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Abstract

Purpose: We determined whether elimination of CD105þ

cells in the tumor microenvironment (TME) with anti-CD105
antibodies enhanced anti-disialoganglioside (GD2) antibody
dinutuximab therapy of neuroblastoma when combined with
activated natural killer (aNK) cells.

ExperimentalDesign:The effect ofMSCs andmonocytes on
antibody-dependent cellular cytotoxicity (ADCC)mediatedby
dinutuximab with aNK cells against neuroblastoma cells was
determined in vitro.ADCCwith anti-CD105mAb TRC105 and
aNK cells against MSCs, monocytes, and endothelial cells,
which express CD105, was evaluated. Anti-neuroblastoma
activity in immunodeficient NSG mice of dinutuximab with
aNK cells without or with anti-CD105 mAbs was determined
usingneuroblastomacell lines and apatient-derivedxenograft.

Results: ADCC mediated by dinutuximab with aNK cells
against neuroblastoma cells in vitro was suppressed by addi-

tion ofMSCs andmonocytes, and dinutuximabwith aNK cells
was less effective against neuroblastomas formed with coin-
jected MSCs and monocytes in NSG mice than against those
formed by tumor cells alone. Anti-CD105 antibody TRC105
with aNK cellsmediated ADCC againstMSCs,monocytes, and
endothelial cells. Neuroblastomas formed inNSGmice by two
neuroblastoma cell lines or a patient-derived xenograft coin-
jected withMSCs andmonocytes weremost effectively treated
with dinutuximab and aNK cells when anti-human (TRC105)
and anti-mouse (M1043) CD105 antibodies were added,
which depleted human MSCs and murine endothelial cells
and macrophages from the TME.

Conclusions: Immunotherapy of neuroblastomawith anti-
GD2 antibody dinutuximab and aNK cells is suppressed by
CD105þ cells in the TME, but suppression is overcome by
adding anti-CD105 antibodies to eliminate CD105þ cells.

Introduction
Treatment of patients with high-risk neuroblastoma includes

myeloablative therapy followed by mAb immunotherapy that
targets residual tumor cells expressingdisialogangliosideGD2(1).
Nearly all neuroblastomas express GD2 (2), and standard-of-care
treatment including chimeric anti-GD2 mAb dinutuximab/
ch14.18 has significantly improved event-free and overall survival
of patients (1). However, 40% of patients relapse during or after
this therapy, and most succumb (1). Mechanisms of treatment
failure have not been elucidated.

The tumor microenvironment (TME) can promote tumor
development, metastasis, and resistance to chemotherapy and
immunotherapy (3–7). Therefore, targeting of specific cells in the
TME is a potential therapeutic strategy (8), and the simultaneous
targeting of both tumor and TME cells using specific mAbs
combined with adoptively transferred effector cells represents a
new combinatorial strategy for cancer therapy.

Mesenchymal stromal cells (MSC), tumor-associated macro-
phages (TAM), and endothelial cells are components of the TME.
MSCs have strong immunosuppressive andprotumorigenic prop-
erties (4, 5, 9, 10). TAMs, which differentiate frommonocytes, can
promote resistance of tumors to chemotherapy and radiotherapy
as well as inhibit T and NK cell function (3). A high frequency of
TAMs is associated with a worse prognosis in lung, breast, pros-
tate, thyroid, hepatocellular carcinoma, and follicular lympho-
ma (10, 11). We have shown experimentally that TAMs stimulate
neuroblastoma cell growth in vitro and in vivo (12) and have
demonstrated that high-risk, MYCN-nonamplified neuroblasto-
mas from patients express high levels of TAM-associated genes
(CD14, CD16, IL6, and IL6R), which correlatedwith a poor 5-year
event-free survival (13). Therefore, experimental modeling of the
TME can appropriately include MSCs and monocyte-derived
TAMs.

CD105 (endoglin), a transmembrane coreceptor for both
TGFb and bone morphogenetic protein-9 (BMP-9), is expressed
by MSCs, cancer-associated fibroblasts (CAF), proliferating
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angiogenic endothelial cells, and monocytes/macrophages in
tumors including neuroblastomas (6, 14–18). Thus, CD105 is
a potentially important target for immunotherapeutic elimina-
tion of cells of the TME. The anti-CD105 antibody TRC105 is a
chimeric IgG1 antibody that binds human CD105 with high
affinity and induces ADCC by Fc-receptor–expressing cells
against CD105þ target cells such as proliferating endothelial
cells (14). TRC105 also binds tomurine CD105 (19, 20). TRC105
has been tested in phase I and II clinical trials for patients with
prostate, ovarian, bladder, breast, hepatocellular, and urothelial
cancer with minimal side effects (21–23) and is currently
being studied in a phase III trial in patients with angiosarcoma
(NCT02979899).

We show that MSCs derived from the bone marrow of patients
with neuroblastoma strongly express CD105 and that these cells
are susceptible to ADCC induced by TRC105 and ex vivo–activated
human NK (aNK) cells. Similarly, endothelial cells and mono-
cytes also express CD105 and are sensitive to ADCC induced by
TRC105 and aNK cells. On the basis of these data and those cited
above, we hypothesized that depletion of human andmouse cells
in the TME using TRC105 and anti-mouse CD105 mAb M1043
combined with adoptively transferred aNK cells would alter the
TME and thereby improve the efficacy of dinutuximab combined
with aNK cells. Using coinjection of human neuroblastoma cells
with human MSCs and monocytes to model the TME, we show
that treatmentwith TRC105 andM1043depleted humanMSCs as
well as murine endothelial cells and TAMs from the TME and
markedly improved the efficacy of dinutuximab combined with
adoptively transferred aNK cells against human neuroblastoma
cells growing in immunodeficient NSG mice.

Materials and Methods
Neuroblastoma cells, MSCs, monocytes, HUVECs, aNK cells,
and reagents

Human neuroblastoma cell lines CHLA-255, CHLA-136, their
firefly luciferase–expressing counterparts CHLA-255-Fluc and

CHLA-136-Fluc, as well as the Renilla luciferase–expressing cell
line CHLA-136-hRL, were maintained in Iscove's Modified
Dulbecco's Medium (IMDM) with 12% FBS (Omega Scientific).
CHLA-255-Fluc, CHLA-136-Fluc, and CHLA-136-hRL cells were
transduced with the firefly luciferase (Fluc) gene or humanized
Renilla luciferase (hRL) gene using a lentivirus vector. CHLA-255
cells do not have gene amplification of MYCN and do not
detectibly express the protein (24), but do overexpress c-Myc
(S. Asgharzadeh, personal communication). CHLA-136 cells have
gene amplification ofMYCN and express its protein (24, 25). The
neuroblastoma patient-derived xenograft (PDX) COG-N-415x
expresses mutated ALK (F1174L) and has amplification ofMYCN
[kindly provided by Dr. C. Patrick Reynolds, the Children's
Oncology Group (COG) Cell Culture and Xenograft Repository,
www.COGcell.org]. Both cell lines and the PDX express cell
surface GD2 by flow cytometry (Supplementary Fig. S1). Cells
were tested for Mycoplasma using MycoAlert (Lonza) and the
genetic identity of these cell lines and the PDX was authenticated
using Promega PowerPlex 16 HS kits (Promega, catalog no.
DC6531).

MSCs were cultured from fresh bone marrow samples from
patients with neuroblastoma enrolled in biology studies of the
New Approaches to Neuroblastoma Therapy consortium
(NANT) or the COG as approved by the Institutional Review
Board at Children's Hospital Los Angeles (CHLA, Los Angeles,
CA). Briefly, 1 � 107 mononuclear cells were isolated from
bone marrow by Ficoll-Hypaque (Sigma-Aldrich) density
gradient centrifugation, plated in 75-cm2

flasks, and cultured
in Eagle a-minimum essential medium (Alpha Modification,
Sigma-Aldrich) supplemented with 10% FBS and penicillin/
streptomycin (Sigma-Aldrich). After 24 hours, cultures were
washed twice with PBS to remove nonadherent cells, and
adherent cells were maintained with medium replenishment
every 3–4 days until approximately 80% confluence was
reached 1–2 weeks after initiation. These cells all expressed
MSC-associated markers CD44, CD73, CD90, and CD105
and did not express CD31, CD34, CD45, or HLA-DR (15).
Cultures were continued in this manner, and after 3–4 passages,
MSCs were viably frozen in aliquots. MSCs from four different
donors were tested for in vitro and in vivo experiments with
similar results (Supplementary Table S1).

Monocytes were isolated from healthy donor peripheral
blood mononuclear cells (PBMC) using EasySep Negative
Selection Monocyte Isolation Kits (StemCell Technologies).
Purity was 95%–96% as determined by CD14 surface
staining measured by flow cytometry. Human umbilical
vein endothelial cells (HUVEC) were purchased from
AllCells, LLC and maintained in HUVEC Basal Medium
containing 10% Stimulatory Supplement from AllCells in
0.1% gelatin precoated flasks. Where indicated, MSCs,
monocytes, and HUVECs were transduced with the firefly
luciferase gene as described above.

NK cells from healthy donor PBMCs were propagated and
activated ex vivo using K562-mbIL21 feeder cells and IL2, as
described previously (27, 28). T cells were depleted at day 7 of
culture using EasySep Magnet-activated Cell Sorting (StemCell
Technologies). aNK cells, which were greater than 99%CD56 and
CD16 positive by flow cytometry after 14 days of ex vivo propa-
gation, were aliquoted and viably frozen in Cryoprotective Medi-
um (Lonza). A list of cells and their donors is presented in
Supplementary Table S1.

Translational Relevance

We hypothesized that the tumor microenvironment (TME)
can impair the efficacy of antibody therapy of cancer. To test
this hypothesis, we determined whether treatment of human
neuroblastoma, which expresses disialoganglioside (GD2),
with the anti-GD2 antibody dinutuximab, was improved by
concomitantly targeting and eliminating CD105þ cells in the
TME. CD105þ cells, including mesenchymal stromal cells,
endothelial cells, and monocytes/macrophages, were killed
in vitro by anti-CD105 antibody TRC105 combined with
activated NK cells. These cells also were eliminated from the
TME of human neuroblastomas growing in NSG mice by
combining TRC105 with dinutuximab and adoptively trans-
ferred activated NK cells. These data suggest that treatment of
patients with high-risk neuroblastoma with dinutuximabmay
be enhanced by concurrently reducing MSCs, macrophages,
and endothelial cells in the TME with anti-CD105 mAb
therapy. They also suggest that antibody therapy of other
malignancies may be improved by concurrent elimination of
CD105þ cells in the TME.
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Anti-GD2 chimeric mAb dinutuximab was provided by the
National Cancer Institute at Frederick (Frederick, MD). Anti-
human CD105 chimeric IgG1 mAb TRC105 and rat anti-mouse
CD105 IgG1 mAb M1043 were provided by TRACON Pharma-
ceuticals, Inc.

In vitro cytotoxicity assays
Cryopreserved K562-mbIL21–propagated aNK cells (28)

were thawed and cultured in 10% FBS-RPMI1640 with
100 IU/mL IL2 for 48 hours and then used for cytotoxicity
assays against neuroblastoma cell lines, MSCs, monocytes,
and HUVECs. For the 6-hour assay, CHLA-136-Fluc and
CHLA-255-Fluc were labeled with the fluorescent dye
calcein-AM (Thermo Fisher Scientific) for 30 minutes at 37�C,
washed, and then 1 � 104 cells/well were plated in 96-well
plates with nonlabeled aNK cells at various effector-to-target
(E:T) ratios, without or with dinutuximab and/or TRC105. After
6 hours, retained calcein was quantified using digital imaging
microscopy (28). For the 24-hour assay, 5 � 103 cells/well of
MSC-Fluc, monocyte-Fluc, or HUVEC-Fluc cells were plated
with nonlabeled aNK cells at various E:T ratios with or without
mAbs TRC105 or dinutuximab. Surviving cells were quantified
after 24 hours by adding D-luciferin (150 mg/mL; Biosynth) and
measuring bioluminescence intensity with a GloMax-Multi
Detection System (Promega).

Flow cytometry
Cell surface staining was performed as described previous-

ly (26, 28, 29). Antibodies are listed in Supplementary Table S2.

IHC staining and quantification
For measurement of mouse CD34þ endothelial cells and

F4/80þ mouse macrophages in tumors, tissues were fixed in
formalin, embedded in paraffin, cut into 5-mm sections, and
stained using an automated Leica BOND RX Autostainer (Leica
Biosystems). Rabbit anti-mouse CD34 mAb (clone EP373Y,
Abcam, 1:4,000 dilution) was used to stain mouse endothelial
cells. Tumor microvessel density (MVD) was assessed according
to criteria described by Weidner and colleagues (30, 31).
Briefly, the entire tumor section was scanned at low magnifi-
cation (�100) to find areas of highest tumor vascular density,
and images of four such fields were digitally acquired at high
magnification (�200). MVD was quantified by image analysis
with ImageJ software (NIH, Bethesda, MD), and an average for
eight fields from two sections of each tumor was determined.
For assessment of mouse macrophages in tumors, a rat anti-
mouse F4/80 mAb (clone CI-A-3, Abcam, 1:800) was used. The
tumor area of each section was screened, and four areas with
highest density of macrophages were selected and digitally
acquired. Pixels of these four areas were quantified using
ImageJ software, and an average of eight fields from two
sections of each tumor was determined.

For IHC analysis of CD105 expression by human neuroblas-
toma tumors, paraffin-embedded tumor tissues were obtained
from the COG Biorepository by H. Shimada (COG study
ANBL00B1). Informed consent was obtained from parents or
legal guardians of patients by COG investigators. The study
(principal investigator, H. Shimada) was approved by the CHLA
Institutional Review Board (CCI11-00261, Neuroblastoma
Pathology) and performed under the U.S. Common Rule. IHC
was performed on human neuroblastomas that were obtained at

diagnosis from patients with high-risk, clinical stage IV (meta-
static) disease and that were MYCN-amplified (MYCN-A) or
MYCN-nonamplified (MYCN-NA) with no other known distin-
guishing clinical factors. These tumors were stained for human
CD31, aSMA, and CD105, which allowed quantification of
antigen expression by the endothelial cells of blood vessels and
by MSCs/CAFs in tumor stroma. Three sequential immunostain-
ings with Leica Bond RTU primary antibodies were performed on
each slide using the Leica Bond Rx IHC platform. Briefly, after
epitope retrieval, the first stainingwas performedwith anti-CD31,
and after obtaining images, positive signals (Liquid Fast Red, red
color) were removed by soaking slides with 1% acid alcohol and
acetone. Slides were again subjected to epitope retrieval and then
immunostained a second time with anti-aSMA antibody (Liquid
Fast Red, red color). After obtaining images, positive signals were
removed as above. After epitope retrieval, slides were immunos-
tained for the third time with anti-CD105 antibody. CD105
staining (3, 30-Diaminobenzidine, brown color) was quantified
with Aperio ImageScope software (Leica Biosystems).

In vivo murine neuroblastoma model and treatment
All animal experiments were performed in accordance with a

protocol approved by the Institutional Animal Care and Use
Committee of CHLA. In the renal capsule model in NSG
mice (32), the left kidney of anesthetized mice was exteriorized
and 1 � 106 neuroblastoma cells (CHLA-255-Fluc, CHLA-136-
Fluc or COG-N-415x PDX cells) were injected under the renal
capsule, either alone or mixed with MSCs (0.5 � 106) and
monocytes (0.5 � 106). Subsequently, the kidney was returned
to the retroperitoneal space, the muscle was closed with a single
4-0 polysorb suture, and the skin was closed with a skin clip.
Groups of mice were age and sex-matched. Tumor growth in
mice injected with luciferase-expressing cell lines was assessed
by bioluminescence imaging using a Xenogen IVIS 100 instru-
ment (IVIS Lumina XR System, Caliper Life Sciences). Treat-
ment with aNK cells plus mAbs intravenously began on day 3 or
4 after neuroblastoma cell injection. Treatments were admin-
istered twice a week for four weeks with aNK cells (107/mouse,
immediately after thawing), dinutuximab (15 mg/mouse),
TRC105 (100 mg/mouse), or mAb M1043 (100 mg/mouse)
alone or in different combinations as indicated. Recombinant
human IL2 (2 mg/mouse) and IL15 (5.0 mg/mouse) were
injected intravenously with aNK cells.

Statistical analysis
Data were analyzed using Stata statistical software (version

11.2) and are represented as mean� SE unless otherwise stated.
Student t test was performed to compare two groups. ANOVA
was utilized for multiple comparisons. Analysis of tumor
bioluminescence data was performed by transforming the
photon flux for each mouse using the log (flux þ 1) transfor-
mation and then area under the growth curve (AUC) was
calculated and used in the analysis to compare differences
between treatment groups. Mouse survival time was defined
as the length of time (in days) from tumor cell injection until
the end of the study or time of euthanasia due to disease
progression that caused symptoms (e.g., > 15% weight loss,
weakness, seizures, inability to obtain food or water, inability
to stand, and/or paralysis). The Kaplan–Meier analysis was
used to generate survival curves. A P value of < 0.05 was
considered statistically significant.
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Figure 1.

Human MSCs and monocytes enhance neuroblastoma (NB) cell growth and impair antineuroblastoma activity of aNK cells plus anti-GD2 mAb
dinutuximab. A, Effects of coculture of human MSCs and monocytes with neuroblastoma cell lines on the propagation of neuroblastoma cell lines
in vitro. CHLA-255-Fluc (5 � 103) or CHLA-136-Fluc (5 � 103) cells were cultured alone or with MSCs (1 � 103 from bone marrow of patients with
neuroblastoma), monocytes (5 � 103, freshly isolated from PBMCs of healthy donors), or MSCs þ monocytes in a 96-well microplate in 200 mL of
culture medium per well. (Continued on the following page.)
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Results
Human MSCs and monocytes enhance neuroblastoma cell
growth and impair ADCC mediated by dinutuximab with aNK
cells in vitro and in vivo

We hypothesized that cross-talk between MSCs, macrophages,
and neuroblastoma cells in the TME could enhance neuroblas-
toma cell growth and suppress ADCCmediated by aNK cells with
dinutuximab. Human neuroblastoma cell lines CHLA-255-Fluc
or CHLA-136-Fluc were cocultured without or with MSCs from
patientswith neuroblastoma andwithout orwith purified human
monocytes for 96 hours. Addition of MSCs increased neuroblas-
toma cell numbers as measured by bioluminescence, and adding
monocytes further increased tumor cell numbers (Fig. 1A). We
then tested whether conditioned medium (CM) from tri-cell
cocultures of neuroblastoma cells, MSCs, and monocytes also
would promote tumor cell growth and whether it would suppress
aNK cell direct cytotoxicity and ADCC. The growth of CHLA-255-
Fluc andCHLA-136-Flucwas significantly increased after 72hours
of culture with 50% CM collected from coculture of CHLA-255
cells, MSCs, andmonocytes (Fig. 1B). Both direct cytotoxicity and
ADCC of aNK cells with dinutuximab against CHLA-255 and
CHLA-136 cells were significantly suppressed by the presence of
50% CM from the tri-cell cocultures (Fig. 1C).

Analysis of CMs of neuroblastoma cell lines cultured alone,
with MSCs or monocytes, or with both MSCs and monocytes
showed IL6, IL8, IL10, G-CSF, GRO (CXCL1), MDC (CCL22),
IP-10 (CXCL10), RANTES (CCR5), and TGFb1 to be increased in
cocultures compared with NB cells alone (Supplementary Figs.
S2–S25). TGFb1 was released by neuroblastoma cell lines and
further increased by their coculture with monocytes as reported
previously (29). Compared with neuroblastoma cells alone,
TGFb1 also was increased in CMs of cocultures of neuroblastoma
cells and MSCs. TGFb1 was increased the greatest in CMs of
neuroblastoma cells cocultured with both monocytes and MSCs
(Supplementary Fig. S5). Together, these data suggest that neu-
roblastoma cells interacting with MSCs and monocyte-derived
cells can produce an environment that includes multiple cyto-
kines including TGFb1 that could promote tumor growth and
suppress NK-cell cytotoxicity.

Next, we used an immunodeficient mousemodel to determine
whether MSCs andmonocytes could promote human neuroblas-
toma cell growth in vivo. CHLA-255-Fluc cells were injected

subcutaneously in the area of the right shoulder of NSG mice
either alone, with MSCs or monocytes, or with both MSCs and
monocytes. Both MSCs and monocytes promoted tumor growth
significantly, and the combination of all three cell types stimu-
lated the greatest growth (Fig. 1D and E).

We also determined whether the antitumor efficacy of dinu-
tuximab with aNK cells in vivo was suppressed by coinjecting
MSCs and monocytes with neuroblastoma cells. CHLA-255-Fluc
cells (1 � 106) alone, or with MSCs (0.5 � 106) plus monocytes
(0.5 � 106) were injected into NSG mice under the capsule of
the left kidney (32), and concomitant treatment with aNK cells
(1 � 107/mouse, i.v.) and dinutuximab (15 mg/mouse, i.v.)
was started on day 3 and continued twice a week for 4 weeks.
IL2 (2 mg/mouse) and IL15 (5 mg/mouse) were injected intrave-
nously along with aNK cells and dinutuximab. This models
treatment of minimal disease. Tumor response was assessed
weekly by bioluminescence imaging. Fig. 1F shows that tumors
formed by coinjection of MSCs and monocytes were significantly
less sensitive to dinutuximab plus aNK cells than tumors formed
by CHLA-255-Fluc cells alone. Similarly, treatment with aNK cells
plus dinutuximab was less effective against tumors formed by
coinjection of CHLA-136-Fluc cells, MSCs, and monocytes than
against those formed by CHLA-136-Fluc cells alone (Fig. 1G).

CD105 is expressed by cultured human MSCs, monocytes, and
endothelial cells andby endothelial and stromal cells inhuman
neuroblastoma tumors

We determined whether human MSCs could be targeted
with anti-CD105 mAb for immunotherapeutic elimination.
MSCs (CD44þCD73þCD90þCD31�CD34�CD45�HLA-DR�)
were cultured from bone marrows of 4 patients with high-risk
neuroblastoma (Fig. 2A). Importantly, the MSCs expressed
CD105, GD2, and ligands for NK-cell cytotoxicity receptors
DNAM-1 (CD112 and CD155) and NKG2D (MICA and
ULBP2/5/6; Fig. 2B). CD105 was expressed by all MSCs, and
GD2 was expressed by approximately half of the MSCs from each
patient.

Monocytes (Fig. 2C) also expressed CD105, which was con-
sistent with a previous report (18), and also expressed CD112, a
ligand for DNAM-1 (Fig. 2D). Endothelial cells are known to
express CD31 and CD105, and, as expected, HUVECs expressed
these antigens but not GD2 (Fig. 2C and D). HUVECs also

(Continued.) Propagation of NB cells was determined by luminescence intensity using a Promega plate reader after 1, 2, 3, and 4 days of coculture, which
was before cell overgrowth occurred. Each condition was examined in eight replicate wells. Area under the curve (AUC) was calculated using baseline
corrected flux values and plotted as mean � SE; linear regression was used to examine differences. Analysis was performed with Stata 11. P values refer to
two-sided tests and are shown in the inserted boxes. B, Effects of conditioned medium (CM) collected from cultures of CHLA-255-Fluc cells alone or
from cocultures of CHLA-255-Fluc cells with MSCs, monocytes, or MSCs þ monocytes, on the growth of neuroblastoma cell lines in vitro. CMs were
collected from coculture of CHLA-255-Fluc (1 � 106), monocytes (1 � 106), and MSCs (0.25 � 106) for 72 hours in 3 mL of medium. Fifty-percent CMs, or
fresh unconditioned medium (UM) as a control, were added to cultures of CHLA-255-Fluc (2 � 103) or CHLA-136-Fluc (2 � 103) cells (200 mL total volume)
in a 96-well plate. Propagation of neuroblastoma cells was determined for eight replicates by luminescence intensity, as above. C, Effect of CM from
coculture of CHLA-255-Fluc cells, MSCs, and monocytes on cytotoxicity of aNK cells � dinutuximab (dinutux) against neuroblastoma cell lines. aNK cells
were cultured (1 � 104 cells/0.1 mL/well) for 24 hours with added CM (50% V/V), then direct cytotoxicity and ADCC (E:T ratio ¼ 1:1) with dinutuximab (0.1
mg/mL) against CHLA-255-Fluc or CHLA-136-Fluc cells were quantified using the calcein-AM assay (mean � SD of eight replicate cultures per condition)
after a 6-hour coculture. Paired t test. D and E, Effect of coinjecting human monocytes (2 � 106), MSCs (1 � 106), or both with CHLA-255-Fluc cells (4 �
106) on subcutaneous tumor growth in NSG mice. Tumor growth was quantified by bioluminescent imaging and by tumor size at time of sacrifice. F and G,
Effect of coinjection of neuroblastoma cells with MSCs and monocytes under the left kidney capsule of NSG mice on neuroblastoma growth and on
sensitivity to adoptively transferred aNK cells plus dinutuximab. CHLA-255-Fluc (1 � 106) or CHLA-136-Fluc (1 � 106) cells were either injected alone or
coinjected with MSCs (0.5 � 106) and monocytes (0.5 � 106). Treated mice received aNK cells (1 � 107/mouse, i.v.) and dinutuximab (15 mg/mouse, i.v.)
starting on day 3 and continuing twice a week for four weeks. Tumor growth was monitored by bioluminescence imaging, and images obtained 21 days
after neuroblastoma cell injection are shown. Total flux of tumors in untreated and treated mice was adjusted to baseline pretreatment values, log10
transformed, and plotted as mean � SE, and significance of differences between AUCs was determined by linear regression analysis.
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Figure 2.

Expression of CD105, GD2, and ligands for natural cytotoxicity receptors on human MSCs, monocytes, and HUVECs, and expression of CD105 in human
neuroblastoma (NB) tumors. A,MSCswere cultured from bonemarrow of four patients with neuroblastoma (passage 4–6), and their identity was confirmed by
analysis of CD44, CD73, CD90, CD31, CD34, CD45, and HLA-DR using flow cytometry. B,MSCs were characterized for expression of potential target molecules,
including CD105, GD2, and ligands for natural cytotoxicity receptors DNAM-1 (CD112 and CD155), NKG2D (MICA, MICB, ULBP1, ULBP2/5/6, and ULBP3), and
NKp30 (B7-H6), and for HLA-ABC. C,Monocytes were identified by expression of CD14, and HUVECs by CD31. D,Monocytes and HUVECswere analyzed for
expression of CD105, GD2, and ligands for natural cytotoxicity receptors. E, Representative IHC stains for CD105, CD31, and aSMA in high-risk human
neuroblastoma tumors with or withoutMYCN amplification. F, Expression of CD105 in high-riskMYCN-amplified (n¼ 5) and nonamplified (n¼ 4) human NBs.
Primary tumors were obtained from patients with metastatic disease but without other known distinguishing clinical factors. Aperio ImageScope software was
used for quantification of CD105 expression on ECs (CD105þCD31þ) and pericytes (CD105þaSMAþ) in vasculature and on spindle-shaped MSCs/CAFs
(CD105þaSMAþ) in stroma.
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expressedDNAM-1 ligands (CD112 andCD155) and theNKG2D
ligand(s) ULBP2/5/6 (Fig. 2D).

The clinical relevance of targeting CD105þ cells in the
TME was supported by the presence of spindle-shaped
CD31�aSMAþCD105þ nonvascular stromal MSCs/CAFs in pri-
mary, clinical stage IV, high-risk, MYCN-amplified and nonam-
plified neuroblastomas using IHC (Fig. 2E). Importantly, IHC
also demonstrated vascular-associated CD31þaSMA�CD105þ

endothelial cells and CD31�aSMAþCD105þ pericytes. Evalua-
tion of five MYCN-amplified and four MYCN-nonamplified
tumors demonstrated that all contain these cells expressing
CD105 (Fig. 2F). Together, these experimental and clinicopath-
ologic data, along with our previous demonstration of CD163þ

macrophages in primary human neuroblastomas (13), supports
strategies aimed at elimination of immunosuppressive cells from
the TME by utilizing aNK cell direct cytotoxicity and ADCC
mediated by anti-CD105 mAb.

CD105 is a target on MSCs, monocytes, and endothelial cells
for ADCC mediated by anti-CD105 antibody TRC105 with
aNK cells, and anti-CD105 mAbs improve treatment of
neuroblastomas with dinutuximab and adoptively transferred
aNK cells in NSG mice

Next, we evaluated aNK cell–mediated direct cytotoxicity and
ADCC with anti-CD105 mAb TRC105 and with anti-GD2 mAb
dinutuximab against human MSCs, monocytes, and HUVECs.
aNK cells alone were cytotoxic for these cells after 24 hours of
coculture, and adding TRC105 significantly increased cytotoxicity,
especially against MSCs (Fig. 3A). In contrast, TRC105 without
aNK cells had no effect on MSC, monocyte, or HUVEC survival.
Dinutuximab also increased aNK-cell cytotoxicity against MSCs
but not against GD2-negative monocytes or HUVECs (Fig. 3A).
These in vitro experiments with aNK cells confirm that TRC105
can induce ADCC against endothelial cells and for the first
time show that TRC105 can induce ADCC against MSCs and
monocytes.

We also determined whether NB cell lines express CD105 and,
if so, whether they can be targeted with TRC105 for ADCC. Only
CHLA-255-Fluc cells among nine neuroblastoma cell lines appre-
ciably expressed CD105 (Supplementary Fig. S6A). aNK cells
mediated ADCC with TRC105 against CHLA-255-Fluc cells but
not against two other tested neuroblastoma cell lines (Supple-
mentary Fig. S6B and S6C).

To extensively evaluate whether targeting CD105þ cells in the
TME can enhance the anti-neuroblastoma effect of dinutuximab
with aNK cells in vivo, we used the CHLA-136-Fluc or CHLA-255-
Fluc neuroblastoma cell lines or COG-N-415x PDX cells for the
tri-cell (NB:MSC:monocyte) subrenal capsule model in NSG
mice. Because mouse MSCs, monocytes, and endothelial cells
might become involved in tumor development and because
TRC105 binds with low affinity to mouse CD105, we hypothe-
sized that addition of rat anti-mouse CD105 mAb M1043 would
further improve the treatment.Mice injectedwith CHLA-136-Fluc
cells (1 � 106), MSCs (0.5 � 106), and monocytes (0.5 � 106)
received aNK cells, dinutuximab, and TRC105 plus M1043, alone
or in different combinations for four weeks (twice a week)
beginning 4 days after tumor cell injection (Fig. 3B–E). Neither
aNK cells alone nor anti-CD105 mAbs (TRC105 plus M1043)
alone suppressed growth of tumors. Decreased tumor growth and
prolonged survival was induced by dinutuximab alone, by the
three mAbs combined without aNK cells, and by dinutuximab

plus aNK cells. However, the greatest efficacy in both decreasing
tumor growth and prolonging mouse survival was obtained by
addition of TRC105 and M1043 to dinutuximab plus aNK cells
(Fig. 3B–E).

To confirm these findings, CHLA-255-Fluc cells or COG-N-
415x PDX cells were coinjected under the renal capsulewithMSCs
and monocytes (Fig. 4). Treatment of mice bearing CHLA-255-
Fluc tumors with TRC105 plus M1043, or the combination of
TRC105, M1043, and aNK cells suppressed tumor growth but did
not prolong survival. Treatment with dinutuximab alone, or
dinutuximabplus aNK cells, significantly decreased tumor growth
and prolonged survival (Fig. 4A–C). The combination of dinu-
tuximab, TRC105, andM1043 had greater efficacy in suppressing
tumor growth and in prolonging survival. However, addition of
aNK cells to the combination of dinutuximab, TRC105, and
M1043 resulted in the largest decrease in tumor growth and
longest prolongation of survival (Fig. 4A–C). For mice bearing
COG-N-415x tumors, survival was not increased by treatment
with the combination of TRC105, M1043, and aNK cells. How-
ever, mice treated with dinutuximab plus aNK cells had increased
survival, and those treated with dinutuximab, TRC105, M1043,
and aNK cells had the longest survival (Fig. 4D).

We also tested whether adding TRC105 or M1043 individually
would improve the efficacy of dinutuximab with aNK cells.
TRC105 improved growth suppression and survival when added
to dinutuximab and aNK cells. Addition of only M1043 to
dinutuximab with aNK cells improved suppression of tumor
growth in the first 21 days compared with dinutuximab alone
with aNK cells. However, this early suppression of growth by
addition of M1043 did not persist at days 28 and 35, and survival
was not improved (Supplementary Fig. S7A–S7C). Together,
these findings support the conclusion that ADCC of aNK cells
with dinutuximab is most effectively enhanced by TRC105 target-
ing of CD105þ cells in the TME.

Anti-CD105 mAbs and dinutuximab with aNK cells deplete
MSCs from the tumor microenvironment, decrease tumor
growth, and increase survival

To simultaneously evaluate the responses of neuroblastoma
cells and MSCs to combined treatment with TRC105, M1043,
dinutuximab, and aNK cells, CHLA-136-hRL, MSC-Fluc, and
monocytes were coinjected under the kidney capsule of NSG
mice (Fig. 5). Treatment began on day 4 and continued for four
weeks with the same doses and schedule as in Figs. 3 and 4. The
responses ofMSC-Fluc andCHLA-136-hRL cells to treatmentwere
monitored by bioluminescence imaging weekly on successive
days to distinguish signals from the two forms of luciferase. aNK
cells combined with neither dinutuximab nor anti-CD105 mAbs
significantly decreased the MSC-Fluc signal compared with
untreated controls, but flux was significantly decreased by com-
bining aNK cells with both anti-CD105 mAbs and dinutuximab
(Fig. 5A and B). Dinutuximab plus aNK cells decreased tumor
growth but did not achieve significant prolongation of survival
(P ¼ 0.11). However, addition of anti-CD105 mAbs to this
regimen resulted in significant suppression of tumor growth and
prolongation of survival (Fig. 5C and D). aNK cells plus anti-
CD105 mAbs had no effect on tumor growth, which correlated
with a lack of reduction of MSC-Fluc cells in this group compared
with those in untreated control mice. Overall, these data support
the importance of simultaneously targeting both CD105þ MSCs
in the TME and GD2þ tumor cells.
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Figure 3.

Targeting of CD105þMSCs, monocytes, and ECs with anti-CD105 mAbs and aNK cells, and growth of CHLA-136-Fluc cells in NSGmice after treatment with
dinutuximab and adoptively transferred aNK cells without or with anti-human CD105mAb TRC105 and anti-mouse CD105 mAb M1043. A, aNK cell–mediated
direct cytotoxicity and ADCC against MSC-Fluc, monocyte-Fluc, or HUVEC-Fluc cells in vitro. aNK cells were cultured with target cells (5� 103 cells/well) at a 2:1
E:T ratio with or without mAb TRC105 (250 ng/mL) and/or dinutuximab (250 ng/mL) for 24 hours. Surviving target cells were quantified by adding D-luciferin
and measuring bioluminescence intensity (mean� SD of eight replicate cultures per condition). B, Images of neuroblastoma tumor growth on days 3, 28, and 49
after tumor cell injection. CHLA-136 neuroblastoma cells (1� 106), MSCs (0.5� 106), and monocytes (0.5� 106) were coinjected under the capsule of left kidney
of NSGmice, and indicated treatments were administered intravenously twice a week for 4 weeks, starting on day 3. Tumor growth was quantified weekly by
bioluminescent imaging. C, Total flux of tumors in untreated and treated mice was adjusted to baseline pretreatment values, log10 transformed, and plotted as
mean� SE, and differences were calculated from AUCs. D, Bar plot of AUCs from day 0 to day 35 after tumor cell injection. E, Kaplan–Meier survival plot for the
groups of mice shown in B and C.
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Anti-CD105 mAbs with dinutuximab and aNK cells decrease
tumor microvessel density and macrophage infiltration

To determine whether treatment with aNK cells plus dinutux-
imab and anti-CD105 mAbs affected microvessels and mouse
macrophage infiltration in tumors, microvessel density (MVD)
andmacrophageswere assessedwith IHCusing anti-mouseCD34
and anti-F4/80 mAbs. MVD and macrophages were quantified
using ImageJ software. Tumors from the four groups of mice
shown in Fig. 4A (untreated, aNK plus anti-CD105 mAbs, aNK
plus dinutuximab, and aNK cells combined with anti-CD105
mAbs and dinutuximab) were stained. Four different areas of the
most intense neovascularization or of the highest density of
macrophages were analyzed in two different sections of each
tumor as detailed in Materials and Methods. MVD was signifi-

cantly decreased by aNK cells plus anti-CD105 mAbs, and was
further decreased by combining dinutuximab with aNK cells and
anti-CD105 mAbs (Fig. 6A–C). aNK cells þ dinutuximab
decreased MVD compared with untreated control tumors. How-
ever, the mechanism of this decrease is most likely to be indirect
due to targeting GD2 expressed by neuroblastoma and mesen-
chymal stromal cells and so compromising their ability to
enhance angiogenesis rather than to direct killing of murine
endothelial cells by anti-GD2 dinutuximab þ aNK cells. Anti-
GD2 IHC of neuroblastoma xenografts demonstrates that mouse
endothelial cells do not express GD2, but do express CD34
(Supplementary Fig. S8A). This finding was confirmed by flow
cytometry analysis of dissociated CHLA-136-Fluc neuroblastoma
tumors from kidneys of NSGmice, which demonstrated that cells

Figure 4.

Effect of anti-CD105mAbs and dinutuximab with adoptively transferred aNK cells against CHLA-255-Fluc or COG-N-415x tumors formed with coinjected MSCs
andmonocytes under the renal capsule of NSGmice. Experimental details are provided in Materials and Methods and Fig. 3.A, Images of CHLA-255-Fluc
neuroblastoma growth on days 3, 21, 35, and 56 after tumor cell injection. B, Total flux of tumors in untreated and treated mice was adjusted to baseline
pretreatment values, log10 transformed, and plotted as mean� SE, and differences were calculated from AUCs. Therapeutic schedule was as in Fig. 3B. C,
Kaplan–Meier survival plot for mice injected with CHLA-255-Fluc cells, MSCs, and monocytes and treated as in A and B.D, Kaplan–Meier survival plot for mice
injected with PDX COG-N-415x cells, MSCs, andmonocytes and treated with aNK cells� dinutiximab� anti-CD105mAbs. Therapeutic schedule was as in Fig. 3B.

Anti-CD105, Anti-GD2, and NK Cells to Treat Neuroblastoma

www.aacrjournals.org Clin Cancer Res; 25(15) August 1, 2019 4769

on July 29, 2021. © 2019 American Association for Cancer Research. clincancerres.aacrjournals.org Downloaded from 

Published OnlineFirst May 8, 2019; DOI: 10.1158/1078-0432.CCR-18-3358 

http://clincancerres.aacrjournals.org/


expressing murine CD31 (a marker of murine endothelial cells)
did not express GD2 (Supplementary Fig. S8B). MVD analysis of
two complete sections of each tumor provided essentially iden-
tical results (r¼ 0.98; P < 0.01). The frequency of F4/80þ cells was
significantly decreased by aNK cells plus anti-CD105 mAbs,
and was also further decreased by combining dinutuximab with
aNK cells and anti-CD105 mAbs (Fig. 6D–F). Depletion of
macrophages from neuroblastomas treated with anti-CD105
mAbs plus aNK cells correlated with decreased tumor growth
(P < 0.001, Fig. 4B) but not with mouse survival (P ¼
0.18, Fig. 4C), whereas addition of dinutuximab to this treatment
resulted in correlation with both decreased tumor growth
(P < 0.001, Fig. 4B) and with increased mouse survival (P <
0.0001, Fig. 4C). These observations indicate that anti-CD105
mAbs with dinutuximab and aNK cells decrease tumor MVD and
macrophage infiltration,whichboth correlatewith efficacyof aNK
cell–mediated ADCC.

Discussion
We demonstrate experimentally that neuroblastoma cells,

MSCs, and monocytes together create an environment that
suppresses ADCC mediated by aNK cells and promotes tumor
growth. In vitro, coculture of neuroblastoma cell lines with
MSCs and monocytes increased tumor cell numbers. CM from
these cocultures suppressed the cytotoxicity of aNK cells alone
or with dinutuximab and also promoted tumor cell growth.
Notably, these CMs contained multiple cytokines, including
TGFb1, which could cause immunosuppression and enhance
tumor cell growth (10, 33, 34). Comparison of tumors formed
in NSG mice by neuroblastoma cells with coinjected MSCs and
monocytes versus those formed by neuroblastoma cells alone
demonstrated the former to be less responsive to treatment
with dinutuximab and aNK cells, to have increased growth,
and to be associated with reduced survival. Because of the

Figure 5.

Effect of anti-CD105 and anti-GD2 mAbswith adoptively transferred aNK cells against CHLA-136-hRL neuroblastoma and coinjected MSC-Fluc cells. CHLA-136-
hRL (1� 106) cells were coinjected with MSC-Fluc cells (0.5� 106) and monocytes (0.5� 106) under the kidney capsule of NSGmice, and treatments were begun
four days later. Neuroblastoma growth and MSC survival were quantified weekly by bioluminescence imaging of flux from humanized Renilla luciferase (hRL) and
firefly luciferase (Fluc) activity on two consecutive days each week. A, Images of NBs on days 5 and 33 and MSCs on days 4 and 32 after injection. B, Total flux
fromMSCs in untreated and treated mice was adjusted to baseline pretreatment values, log10 transformed, and plotted as mean� SE, and differences between
AUCs were calculated. C, Total flux from neuroblastoma cells in untreated and treated mice was adjusted to baseline pretreatment values, log10 transformed, and
plotted as mean� SE. Therapeutic schedule was as in Fig. 3B.D, Kaplan–Meier survival plot for mice treated as in C.
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complexity of targeting multiple cytokines and/or their signal-
ing pathways, we determined whether eliminating cells
associated with production of these cytokines in the TME,
specifically MSC and monocytes/macrophages, would provide
a strategy for improving immunotherapy with dinutuximab
and aNK cells.

We show that targeted elimination of CD105þ MSCs,
monocytes/macrophages, and endothelial cells from the TME
enhances anti-neuroblastoma immunotherapy with dinutuxi-
mab and aNK cells. We demonstrate the expression of CD105
on culturedMSCs derived frombonemarrow, onmonocytes, and
on endothelial cells. CD105 was expressed by 90%–100% of

Figure 6.

MVD and frequency of murine macrophages in CHLA-255-Fluc tumors treated with anti-CD105 and anti-GD2 mAbs and adoptively transferred aNK
cells. Intrarenal tumors from four indicated groups of mice that are shown in Fig. 4 were analyzed. Four mice from each group were sacrificed due to
morbidity from tumor growth, at which time they had visually locatable tumors of approximately the same size. Tumors were stained by IHC for
murine endothelial cells (CD34) and macrophages (F4/80). A and D show representative images of CD34þ microvessels and F4/80þ macrophages,
respectively (200� magnification). B and E show dot plots of MVDs and macrophage frequencies for eight fields (4 fields � 2 sections) in each
tumor from 4 mice per group, which were quantified by digital imaging (ImageJ software). C and F show the means of tumor MVD and macrophage
frequency for each mouse from the four treatment groups. Data were log10 transformed, and linear regression analysis was used to examine
treatment effects on tumor vasculature and macrophages. Red crosses represent group means.

Anti-CD105, Anti-GD2, and NK Cells to Treat Neuroblastoma

www.aacrjournals.org Clin Cancer Res; 25(15) August 1, 2019 4771

on July 29, 2021. © 2019 American Association for Cancer Research. clincancerres.aacrjournals.org Downloaded from 

Published OnlineFirst May 8, 2019; DOI: 10.1158/1078-0432.CCR-18-3358 

http://clincancerres.aacrjournals.org/


MSCs from bone marrow of 4 patients with metastatic neuro-
blastoma. This is consistent with previous studies showing that
CD105 is expressed by MSCs and cancer-associated fibroblasts in
tumors including neuroblastoma (6, 15, 16). We also find that
40%–90% of MSCs express GD2, which is consistent with pre-
vious reports (35, 36).Murine endothelial cells, aswell as cultured
human monocytes and HUVECs, the latter being a surrogate for
tumor endothelial cells, expressed CD105 but not GD2. Ligands
for aNK cell cytotoxicity receptors DNAM-1 (CD112 and CD155)
and NKG2D (MICA and ULBP2/5/6) are expressed by MSCs, but
only the DNAM-1 ligand CD112 is expressed by monocytes and
HUVECs. The clinical relevance of CD105 expression by these cell
types is supported by our finding that high-risk human primary
neuroblastomas, both MYCN gene amplified and nonamplified,
contain CD105þ vascular and stromal cells. These data suggested
that anti-CD105 and anti-GD2 mAbs combined with aNK cells
could deplete MSCs, monocytes/macrophages, and endothelial
cells in the TME and so possibly improve anti-GD2mAb therapy.

Next, we evaluated aNK cell–mediated direct cytotoxicity and
ADCC against MSCs, monocytes, and HUVECs in vitro. We show
that aNK cells can kill MSCs directly and that even greater killing
results from ADCCwith anti-CD105mAb TRC105 and anti-GD2
mAb dinutuximab. In addition, monocytes and HUVECs can be
directly killed by aNK cells, and this cytotoxicity is increased by
addition of mAb TRC105. These data suggest that activating
ligands for NK-cell receptors as well as antigen targets for ADCC
(CD105 andGD2) can contribute to aNK cell elimination of these
TME cells. Thus, combining aNK cells with mAbs that target TME
and tumor cells is a potentially effective immunotherapeutic
strategy.

It has been reported that some tumor cell types express CD105,
including breast and ovarian carcinomas, gastrointestinal stromal
tumors,melanomas, and leukemias (37–41). The neuroblastoma
cell line SH-SY5Y also has been reported to express CD105 (42).
We found that CD105wasmodestly expressed by neuroblastoma
cell lines CHLA-255, CHLA-136, SMS-KCNR, and CHLA-90, but
wasnot expressedbyfiveothers.OnlyCHLA-255was significantly
killed when ADCC against the CD105-positive cell lines was
evaluated. These data do not support CD105 as an important
target on neuroblastoma cells.

We developed a model in NSG mice, which lack T, B, and NK
cells, to evaluate the impact of eliminating MSCs, monocytes/
macrophages, and endothelial cells in the TME on the efficacy of
therapy with aNK cells and dinutuximab against human neuro-
blastomas. Thismodel is relevant to treatment ofminimal disease
because therapy began either three or four days after tumor cell
injection when bulk disease and overt metastases were not yet
detectable. This model utilizes human MSCs and monocytes
coinjected with neuroblastoma cell lines or a PDX under the
kidney capsule of NSGmice. The two human neuroblastoma cell
lines and the PDX were derived from highly aggressive and drug-
resistant metastatic tumors. One cell line (CHLA-255) expresses
c-Myc protein, representing those patients with neuroblastoma
whose high tumor expression of c-Myc is associated with a
poor prognosis (43). Another (CHLA-136) has MYCN gene
amplification, which causes high expression of the corresponding
protein and which is an adverse prognostic factor (44). The PDX
(COG-N-415x) has mutated ALK and amplified MYCN, both of
which contribute to aggressive tumor behavior (45). Mice were
treated with mAbs that are in clinical use and with aNK cells
that are propagated and activated ex vivo similarly to currently

open clinical trials employing adoptive NK-cell therapy
(NCT01729091, NCT01619761, NCT01787474, NCT01904136,
NCT01823198, NCT02271711, NCT02280525), including a
NewApproaches toNeuroblastoma Therapy (NANT) consortium
trial for neuroblastoma (NCT02573896). Thus, our model tests
variables relevant to treatment of high-risk neuroblastoma in
patients.

Our data show for thefirst time that antitumor immunotherapy
of high-risk neuroblastomas with dinutuximab and aNK cells is
improved by concurrently depleting MSCs, endothelial cells, and
macrophages in the TME with anti-CD105 mAbs. Although
mechanism(s) whereby depletion of these cells renders neuro-
blastoma cells more sensitive to dinutuximab and aNK cells are
not yet fully understood, this could relate to decreased production
of immunosuppressive and protumor cytokines, which is sup-
portedbyour coculture experiments. Second, themarkeddecrease
of vasculature inneuroblastomas by anti-CD105mAbs combined
with aNK cells could be another antitumor mechanism. Third,
depletion of mouse macrophages could contribute to improved
treatment with dinutuximab and aNK cells. Depletion of mouse
macrophages may be due to targeting of CD105 on murine
TAMs (46, 47) and/or to decreasing human chemoattractant and
survival cytokines MCP-1, MCP-3, and CSF-1 produced in the
TME. It has been reported that human MCP-1, MCP-3 and CSF-1
are cross-reactive with the receptors for their murine counterparts,
and so the human cytokines may have recruited mouse mono-
cyte/macrophages and supported their survival and activation in
the human tumor xenografts (48, 49). We have shown that
macrophages induce c-Myc expression and phosphorylation of
STAT3 inneuroblastoma cells in syngeneic transplantable tumors,
promoting neuroblastoma growth (50). Given the limited expres-
sion of CD105 on neuroblastoma cell lines and the PDX exam-
ined here, the direct targeting of neuroblastoma cells by anti-
CD105mAbs likelywill not improve treatmentwithdinutuximab
and aNK cells in vivo. Indeed, only one of three neuroblastoma cell
lines (CHLA-255) was sensitive in vitro to ADCC mediated by
TRC105 and aNK cells (Supplementary Fig. S6B and S6C). Over-
all, the efficacy of anti-CD105 mAbs in our neuroblastoma
models required concurrent targeting of tumor cells with dinu-
tuximab, suggesting that the role of depleting CD105þ cells in the
TME is to enable ADCC against neuroblastoma cells.

Although our models investigated clinically applicable thera-
pies for treating high-risk neuroblastoma, they could have limita-
tions. First, the TME in our xenograft model of neuroblastoma
includes a mixture of human and murine cells with decreasing
persistence of normal human cells over time. Notably, the
humanized IgG1 TRC105 antibody mediated ADCCwith human
aNK cells in vitro against human MSC, endothelial cells, and
monocytes. In vivo, tumor growth was decreased by the combi-
nation of TRC105 and M1043 with aNK cells and dinutuximab,
which correlated with decreased humanMSCs and murine endo-
thelial cells and macrophages. TRC105 recognizes murine
CD105 (19, 20), and our data indicate that TRC105 was the
primary effector antibody against both human andmurine cells in
vivo because the rat IgG1 anti-murine CD105 M1043 only
decreased tumor growth at early time points and did not prolong
survival when added to aNK cells and dinutuximab in vivo.
Second, in our quantitation of MVD, tumors were excised from
each treatment group whenmice were sacrificed due tomorbidity
from tumor growth, and since different groups had different
survival times after completion of therapy, the effect of decreasing
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persistence of human aNK cells on the measured MVD is difficult
to estimate. Third, effector and target cells were from unrelated
donors and so do not model the binding of human leukocyte
antigen (HLA) class I molecules by autologous inhibitory and
activating killer cell immunoglobulin-like receptors (KIR). Impor-
tantly, NK cells can mediate ADCC against MLL gene–rearranged
leukemia cells that express inhibitory KIRs (51), and aNK cells
generated with K562-mbIL21 feeder cells, as performed in our
study, are not inhibited by autologous KIR–ligand interac-
tion (27). Another possible limitation is the absence of effector
T cells. However, neuroblastoma cells express little or no MHC
class I molecules to present peptides to effector T cells and
have relatively few gene mutations to generate unique tumor-
associated antigens/peptides that could be targets for cytotoxic
T cells (52–54). Finally, evidence has not been obtained to date
showing an adaptive T-cell immune response to human neuro-
blastoma (55). These potential limitations could be evaluated in
fully immunocompetent mice with transgenic or transplantable
syngeneic neuroblastoma tumors that express GD2 and that have
the spectrum of oncogenic abnormalities associated with aggres-
sive tumor behavior in humans, but suchmodels are not currently
available.

In summary, this study shows that anti-human CD105 mAb
TRC105 mediates ADCC with aNK cells against MSCs, mono-
cytes, and endothelial cells. Depletion of these cells from the TME
by anti-CD105 mAbs increases the antitumor activity of dinutux-
imab plus aNK cells. These data suggest that treatment of patients
with high-risk neuroblastoma with dinutuximab may be
enhanced by concurrently reducingMSCs, TAMs, and endothelial
cells in the TME with anti-CD105 mAb therapy. Our findings
support future clinical testing of TRC105 in combination with
dinutuximab in patients with high-risk neuroblastoma. They also
suggest that therapy of other malignancies with antibodies

could be improved by elimination of CD105þ cells in the tumor
microenvironment.
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