAR T C BEV(5 mg)

Blood Vessels 10.6 § 2.7 4.0 § 3.0y 11.4§ 3.0 3.8 § 2.2y

Apoptotic Index 6.0 § 2.2% 14.8 § 3.7%y 8.9§ 3.2% 17.5 § 4.0%y

PBS BEV (2 mg) GD2-CAR T GD2-CAR TC BEV (2 mg)

Blood Vessels 10.6 § 2.7 7.2 § 3.3 11.4§ 3.0 4.0 § 2.5y

Apoptotic Index 6.0 § 2.2% 11.0 § 4.0% 8.9§ 3.2% 15.8 § 3.8%y

Counts of microvessels and TUNEL positive cells were performed at X400 in a 0.180 mm2
field. At least 3 samples (three sections/sample), and 6–8 (depending on the

tumor width) randomly chosen fields/section were evaluated. Results are expressed as mean § SD of CD31 positive microvessels per field; or TUNEL positive cells/
number of total cells evaluated on paraffin embedded sections by immunohistochemistry or TUNEL assay.

yValues significantly different (p < 0.05) from corresponding values in tumors developed in untreated mice.

Figure 2. Histologic and immunohistochemical features of tumors developed after orthotopic engraftment of HTLA-230 NB in Scid/Beige mice treated with BEV, GD2-CAR
T cells, or GD2-CAR cellsCBEV. H&E staining of tumors developed in untreated (CTR) mice (a) and in mice receiving 5 mg/Kg BEV (e), GD2-CAR T cells (i) or GD2-CAR T
cellsCBEV (m). Arrowheads in a: mitotic figures; arrows in i and m: lymphocyte infiltration. CD31 and CD3 immunostaining of tumors developed in untreated mice (b,c),
BEV- (f,g), GD2-CAR T cell- (j,k) or GD2-CAR T cellsCBEV- (n,o) treated mice. Tunel assay in tumors developed in untreated mice (d) and in mice treated with BEV (h), GD2-
CAR T cells (l) or GD2-CAR T cellsCBEV(p). Arrowheads in h: apoptotic figures along the vascular endothelial walls. NE: necrosis. (Magnification a-l: X400; m: X630;
n-p: X400)
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Discussion

Major determinants that impact on the efficacy of CAR T cells
are in vivo expansion, persistence and trafficking/penetration
into the tumor, as well as physical and immunosuppressive bar-
riers opposed by the tumor microenvironment.10 In spite of the
attempts to overcome these hurdles, treatment of solid tumor-
bearing patients remains problematic, and the results of the
clinical trials so far conducted have been generally poor.10

Some encouraging results have been reported in a small study
with nineteen NB patients who were treated with GD2-CAR T
cells, 2 of whom achieved complete remission, and in another
trial with 17 sarcoma patients receiving HER2-CAR T cells, 4
of whom showed stable disease.8,37

A strategy to improve CAR T cell trafficking to the
tumor rests upon the enhancement of extracellular matrix
(ECM) degradation. In this respect, recently it was reported
that in vitro cultured T cells lose the expression of the
enzyme heparanase, which degrades heparan sulfate proteo-
glycans of the extracellular matrix and subendothelial base-
ment membrane. In a xenograft model of human NB,
engineering of GD2-CAR T cells with heparanase gene
allowed higher infiltration of the genetically modified cells
into the tumor mass and superior anti-tumor activity.38

CAR T cells trafficking to the tumor may be also enhanced
by engineering of these cells with chemokine or chemokine
receptor encoding genes.39-41 Alternatively, the migratory
capacity of CAR T cells to the tumor mass can be improved

Figure 3. Analysis of vascular network and T lymphocyte distribution in tumors developed in Scid/Beige mice after orthotopic engrafment of HTLA-230 NB cells and
treated with GD2-CAR T cells alone or in combination with BEV. CD31 (red) and CD3 (blue) double immunostaining of tumors from mice treated with GD2-CAR T cells
(a) as single agent or in combination with BEV at 2 mg/Kg (b,c) and 5 mg/Kg (d). (a, b, c: X400; d: X200).

Figure 4. Perforin, IFN-g and CXCL10 expression in tumors developed in Scid/Beige mice orthotopically engrafted with HTLA-230 NB cells and treated with GD2-CAR T
cells alone or combined with BEV. A.Perforin and IFN-g immunostaining of tumor masses from mice receiving GD2-CAR T cells either alone (a,b) or in combination with
BEV (c,d). (a, b:X400; c, d: X630). B.CXCL10 immunostaining of tumors from untreated mice (a, CTR) and from mice treated with BEV (b), GD2-CAR T cells alone (c) or in
combination with BEV (d). (c, white arrows indicate CXCL10C cancer cells at the edge; d, N: necrosis) (a-d:X400).
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by targeting and reprogramming the tumor microenviron-
ment with anti-angiogenic agents. These molecules, which
include the anti VEGF-A antibody BEV and multi-target
tyrosine kinase inhibitors, reduce the number of tumor

microvessels and modify transiently the tumor vasculature,
improving perfusion and, consequently, reducing hypoxia
and metabolic acidosis. These changes allow a better
infiltration of cells and drugs into the tumor.30

Figure 5. Chemotactic properties of GD2-CAR T cells and their interplay with NB tumor cells. A. Flow cytometric analysis of CXCR3 expression on GD2-CAR T cells after 12-
14 days of culture. A representative staining is shown. Black profile indicates staining with specific mAb, gray profile indicates staining with irrelevant isotype-matched
mAb. B. Chemotaxis of GD2-CAR T cells to CXCL10 was tested in vitro by transwell. Results are expressed as % of input (see Methods). Means of 3 different experiments
CSD are shown. C. CXCL10 production by IMR-32 and HTLA-230 NB cell lines cultured alone or in the presence of GD2-CAR T cells for 24 h. Supernatants of GD2-CAR T
cells (CAR) cultured alone for 24h were used as controls. Means of 3 different experiments CSD are shown.

Figure 6. PD-L1 and PD-1 expression in tumors developed in Scid/Beige mice orthotopically engrafted with HTLA-230 NB cells and treated GD2-CAR T cells alone or com-
bined with BEV. PD-L1 and PD-1 immunostaining of tumors from mice either untreated (a, d, CTR) or treated with GD2-CAR T cells alone (b, e) or in combination with
BEV (c, f). PD-L1 expression involved tumor cells and, sometimes, vascular endothelial cells (c, inset panel), whereas PD-1 was expressed by tumor infiltrating lymphocyte-
like cells. PD-1C cells were detected mainly at the tumor edge after administration of GD2-CAR T cells alone (arrows in e), while they were observed penetrating through-
out the tumor after the combined treatment with GD2-CAR T cells and BEV. (a, b, c and inset: X630; d, e, f: X400).
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Here we have investigated whether the combined adminis-
tration of BEV and human GD2-CAR T cells to immunode-
ficient mice xenografted with human NB cells improved T cell
migration and invasion to the tumor site.

BEV is highly specific for human VEGF-A.19,22,24 BEV
showed an extremely weak interaction with murine VEGF-A
and failed to neutralize it in different bio-assays, including prolif-
eration of mouse endothelial cells stimulated by murine VEGF.42

These findings support our working hypothesis that VEGF-A
blockade occurred almost exclusively at the tumor site where
malignant cells were the only source of human VEGF-A.

We used clinical grade, third generation GD2-CAR T cells
containing CD28 and OX40 as costimulatory endodomains,
that are less prone to the functional exhaustion reported for
second generation GD2-CAR T cells.35,36 A costimulatory
domain alternative to OX40 used for CAR T cell production is
4-1BB. In T cells engineered with anti-CEA CAR, the CD28
endodomain was superior to initiate the T cell response, while
OX40 or 4-1BB sustained the long term response, with OX40
being most effective.43 So far, no data were reported on the best
combination between CD28-OX40 and CD28-4.1BB, respec-
tively, in third generation GD2-CAR T cell setting.

In this study, treatments with BEV and/or human GD2-
CAR T cells were administered to mice two weeks after ortho-
topic NB implantation. GD2-CAR T cells alone did not exert
any anti-tumor activity, whereas BEV administered alone at
5 mg/Kg inhibited tumor growth, and the combination of BEV
with GD2-CAR T cells was one log more effective than treat-
ment with BEV alone. We eliminated the intrinsic anti-tumor
activity of BEV as single agent by decreasing the dose to 2 mg/
Kg. In this experimental condition BEV retained the ability to
synergize with GD2-CAR T cells in the inhibition of NB
growth. Histologic and immunohistochemical analyses of NB
tumors showed that BEV at 5 mg/Kg, but not at 2 mg/Kg,
reduced the number of tumor microvessels and induced tumor
cell apoptosis, whereas both BEV concentrations reduced
VEGF-A expression in the tumor, although at different extent,
and normalized the structure of the vasculature. Similar results
have been reported previously in a pre-clinical model of breast
cancer in which an anti-VEGFR2 antibody was administered at
doses lower than those endowed with anti-angiogenic activity.
Such low doses induced vascular normalization, reprogrammed
macrophages from a M2-like to a M1 phenotype and facilitated
T cell tumor infiltration.34

Failure of GD2-CAR T cells administered alone to mediate
anti-NB activity was found to depend on defective migration
inside the tumor mass. In contrast, GD2-CAR T cells adminis-
tered after BEV infusion infiltrated massively the core of the
tumor, where extensive areas of necrosis were detected, conceiv-
ably as a consequence of high expression of perforin and IFN-g
by T cells. Perforin is a cytotoxic molecules closely involved in
tumor cell killing, while IFN-g induces apoptosis of NB cells
through multiple signaling pathways, including the CD95/
CD95 L autocrine circuit and the Stat1/IRF1 pathway.44,45 In
addition, IFN-g induces the expression of the anti-angiogenic
chemokines CXCL9 and CXCL10.46 The latter was abundantly
expressed in NB tumors infiltrated with IFN-g producing GD2-
CAR T cells, pointing to a contribution of CXCL10 to inhibition
of tumor angiogenesis and growth. Finally, in our experiments,

CXCL10 attracted CXCR3C GD2-CAR T cells in vitro, thus sup-
porting an amplification model of recruitment of the latter cells
to the tumor mass. Although these results point to a key role of
IFN-g in our model, other cytokines released by GD2-CAR T
cells may have contributed to the therapeutic activity of the latter
cells administered together with BEV.

Involvement of CXCL10 in immunotherapy NB models was
previously demonstrated in another study from our group.47

Human Vg9Vd2 T cells infused in combination with zoledronic
acid in immunodeficient mice orthotopically xenografted with
human NB cells infiltrated the tumor mass, where they expressed
IFN-g and the cytotoxic molecule TIA-1, and induced tumor cell
expression of CXCL10. The latter chemokine played a dual role in
this setting by inhibiting tumor angiogenesis and recruiting new
waves of cytotoxic CXCR3CVg9Vd2 T cells to the tumor site.47

The xenograft NB model used herein did not allow to evalu-
ate the role of host immune system in the response to treat-
ment. Nonetheless, it must be noted that pro-angiogenic
factors, and in particular VEGF-A, have been shown to dampen
the anti-tumor immune response through different mecha-
nisms, including inhibition of dendritic cell maturation,
increased accumulation of myeloid derived suppressor cells,
generation of T regulatory cells, and induction of tumor associ-
ated-macrophages.48 It is therefore conceivable that, in immu-
nocompetent hosts, BEV-mediated inhibition of VEGF-A can
further potentiate the therapeutic activity of GD2-CAR T cells
by dampening or abrogating different immunosuppressive bar-
riers in the tumor microenvironment.

One of the major immune checkpoints that dampen the
anti-tumor immune response is the PD-1/PD-L1 axis.49 PD-1 is
expressed by infiltrating immune cells, while PD-L1 is
expressed, either constitutively or inducibly, by tumor cells.
IFN-g is the best-characterized, although not the only, inducer
of PD-L1 expression.50 Our immunohistochemical analyses
revealed that GD2-CAR T cells upregulated the expression of
PD-L1 on NB cells, likely as a consequence of their ability to
produce IFN-g, which has been previously shown to upregulate
PD-L1 in primary NB cells and NB cell lines.51 On the other
hand, GD2-CAR T cells expressed PD-1. Both PD-L1 and PD-1
expression were detected mainly at the tumor periphery follow-
ing infusion of GD2-CAR T cells alone, and within the tumor
mass upon administration of GD2-CAR T cells and BEV. Thus,
the PD-1/PD-L1 axis may have limited the therapeutic efficacy
of the latter combination that improved significantly the sur-
vival of NB-bearing mice but did not eradicate the tumor. Dif-
ferent strategies can be envisaged to silence or dampen PD-L1
at the tumor site or PD-1 expression in CAR T cells in order to
overcome the immunosuppressive interactions between PD-1
and its ligand PD-L1 in the tumor microenvironment.35,52,53

Previously it was shown that second-generation GD2-CAR
T cells underwent potent activation and PD-1-mediated dele-
tion following antigen encounter.52 Furthermore, a small phase
I study showed that lymphodepletion with cyclophosphamide
and fludarabine (Cy/Flu) increased CAR T cell expansion in
patients with neuroblastoma by up to 3 logs.7 PD-1 inhibition
with pembrolizumab did not further enhance CAR T cell
expansion or persistence, and a striking expansion of CD45/
CD33/CD11b/CD163C myeloid cells was detected, that may
have contributed to the modest clinical responses.7
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In conclusion, the results of this study are translationally rel-
evant, since GD2-CAR T cells have been administered as single
agent to pediatric NB patients and BEV safety has been estab-
lished in a Children Oncology Group phase I trial enrolling
pediatric patients with resistant solid tumors.54 Toxicity of the
combination of GD2-CAR T cells with BEV must be evaluated
in an ad hoc designed clinical trial. PD-L1/PD-1 silencing or
blocking strategies may further help enhance the efficacy of
such a combination.

Materials and methods

Cell lines

The human NB cell lines HTLA-230 (kindly provided by Pro-
fessor Emil Bogenmann, Children’s Hospital Los Angeles, Los
Angeles, California, USA) and IMR-32 (kindly provided by
Professor Carol J. Thiele, National Cancer Institute, Bethesda,
Maryland, USA) were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum (Invitro-
gen, Carlsbad, CA), HEPES buffer, L-glutamine, penicillin-
streptomycin and nonessential aminoacids (EuroClone,
Milano, Italy). All cell lines were used between passages 25 and
50. Frozen aliquots were thawed and cultured for no more than
4 weeks, tested for mycoplasma and authenticated by STR
(BMR Genomics S.r.l., Padova, Italy).

Plasmid construction and retrovirus production

The cassette encoding the single-chain antibody targeting GD2,
CD28, OX40 endodomains and the z chain of the T-cell recep-
tor complex was cloned into the SFG retroviral backbone to
generate the third-generation CAR.GD2 retroviral vector.55

Generation of CAR-modified T cells

Peripheral blood mononuclear cells (PBMC) were obtained
from five healthy donors following protocol approval by Insti-
tutional Review Board (IRB) of Ospedale Pediatrico Bambino
Ges�u, Roma, Italy. PBMC were activated with OKT3 (Ortho
Biotech, Bridgewater, NJ) and CD28 (Becton Dickinson,
Mountain View, CA) antibodies and recombinant human
interleukin-7 (IL7) (10 ng/mL) and IL15 (5 ng/ml) (Proleukin;
Chiron, Emeryville, CA) in complete media [RPMI 1640
(Gibco-BRL) 45%, Click medium (Irvine Scientific, Santa Ana,
CA) 45%, supplemented with 10% FBS (HyClone, GE Health-
care Life Sciences, Marlborough, MA) and 2 mM L-glutamine
(GIBCO-BRL)]5656. Activated T cells were transduced with ret-
roviral supernatants on day 3 in plates coated with recombinant
fibronectin fragment (FN CH-296; Retronectin; Takara Shuzo,
Otsu, Japan).56 After transduction, T cells were expanded using
IL7-IL15 and then used for the experiments described below.

Flow cytometry

The following monoclonal antibodies were used: CD3, CD4, CD8,
CD45RO, CD62L, CD45RA (BD Biosciences, San Jose, CA),
CXCR3 (R&D Systems, Minneapolis, MN) conjugated with FITC,
PE, PE-Cy7 or APC. Isotype matched fluorochrome-conjugated

murine Ig were used as negative controls. Expression of GD2- spe-
cific CAR was analyzed with the specific anti-idiotype antibody
1A7. Samples were analyzed with FACSCalibur (BD Biosciences)
or Gallios (Beckman-Coulter, Marseille, France) cytometers
and CellQuest (BD Biosciences) or Kaluza (Beckman-Coulter)
softwares.

Cytotoxicity assays

Cytotoxicity assays were performed using a standard 4 h 51Cr-
release test. GD2-CAR T cells or NT activated T lymphocytes
were used as effectors. Human GD2C NB cell lines or Raji Bur-
kitt’s lymphoma cell line were used as targets. Different effector
to target ratio were tested. Results were expressed as percent
specific lysis, according to the formula: %lysis D 100 £ (experi-
mental release ¡ spontaneous release)/(maximum release ¡
spontaneous release).

Chemotactic assays

Chemotaxis was investigated using 5 mm pore-size transwell
plates (Costar, Cambridge, MA). Five £ 105 cells were dis-
pensed in the upper chamber, chemokines or medium alone
were added to the lower chamber. Recombinant CXCL10
(Immunotools, Friesoythe, Germany) were tested at 300 ng/ml
following preliminary titration experiments. Plates were incu-
bated 2 h at 37�C. Migrated cells were collected and counted,
and migration index was calculated as follows: (n� of migrated
cells/n� of dispensed cells) x100. Migration index obtained with
medium alone was subtracted from each value.

ELISA

Chemokine release by NB cells was tested after 24 h culture
either in the presence or in the absence of GD2-CAR T cells.
NB cells were plated in 6 well plate (5 £ 105 cells/well) either in
the presence or in the absence of GD2-CAR T cells at a
NB/CAR T cell ratio of 10:1. GD2-CAR T cells cultured alone
(5 £ 104/well in 24 well plate) were used as controls. After 24 h
culture, supernatants were collected and stored at -80� until
tested using a standard ELISA (R&D Systems).

In vivo studies

Six-week-old female Scid/Beige mice (Envigo S.r.l., S.Pietro al
Natisone, Italy) were anesthetized with ketamine (Imalgene
1000, Merial Italia S.p.A, Milano, Italy), subjected to laparot-
omy and orthotopically xenografted in the left adrenal gland
with human NB cells (1 £ 106 cells/mouse). Two weeks later,
mice were allocated into different groups: (i) control group,
receiving either human NT T cells (10 £ 106cells/mouse) or
normal saline; (ii) mice treated with BEV (Avastin�, Roche S.p.
A, Italia) at 5 mg/Kg; (iii) mice treated with BEV at 2 mg/Kg;
(iv) mice treated with GD2-CAR T cells (10£ 106 cells/mouse);
(v) mice treated with GD2-CAR T cells (10 £ 106 cells/mouse)
48 hours after BEV 5 mg/Kg injection and (vi) mice treated
with GD2-CAR T cells (10 £ 106 cells/mouse) 48 hours after
BEV 2 mg/Kg injection. All treatments were administered once
intravenously. Mice were inspected three times a week and
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were euthanized when signs of discomfort were detected. The
protocol was reviewed and approved by Ethical Committee of
IRCCS Azienda Ospedaliera Universitaria San Martino-IST
(Genova-Italy) and by the Italian Ministry of Health.

Histology, immunohistochemistry and morphometric
analyses

These studies were performed on tumor masses explanted
from mice 48 hours after BEV or normal saline infusion or
72 hours after GD2-CAR T cell infusion. For histology,
paraffin-embedded samples were sectioned at 3 mm and
stained with hematoxylin and eosin (H&E). Single and double
immunohistochemistry was done on paraffin-embedded sec-
tions. Single immunohistochemistry was performed using
anti-human CD3 (A0452, Dako, Glostrup, DK), anti-human
PD-L1 (Clone 22C3, Dako, Carpinteria, CA), anti-mouse
CD31 (clone SZ31, Dianova, Hamburg, Germany), anti-
human perforin (Clone 5B10, Novocastra, Newcastle Upon
Tyne, UK), anti-human PD-1 (Clone NAT105), anti-human
interferon-gamma (rabbit polyclonal, AB9657) and anti-
human CXCL10 (rabbit polyclonal, AB9807) all from
Abcam (Cambridge, UK), anti-human VEGF-A (rabbit
polyclonal, RB-9031-P1, Thermo Scientific, Waltham, MA)
Abs in a fully automated Leica Bond-Max instrument (Leica
Biosystems, Nussloch GmbH, Germany). The immune com-
plexes were detected using the Bond Polymer Refine Detec-
tion Kit (Leica Biosystems) according to the manufacturer’s
protocol. Negative controls were performed by replacing the
primary Ab with 10% non-immune serum. Further controls
were performed by omitting the secondary Ab. Controls
were always negative.

For CD31/CD3 double immunostaining of formalin-fixed
paraffin-embedded samples, sections were deparaffinized, sub-
jected to heat-induced epitope retrieval with tris-EDTA pH 9.0
for 20 minutes, treated with H2O2/3% for 5 min. to inhibit
endogenous peroxidase, and then washed in tris buffer. The sli-
ces were then incubated for 30 min with the first primary anti-
body (rat anti-mouse CD31, Dianova, Hamburg, Germany)
followed by detection with biotinylated goat anti-rat Ab
(Vector Laboratories, Burlingame, CA) and stained with Strep-
tavidin/HRP (Lab Vision, Thermo Fisher Scientific, Fremont,
CA)) followed by VECTOR NovaRED Peroxidase (HRP) Sub-
strate (Vector Laboratories), according to the manufacturer’s
protocol. Then, sections were incubated for 30 min with the
second primary Ab (rabbit anti-CD3, Dako) followed by detec-
tion with alkaline phosphatase (AP)-linked polymer (Leica Bio-
systems) and Ferangi Blue Chromogen (Biocare Medical,
Concord, CA), according to the manufacturer’s protocol.

Hematic microvessels were identified as small tubes or
circles marked by anti-CD31 mAb. Counts of microvessels and
apoptotic cells were performed at X400 in a 0.180 mm2

field.
At least 3 samples (1 sample/tumor growth area) and 6–8
(depending on tumor width) randomly chosen fields/sample
were evaluated. Results are expressed as mean § SD of CD31
positive microvessels per field, or as mean § SD percentage of
TUNEL positive cells/number of total cells evaluated on forma-
lin-fixed sections by immunohistochemistry or TUNEL assay,
respectively.

Terminal deoxynucleotidyl transferase–mediated dutp
nick end labeling (TUNEL) assay

DNA fragmentation associated with apoptosis was detected in
4 mm sections by TUNEL staining with the ApopTag plus Per-
oxidase in Situ Apoptosis kit (Millipore, Billerica, MA) accord-
ing to the manufacturer’s protocol.

Statistical analyses

In vitro and in vivo studies. Survival curves were constructed
using the Kaplan-Meier method and compared by the log-rank
test. In vitro data were from three independent experiments,
results were expressed as mean §SD. Graphs and statistical
analyses were performed using GraphPad Prism 6 (GraphPad
Software, La Jolla, CA).

Immunohistochemical studies. Differences among tumors
from BEV, GD2-CAR T, GD2-CAR T C BEV and PBS-treated
mice were assessed by one-way analysis of variance (ANOVA)
test. The difference between each pair of means was evaluated
using the Tukey pairwise multiple comparisons test. All statisti-
cal tests were evaluated using an a level of 0.05. Statistical anal-
ysis was carried out with SPSS software, version 11.0 (SPSS Inc,
Chicago, IL).
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