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ABSTRACT
Immunotherapy with anti-GD2 antibody (Ab) ch14.18/CHO is effective for treatment of high-risk
neuroblastoma (NB) patients and is mainly based on GD2-specific Ab-dependent cellular cytotoxicity
(ADCC). Strategies to further enhance the efficacy are important and currently explored in prospective
clinical trials randomizing ch14.18/CHO § IL-2. Recently, expression of programmed death 1 (PD-1)
inhibitory receptor by effector cells and its ligand (PD-L1) by tumor cells has been shown. Here, we report
for the first time effects of PD-1 blockade on ch14.18/CHO-based immunotherapy and mechanisms
involved.

Expression of PD-1 and PD-L1 on NB and effector cells was analyzed by RT-PCR and flow cytometry in
the presence of ch14.18/CHO and/or IL-2. The effect of PD-1 blockade on ch14.18/CHO-mediated anti-NB
immune response was evaluated using anti-PD-1 Ab both in vitro (Nivolumab) and in a syngeneic PD-L1C/
GD2

C NB mouse model (anti-mouse PD-1).
Culture of NB cells LA-N-1 (low PD-L1 baseline expression) with leukocytes and subtherapeutic ch14.18/

CHO concentrations for 24 h induced strong upregulation of PD-L1, which was further increased by IL-2
resulting in complete inhibition of ch14.18/CHO-mediated ADCC. Importantly, blockade with Nivolumab
reversed the PD-L1-dependent inhibition of ADCC. Similarly, co-incubation with anti-CD11b Ab abrogated
the PD-L1 upregulation and restored ADCC. Mice treated with ch14.18/CHO in combination with PD-1
blockade showed a strong reduction of tumor growth, prolonged survival and the highest cytotoxicity
against NB cells.

In conclusion, ch14.18/CHO-mediated effects upregulate the inhibitory immune checkpoint PD-1/PD-L1,
and combination of ch14.18/CHO with PD-1 blockade results in synergistic treatment effects in mice
representing a new effective treatment strategy against GD2-positive cancers.

Abbreviations: AM, acetoxymethyl ester; ADCC, antibody-dependent cell-mediated cytotoxicity; anti-Id, anti-idio-
type; CHO, Chinese Hamster Ovary; CDC, complement dependent cytotoxicity; ELISA, Enzyme-linked Immunosor-
bent Assay; E:T, effector:target; EFS, event-free survival; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; IL-2,
interleukin-2; mAb, monoclonal antibody; NB, neuroblastoma; OS, overall survival; PD-1, programmed cell death 1;
PD-L1, programmed cell death ligand 1; RT, room temperature; SD, standard deviation; SEM, standard error of the
mean; TH, tyrosine hydroxylase; COG, Children’s Oncology Group; NK, natural killer
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Introduction

One of the major challenges in pediatric oncology is the effec-
tive treatment of high-risk neuroblastoma (NB) patients. The
5-year event-free survival (EFS) rate following standard therapy
still remains less than 50%.1 The Children’s Oncology Group
(COG) reported that treatment of high-risk NB patients with
the human/mouse chimeric Ab ch14.18 produced in SP2/0 cells
in combination with cytokines (GM-CSF and IL-2) improved
2-year event-free survival (EFS) and overall survival (OS) by
20% and 11%, respectively.2 This Ab/cytokine combination
therapy was approved by the American Food and Drug Admin-
istration for the treatment of NB. In Europe, ch14.18/CHO was
remanufactured in Chinese Hamster Ovary (CHO) cells and
applied with and without IL-2 for the treatment of NB showing
similar clinical activity and pharmacokinetics compared with

the ch14.18 produced in SP2/0 cells,3 and ch14.18/CHO was
approved by the European Medicines Agency for the treatment
of NB.

The primary mechanism of action of ch14.18/CHO is the
induction of antibody-dependent cell-mediated cytotoxicity
(ADCC)4,5 that requires immune effector cells such as natural
killer (NK) cells, monocytes, neutrophils and macrophages.6

The cytotoxic activity of these cells is mediated by immuno-
globulin receptors including FCGR3A (CD16) expressed pri-
marily on NK cells and FCGR2A (CD32) expressed on
monocytes, macrophages and neutrophils.6 Both receptors rec-
ognize the Fc fragment of ch14.18/CHO bound to NB cells and
induce cytotoxic effector functions.

One major side effect associated with anti-GD2 therapies is
the induction of neuropathic pain.2,3 These side effects could be
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improved by changing the application method from short-term
infusions (STI; 4–5 days; 8 h/day; cumulative dose 100 mg/m2)
to a long-term infusion (LTI; 10 days; 24 h/day, cumulative
dose 100 mg/m2).7

However, the survival rates of high-risk NB patients treated
with anti-GD2 Ab are still far behind other malignant diseases
in pediatric oncology (i.e. acute lymphoblastic leukemia, neph-
roblastoma), therefore new approaches are urgently needed.

In the context of strategies built on directing the patient�s
immune system against cancer cells, additional blockade of
inhibitory pathways is a potential step forward. Application of
immunomodulatory Abs that block immunologic immune
checkpoints was clinically effective in some cancers even when
used as a monotherapy.8 Under physiologic conditions,
immune checkpoints maintain self-tolerance during immune
responses; however, in cancer they can negatively regulate anti-
tumor immunity thereby reducing the treatment efficacy. Pro-
grammed Death 1 (PD-1) is one key immune checkpoint recep-
tor expressed mainly by activated T cells and, as recently has
been reported, also by NK cells.9 PD-1 mediates immunosup-
pression after binding to its ligands PD-L1, expressed by acti-
vated haematopoietic cells and epithelial cells, and PD-L2,
expressed by dendritic cells and macrophages.8 Importantly,
upregulation of both PD-1 ligands has been found in many
human cancers with major expression of PD-L1 in solid tumors
and PD-L2 in B cell lymphomas.8 Several studies revealed that
the ligand expression, especially PD-L1, was associated with
aggressive disease and adverse clinical outcome.10 Although the
inhibitory role of the PD-1/PD-L1 pathway has been identified
in different cancers, little is known about the mechanisms of
the regulation of this immune checkpoint. Recently, involve-
ment of CD11b receptor and p38 MAPK signaling pathway has
been shown to be critical for the expression of PD-L1 by tumor
cells.11

In NB, both a constitutive and inducible PD-L1 expres-
sion was recently reported in different cell lines.12,13 In NB
cells with low PD-L1 levels inflammatory cytokines, such as
interferon gamma, induced PD-L1 expression. Moreover, an
active role of PD-L1 in immunosuppression of CD4C and
CD8C T cells was demonstrated in vitro after blocking of
PD-L1 expressed by NB cells.12 Importantly, expression of
PD-1 receptor by ab- and gd T cells as well as by NK cells
has emphasized PD-1/PD-L1-mediated negative regulation
of the induced anti-NB immune response.13 PDL-1 expres-
sion was also evaluated by immunohistochemistry in a
series of pediatric malignancies and reported to be positive
in 72% for high-risk NB patients.14 Taken together, NB cells
express ligand of the immune checkpoint receptor PD-1
and thus inhibit anti-tumor immune response. Based on
these considerations, we addressed the question whether
ch14.18/CHO-mediated anti-tumor effects could be aug-
mented by the blockade of the immune checkpoint pathway
PD-1/PD-L1.

We first analyzed PD-L1 and PD-1 expression by NB cells
and leukocyte populations as well as ch14.18/CHO-mediated
effects and involvement of CD11b in the regulation of this
immune checkpoint. We then determined anti-tumor effects of
ch14.18/CHO-based immunotherapy in combination with
PD-1 blockade in vivo.

Our results demonstrate that ch14.18/CHO-mediated
ADCC induces the inhibitory PD1/PD-L1 checkpoint on NB-
and effector cells (lymphocytes, monocytes and granulocytes),
a process that is CD11b-dependent. Importantly, a synergistic
anti-NB effect of the combinatorial ch14.18/CHO and anti-
PD-1 immunotherapy was observed, emphasizing its clinical
potential as an immunotherapy strategy.

Results

PD-1 ligand expression by human neuroblastoma cell lines

We first analyzed baseline expression of PD-1 ligand mRNA in
well-known human NB cell lines CHLA-20, LA-N-1, LA-N-6
and SK-N-SH as well as in primary cell lines HGW-1, HGW-2,
HGW-3 and HGW-5 originated from high-risk NB patients15

using semi-quantitative RT-PCR analysis (Fig. 1A-B). All NB
cell lines analyzed were found to be PD-L1-positive (Fig. 1A)
with varying baseline expression levels (Fig. 1B). Since LA-N-1
cells showed the lowest baseline expression level from this
panel (Fig. 1B), we selected this cell line to evaluate strategies to
induce PD-L1 expression. We then confirmed weak baseline
PD-L1 protein expression by LA-N-1 using flow cytometry
(Fig. 1C-D). For calculation of baseline expression levels we
used the mean fluorescence intensity relative to isotype control
as described in Materials and Methods. Additionally, we ana-
lyzed PD-L1 baseline expression by 3 leukocyte populations
(granulocytes, monocytes and lymphocytes) using flow cytome-
try and detected higher levels compared with LA-N-1
(Fig. 1C-D). Comparison of leukocyte populations revealed a
2-fold weaker baseline expression level of PD-L1 by lympho-
cytes compared with granulocytes and monocytes (Fig. 1D).

Impact of ch14.18/CHO-mediated ADCC and IL-2 on PD-1
ligand expression

The current standard of care for NB maintenance therapy is the
application of anti-GD2 Abs in combination with cytokines2

and in Europe this treatment consists of ch14.18/CHO com-
bined with IL-2. Therefore, we investigated by flow cytometry
effects of ch14.18/CHO-mediated ADCC and IL-2 on PD-L1
expression by LA-N-1 NB cells (GD2C/CD45¡/PD-L1C) and 3
leukocyte populations: granulocytes, monocytes and leukocytes
(GD2¡/CD45C/PD-L1C). To distinguish between the leukocyte
populations, a gating strategy based on cell granularity and
intensity of the CD45 fluorescence of GD2-negative cells was
used. To calculate changes of the PD-L1 expression level, we
used mean fluorescence intensity relative to the respective
untreated cell population as described in Materials and
Methods.

To analyze PD-L1 expression on NB cells, GD2-positive LA-
N-1 cells were co-cultured for 24 h with further components to
induce ADCC i.e., leukocytes (E/T 10:1) (granulocytes, lym-
phocytes and monocytes), and subtherapeutic levels of anti-
GD2 mAb ch14.18/CHO (10 ng/ml). A strong increase of the
PD-L1 expression compared with controls was observed
(Fig. 2A-B and D). Importantly, ch14.18/CHO (10 ng/ml) com-
bined with IL-2 (100 IU/ml) further increased these effects
showing significantly higher PD-L1 expression level compared
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with ch14.18/CHO without IL-2 (Fig. 2D). This effect was GD2-
specific since co-treatment of the culture containing LA-N-1,
ch14.18/CHO and leukocytes with an anti-idiotype Ab to the
ch14.18/CHO (ganglidiomab)16 resulted in complete abro-
gation of PD-L1 induction (Fig. 2C and D). Incubation of NB
cells with only one component of the ADCC reaction such as
only ch14.18/CHO or exchanging ch14.18/CHO with an irrele-
vant Ab rituximab or with only effector cells did not affect PD-
L1 expression, indicating that all 3 components (target cell, Ab
and effector cells) are required. Moreover, IL-2 alone did not
affect PD-L1 expression by NB cells (Fig. 2D).

We also evaluated effects of ch14.18/CHO-mediated ADCC
with and without IL-2 on PD-L1 expression by 3 leukocyte
populations (granulocytes, monocytes and lymphocytes)
(Fig. 3). Similar to PD-L1 expression by NB cells, culture condi-
tions with all components involved in ADCC, i.e., NB cells,
ch14.18/CHO Ab and effector cells, mediated the highest

increase of PD-L1 on granulocytes and monocytes, respectively
(Fig. 3A and B) and unchanged PD-L1 expression on lympho-
cytes (Fig. 3C). In contrast to NB cells, incubation of leukocytes
with IL-2 in absence of NB cells or ch14.18/CHO resulted in
significant increase of PD-L1 expression by granulocytes,
monocytes and lymphocytes (Fig. 3A-C). Interestingly, we
observed the highest level of PD-L1 expression by granulocytes,
monocytes and in particular also lymphocytes when ADCC
cultures contained IL-2 (Fig. 3A-C). Again, this effect was
GD2-specific since the addition of ganglidiomab (anti-idiotype
Ab of ch14.18/CHO)16 or exchanging ch14.18/CHO with an
irrelevant mAb (rituximab) resulted in complete abrogation of
PD-L1 induction. Finally, removal of one critical component of
the ADCC reaction, such as ch14.18/CHO or effector cells
abrogated PD-L1 induction, indicating that all 3 compo-
nents (target cell, Ab and effector cells) are required
(Fig. 3A-C).

Figure 1. PD-L1 gene expression by NB- and effector cells. (A-B) Representative RT-PCR (A) and densitometric analysis of PD-L1 mRNA (B) by human NB cell lines CHLA-20,
LA-N-1, LA-N-6 and SK-N-SH as well as by primary cell lines HGW-1, HGW-2, HGW-3, and HGW-5. PD-L1 mRNA Expression (A, upper panel) was evaluated relative to
GAPDH (A, lower panel) which served as internal control according to the formula: PD-L1 signal intensity/GAPDH signal intensity. (B) Values are given as means § SEM of
5 independent experiments. (C) Representative histograms and (D) flow cytometry analysis of PD-L1 baseline expression by NB cells LA-N-1 (C, upper left panel) and leu-
kocytes (granulocytes (C, upper right panel), monocytes (C, lower left panel) and lymphocytes (C, lower right panel)). Cells were stained with PE-labeled anti-mouse PD-
L1 Ab (filled black curve). Anti-mouse IgG2b, k-PE was used as isotype control (open gray curve). The PD-L1 expression level was quantified using relative geometric
mean fluorescence intensity (rgMFI) according to the formula: MFI of PD-L1 stained sample/MFI of isotype control. When the control histogram (isotype control) is not vis-
ible it is covered by the experimental histogram (PD-L1 staining). Data are shown as mean values § SEM of at least 3 independent experiments.
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In summary, these data demonstrate strong upregulation of
the PD-L1 under GD2-specific ADCC culture conditions
(ch14.18/CHO, leukocytes, NB cells), that is enhanced by
additional IL-2.

Effect of ch14.18/CHO-mediated ADCC with and without
IL-2 on PD-1 expression

Similar to the analysis of PD-1 ligand, we evaluated expression
of PD-1 receptor on NB cells (Fig. 4A) and on the 3 leukocyte

populations (granulocytes (Fig. 4B), monocytes (Fig. 4C) and
lymphocytes (Fig. 4D)). We did not detect PD-1 expression on
LA-N-1 cells even under ADCC conditions irrespective of IL-2
co-treatment (Fig. 4A). This is in contrast to the findings on
leukocytes (Fig. 4B-D). The strongest stimulatory effect on PD-
1 expression was observed after induction of ch14.18/CHO-
mediated ADCC in all effector cell populations analyzed
(Fig. 4B-D); however the observed differences for granulocytes
were not statistically significant. Co-incubation with IL-2 fur-
ther increased PD-1 expression with significant effects in the

Figure 3. Effects of ADCC culture conditions on PD-L1 expression by 3 leukocytes populations: granulocytes (A), monocytes (B) and lymphocytes (C). Leukocytes were cultured
for 24 h before analysis with ch14.18/CHO (10 ng/ml) and LA-N-1 NB cells (E:T 10:1) in the absence or presence of IL-2 (100 IU/ml). PD-L1 expression was analyzed by flow
cytometry using PE-labeled anti-human PD-L1. Alexa647-labeled anti-GD2 and PE/Cy7-labeled anti-CD45 mAb were used to distinguish between NB cells (PD-L1C/GD2C/CD45¡)
and leukocytes (PD-L1C/GD2¡/CD45C). PD-L1 expression level was quantified using the relative geometric mean fluorescence intensity (rgMFI) according to the formula: MFI of
PD-L1 by treated cells - MFI of PD-L1 by the respective untreated control. Leukocytes incubated only with ch14.18/CHO, NB cells or IL-2 served as controls. To show GD2-speci-
ficity, ch14.18/CHO was replaced by rituximab or bound by ganglidiomab (anti-Id. of ch14.18/CHO) that was added to the ADCC culture condition. Data are shown as mean val-
ues § SEM of at least 3 independent experiments. (A) t-test, ���P < 0.001 vs. ch14.18/CHO, xxP < 0.01 vs. ADDC, ##P < 0.01 vs. ch14.18/CHO and NB cells,
###P < 0.001 vs. rituximab, $$$P < 0.001 vs. granulocytes with IL-2 and NB cells with IL-2. (B) t-test, �P < 0.05 vs. ch14.18/CHO, ���P < 0.001 vs. NB cells and rituximab,
xxP < 0.01 vs. ADCC, #P < 0.05 vs. ch14.18/CHO, ##P < 0.01 vs. NB cells, ###P < 0.001 vs. rituximab, $P < 0.05 vs. NB cells with IL-2, $$P < 0.01 vs. monocytes with IL-2. (C)
t-test, �P < 0.05 vs. ch14.18/CHO, ���P < 0.001 vs. rituximab, ##P < 0.01 vs. ch14.18/CHO, NB cells and ADCC, ###P < 0.001 vs. rituximab and ADCC C anti-Id.

Figure 2. Effects of ADCC culture conditions on PD-L1 expression by NB cells. PD-L1 expression was analyzed on LA-N-1 cells by flow cytometry and data are shown by
representative histograms (A-C) and rgMFI values (D) as described in Materials and Methods. Results show PD-L1 expression after 24 h incubation with ch14.18/CHO (A),
ch14.18/CHO in combination with leukocytes (ADCC conditions, B) and ch14.18/CHO with leukocytes and anti-idiotype ganglidiomab (anti-Id) (specificity control, C).
When the control histogram (isotype control) is not visible it is covered by the experimental histogram (PD-L1 staining). The effect of ADCC conditions on PD-L1 expres-
sion was also analyzed in the presence of IL-2 (D). Cells were stained with PE-labeled anti-human PD-L1 Ab. To distinguish between PD-L1-positive NB cells (PD-L1C/
GD2

C/CD45¡) and leukocytes (PD-L1C/GD2
¡/CD45C), Alexa647-labeled anti-GD2 and PE/Cy7-labeled anti-CD45 mAb were used. The PD-L1 expression level was quanti-

fied using relative geometric mean fluorescence intensity (rgMFI) according to the formula: MFI of PD-L1 by treated cells - MFI of PD-L1 by the respective untreated con-
trol. Ch14.18/CHO and rituximab served as controls. Data represent mean values § SEM of at least 3 independent experiments. t-test, ##P < 0.01 vs. ch14.18/CHO,
###P < 0.001 vs. leukocytes, xxxP <0.001 vs. ADCC without IL-2, �P < 0.05 vs. ADCC without IL-2, ��P < 0.01 vs. leukocytes, ���P < 0.001 vs. LA-N-1 incubated with IL-2.
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lymphocyte population (Fig. 4D). Similar to the results of the
PD-L1 analysis, incubation of the ADCC components with the
anti-idiotype Ab ganglidiomab or replacement of ch14.18/
CHO with irrelevant Ab rituximab abrogated the induction of
PD-1 expression by all effector cells populations analyzed
(Fig. 4B-D).

These data show strong upregulation of the PD-1 receptor
on leukocytes under the culture conditions of ADCC (ch14.18/
CHO, leukocytes, NB cells), which is GD2-specific. These
effects were further enhanced by IL-2 in all 3 leukocyte popula-
tions analyzed.

PD-1/PD-L1 checkpoint blockade and ADCC

Based on our data of PD-1/PD-L1 checkpoint upregulation
under ADCC conditions, we investigated whether this check-
point inhibits the cytotoxic activity of effector cells and evalu-
ated the effect of PD-1 blockade.

This was tested with untreated LA-N-1 cells that show
low PD-L1 expression (Fig. 1) compared with LA-N-1 cells
with high PD-L1 expression induced following 24 h culture
under ADCC conditions (co-incubation with leukocytes (E:
T 10:1) and subtherapeutic ch14.18/CHO concentration (10
ng/ml) for 24 h) (Fig. 2B and D). We then used both types
of LA-N-1 cells with high and low PD-L1 expression as tar-
get cells for evaluation of ch14.18/CHO-dependent ADCC
in a subsequent 4 h ADCC assay performed with ch14.18/
CHO (10 mg/ml) and leukocytes of a healthy donor pre-
treated with IL-2 (100 IU/ml) for 24 h. We detected a
strong lysis (56%) of NB cells expressing low level of PD-L1
(Fig. 5). In contrast, ADCC against high PD-L1 expressing
LA-N-1 cells was significantly inhibited (16%, Fig. 5), which
was similar to the negative control rituximab (14%, Fig. 5).
These data clearly show the inhibition of ADCC by the PD-
1/PD-L1 pathway.

Next, we induced ADCC against high PD-L1 expressing LA-
N-1 in the presence of anti-PD-1 mAb. Importantly, blockade
of PD-1 reversed the inhibitory effect of PD-1/PD-L1 pathway
resulting in significant increase (27%) of anti-tumor cytotoxic-
ity by effector cells (Fig. 5).

Our results show positive effects of blockade of PD-1/
PD-L1 immune checkpoint on cytotoxic activity of effector
cells.

Based on the fact that CD11b has been shown to be
involved in the induction of PD-L1,11 we analyzed the
impact of CD11b blockade on PD-L1 expression by tumor
and effector cells. Analysis of LA-N-1 NB cells cultured
under ADCC conditions (leukocytes, E/T 10:1; 10 ng/ml
ch14.18/CHO) in the presence of anti-CD11b mAb showed
reduced upregulation of PD-L1 (Fig. 6A and B). Similar
effects were observed in granulocytes (Fig. 6C and E) and
monocytes (Fig. 6D and E) compared with controls.
Blockade of CD11b did not affect expression of PD-L1 by
lymphocytes (Fig. 6E).

To evaluate whether the observed effects of CD11b
blockade on PD-L1 have a functional effect, we analyzed
the ADCC response against LA-N-1 NB cells cultured
under ADCC conditions (leukocytes E/T 10:1; 10 ng/ml
ch14.18/CHO) in the presence of anti-CD11b mAb (Fig. 5).
LA-N-1 cells treated with anti-CD11b were found to be sig-
nificantly more sensitive to the subsequent ADCC assay
(81%) compared with the control (27%). Interestingly,
ADCC levels were higher following CD11b blockade during
ADCC culture conditions compared with untreated LA-N-1
cells characterized by low PD-L1 expression (81% vs 56%,
respectively) (Fig. 5).

These results show that CD11b blockade reverse PD-L1
expression and inhibition of ADCC by the PD-L1/PD-1 check-
point and suggest a possible therapeutic potential of CD11b
blockade.

Figure 4. Effects of ADCC culture conditions on PD-1 expression by LA-N-1 NB cells (A) and 3 leukocytes populations: granulocytes (B), monocytes (C) and lymphocytes
(D). ADCC was induced by 24 h incubation of LA-N-1 with ch14.18/CHO and leukocytes in the presence or absence of IL-2. PD-1 expression was analyzed by flow cytome-
try with PE-labeled anti-human PD-1 Ab. Alexa647-labeled anti-GD2 and PE/Cy7-labeled anti-CD45 mAb were used to distinguish between NB cells (GD2

C/CD45¡) and
leukocytes (GD2

¡/CD45C). PD-1 expression level was determined using relative geometric mean fluorescence intensity (rgMFI) according to the formula: MFI of PD-1 by
treated cells - MFI of PD-1 by the respective untreated control. Ch14.18/CHO, IL-2, leukocytes and NB cells, respectively, served as controls. To show GD2-specificity of
ADCC, ch14.18/CHO was replaced by rituximab or bound by ganglidiomab (anti-Id of ch14.18/CHO) that was added to the ADCC culture condition. Data are shown as
mean values § SEM of at least 3 independent experiments. (C) �P <0.05 vs. ch14.18/CHO, xxP <0.01 vs. NB cells, ���P < 0.001 vs. ch14.18/CHO, #P < 0.05 vs. monocytes
with IL-2, ###P < 0.001 vs. monocytes with IL-2. (D) �P < 0.05 vs. ch14.18/CHO, ��P < 0.01 vs. ch14.18/CHO, #P < 0.05 vs. lymphocytes with IL-2, ##P < 0.01 vs. ch14.18/
CHO.
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Effect of combined immunotherapy with ch14.18/CHO
and anti-PD-1 Ab on tumor growth and survival

For evaluation of anti-tumor effects of the combinatorial
immunotherapy, we used the murine NB cell line NXS2-HGW
generated from NXS2 cells by in vivo passage in A/J mice to

generate a syngeneic model. Immunohistochemical analysis of
these NB cells showed a homogeneous GD2 expression in cell
culture (Fig. 7A-B) and in primary tumor tissue after inocula-
tion of NXS2-HGW cells in vivo (Fig. 7C). We observed a sta-
ble expression over time showing unchanged high GD2 levels
even after 29 passages (Fig. 7F).

Additionally, we examined 2 NB-specific markers MYCN
and tyrosine hydroxylase (TH) and observed a strong mRNA
expression of both genes (Fig. 7E) confirming NB-typical char-
acteristics of NXS2-HGW cells.

Next, we investigated PD-L1 expression by NXS2-HGW
cells using RT-PCR and flow cytometry (Fig. 7D-E). We could
clearly detect PD-L1 expression with both methods underlining
the applicability of the model. Subcutaneous injection of these
cells into syngeneic A/J mice induced primary tumor growth
and spontaneous metastasis to liver, lymph nodes, lung and
adrenal glands (data not shown).

We then evaluated the efficacy of ch14.18/CHO and anti-
PD-1 on primary tumor growth using in this model. Immuno-
therapy with either ch14.18/CHO or anti-PD-1 mAb resulted
in delay of tumor growth beginning on day 13 after tumor cell
inoculation (Fig. 8 A-B). Importantly, we observed the stron-
gest anti-NB effect in mice treated with a combination of
ch14.18/CHO and anti-PD-1 Ab.

When mice developed tumors of a critical volume of 1000
mm3 or showed appearance of metastatic tumor burden as
described in the “Material and Method” section, they were
removed from the experiment. This resulted in reduction of the
number of mice per group from day 15 after tumor cell inocula-
tion. Therefore, statistical analysis of the primary tumor
volume between groups was performed at this time point.

Analysis of tumors on day 15 in mice treated with ch14.18/
CHO showed clearly significant tumor reduction compared
with controls (Fig. 8B). Similarly, we observed a reduced tumor
volume in mice treated with anti-PD-1; however this difference
was not statistically significant (Fig. 8B). Importantly, mice
treated with ch14.18/CHO in combination with anti-PD-1 Ab

Figure 5. Effect of PD-L1 on ch14.18/CHO-dependent cellular cytotoxicity (ADCC).
To show the impact of PD-L1 on ADCC, a 2-step assay was used: first, LA-N-1 NB
cells were cultured under ADCC conditions in the presence of subtherapeutic con-
centrations of ch14.18/CHO (10 ng/ml, 24 h) and effector cells (E:T 10:1) for induc-
tion of high level of PD-L1 on NB cells (black columns). After incubation, NB cells
were harvested, labeled with calcein-AM as described in Materials and Methods
and used for the second step: cytotoxicity assay with therapeutic ch14.18/CHO
concentrations (10 mg/ml, 4 h) and effector cells (E:T 40:1). LA-N-1 expressing low
level of PD-L1 (white columns) served as positive control and rituximab served as
negative control. To show effects of PD-1- (gray column) and CD11b- (right black
column) blockade, anti-PD-1 was added to leukocytes and anti-CD11b mAb was
added to ADCC culture, respectively. The cytotoxicity assay (step 2) was performed
after labeling of LA-N-1 cells with calcein-AM and performed in the absence of anti-
CD11b Ab. Data are shown as mean values § SEM of at least 3 independent experi-
ments. ���P < 0.001 vs. rituximab, xxxP <0.001 vs. low expressing PD-L1 LA-N-1.

Figure 6. Effect of CD11b-blockade on PD-L1 expression by NB cells LA-N-1 and 3 leukocytes populations (granulocytes, monocytes and lymphocytes). PD-L1 expression
was induced by ADCC culture conditions (24 h incubation of LA-N-1 with subtherapeutic concentration of ch14.18/CHO (10 ng/ml) and leukocytes (E:T 10:1)) with or with-
out addition of anti-CD11b Ab. PD-L1 expression was analyzed by flow cytometry with PE-labeled anti-human PD-L1 Ab. Alexa647-labeled anti-GD2 and PE/Cy7-labeled
anti-CD45 mAb were used to distinguish between NB cells (PD-L1C/GD2

C/CD45¡) and leukocytes (PD-L1C/GD2
¡/CD45C) (A, C-D) Representative histograms of PD-L1

expression by NB cells LA-N-1 (A), granulocytes (C) and monocytes (D) (since ADCC did not affect PD-L1 expression by lymphocytes, the representative histogram for these
effector cells is not shown). PD-L1 expression was determined under ADCC conditions in the presence (dashed black line) and absence of anti-CD11b Ab (solid black line)
relative to untreated controls (filled gray line). PD-L1 expression level on NB cells LA-N-1 (B) and leukocytes (E) was determined using relative geometric mean fluores-
cence intensity (rgMFI) according to the formula: MFI of PD-L1 by treated cells - MFI of PD-L1 by the respective untreated control. Data are shown as mean values § SEM
of at least 3 independent experiments. t-test, ��P < 0.01 vs. ADCC C anti-CD11b.
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the statistical analysis revealed an extremely significant reduc-
tion of tumor volume (Fig. 8B). These data clearly show benefi-
cial effects of the combined immunotherapy based on
application of anti-GD2 Ab ch14.18/CHO and anti-PD-1 Ab.

These data were confirmed evaluating tumor volume deter-
mined at the time point when mice were killed either ahead of
schedule or at the end of the experiment (day 32) (Fig. 8C). We
observed the strongest anti-tumor effects in mice of the com-
bined immunotherapy group showing the lowest tumor volume
compared with control groups (Fig. 8C).

We also evaluated the percentage of mice that were killed
ahead of schedule due to tumor burden as described in “Mate-
rial and Methods.” 60% of mice (6/10) of the control group
receiving 0.9% NaCl were removed from the experiment ahead
of schedule compared with 20% (2/10) and 40% (4/10) of mice
treated with ch14.18/CHO and anti-PD-1 monotherapy,
respectively. In the group of mice treated with ch14.18/CHO
and anti-PD-1, only one mouse (1/10; 10%) developed a critical
tumor volume ahead of schedule. These data support synergis-
tic anti-tumor effects of the combinatorial treatment with both
Ab.

This finding is supported by OS and EFS analyses. We found
a significant difference between the combinatorial treatment

group and controls for OS (Fig. 8D, left diagram). Ch.14.18/
CHO treated mice showed also improved survival rates com-
pared with controls. The difference in EFS was statistically sig-
nificant. Also, treatment with anti-PD-1 Ab alone resulted in
only slightly improved OS compared with the control group.
Similar results were observed with EFS (event D tumor volume
of � 150 mm3) (Fig. 8D, right diagram). The EFS difference
between the anti-PD-1 and control groups (Fig. 8D, right dia-
gram) was significant. Importantly, the differences between the
combinatorial group and controls in EFS probabilities were
found to be extremely significant. These data clearly indicate
that ch14.18/CHO-mediated anti-tumor effects were aug-
mented by PD-1/PD-L1 checkpoint blockade.

Immune response following combined immunotherapy
with ch14.18/CHO and anti-PD-1

The cytotoxic activity of effector cells and serum of experimen-
tal mice was analyzed at the end of the experiment (32 d after
the tumor cell inoculation) in vitro against the murine GD2-
and PD-L1-positive NB target cells NXS2-HGW (Fig. 9). The
levels of anti-tumor cytotoxicity of mice treated with ch14.18/
CHO at that late time point was 7% compared with untreated

Figure 7. Characterization of the murine NB cell line NXS2-HGW. (A-C) Representative immunohistochemical images of GD2 expression (left) and respective negative con-
trols (right). NXS2-HGW cells cultivated onto chamber slides (A-B) and primary tumors obtained from A/J mice inoculated subcutaneously with NXS2-HGW cells (C) were
analyzed for GD2-expression (magnification of 100x (A), 200x (B) and 400x (C)). (D) PD-L1 expression analysis by the parental NXS2 cells (left histogram) in comparison
with NXS2-derived NXS2-HGW cells (right histogram) by flow cytometry. Cells were stained with PE-labeled anti-mouse PD-L1 Ab (filled black curve) relative to isotype
control (open gray curve). Results are shown as representative histograms from at least 5 independent experiments. (E) RT-PCR analysis of MYCN- (product size: 248 bp),
TH- (187 bp) and PD-L1 (180 bp) mRNA in NXS2-HGW cells. GAPDH (223 bp) served as internal control. NTC - no template control. (F) GD2 expression by the parental
NXS2 cells in comparison with NXS2-derived NXS2-HGW cells (passage 49 for NXS2 and passage 1, 12 and 29 for NXS2-HGW) by flow cytometry. Cells were stained with
chimeric ch14.18/CHO and PE-labeled anti-human IgG served as primary and secondary antibody, respectively (filled black curve). Rituximab served as isotype control
(open gray curve). Results are shown as representative histograms from independent experiments.
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controls (3%) and mice that received anti-PD-1 Ab (6%).
Importantly, the anti-tumor response in the combined group
was 18% (Fig. 9). These data are in line with effects on primary
tumor growth and survival.

In this experiment it is important to consider remaining
ch14.18/CHO drug level on day 32 which is 24 d after the last
ch14.18/CHO application. Therefore, we analyzed ch14.18/
CHO levels as described previously.17,18 As expected, we did
not detect ch14.18/CHO in the serum of ch14.18/CHO treated
mice at this time point (Table 2). These results suggest that the
anti-NB cytotoxicity observed on day 32 was not mediated by
ch14.18/CHO and my therefore point toward the induction of
an adaptive immune response.

Discussion

Although the application of anti-GD2 Ab ch14.18/CHO has
demonstrated improved survival rates, not all NB patients ben-
efit from the treatment. Thus, new ways to further optimize
this approach are highly relevant. NB is a poorly immunogenic
tumor characterized by low MHC class I expression and by low
expression of the PD-1/PD-L1 inhibitory immune checkpoint
(Fig. 1, 2).13 However, the combination of PD-L1 and MHC-I
tumor cell density has been shown to be a prognostic bio-
marker for predicting OS in NB patients19 and NB patients
with high PD-L1 expression had significantly better survival
when high numbers of CD8-positive tumor-infiltrating lym-
phocytes were present.14 Therefore, anti-PD1/PD-L1 directed
treatment strategies are reasonable approaches in NB, but based
on the low expression less likely to succeed when used as
monotherapy. The primary mechanism of action of ch14.18/
CHO is the induction of ADCC, which is a process associated
with the release of inflammatory cytokines.20 Inflammatory
cytokines induce PD-L1 expression in NB21 and thereby, upre-
gulate the PD-1/PD-L1 immune checkpoint in NB. In this

Figure 8. Anti-tumor effects of the combinatorial treatment with ch14.18/CHO
and anti-PD-1 antibodies in vivo. (A) Schematic overview of the treatment
schedule. The GD2- and PD-L1 expressing murine NB cells NXS2-HGW were
injected subcutaneously into A/J mice followed by treatment with ch14.18/
CHO in combination with PD-1 blockade. Four days after the last anti-PD-1
application blood samples were collected and mice were killed followed by
isolation of splenocytes for evaluation of anti-tumor cytotoxicity. (B) Analysis
of tumor growth (closed squares for combinatorial treatment; open squares
and closed circles for treatment with ch14.18/CHO and anti-PD-1, respectively).
Controls received 0.9% NaCl (open circles). In the case of appearance of hav-
ing tumor burden, mice were killed ahead of schedule and the data of the
last tumor volume measurement were included into subsequent calculation
for the respective treatment group. Data are shown as mean values § SEM.
Kruskal-Wallis test: �P < 0.05 vs. ch14.18/CHO group, ���P < 0.001 vs. com-
bined group. (C) Comparison of end point tumor volume was performed at
the time point when mice were killed either ahead of schedule or at the end
of the experiment (day 32). Mice were treated with ch14.18/CHO in combina-
tion with PD-1 blockade (black column), ch14.18/CHO (white column) or anti-
PD-1 (white and striped column). Control mice received 0.9% NaCl (gray col-
umn). Data are shown as mean values § SEM. Kruskal-Wallis test, differences
between the groups were not significant. (D) Comparison of overall survival
(left diagram) and event-free survival probabilities (right diagram) of mice
treated with ch14.18/CHO in combination with PD-1 blockade (black solid
line), ch14.18/CHO (gray solid line), anti-PD-1 (gray dashed line) or control
mice (0.9% NaCl, black dashed line). For overall and event-free survival, death
ahead of schedule and a tumor volume of 150 mm3 were defined as event,
respectively. Statistical analysis was performed using LogRank test. For overall
survival: �P < 0.05 vs. control group. For event-free survival: ���P < 0.001 and
��P D 0.01 vs. control.

Figure 9. Anti-tumor effects of the combinatorial treatment with ch14.18/CHO and
anti-PD-1 antibodies in vitro. Anti-tumor cytotoxicity mediated by effector cells (E:T
ratio of 100:1) and serum (12.5% final concentration) of experimental mice was
analyzed against murine GD2- and PD-L1-positive NB cells NXS2-HGW using cal-
cein-AM-based cytotoxicity assay. Data are shown as mean values§ SEM of experi-
ments performed at least in triplicate. Kruskal-Wallis test, differences between the
groups were not significant.
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context, interferon gamma has been shown to increase PD-L1
expression by NB and effector cells.12 Therefore, we hypothe-
sized that PD-1/PD-L1 checkpoint inhibition may be synergis-
tic to ch14.18/CHO immunotherapy.

In fact, we could demonstrate that ch14.18/CHO-mediated
ADCC conditions are associated with upregulation of the PD-
1/PD-L1 checkpoint in NB (Figs. 2–4), and that this upregula-
tion was further augmented in the presence of IL-2. Based on
these findings, upregulation of the PD-1/PD-L1 checkpoint can
be anticipated in NB patients treated with ch14.18 and IL-2,
which is the recommended treatment regimen.2 The clinical
impact of PD-1/PD-L1 upregulation induced by this therapy is
not clear at the moment, but is of concern, as we could demon-
strate that the PD-1/PD-L1 checkpoint inhibited ch14.18/
CHO-mediated ADCC (Fig. 5). However, we could also show
that this inhibitory effect was reversed by anti-PD-1 therapy
(Fig. 5). This observation was transferred to a syngeneic NB
mouse model and revealed for the first time a synergistic effect
combining ch14.18/CHO with anti-PD-1 (Figs. 8, 9).

Until now, the regulation mechanisms of tumor surface
PD-L1 expression are not clearly understood. Recently,
MYC- and MYCN-dependent effects on PD-L1 expression
have been shown in NB both in vitro and in vivo.19 ADCC
leads to a local inflammatory response including cytokine
release that is a likely factor contributing to the PD-1/PD-
L1 immune checkpoint upregulation in NB. However, a
direct influence of CD11b-positive immune cells has been
reported recently to be critical for PD-L1 expression by
tumor cells.11 In murine melanoma, incubation of tumor
cells with bone marrow cells resulted in induction of PD-L1
expression by tumor cells through CD11b-dependent cell-
cell contact.11 Here we expand these findings and show for
the first time that PD-L1 upregulation under ch14.18/CHO-
mediated ADCC conditions is also CD11b-dependent
(Fig. 6) and the inhibitory effect of the PD-1/PD-L1
immune checkpoint on ADCC is reversed in the presence
of anti-CD11b Ab (Fig. 5)).

Moreover, anti-CD11b Ab also increased the ADCC
response against low PD-L1 expressing LA-N-1 cells, suggest-
ing an inhibitory effect of CD11b independently on the PD1/
PD-L1 checkpoint. Interestingly, myeloid-derived suppressor
cells (MDSCs) with immunosuppressive ability are character-
ized by expression of CD11b and have been shown to inhibit
effector activity of NK- and T-cells.22 Moreover, MDSCs with
immunosuppressive activity were found in cancer patients
emphasizing their adverse role in tumor immune surveillance.
Thus, CD11b-positive MDSCs represent potential candidates
responsible for effects observed in our experiments. Beyond
that, our present data suggest that CD11b may be a promising
target in combinatorial immunotherapy not only by preventing
immunotherapy-dependent induction of PD-1/PD-L1 immune
checkpoints but also by reducing direct inhibitory effects deliv-
ered by CD11b-positive immunosuppressive cells.

Another interesting observation is the cytotoxic activity
observed in mice treated with the ch14.18/CHO and anti-PD1
combination at a time point where ch14.18/CHO was not
detectable in the serum of treated mice (Fig. 9). It is not clear at
the moment if this result points toward the induction of a long
lasting adaptive immunity.

In summary, we could demonstrate for the first time that a
ch14.18/CHO-based immunotherapy upregulates the PD-1/
PD-L1 immunosuppressive checkpoint in NB that is further
augmented by IL-2. Importantly, this CD11b-dependent effect
was reversed by co-administration of anti-PD-1 Ab, which
translated to an increased anti-NB immune response in vitro
and in vivo. Based on these data, the combination of ch14.18/
CHO with anti-PD1 Ab is a promising strategy for clinical eval-
uation in NB and other GD2-positive malignancies.

Materials and methods

Ethic statement

All procedures involving human participants were in accor-
dance with the ethical standards of the institutional and
national research committee and with the 1964 Helsinki decla-
ration and its later amendments or comparable ethical stand-
ards. Informed consent was obtained from all individual
participants. All procedures involving animal experiments were
approved by the animal welfare committee (Landesamt f€ur
Landwirtschaft, Lebensmittelsicherheit und Fischerei Mecklen-
burg-Vorpommern, LALLF M-V/7221.3–1–049/15) and
approved and supervised by the commissioner for animal wel-
fare at the University Medicine Greifswald representing the
Institutional Animal Care and Use Committee (IACUC).

Cell lines

The murine NB cell lines NXS223 and NXS2-HGW were cul-
tured in DMEM (Capricorn Scientific GmbH, DMEM-HPSTA)
supplemented with 4.5 g/l glucose, 2 mM stable glutamine, 10%
FCS (Capricorn Scientific GmbH, FBS-12A) and 100 U/ml
penicillin and 0.1 mg/ml streptomycin (1x P/S; PAN BIO-
TECH, P06–07100). Human GD2-positive NB cell lines CHLA-
20, LA-N-1 and LA-N-6 were cultured in RPMI (PAN BIO-
TECH, P04–016520) supplemented with 4.5 g/l glucose, 2 mM
stable glutamine, 10% FCS and 1x P/S. Human primary GD2-
positive NB cell lines from patients with relapsed NB HGW-1,
HGW-2, HGW-3 and HGW-5 15 were cultured in IMDM
(PAN BIOTECH, P04–20250) supplemented with 4 mM stable
glutamine, 20% FCS, 1x ITS (BD Biosciences, 3220669) and 1x
P/S. Human GD2-negative NB cell line SK-N-SH was cultured
in DMEM supplemented with 4.5 g/l glucose, 2 mM stable
glutamine, 10% FCS and 1x P/S.

Prior to cultivation, mycoplasma contamination analysis
was performed for every cell line using MYCOALERT detec-
tion Kit (Lonza Cologne GmbH, LT07–318). Only mycoplasma
negative cell lines were used for experiments. All cell lines were
passaged not more than 30 times. To exclude a cell cross-
contamination, short tandem repeat (STR) analysis was
performed regularly for each cell line used.

Mice

Analysis of anti-tumor effects of the combinatorial immuno-
therapy with ch14.18/CHO (Polymun Scientific) and anti-PD-
1 mAb (InVivoMab, Bio X Cell, BE0146) was performed using
lethal syngeneic mouse NB model established in our
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laboratory.23 The murine MYCN- and TH-positive NB cells
NXS2-HGW expressing GD2 and PD-L1 were used for tumor
inoculation (subcutaneously, 3 £ 106 cells, � 95% viability) in
female A/J mice (10 weeks of age; Charles River Laboratories,
Sulzfeld, Germany). Mice were housed in standard animal labo-
ratories (12 h light/dark cycle) with free access to water and
standard laboratory chow ad libitum. Mice were treated intra-
peritoneally either with 300 mg of ch14.18/CHO per day begin-
ning on day 4 for 5 consecutive days or every fourth day with
250 mg of anti-PD-1 mAb per day beginning on day 7 after
tumor inoculation (Fig. 8A). The combined group received
ch14.18/CHO in combination with PD-1 blockade as described
for the respective single treatment group. Rituximab and rat
IgG2a (InVivoMab, Bio X Cell, BE0089) served as isotype con-
trols. Controls received equivalent volume of 0.9% NaCl. To
determine tumor volume and clinical signs of tumor burden,
mice were examined daily 4 d after tumor cell inoculation. Pri-
mary tumor volume was calculated according to the formula:
(length £ width £ height)/2. To show anti-tumor effects,
tumor growth and tumor volume at the end of the experiment
(day 32) for each group were analyzed. Tumor volume of mice
killed ahead of schedule was also included using the data of the
last measurement before removal. In such a lethal model we
defined further parameters that define the well-being of mice:
changes in body weight, behavior and physical appearance and
appearance of metastases. These signs and symptoms were
used to create a score (0 for none, 1 - low, 2 - medium and
3 - high) to assess mice in the experiment as a requirement of
our internal review board supervising animal experiments.
Mice were removed from the experiment with a score >7 or
when tumors exceeded a volume of 1000 mm3. An additional
parameter for evaluation of anti-tumor effects is the time to
development of a primary tumor of 150 mm3. This tumor vol-
ume correlates with suffering and exponential tumor growth in
experimental mice. Therefore, we defined development of
tumor volume of 150 mm3 as event as described previously.24

Finally, 4 d after the last anti-PD-1 application (day 32) blood
samples were collected and mice were killed followed by isola-
tion of splenocytes for evaluation of anti-tumor cytotoxicity as
described below.

PD-L1, MYCN- and TH mRNA expression by NB cells

To investigate expression of PD-L1 by human NB cells (CHLA-
20, LA-N-1, LA-N-6, SK-N-H, HGW-1, -2, -3 and -5) PD-L1,
MYCN and TH by the murine NB cells NXS2-HGW, we used
gene-specific primers (Table 1) that were designed with the
online primer design tool Primer3 or recently published.25

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) served
as internal control.

First, total RNA was isolated from 5£ 106 NB cells using the
Nucleo Spin � RNA II Kit (Macherey Nagel, 740955.250) and
concentration was determined spectrophotometrically (Bio-
Photometer plus, Eppendorf, Hamburg, Germany). Next, 2 mg
of total RNA were used for cDNA synthesis with qScriptTM

cDNA Synthesis Kit (Quanta BiosciencesTM Beverly, 95047)
according to the manufacturer’s guidelines.

MYCN was amplified by 28 cycles consisting of C94�C (15
s) for denaturation, C55�C (15 s) for primer-specific annealing

and C72�C (30 s) for elongation. The PCR profile for TH and
GAPDH was: C94�C for 15 s (denaturation), C56�C for 15 s
(annealing) and C72�C for 15 s (elongation) for 25 and 22
cycles, respectively. For amplification of PD-L1, 35 PCR cycles
of C94�C for 15 s (denaturation), C60�C for 15 s (annealing)
and C72�C for 15 s (elongation) were performed. To analyze
expression of PD-L1 in human NB cells, we developed a gene-
specific nested PCR. In the first reaction, a set of external pri-
mers (hPD-L1 nested, Table 1) was used for amplification of a
456 bp DNA fragment. The PCR profile was: 35 cycles of
C94�C (15 s) for denaturation, C39�C (15 s) for primer-spe-
cific annealing and C72�C (30 s) for elongation. In the second
reaction, 1 ml of the 1:200 diluted product of the first PCR
served as template to amplify a 133 bp DNA fragment using a
set of internal primers25 (hPD-L1, Table 1) by 20 cycles of
C94�C for 15 s (denaturation), C40�C for 15 s (annealing) and
C72�C for 30 s (elongation). Finally, PCR products were ana-
lyzed by agarose gel electrophoresis and mRNA expression was
quantified relative to GAPDH using densitometric analysis
(ImageJ 1.48v).

Flow cytometry

GD2 expression by NB cells. For flow cytometric analysis of GD2

surface expression by human and murine NB cell lines, cells
were harvested, cell viability was determined and then 1 £ 106

cells were washed with 500 ml wash buffer (1x PBS, 1% BSA,
0.1% NaN3, 0.1% EDTA, pH 7.4) (300x g, 5 min, RT). After
supernatant was discarded, cells were resuspended in 50 ml
wash buffer followed by incubation with 1 ml FcR blocking
reagent for 10 min at C4�C. Cells were then stained with 1 mg
of ch14.18/CHO mAb in a total volume of 100 ml for 20 min at

Table 1. Primer sequences. Gene-specific primer sequences for murine MYCN
(mMYCN), murine tyrosine hydroxylase (mTH), murine and human PD-L1 (mPD-L1
and hPD-L1, respectively). Murine and human GAPDH served as internal control,
respectively.

Gene Primer Sequence (50 - 30) Product size (bp)

mMYCN forward GCTGCGGTCACTAGTGTGTC 248
reverse CGCACAGTGATCGTGAAAGT

mTH forward GCCGTCTCAGAGCAGGATAC 175
reverse CGAATACCACAGCCTCCAAT

mPD-L1 forward CTGCCAAAGGACCAGCTTTT 180
reverse GGCTGGATCCACGGAAATTC

mGAPDH forward AACTTTGGCATTGTGGAAGG 223
reverse ACACATTGGGGGTAGGAACA

hPD-L1 nested forward CAAGGCCGAAGTCATCTGGA 456
reverse CCCGATGAACCCCTAAACCA

hPD-L125 forward TGGTGTAGCACTGACATTCA 133
reverse TCCAATGCTGGATTACGTCT

hGAPDH forward GAGTCAACGGATTTGGTCGT 238
reverse TTGATTTTGGAGGGATCTCG

Table 2. Serum level of ch14.18/CHO. Concentration of anti-GD2 antibody ch14.18/
CHO in serum of treated mice was evaluated 24 d after the last Ab injection ELISA.

Experimental group ch14.18/CHO concentration (mg/ml)

ch14.18/CHO C anti-PD-1 0.00 § 0.01
ch14.18/CHO 0.01 § 0.01
anti-PD-1 0.00 § 0.01
control 0.00 § 0.01
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C4�C. The anti-CD20 chimeric Ab rituximab was used as iso-
type control. After washing once with 1 ml wash buffer, cells
were incubated with 0.1 mg PE-labeled anti-human IgG Ab
(Biolegend, 409304) in a total volume of 100 ml for 20 min at
4�C in the dark, washed again and resuspended in 500 ml wash
buffer. To exclude dead cells from the analysis, 4 ml of a 0.1
mg/ml 40,6-diamino-2-phenylindole (DAPI) solution (Sigma-
Aldrich, D9542) were added 5 min before acquisition. For each
sample, 20,000 live cells were analyzed using a BD CANTO II
cytometer and FACS Diva software (BD Biosciences, Heidel-
berg, Germany). Data were analyzed with FlowJo V10 software
(Ashland, OR, USA) using geometric mean fluorescence inten-
sity (MFI). The maximum scaling of cell number in histograms
was achieved by normalizing to the mode of the distribution.

PD-L1 expression by murine NB cells
Analysis of PD-L1 expression by the murine NB cells was per-
formed in analogy to the GD2-detection using anti-murine PE-
labeled anti-PD-L1 Ab (1:80) (Biolegend, 124308) and the
respective isotype control (rat IgG2b, k-PE (1:80) (Biolegend,
400607). The comparison of PD-L1 expression levels was per-
formed using relative geometric mean fluorescence intensity
(rgMFI) according to the formula: MFI of PD-L1/MFI of iso-
type control.

PD-L1 expression by human NB- and effector cells
Analysis of PD-L1 expression by the human NB cells LA-N-1
and 3 leukocyte populations (granulocytes, monocytes and lym-
phocytes) was performed similar to the analysis of PD-L1
expression by the murine NB cells using anti-human PE-labeled
anti-PD-L1 Ab (1:80) (Biolegend, 329706). To clearly distin-
guish between PD-L1-positive NB cells (PD-L1C/GD2

C/
CD45¡) and leukocytes (PD-L1C/GD2

¡/CD45C), Alexa 647-
labeled anti-GD2 Ab 14G2a (1:790) (Biolegend) and anti-human
PE/Cy7-labeled anti-CD45 mAb (1:30) (Beckman Coulter,
IM3548) were used, respectively. To distinguish between granu-
locytes, monocytes and lymphocytes, a gating strategy based on
cell granularity and intensity of the CD45 fluorescence of GD2-
negative cells was used. As isotype controls served IgG2b, k-PE
(1:80) (Biolegend, 400312), IgG2a-Alexa Fluor 647 (1:160) and
IgG1-PE/Cy7 (1:30) (Biolegend, 400126). The evaluation of PD-
L1 baseline expression or comparison of PD-L1 levels after
induction of ADCC as well as treatment with IL-2, PD-1 and
CD11b was performed using geometric mean fluorescence
intensity (rgMFI) relative to either isotype control or untreated
cells, according to the formula: MFI of PD-L1/MFI of isotype
control for baseline expression level and MFI of PD-L1 by
treated cells - MFI of PD-L1 by the respective untreated control
for evaluation of ADCC-mediated effects.

PD-1 expression by human NB- and effector cells
Expression of PD-1 by human NB- and effector cells was per-
formed similar to the PD-L1 analysis using anti-human PE-
labeled anti-PD-1 mAb (1:20; Biolegend, 329906). To distin-
guish between PD-1-positive NB- (PD-1C/GD2

C/CD45¡) and
effector cells (PD-1C/GD2

¡/CD45C), Alexa Fluor 647-labeled
anti-GD2 Ab 14G2a and anti-human PE/Cy7-labeled anti-
CD45 Ab (1:300) (Beckman Coulter, IM3548), respectively
were additionally used. Mouse IgG1, k-PE (1:80) (Biolegend,

400112) served as isotype control for anti-PD-1 Ab. The evalu-
ation of PD-1 baseline expression or comparison of PD-1 levels
after induction of ADCC was performed using geometric mean
fluorescence intensity (rgMFI) relative to either isotype control
or untreated cells, according to the formula: MFI of PD-1/MFI
of isotype control for baseline expression level and MFI of PD-
1 by treated cells - MFI of PD-1 by the respective untreated
control for evaluation of ADCC-mediated effects.

Effects of ADCC conditions on PD-1 and PD-L1 expression
by neuroblastoma cells and leukocytes

To investigate impact of ch14.18/CHO-mediated ADCC on
PD-L1 expression, the GD2-positive NB cells LA-N-1 were
incubated with effector cells and ch14.18/CHO for 24 h. Effec-
tor cells were first isolated from sodium-heparin blood samples
of a healthy donor using erythrocyte lysis buffer (10 min, RT,
0.15 M ammonium chloride, 10 mM potassium bicarbonate,
0.1 mM ethylenediaminetetraacetic acid, pH 7.4) and washed
twice (1x PBS, 5 min, 300x g, RT), followed by cell counting
and evaluation of cell viability. Then, 0.5 £ 106 LA-N-1 cells
were harvested and incubated with effector cells at effector-to-
target (E:T) ratio of 10:1 for 24 h in the presence of ch14.18/
CHO at the final concentration of 10 ng/ml. We used rituximab
instead of ch14.18/CHO as negative control. Moreover, we
evaluated impact of IL-2 using cell culture medium supple-
mented with 100 IU/ml of IL-2 (Novartis). Additionally, the
effect of ch14.18/CHO on NB- and effector cells as well as
effects of NB cells on effector cells and vice versa of effector
cells on NB cells were investigated. Finally, to confirm ch14.18/
CHO-mediated impact of ADCC, incubation with the anti-
idiotype ganglidiomab16 was additionally performed.

By analogy with analysis of PD-L1, ADCC-mediated effects on
PD-1 expression were investigated using NB- and effector cells
incubated with 10 ng/ml ch14.18/CHO for 24 h with and without
IL-2 as well as the respective controls as described for PD-L1.

Prior to flow cytometry analysis, NB- and effector cells were
harvested, washed twice with 1 £ PBS (pH 7.4, 300 £ g, 5 min,
RT) and stained as described above.

Analysis of impact of CD11b blockade on PD-L1 expression

Based on the fact that induction of PD-L1 expression by tumor
cells has been shown to implicate CD11b-positive effector
cells,11 we addressed whether blockade of CD11b can negatively
affect ADCC-mediated induction of PD-L1 expression. For
this, human NB cells LA-N-1 and leukocytes of a healthy donor
(10:1 E:T ratio) were incubated for 24 h with ch14.18/CHO (10
ng/ml final concentration) and anti-CD11b (2 mg/ml final con-
centration) (Biolegend, 301312) followed by flow cytometry
evaluation of PD-L1 expression and subsequent analysis of
ADCC as described below. Experiments without blockade with
anti-CD11b Ab served as controls.

PD-1/PD-L1 checkpoint blockade and role of CD11b
in ADCC

To investigate whether blockade of PD-1 could result in
decreased inhibitory impact of PD-1/PD-L1 pathway on
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effector cell cytotoxicity and, thus augment ADCC, we com-
pared ch14.18/CHO-dependent cytotoxic activity of effector
cells against NB cells expressing high levels of PD-L1 with and
without blockade of PD-1 (10 mg/ml final concentration)
(Nivolumab, OPDIVI�, Bristol-Myers Squibb). To induce high
levels of PD-L1, LA-N-1 cells were first cultivated for 24 h
under ADCC conditions (co-incubation with leukocytes at E:T
ratio of 10:1 and subtherapeutic ch14.18/CHO concentration of
10 ng/ml). Then, LA-N-1 were harvested and washed twice (1x
PBS, 5 min, 300x g, RT), followed by cell counting and analysis
of cell viability. After cells were incubated with a calcein-ace-
toxymethyl ester as described previously,15,16 ADCC was evalu-
ated 4 h after co-incubation of PD-L1 high expressing LA-N-1
with ch14.18/CHO (final concentration: 10 mg/ml) and leuko-
cytes (E:T ratio of 40:1) that were cultivated in RPMI supple-
mented with IL-2 for 24 h. Additionally, untreated LA-N-1
expressing low levels of PD-L1 and rituximab served as
controls.

Finally, we investigated whether blockade of CD11b could
result in decreased PD-L1 expression by tumor cells and, thus
augment ADCC. For this, human NB cells LA-N-1 and leuko-
cytes of a healthy donor (10:1 E:T ratio) were incubated for
24 h with ch14.18/CHO (10 ng/ml final concentration) and
anti-CD11b mAb (2 mg/ml final concentration) (Biolegend,
301312) followed by analysis of ADCC as described below.
Untreated LA-N-1 and rituximab served as controls.

Determination of ch14.18/CHO concentration in serum

Specific detection of ch14.18/CHO in serum samples collected
from experimental mice was performed by Enzyme-linked
Immunosorbent Assay (ELISA) as described previously.17,18

Anti-idiotype Ab ganglidiomab16 (BioGenes GmbH) was used
as a capture and the peroxidase-conjugated anti-human IgG
(Fc-specific) as a secondary Ab (Sigma Aldrich, A0170).
Absorption was analyzed at 450 nm in a plate reader (BioTek
Instruments GmbH, SIAFRTD).

Development of the NXS2 HGW cell line

Prior to inoculation, the previously established A/J mice synge-
neic NB cell line NXS223 was repeatedly in vivo passaged. For
this, NXS2 cells were harvested and washed twice with 1x PBS
(pH 7.4, PAN BIOTECH, P04–36500). Then, 3 £ 106 NXS2
cells were inoculated subcutaneously into left flank of A/J mice.
The mice were examined daily and the resulting tumors were
surgically removed when they reached a maximum volume of
1000 mm3. The tumors were then mechanically dispersed using
70 mm cell strainer (BD Biosciences, Heidelberg, Germany)
and washed twice with 10 ml 1x PBS supplemented with 0.5%
BSA (Sigma Aldrich, A9647) and 2 mM EDTA (Sigma Aldrich,
CN06.1) (pH 7.4, 5 min, 300x g, RT). After 2 wash steps (1x
PBS/0.5% BSA/2 mM EDTA buffer; pH 7.4; 5 min, 300x g, RT)
cell pellets were resuspended in 10 ml 1x PBS and layered over
10 ml of Lymphocytes Separation Media (Capricorn Scientific
GmbH, LSM-A). After centrifugation (30 min, 300x g, RT with-
out brake) the upper layer was discarded, a layer of primary
cells was carefully transferred into a new tube and the remain-
ing Lymphocyte Separation Medium was washed off with 1x

PBS/0.5% BSA/2 mM EDTA buffer (pH 7.4; 10 ml, 5 min, 300x
g, RT, brake on). Thereafter, the supernatant was carefully
removed and the cell pellet was resuspended with 10 ml 1x
PBS/0.5% BSA/2 mM EDTA buffer (pH 7.4) followed by cell
counting and evaluation of cell viability. Finally, 1 £ 107 vital
cells were used for isolation of GD2-positive cell subset with
MACS technique.

For this purpose, 1 £ 107 primary cells were resuspended in
200 ml 1x PBS/0.5% BSA/2 mM EDTA buffer (pH 7.4) and
then incubated on ice with 20 ml FcR-blocking reagent (Milte-
nyi Biotec, 120–003–855) for 5 min. Thereafter, the murine
anti-GD2 Ab 14G2a (1.0 mg) was added followed by incubation
for 10 min on ice. After washing with 1x PBS/0.5% BSA/2 mM
EDTA buffer (15 ml, pH 7.4, 5 min, 300x g, C4�C) cell pellet
was resuspended in 100 ml 1x PBS/0.5% BSA/2 mM EDTA
buffer and 20 ml magnetic microbeads conjugated with anti-
mouse IgG (Miltenyi Biotec, 130–048–401) were added fol-
lowed by incubation on ice for 15 min. Next, the cells were
washed again by adding 15 ml 1x PBS/0.5% BSA/2 mM EDTA
buffer (pH 7.4) and centrifuged at 300x g for 5 min at C4�C.
1 ml of 1x PBS/0.5% BSA/2 mM EDTA buffer was used to
resuspend the cell pellet and magnetic separation of GD2-posi-
tive cells was proceeded in MACS-separator (Miltenyi Biotec,
Teterow, Germany) by applying the cell suspension onto the
LS-separation column (Miltenyi Biotec, Teterow, Germany).
The column was washed 3 times (3 ml, 1x PBS/0.5% BSA/
2 mM EDTA buffer, pH 7.4) and then removed from the
MACS-separator and placed into a collection tube. Cell fraction
containing magnetically labeled GD2-positive cells were imme-
diately flushed out by firmly applying the plunger supplied
with the column (Miltenyi Biotec, Teterow, Germany). Finally,
primary cells were washed with 1x PBS (pH 7.4, 5 min, 300x g,
RT), the cell pellet was resuspended in NXS2 cell culture
medium as described above and the cells were cultivated for 6
weeks. Prior to the next step of the in vivo passage procedure,
GD2-expression was confirmed using flow cytometry as
described below. We repeated the in vivo passage procedure
3 times using for the last step metastasis-derived cells instead of
primarily tumor cells. The NXS2-derived cell line was called
“NXS2-HGW." Finally, analysis of typical NB marker GD2,
MYCN and TH was performed. Furthermore, PD-L1 expres-
sion by NXS2-HGW cells was additionally evaluated.

Immunohistochemical analysis of GD2-expression
by NXS2-HGW cells.

Prior to immunohistochemical evaluation of GD2 expression by
NXS2-HGW cells, we first characterized morphology of this
cell line. For this, NXS2-HGW cells were cultivated in chamber
slide flasks (Nunc, Roskilde, Denmark) for 5 d. After the cell
layer confluence of 90% was achieved, cell culture medium was
removed, cells were washed once with 1x PBS (pH 7.4) and
4,5% formaldehyde (pH 7, 20 min; RT) was used for cell fixa-
tion followed by 3 wash steps with 1x PBS (pH 7.4, 3 min). For
immunohistochemically staining of GD2, samples were incu-
bated with 3% H2O2 (Roth, 8070.2) for 20 min at RT, washed
3 times and treated with 3% BSA/PBS for 30 min at RT. Next,
samples were again washed 3 times and incubated with 50 mg/
ml 14G2a for 1 h at RT followed by another 3 wash steps.
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Then, peroxidase-conjugated secondary Ab goat anti-mouse
IgG (1:400) (Sigma Aldrich, A0170) was incubated for 10 min
at RT and afterwards removed by 3 wash steps. 3,3' diamino-
benzidine (DAB) Substrate Kit (BD Biosciences, 550880) was
used as chromogen. The samples were finally counterstained
with Mayer’s hemalum solution (Merck Chemicals GmbH,
T865.3) for 2 min and examined by light microscopy (BX53
System Microscope, Olympus, Hamburg, Germany). Rituximab
(MabThera�, Roche) served as isotype control.

Additionally, we evaluated GD2 expression in NXS2-HGW-
derived primary tumor tissue. For this, NXS2-HGW cells were
subcutaneously injected into A/J mice. 14 d after tumor inocu-
lation, primary tumors were surgically rejected, tumor samples
were frozen in liquid nitrogen using O.C.T. compound medium
(VWR, 361603E) and stored at ¡80�C until used. Frozen
tumor tissue samples were then cut (5–6 mm) with the cryomi-
crotome at ¡20�C, collected on SuperFrost�Plus microscope
slides (R. Langenbrinck, Emmendingen, Germany) and fixed
using 4,5% formaldehyde (pH 7, 20 min; RT). The tissue sec-
tions were then immediately used or stored frozen until needed
at ¡20�C. The analysis of GD2 expression was performed as
described above for the cell cultivation in chamber slide flask.

Determination of anti-tumor cytotoxicity in mice

To evaluate anti-NB cytotoxicity, serum and lymphocytes of
immunized mice were incubated with murine PD-L1- and
GD2-positive NB cells NXS2-HGW that were used as target
cells. Serum and lymphocytes were prepared from whole blood
and spleen samples, respectively, collected at the end of the in
vivo experiment. For serum, whole blood was collected in BD
Vacutainer plastic serum tubes followed by centrifugation at
1,700x g for 10 min at RT. For lymphocytes, spleens were
mechanically dispersed using 70 mm cell strainer (BD Bioscien-
ces, Heidelberg, Germany) and washed twice with 10 ml 1x
PBS (pH 7.4, 5 min, 300x g, RT). Cell pellets were then resus-
pended in 10 ml 1x PBS and layered over 10 ml of Lymphocytes
Separation Media. After centrifugation (30 min, 300x g, RT
without brake) the upper layer was discarded, a layer of pri-
mary cells was carefully transferred into a new tube and the
remaining Lymphocyte Separation Medium was washed off
with 1x PBS (pH 7.4; 10 ml, 5 min, 300x g, RT, brake on).
Thereafter, the supernatant was carefully removed and the cell
pellet was resuspended with culture medium (RPMI supple-
mented with 4.5 g/l glucose, 2 mM stable glutamine, 10% FCS,
1x P/S, 50 mM 2-mercaptoethanol (Sigma Aldrich, M7522) and
100 IU/ml rIL-2) followed by cell counting, evaluation of cell
viability and cultivation for 72 h. Finally, effector cells were har-
vested and used for evaluation of anti-NB cytotoxicity with ace-
toxymethyl ester of calcein (calcein-AM) (Sigma Aldrich,
17783) assay as described previously.16 Briefly, calcein labeling
of target cells (NXS2-HGW, 1 £ 106/ml) was accomplished by
incubation with 10 mM calcein-AM (30 min, C37�C, 100 rpm).
After 5 wash steps (C37�C), cells were added to a 96-well plate
and incubated for 4 h at C37�C with 12.5% mouse serum and
effector cells (E:T ratio of 100:1). Next, supernatants (50 ml) of
each well were transferred to a black 96-well plate (VWR,
Darmstadt, Germany) for determination of fluorescence at
495 nm excitation and 515 nm emission wavelengths by a

Synergy HT multimode microplate reader (BioTek Germany,
Bad Friedrichshall, Germany). Experiments were analyzed in
triplicates using at least 6 replicate wells for spontaneous (target
cells only) and maximum release (target cells treated for 20 s
with ultrasonic homogenizer) (Hielscher Ultrasonics, Teltow,
Germany). Cytotoxicity in percent was calculated according to
the formula: (test release - spontaneous release)/(maximum
release - spontaneous release) £ 100%.

Statistic

Statistical analysis was performed using Sigma Plot software
(Jandel Scientific Software, San Rafael, CA, USA). After testing
for normality, differences between independent groups were
assessed using unpaired t-test or the non-parametric Mann-
Whitney U test. For more than 2 groups, the non-parametric
Kruskal-Wallis test was used followed by appropriate post hoc
comparison. A P value of < 0.05 was considered significant (�),
P < 0.01 very significant (��) and P < 0.001 extremely signifi-
cant (���). All data are presented as mean § SEM (standard
error of the mean). Survival probabilities were estimated using
Kaplan Meier analysis and compared using LogRank statistics
(Mantel-Cox). For OS and EFS, death ahead of schedule and a
tumor volume of 150 mm3 representing a well-established
tumor were defined as event, respectively.
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