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Combination of GD2-directed
bispecific trifunctional antibody
therapy with Pd-1 immune
checkpoint blockade induces
anti-neuroblastoma immunity in
a syngeneic mouse model
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and Felix Zirngibl1,2*†
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Universitätsmedizin Berlin, Corporate member of Freie Universität Berlin, Humboldt – Universität
zu Berlin and Berlin Institute of Health, Berlin, Germany, 2Berlin Institute of Health (BIH), Berlin,
Germany, 3German Cancer Consortium (DKTK), Berlin, Germany, 4Trion Research, Martinsried,
Germany, 5Pediatric Hematology and Oncology, University Medicine Greifswald, Greifswald,
Germany, 6German Cancer Research Center (DKFZ), Heidelberg, Germany, 7Department of
Pediatrics, HELIOS Klinikum Berlin Buch, Berlin, Germany
Introduction: Despite advances in treating high-risk neuroblastoma, 50-60% of

patients still suffer relapse, necessitating new treatment options. Bispecific

trifunctional antibodies (trAbs) are a promising new class of immunotherapy.

TrAbs are heterodimeric IgG-like molecules that bind CD3 and a tumor-

associated antigen simultaneously, whereby inducing a TCR-independent anti-

cancer T cell response. Moreover, via their functional Fc region they recruit and

activate cells of the innate immune system like antigen-presenting cells

potentially enhancing induction of adaptive tumor-specific immune responses.

Methods:We used the SUREK trAb, which is bispecific for GD2 andmurine Cd3.

Tumor-blind trAb and the monoclonal ch14.18 antibody were used as controls.

A co-culture model of murine dendritic cells (DCs), T cells and a neuroblastoma

cell line was established to evaluate the cytotoxic effect and the T cell effector

function in vitro. Expression of immune checkpoint molecules on tumor-

infiltrating T cells and the induction of an anti-neuroblastoma immune

response using a combination of whole cell vaccination and trAb therapy was

investigated in a syngeneic immunocompetent neuroblastoma mouse model

(NXS2 in A/J background). Finally, vaccinated mice were assessed for the

presence of neuroblastoma-directed antibodies. We show that SUREK trAb-
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mediated effective killing of NXS2 cells in vitro was strictly dependent on the

combined presence of DCs and T cells.

Results: Using a syngeneic neuroblastoma mouse model, we showed that

vaccination with irradiated tumor cells combined with SUREK trAb treatment

significantly prolonged survival of tumor challenged mice and partially prevent

tumor outgrowth compared to tumor vaccination alone. Treatment led to

upregulation of programmed cell death protein 1 (Pd-1) on tumor infiltrating T

cells and combination with anti-Pd-1 checkpoint inhibition enhanced the NXS2-

directed humoral immune response.

Conclusion: Here, we provide first preclinical evidence that a tumor

vaccination combined with SUREK trAb therapy induces an endogenous anti-

neuroblastoma immune response reducing tumor recurrence. Furthermore, a

combination with anti-Pd-1 immune checkpoint blockade might even further

improve this promising immunotherapeutic concept in order to prevent

relapse in high-risk neuroblastoma patients.
KEYWORDS

tumor-vaccination, antibodies, immunotherapy, checkpoint inhibition, childhood cancer
Introduction

Bispecific trifunctional antibodies (trAbs) are a promising

innovation in immunotherapy. Their anti-tumor efficacy is

mediated by the innate and adaptive immune system. TrAbs are

heterodimeric IgG-like molecules consisting of two different heavy

and light chains and are engineered to have two antigen-binding

sites in one molecule, enabling them to bind to a tumor-associated

antigen and to CD3 from the T-cell receptor (TCR) complex

simultaneously. This redirects T cells against the tumor and elicits

a cytotoxic anti-tumor response independent of their TCR-

specificity (1). In contrast to bispecific T cell engagers, trAbs

contain an intact Fc region that can bind and activate Fc gamma

receptor (FcgR)+ cells, such as monocytes or dendritic cells (DCs).

This allows maturation of DCs that have taken up tumor antigens,

which is required to trigger functional T- and B cell responses

against potential tumor-specific neoantigens in tumor-draining

lymph nodes via costimulatory signals like CD40, CD80 or CD86

(2). The SUREK trAb consists of the heterodimeric mouse IgG2a
TLA-4, cytotoxic T

cell; EFS, event-free

l calf serum; GD2,

g, interferon gamma

escence intensity; OS,

U, relative light unit;

; TCR, T-cell receptor;

filtrating T cells.
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and rat IgG2b isotypes and has high affinity to FcgR I, IIa and III

inducing activation of accessory immune cells like DCs (3).

However, trAbs show only weak binding to NK cells via the

FcgR IIIa when compared to humanized monoclonal IgG1

antibodies like ch14.18 and therefore are less effective in

inducing antibody-dependent cellular cytotoxicity (1, 2).

Neuroblastoma is the most common extracranial solid tumor

in childhood and causes 15% of all tumor-related deaths in

children (4). Half of all children diagnosed with neuroblastoma

present with a high-risk disease and have a 5-year survival rate of

less than 50% with most relapses occurring within the first two

years (4–6). The overall survival (OS) of children with recurrent

tumors is extremely low, ranging from 2 to 15%, denoting the need

for new treatment options (5). The state-of-the art treatment

schedule for primary neuroblastomas includes an induction

treatment with 6-8 cycles of multi-agent chemotherapy, followed

by surgery and radiation therapy. This is complemented by a

consolidation therapy with high-dose myeloablative chemotherapy

followed by autologous stem cell transplantation (6). The addition

of the human-mouse chimeric ch14.18 monoclonal antibody

(dinutuximab beta) targeting GD2, a disialoganglioside which is

abundantly expressed on tumor cells of neuroectodermal origin,

combined with granulocyte-macrophage colony-stimulating factor

and interleukin 2 (IL2) improved two-year event-free survival

(EFS) and OS of patients in the situation of minimal residual

disease by 20% and 11%, respectively (7–9). Nevertheless, the 5-

year EFS advantage decreased to 10% due to late relapses, as

recently published (10). Even though immunotherapy has
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improved outcomes, long-term results still fall short of

expectations (4).

T cells have surface markers which mediate inhibitory effector

function maintaining self-tolerance and modulating immunity to

prevent autoimmunity (11). These inhibitory molecules are also

called “immune checkpoints” and can be exploited by malignant

cells to inhibit or evade antitumor immune responses. Immune

checkpoint inhibition therapies, targeting cytotoxic T-lymphocyte-

associated Protein 4 (CTLA-4) or programmed cell death protein 1

(PD-1) have ameliorated outcomes of several different cancer types

including metastatic melanoma and others (12, 13). Pediatric

malignancies, such as neuroblastoma have not been part of this

success (14). However, efficacy of immune checkpoint inhibitors

might be enhanced when combined with other therapies. Srinivasan

et al. successfully introduced a combination of checkpoint inhibitors

with a whole cell vaccination in a preclinical neuroblastoma model

(15). In order to be targetable by the GD2-directed SUREK trAb

(GD2/Cd3), we need a tumor cell with an intact surfaceome. Thus,

we also chose a whole cell vaccination approach.

Our group already showed that the GD2-directed SUREK trAb

outperforms dinutuximab beta against neuroblastoma in vivo (6).

We now set out to investigate whether cellular vaccination

combined with SUREK trAb could effectively induce an

endogenous adaptive anti-tumor immune response in a syngeneic

neuroblastoma mouse model. Our approach represents a relapse

prevention, comparable to the use of ch14.18 in the consolidation

treatment of neuroblastoma. Additionally, after identification of an

adequate candidate for checkpoint inhibition, we evaluated the

benefit of a combination therapy of a cellular vaccine and the

SUREK trAb with or without checkpoint inhibition regarding

survival benefit and humoral immune response in vivo.
Materials and methods

Neuroblastoma cell line

The parental murine cell line NXS2 (16) was kindly provided

by Holger N. Lode (HL) (University Medicine Greifswald,

Germany). Cells were cultured in Dulbecco´s modified Eagle´s

medium (DMEM, GIBCO, Darmstadt, Germany) supplemented

with 10% fetal calf serum (FCS), 100 U/ml penicillin and 100 µg/

ml streptomycin at 37°C in 5% CO2. Cultures were routinely

tested for mycoplasma using the PlasmoTest™ Kit (Invitrogen

GmbH, Darmstadt, Germany).
T cells

T cells were isolated from spleens of 8-20-week-old male A/J

mice via Pan T cell Isolation Kit II (Miltenyi Biotec, Bergisch

Gladbach, Germany, cat#130-095-130) according to the

manufacturer’s instructions. Purity of isolated murine Cd3+
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cells was verified by flow cytometry and exceeded 90%

(Supplementary Figure 1).
Generation and characterization of
dendritic cells

In order to generate bone marrow-derived DCs, bone marrow

cells were isolated from femura and tibiae of 6-20-week-old male

A/J mice. Cells were resuspended in Roswell Park Memorial

Institute (RPMI) 1640 medium (GIBCO) and centrifuged at

1,200 rpm for 5 min. After being treated for 3 minutes with

erythrocyte lysis buffer (pH=7.4; 0.1% KHCO3, 0.83% NH4Cl,

and 0.00372% EDTA Titriplex) at room temperature, cells were

washed with phosphate-buffered saline (PBS). Cells were adjusted

to 0.5 x 106 cells/ml and 1.5 x 106 cells per well in a 6 well plate and

were cultured in RPMI medium with 20% FCS, 100 U/ml

penici l l in and 100 µg/ml streptomycin, 1 mM ß-

mercaptoethanol, 10 ng/ml granulocyte-macrophage colony-

stimulating factor and 10 mM HEPES in a 6 well plate at 37°C

in 5% CO2 for 7 days. On day 2 and 6, medium was exchanged.

On day 4, cells were split. After one week of maturation, non-

adherent cells were harvested, frozen in FCS with 10% DMSO

(Carl Roth, Karlsruhe, Germany), and cryopreserved in liquid

nitrogen until used for experiments. DCs were flow cytometrically

characterized before they were used for experiments using LIVE/

DEAD™ (Invitrogen, Carlsbad, CA, USA) to gate out dead cells

and antibodies against Cd11c (cat#117334, Biolegend), Cd40

(cat#124624, Biolegend), Cd80 (cat#104741, Biolegend), Cd86

(cat#105012, Biolegend) and murine MHC class II (cat#107608,

Biolegend) (Supplementary Figure 2). All samples were measured

with an LSRFortessa™ (BD, 4 laser) and analysis was performed

using FlowJo software (BD).
Bispecific trifunctional antibodies

SUREK and TRBs012 antibodies (alphavirus E1/Cd3) were

kindly provided by Lindis Biotech or Trion Research

(Martinsried, Germany), where they were generated by

quadroma technology and purified by affinity and ion

exchange chromatography as previously described in detail (17).
In vitro assessment of tumor cytotoxicity,
cytokine release and T cell activation

For in vitro analysis, we used either parental NXS2 cells or

NXS2 cells lentivirally transduced to express GFP and firefly

luciferase (NXS2-GFP_ffluc) and sorted for GFP and GD2

expression (>80% positive cells; Supplementary Figure 3). NXS2

cells were co-cultured with T cells and dendritic cells at the ratio of

either 1:10:1 or 1:10:3.3 depending on the experiment as indicated.
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To determine cytotoxicity, 30,000 NXS2-GFP_ffluc cells were

seeded per well. After 1 h, freshly thawed DCs were added, again

2 h later, T cells were added. Subsequently, the co-culture was

treated with trAb or control antibodies. Co-cultures were cultivated

in RPMI media with 10% FCS + 100 U/ml penicillin and 100 µg/ml

streptomycin + 1% non-essential-amino acids (Merck, Darmstadt,

Germany) + 1 mM sodium pyruvat (Carl Roth) + 50mM ß-

mercaptoethanol. TrAb-mediated cell death was quantified after

72 h in a biophotonic luciferase assay as previously described (18).

Bioluminescence was measured after adding 28.6 µg of Xenolight

D-Luciferin (PerkinElmer, Rodgau, Germany) per 150 µl of media

after an exposure time of 180 s. Instrumental background was

substracted before specific tumor cell lysis was calculated with

the following formula: % specific lysis = [(RLUtumor cells) –

(RLUtumor cells + T cells + DCs +/- antibody)]/(RLUtumor cells)*100% (6,

16). The release of interferon-y (Ifng) and Il2 was quantified in

conditioned media of co-cultures using OptEIA enzyme-linked

immunosorbent assays (BD, Heidelberg, Germany) after 24, 48

and 72 h according to the manufacturer’s instructions using murine

Ifng (cat#555138) and murine Il2 (cat#555148). To this end,

parental NXS2 cells were seeded in 96 well plates, and after a

short rest (1 h) to allow target cells to settle, DCs were added,

followed 2 h later by T cells (ratio of NXS2:T cells:DCs = 1:10:1) and

trAbs or control antibodies. As previously described (18), T cell

activation was flow cytometrically quantified 48 h after start of the

co-culture (identical set up as for cytokine release assays) using

LIVE/DEAD™ (Invitrogen) to gate out dead cells and antibodies

against Cd3 (Biolegend, cat#100218), Cd4 (Biolegend,

cat#1005599), Cd8a (Biolegend, cat#1000743), Cd69 (Biolegend,

cat#104506), Pd-1 (Biolegend, cat#135210), lymphocyte activating

gene 3 (Lag-3) (Biolegend, cat#125225) and Ctla-4 (Biolegend,

cat#106306). All samples were measured with an LSRFortessa™

(BD) and analysis was performed using FlowJo software (BD). All

assays were performed in technical as well as biological triplicates if

not stated otherwise.
Syngeneic mouse model

Male and female A/Jmice were originally purchased from Jackson

Laboratory (Bar Harbor, ME, USA) and bred in-house under

pathogen-free conditions on a 12 h day/night cycle with free access

to food and water, according to institutional guidelines approved by

Landesamt für Gesundheit und Soziales (LAGeSo, Berlin, Germany,

application numbers G0386/17 and T0274/19) and compliant with

national and EU regulations for animal use in research.
Analysis of tumor infiltrating T cells

Tumor infiltrating T cells were isolated as previously described

(6). Inhibitory receptor expression was analyzed using LIVE/

DEAD™ (Invitrogen) to gate out dead cells and antibodies against
Frontiers in Immunology 04
Cd3 (Biolegend, cat#100218), Cd4 (Biolegend, cat#1005599), Cd8a

(Biolegend, cat#1000743), Pd-1 (Biolegend, cat#135210),

lymphocyte activating gene 3 (Lag-3) (Biolegend, cat#125225) and

Ctla-4 (Biolegend, cat#106306).
Testing in syngeneic mouse model

For in vivo experiments, 10-22-week-old female animals were

used. Mice were vaccinated with 1 x 105 irradiated (100 Gray)

NXS2 tumor cells intraperitoneally on day -21 and -7 immediately

followed by intraperitoneal treatment with either 5 µg of SUREK

trAb or respective control antibody (TRBs012 or ch14.18) diluted

in 100 µl of PBS or 100 µl PBS alone. For combination with

checkpoint inhibitor therapy, 250 µg of an anti-Pd1-antibody or

PBS alone was given intraperitoneally on day -17, -13, -8 and -1.

On day 0, animals were challenged with a subcutaneous injection

of 1 x 106 viable parental NXS2 cells. Tumor burden was recorded

every other day using calipermetry of diameter in two dimensions.

Tumor volume was calculated using the following formula:

(length x width2)/2. When tumor burden reached a maximum

size of 1,700 mm3, mice were euthanized. Blood was drawn from

mice (vena facialis) 14 days after live tumor cell injection and

shortly before animals had to be euthanized due to tumor burden.

Blood samples were centrifuged at 4,000 rpm for 10 min at RT,

serum collected and cryopreserved at -80°C until analysis.
Analysis of humoral anti-tumor
immune response

For quantification of tumor-directed antibodies in sera of

mice, parental NXS2 cells were incubated with 100 µl serum

harvested on day 14 or at final blood draw (dilution 1:30) for 1 h

at 4°C. After two washing steps, a secondary fluorochrome-

labelled antibody recognizing mouse IgG1 (Biolegend,

cat#406610) or IgG2a (Biolegend, cat#407107) was added for

another 30 min at 4°C. NXS2-specific binding of sera antibodies

was quantified by flow cytometry with a LSRFortessa™ (BD)

FlowJo software (BD) relative to NXS2 cells incubated with only

the secondary antibody.
Statistical analysis

All figures are representative of 3 experiments unless stated

otherwise. Differences between testing groups in in vitro assays

were analyzed using unpaired t test. Differences between testing

groups in in vivo assays were compared using the Mann-

Whitney test and the log-rank test. P values < 0.05 were

considered statistically significant. Statistical analysis was

performed using GraphPad Prism software V.9.3 (GraphPad

Software, San Diego, CA, USA).
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Results

SUREK trAb-mediated cytotoxicity
against the murine neuroblastoma cell
line NXS2 requires the presence of T and
dendritic cells

In order to determine the minimal therapeutic dose of

SUREK in vitro , we co-cultured the GD2+ murine

neuroblastoma NXS2-GFP_ffluc cell line (Supplementary

Figure 3A), primary murine T cells and DCs at a ratio of

1:10:1 and treated them with increasing amounts of SUREK

and TRBs012 trAb ranging from 0.1 ng/ml to 10 ng/ml

(Figure 1A). We detected a significant cytotoxicity (34.6% ±

2.9 lysed tumor cells) at SUREK trAb concentrations of 5 ng/ml,

which plateaued at higher concentrations (5 ng/ml vs. 10 ng/ml,

34.6% ± 2.3 vs. 40.3% ± 4.0 lysed tumor cells). This was also seen
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for TRBs012 but to a lesser extend (5 ng/ml vs. 10 ng/ml, 8.07%

vs. 11.52% lysed tumor cells).

Consequently, 5 ng/ml was used in all subsequent experiments.

We used the TRBs012 trAb as well as the monoclonal ch14.18

antibody as controls at the same concentration as SUREK. They are

either directed against Cd3 and a cancer-unrelated antigen

(alphavirus E1; TRBs012) or monospecific against GD2 and lack

a Cd3 binding moiety (ch14.18). To assess SUREK trAb’s efficacy to

induce cytotoxicity, we co-cultured NXS2-GFP_ffluc cells, T cells

and DCs at a ratio of 1:10:1. At an antibody concentration of 5 ng/

ml, treatment with SUREK led to significantly higher tumor cell

lysis in comparison to the unspecific control antibody TRBs012

(37.7% ± 2.54 vs. 14.6% ± 8.0 lysed tumor cells, p=0.009), while

ch14.18 induced hardly any cytotoxic effect in this experimental

setup (4.1% ± 1.6 lysed tumor cells; Figure 1B). This finding is

reasonable as the ch14.18 mode of action is thought to be antibody-

dependent cellular cytotoxicity (19).
A B

D E

C

FIGURE 1

SUREK mediates a cytotoxic effect against the murine neuroblastoma cell line NXS2 dependent on T cells and dendritic cells. (A) The NXS2-
GFP_ffluc cells were co-cultivated with T cells (TC) and dendritic cells (DCs) (ratio 1:10:1). After co-cultured cells had been settled for 3 hours,
they were treated with the bispecific trifunctional antibodies (trAb) SUREK (GD2/Cd3) or TRBs012 (alphavirus E1/Cd3) in rising concentrations.
Tumor cell lysis was determined by bioluminescent flux relative to an untreated co-culture after 72 hours (h). (B) NXS2-GFP_ffluc cells were co-
cultivated as described in (A) and treated either with the SUREK trAb (GD2/Cd3), the monoclonal ch14.18 antibody (anti-GD2), the unspecific
TRBs012 trAb (alphavirus E1/Cd3) or without any antibody. Tumor cell lysis was determined by bioluminescent flux relative to untreated NXS2
cells after 72 h Results are pooled medians of technical triplicates of five independent experiments. (C) Quantification of Cd69 expression on
living Cd4+ and Cd8+ T cells after 48 h of co-culture as described in (A). (D) After 24, 48 and 72 h of co-culture, concentration of the cytokines
interferon gamma (Ifng) and interleukin-2 (Il2) in the conditioned media was determined by ELISA. One representative experiment with technical
triplicates is shown. (E) NXS2-GFP_ffluc cells were co-cultivated with T cells together or without DCs (ratio 1:10:3.3). After cells had settled for
3 h, cells were treated with 10 ng/ml of SUREK and tumor cell lysis was determined after 72 h. Results are pooled medians of technical
triplicates of three independent experiments. Student´s t test: *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001; n.s., not significant.
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Consistently, SUREK led to significantly higher upregulation

of the activation marker Cd69 on Cd4+ (29.0% ± 14.2 positive

cells, p=0.03) as well as on Cd8+ (21.5% ± 9.7 positive cells,

p=0.03) T cells compared to treatment with ch14.18 antibody

(Cd4+Cd69+: 3.0% ± 2.0 and Cd8+Cd69+: 2.6% ± 1.5; Figure 1C).

The tumor-blind control trAb TRBs012 similarly activated T

cells, independently of binding to a tumor antigen. Furthermore,

T cells released higher amounts of Il2 and Ifng in co-cultures

treated with SUREK trAb than with TRBs012 (174.6 pg/ml ±

35.2 vs. 78.2 pg/ml ± 19.8 and 3540.0 pg/ml ± 521.3 vs. 464.7 pg/

ml ± 591.1), while ch14.18 induced almost no cytokine release

(2.7 pg/ml ± 2.4 and 5.9 pg/ml ± 2.0) (Figure 1D).

Activated DCs provide a vital costimulatory signal for T cells

to carry out their cytotoxic effect against tumor cells (1, 20). DCs

themselves get activated via the interaction of their FcgR and the

Fc fragment of the IgG2a and IgG2b isotypes of the SUREK trAb

(1). Therefore, we co-cultured NXS2-GFP_ffluc cells, T cells with

or without DCs in the presence of the SUREK trAb, in order to

investigate the contribution of the Fc region of SUREK to tumor

cell killing. To be able to point out the influence of DCs on

tumor cell killing, we increased their amount in the co-culture

from a tumor cell:T cell:DC ratio of 1:10:1 to 1:10:3.3. While

almost 100% of tumor cells were killed in the presence of DCs,

tumor cell lysis was completely abrogated when DCs were absent

(Figure 1E). These data demonstrate that SUREK trAb treatment

induces strong T cell activation and DC-dependent tumor cell

killing consistent with results shown by Eissler et al. (21).
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Tumor cell vaccination in combination
with SUREK treatment enhances overall
and tumor-free survival of mice with
aggressive syngeneic neuroblastoma
transplants

Having demonstrated in vitro that DCs are involved in the

anti-tumor function of SUREK, we next sought to investigate

whether anti-tumor immune responses by tumor vaccination

could be enhanced by concomitant treatment with SUREK trAb

in a syngeneic neuroblastoma mouse model. Following an

established treatment schedule (22), we simultaneously

injected irradiated NXS2 cells together with either SUREK,

ch14 .18 , the tumor-b l ind TRBs012 t rAb or PBS

intraperitoneally 21 and 7 days before mice were challenged

with a subcutaneous injection of live NXS2 cells (Figure 2A).

Deppisch et al. already showed that 5 days after intravenous or

subcutaneous administration, SUREK was not detectable

anymore (23). None of the mice treated with tumor

vaccination plus ch14.18, TRBs012 or PBS, rejected the tumor

(Figure 2B). In contrast, subcutaneous challenge with living

NXS2 tumor cells was completely rejected in two out of 7

mice (28.5%) during the surveillance period of 100 days

treated concomitantly with tumor vaccination plus SUREK

trAb. In two other mice the tumor growth was significantly

delayed, resulting in a significantly enhanced survival in this

treatment group compared to treatment groups having received
A

B C

FIGURE 2

Tumor cell vaccination in combination with SUREK treatment enhances overall and tumor-free survival with aggressive syngeneic
neuroblastoma transplants (A) Schematic representation of treatment and analysis. At day 21 and 7 before tumor challenge, A/J mice were
vaccinated with intraperitoneal injections (i.p.) of 1 x 105 irradiated NXS2 cells followed by i.p. injection of 5 µg of SUREK (n=7) or the control
antibodies ch14.18 (n=5), TRBs012 (n=5) or PBS (n=4). On day 0, all mice were challenged with a subcutaneous injection of 1 x 106 viable NXS2
cells. (B) Tumor size was checked every other day via calipermetry. (C) Survival of mice is shown in a Kaplan-Meier-Curve. Statistical analysis
was done using log-rank test to compare different groups: *p<0.05; **p<0.01.
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ch14.18 or PBS (p=0.0144 and p=0.0032) (Figure 2C). In

conclusion, while tumor cell vaccination alone was insufficient

to prevent growth of subsequently injected tumor cells,

combined treatment with SUREK prolonged tumor-free

survival or even prevented tumor engraftment during the

surveillance period of 100 days in our syngeneic mouse model.
Combination therapy of SUREK and
anti-Pd-1 leads to similar overall
survival of mice, yet enhances
humoral immunity in comparison
to treatment with SUREK alone

As shown previously, splenocytes of mice vaccinated with B78-

D14 tumor cells and treated with SUREK trAb upregulate the

immune checkpoint Ctla-4, thereby suppressing anti-tumor T cell

responses (22). Combining trAb therapy with checkpoint

inhibition might therefore, further enhance anti-tumor T cell

responses. To identify the most promising target for checkpoint

inhibition, we analyzed upregulation of checkpoint molecules on

tumor infiltrating T cells (TILs) after treatment with SUREK in

vivo. After intravenous NXS2 cell injection, immunocompetent

A/J mice predominantly developed liver metastases

(19). Neuroblastoma originates from sympathoadrenergic

progenitors and metastasis in neuroblastoma can be

hematogenous or lymphogenic. Sites of hematogenous

metastases are bone, bone marrow and liver. Especially relapses

are often multilocular and spread hematogenously (24). Because

we aim to treat relapsed or refractory high-risk neuroblastoma

patients, we chose an intravenous tumor cell injection over a

subcutaneous model to analyse TILs. Hence, animals were treated

17 days after tumor cell injection with a single dose of SUREK and

T cells from spleen and liver metastases were harvested 4 days later

to analyze checkpoint inhibitor expression via flow cytometry
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(Figure 3A). The gating strategy of TIL analysis is shown in

Supplementary Figure 4. Surface expression of Pd-1 was

significantly higher on TILs of mice treated with SUREK relative

to the PBS-treated group (31.5% ± 6.6 vs. 18.0% ± 7.1 positive

cells). As Pd-1 was upregulated the highest on murine TILs in

comparison to Ctla-4 or Lag-3 (Figure 3B), we chose to block the

Pd-1/Pd-l1 axis in order to enhance trAb-mediated anti-tumor

immune response, as NXS2 cells are known to constitutively

express Pd-l1 (25). We extended the treatment schedule

described in Figure 2A by administering four doses of anti-Pd1

blocking antibody following an established treatment schedule for

combination of the SUREK trAb and a checkpoint-inhibitor which

was introduced by Deppisch et al. in a murine melanoma model

(22) (Figure 4A). Again, we demonstrated improved survival of

mice treated with concomitant tumor vaccination and SUREK

compared to controls that received vaccination alone or combined

with only checkpoint inhibition (Figures 4B, C). Yet, therapeutic

efficacy was not improved by addition of anti-Pd-1 to SUREK

therapy (1/5 vs. 1/5 surviving mice; Figures 4B, C). Since

engraftment of subcutaneous tumors despite tumor vaccination

and trAb +/- Pd-1 blockade might be due to the loss of GD2

expression, we analyzed cell surface GD2 expression on tumors

isolated from treated mice using flow cytometry. While tumors

frommice receiving combined treatment of tumor vaccination and

SUREK tended (even though it was not significant) to express less

GD2 compared to mice not receiving SUREK, GD2 expression was

completely absent in 3 of 4 mice (75%) also receiving PD-1-

blocking therapy (Figure 4D). Tumors growing out in mice that

received anti-Pd-1 antibody also tend to express less Pd-l1

(Supplementary Figure 5). Interestingly, flow cytometric analysis

showed a trend towards lower T cell infiltration in both groups

receiving combined treatment with tumor vaccination and SUREK

trAb with or without administration of Pd-1 blocking antibody

(Supplementary Figures 6A, B). Overall, vaccination treatment

with irradiated NXS2 and SUREK in combination with Pd-1
A B

FIGURE 3

SUREK treatment leads to upregulation of Pd-1 on T cells. (A) A/J mice were injected with 1 x 106 NXS2 cells into a lateral tail vein (i.v.) and
received one intraperitoneal (i.p.) injection with 10 µg of SUREK (GD2/Cd3) (n=7) or PBS (n=5) 17 days later. Four days after tumor injection,
mice were sacrificed for analysis of tumor infiltrating T cells (TILs). (B) Expression of indicated checkpoint molecules on TILs of mice treated as
described in (A). Cd3 was used as a marker for T cells. Results are pooled from two independent experiments. Student´s t test: **p<0.01; n.s.,
not significant.
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immune checkpoint blockade did not prolongmouse survival most

likely due to GD2 antigen-loss.
Combination therapy of SUREK with
anti-Pd-1 antibody induces tumor-
specific antibodies and Th2 memory
response in mice

We next investigated whether improved survival of mice

receiving tumor vaccination in combination with SUREK

coincided with the induction of an endogenous adaptive

immune response against potential immunogenic epitopes

expressed by the tumor cells. Therefore, we first assessed the

presence of tumor-specific antibodies in sera of mice described

in Figures 4B, C (Figure 5A). Whereas only a small amount of

NXS2 tumor cell-specific IgG1 and IgG2a antibodies were

detected in tumor-vaccinated mice receiving PBS or Pd-1

inhibitory antibody alone, SUREK-only treated mice developed

a higher amount of IgG1 levels (Figures 5B, C). However, only

vaccinated mice treated with the combination of SUREK and

Pd-1 blockade, showed a significantly elevated IgG1 production

compared to control groups (Figure 5B). The fact that binding of
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IgG1 antibodies in sera of mice to GD2 positive and negative

NXS2 cells did not significantly differ, indicates a polyclonal

humoral immune response against antigens other than GD2

(Figure 5D). In conclusion, we demonstrated that combination

treatment of tumor vaccination with trAb elicited a humoral

anti-tumor immune response that was enhanced under Pd-

1 blockade.
Discussion

Even though GD2-directed immunotherapy improved

outcomes for high-risk or relapsed neuroblastoma patients,

long-term follow-up dampened initial euphoria (9, 10, 26). We

recently showed that GD2-directed bispecific trAbs are a

promising new antibody therapy and that the SUREK trAb

outperforms the monoclonal state-of-the-art ch14.18 antibody

in vitro and in vivo (6). We now set out to investigate whether

SUREK promotes the induction of a tumor-directed adaptive

immune response against neuroblastoma via its functional Fc

domain and how it compares to ch.14.18. In this study, we

provide first evidence that SUREK induces a tumor-specific

immunological memory, which was completely absent after
A B

DC

FIGURE 4

Combination therapy of SUREK and anti-Pd-1 does not significantly enhance overall survival of mice but shows a trend to immunogenicity
in comparison to treatment with SUREK alone. (A) Schematic representation of treatment and analysis. A/J mice were vaccinated with
intraperitoneal injection (i.p.) of 1 x 105 irradiated NXS2 cells and a simultaneous i.p. injection of 5 µg of SUREK (n=5) or only PBS (n=5) on day
-21 and -7. For combination therapy animals received anti-Pd-1 blocking antibody (n=5) on days -17, -13, -8, -1, control mice received PBS
(n=5) or anti-Pd-1 blocking antibody (n=5) alone. On day 0 all mice were challenged with a subcutaneous injection of 1 x 106 viable NXS2 cells
which were injected subcutaneously into their right flank. (B) Tumor size was checked every other day via calipermetry. (C) Survival of mice is
shown in a Kaplan-Meier-Curve. Statistical analysis was done using log-rank test to compare different groups: *p<0.05; n.s.: not significant.
(D) Tumors that grew out after combination therapy were isolated and analyzed for GD2 surface expression using flow cytometry. Statistical
analysis was done using Mann-Whitney test to compare different groups: *p<0.05.
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tumor vaccination alone. The production of tumor-directed

antibodies was increased by a combination therapy with anti-

Pd-1 checkpoint inhibition. We show that the efficacy of SUREK

is highly dependent on the presence of FcgR+ antigen-presenting

cells (APCs) in vitro supposing that SUREK-mediated

cytotoxicity depends on the presence of tumor cells, T cells

and APC in our syngeneic murine neuroblastoma model as well.

Bispecific antibodies directed against GD2 and CD3 have

already proven to be effective in murine neuroblastoma and

melanoma xenograft models by Xu et al. (27). They could show

release of Th1 cytokines, a GD2+-specific response in vitro and a

prolonged survival from local relapse or metastasizing disease (27).

A first phase I/II trial with the IgG-like GD2-directed hu3F8

bispecific antibody, which is an IgG1 containing a silenced Fc
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region and an anti-CD3 huOKT3-scFV domain linked to the

carboxyl end of its light chain, is ongoing in neuroblastoma and

other GD2+ tumor entities (26). Its silenced Fc region precludes the

option to recruit and activate FcgR+ APCs (26–28). The lack of a Fc
region prevents the induction of a long-term immunological

memory that would allow tumor control beyond the presence of

the bispecific antibody (20, 29, 30). With their functioning Fc

fragment, TrAbs bring FcgR+ cells in close proximity to tumor and

T cells, whereby activating T cells and inducing maturation of DCs.

IL6 and IL12 release of DCs following treatment with the bispecific

antibody BiUII (EpCAM/CD3) indicate activation of FcgR+ cells

via the Fc fragment of the antibody (1). Treatment with the SUREK

trAb could also induce high levels of Il12 in a syngeneic murine

model for melanoma. T cells were only activated when DCs were
A

B

DC

FIGURE 5

Combination therapy of SUREK with anti-Pd-1 antibody induces tumor-specific antibodies and T cell memory in mice. (A) Schematic
representation of experiment and analysis. (B) Exemplary histograms (left panel) and quantification (mean fluorescence intensity (MFI)) relative to
background, right panel) showing secondary IgG1 antibodies binding on NXS2 cells incubated with serum of mice that received the indicated
treatment illustrated in Figure 4A. Statistical analysis was done using Student´s t test: *p<0.05; n.s., not significant. (C) Tumor-specific IgG2a
antibodies in sera of vaccinated mice. Statistical analysis was done using Student´s t test. (D) Amount of NXS2 binding IgG1 antibodies in sera of
mice. Experiment was conducted with GD2 positive and negative NXS2 cells (Supplementary Figure 3A).
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present (shown by expression levels of Cd69 and Cd62L) and killing

was absent when either SUREK or DCs were lacking (21).

Interestingly, Thakur et al. could also show induction of tumor

antigen-specific immune response in vivo and in vitro using

activated T cells armed with anti-CD3 x anti-Her2/neu bispecific

antibody lacking the Fc fragment. Multiple bispecific antibody

armed T cell infusions may have resulted in immunogenic

epitope spreading and the development of durable humoral and

cellular memory response (31). Maturation of DCs is vital because it

enables co-stimulation of T cells via CD40/CD40L or CD80-CD86/

CD28. This interaction is critical to extend anti-tumor T cell

responses beyond the specificity of the trAb by inducing

functional T cell responses in the tumor draining lymph node (1,

20). We have demonstrated that a tumor cell vaccination alone was

not sufficient to prevent engraftment and growth of a subcutaneous

tumor cell mass in our syngeneic immunocompetent mouse model.

In contrast, combining a tumor cell vaccination with SUREK trAb

treatment prolonged survival of mice and even prevented tumor

outgrowth during the surveillance period along with the presence of

tumor-specific IgG antibodies in sera of treated mice. This was not

observed when tumor vaccination was combined with ch14.18 or

the tumor-blind trAb. The general therapy failure rate of 40 – 50%

of vaccinated and SUREK treated animals might be due to a delayed

immune response leading to tumor outgrowth in these animals.

However, these results can still provide first indications that SUREK

was not only mediating effector functions by cross-linking and

activating T cells via its Cd3 and GD2 binding domains but also

inducing adaptive immune responses against additional tumor

antigens broadening up the immune response and having the

potential to provide long-term tumor control by the induction of

immunological memory.

Even though high-risk neuroblastoma is known to be little

immunogenic and considered an immunologically cold tumor due

to low mutational load and lack of MHC-I expression (32), it was

also shown that relapsed neuroblastomas display a higher

mutational burden as new somatic mutations are introduced by

radiation and chemotherapy (32). Anti-neuroblastoma vaccination

approaches have recently produced promising results. A GD2/GD3

vaccine plus oral administration of b-glucan as an additional

adjuvant elicited robust anti-GD2 and -GD3 antibody responses

in patients with high-risk neuroblastoma (33). High anti-GD2-IgG1

titer was associated with improved survival (33). In our study,

tumor-specific IgG1 antibodies in mice having received combined

treatment of tumor vaccination and SUREK, but not vaccination

alone or combined treatment with the monoclonal antibody

ch14.18, was associated with survival benefit. These trAb-induced

tumor-specific antibodies are directed against a various set of tumor

antigens. Ruf et al. showed a similar induction of a humoral

immune response by SUREK in a preclinical melanoma model

(34). So far there is no available literature about potentially

immunogenic NXS2-specific tumor associated antigens. Although,

level of tumor-specific antibodies in mice receiving additional Pd-1

blocking antibodies was significantly increased, this did not
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translate into prolonged survival. The fact that the majority of

progressing tumors has lost GD2 expression in this treatment group

indicates that immune pressure was higher, which eventually

resulted in the outgrowth of antigen-loss variants. Similar

mechanisms have been shown for sarcoma mouse models (35),

small cell lung cancer (36) or glioblastoma (37). Although the

presence of tumor-specific IgG antibodies indicates the induction of

an adaptive immune response against additional tumor antigens,

tumor cell destruction in some of the mice might have been

prevented by immunosuppressive mechanisms other than

installed by the Pd-1/Pd-l1 axis. A recent study by Webb et al.

demonstrated that NXS2-tumor-bearing A/J mice had a

significantly higher splenic Treg count than tumor-free mice.

Furthermore, CD4+ T cells in the tumor were composed mainly

of Treg cells, indicating an important role of immune suppression

by this cell type (38). Although expression of Ctla-4 was hardly

induced by trAbs on total Cd3+ cells in the tumor, there is a chance

to further improve efficacy of our combination therapy of tumor

vaccination and SUREK trAb by inhibiting Tregs by CTLA-4

immune checkpoint blockade as the combination with the

checkpoint inhibitor anti-CTLA-4 proved to be superior to anti-

PD-1 monotherapy in a preclinical neuroblastoma model (39).

While in vivo significance of immune checkpoint molecules in

neuroblastoma remains uncertain, there are promising results in

vitro (14, 40). Interaction of immune checkpoint molecules like

CTLA-4, LAG-3 or PD-1 with their ligands B7.1/B7.2 on antigen-

presenting cells, fibrinogen-like protein-1 and Galectin-3 or PD-L1

on tumor cells, respectively, enhance immune escape of tumor cells

(41). Consequently, checkpoint-inhibition is beneficial to boost

tumor-reactive T cell function in several different tumor entities

(22, 42). The combination of cyclophosphamide and anti-Pd-1 was

shown to be effective in a pre-clinical neuroblastoma mouse model

(43). In Neuroblastoma, expression of PD-L1 is both constitutive

and inducible by different mechanisms such as IFNG-induced

signaling, with expression levels ranging from 14% to 70% in

patients (14, 44, 45). Consequently, the combination of a Myc-

inhibited- or Id2 knockdown-whole tumor cell vaccination and the

checkpoint inhibitors anti-PD-1 and anti-CTLA-4 was successfully

tested in a preclinical anti-neuroblastoma vaccination attempt when

immunogenicity of tumors was enhanced and a long-term immune

memory induced (15, 46). Other preclinical publications showed

their efficacy against neuroblastoma in combination with

dinutuximab beta (47) or with radiation and an anti-CD40

antibody (40). The efficacy of our treatment schedule might be

enhanced by adding more doses of checkpoint-inhibitor and/or

additional vaccinations. Also, applying the subcutaneous tumor

challenge 7 days after the last vaccination might be too short for the

induction of a robust immune response.

One advantage of our study is that we showed efficacy of our

treatment in an immunocompetent syngeneic neuroblastoma

mouse model. In this model, assessment of immunotherapies is

most beneficial as there is no species-mismatch of tumor, stroma

and immune cells like in models with human tumor xenografts,
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providing the basis to analyze the full effector function potential

by SUREK trAb that requires the tripartite interplay of tumor, T

cells and DCs. However, the A/J strain might not be optimal due

to its Th2-bias and relatively high immunogenicity (48).

Prospectively, the SUREK-mediated vaccination effect might

also be tested in a less immunogenic GD2-expressing

neuroblastoma mouse model with a murine TH-MYCN

transgenic neuroblastoma cell line (9464D-GD2) established by

Voeller et al. (40). Whereas we predominantly see a tumor-

directed IgG1 production, Ruf et al. and Deppisch et al. showed

a shift towards a Th1 response characterized by the production of

tumor-directed IgG2a in a C57BL/6 mouse model, which is

known to show a predominant Th1 response (22, 34). Th1 cells

produce IFNG and IL2 among other cytokines, thereby activating

macrophages and inducing a cell-mediated immunity, whereas a

Th2 response is known to induce a humoral immunity with B cell

proliferation and antibody production (49). Furthermore, Th2

cells are known to secrete predominantly IL4, which suppresses

the development of Th1 cells on the one hand and directly blocks

the synthesis of IFNG in human mononuclear cells with its

cytostatic, pro-apoptotic and immune-provoking effects on the

other hand (49, 50). To date, it is not quite clear whether a Th2-

dominant immune response is beneficial or detrimental for tumor

growth (51). However, there is evidence, that IL4–secreting Th2

cells, inhibit proliferation of cytotoxic T cells and induce an M2

phenotype in tumor-associated macrophages, promoting tumor

cell growth and invasion (52).

In summary, we provide first evidence that the GD2-directed

SUREK trAb is not only potent to mediate TCR-independent

anti-tumor T cell responses, but also induces an anti-tumor

vaccination effect in a murine neuroblastoma model that

prolonged survival of tumor-challenged mice. Anti-Pd-1

immune checkpoint blockade further enhanced immune

pressure on tumor cells resulting in tumor progression due to

target antigen loss. Combining tumor vaccination and SUREK

trAb treatment with additional checkpoint inhibitors might

further improve anti-tumor effector function and could

translate into the clinic as a prophylactic therapy option for

children with minimal residual disease.
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