
ORIGINAL ARTICLE

Evaluating combinations of costimulatory antibody–ligand fusion
proteins for targeted cancer immunotherapy

Nora Hornig • Katharina Reinhardt •

Vanessa Kermer • Roland E. Kontermann •

Dafne Müller

Received: 14 March 2013 / Accepted: 17 May 2013 / Published online: 30 May 2013

� Springer-Verlag Berlin Heidelberg 2013

Abstract Combinatory strategies are becoming of

increasing interest in cancer immunotherapy. Costimulation

by individual members of the immunoglobulin-like (Ig)- and

TNF superfamily have already shown promising antitumor

potential, thus prompting the exploration of their synergistic

abilities in combinatorial approaches. Here, we pursued a

targeted strategy with antibody-fusion proteins composed of

a tumor-directed antibody and the extracellular domain of

the costimulatory ligand B7.1, 4-1BBL, OX40L, GITRL or

LIGHT, respectively. Costimulatory activity was assessed in

an experimental setting where initial T cell activation was

induced by a bispecific antibody (tumor-related anti-

gen 9 CD3). Advantage of combined targeted costimula-

tion was shown for either B7.1 or 4-1BBL with OX40L,

GITRL, LIGHT and 4-1BBL in terms of T cell proliferation

and IFN-c release. Since encouraging results were obtained

by the combination of B7.1 and 4-1BBL, we adapted the

model system for a time-shift setting. Here, enhanced pro-

liferation and granzyme B expression as well as reduced PD-

1 expression on the T cell population demonstrated the

benefit of costimulation-assisted restimulation. Finally, the

antitumor potential of this combinatorial setting was con-

firmed in vivo in a lung metastasis mouse model. Thus,

combinatorial approaches with costimulatory antibody–

ligand fusion proteins seem a promising strategy to be further

investigated for cancer immunotherapy.
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Abbreviations

GITRL Glucocorticoid-induced TNF receptor ligand

LIGHT Homologous to lymphotoxins, shows inducible

expression and competes with herpes simplex

virus glycoprotein D for herpesvirus entry

mediator (HVEM), a receptor expressed by T

lymphocytes

TNFSF Tumor necrosis factor superfamily

mAb Monoclonal antibody

FAP Fibroblast activation protein

Introduction

Interfering with the costimulatory/inhibitory ligand-recep-

tor network that regulates the immune response has

become a promising approach in cancer immunotherapy.

Thus, antagonistic antibodies directed against inhibitory

receptors of the immunoglobulin-like (Ig) superfamily

(e.g., CTLA-4, PD-1) and agonistic antibodies directed

against costimulatory receptors of the tumor necrosis factor

receptor (TNFR) superfamily (e.g., 4-1BB, OX40, GITR,

CD127, CD40) are being evaluated in clinical trials [1, 2].

In addition, it is becoming apparent that strongest antitu-

mor effects might be achieved by combinatorial treatments

[3, 4]. In preclinical models, synergistic actions have been

described for the combined activation of different

costimulatory receptors (e.g., 4-1BB with OX40 or CD40)

[5–7] as well as for combined activation and blockade of

costimulatory and coinhibitory receptors, respectively (e.g.,

anti-4-1BB mAb with either anti-CTLA-4 or anti-PD-1)
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[8–10]. The evaluation of indicated combinations is com-

plicated since the expression pattern of these receptors and

corresponding ligands orchestrating the immune response

is cell-type specific, time-dependent and cell context-rela-

ted [11]. Thus, seeking maximal antitumor potential of

costimulatory/inhibitory reagents in combinatorial settings

constitutes a major challenge in the field.

For immunotherapeutic approaches, costimulation has

been provided either by agonistic antibodies for particular

receptors or respective ligands [12, 13]. Studies with

ligands involved mainly multimeric recombinant proteins

composed of the extracellular domain of the ligand fused to

antibody Fc or multimerization domains (e.g., surfactant

protein D (SP-D), modified core streptavidin (SA), tenascin

(TNC)) [14–17]. Although effective costimulatory activity

was achieved, undirected costimulation bears the risk of

unexpected adverse events and autoimmunity (e.g., liver

toxicity observed after anti-4-1BB mAb treatment in pre-

clinical and clinical studies [18]). Thus, targeted approa-

ches are being developed, creating tumor-specific

antibody-fusion proteins with costimulatory ligands in

order to direct, confine and improve the immune response

at the tumor site [14, 19–22]. Enhanced antitumor effects

could be shown by target-directed costimulation with B7.1

or 4-1BBL in diverse tumor mouse models [19, 20, 23].

Furthermore, combination therapies with regulatory T cell

(Treg) depletion [19] and a bispecific antibody [20] resul-

ted in improved therapeutic effects.

We have reported previously a combinatorial approach of

two costimulatory antibody–ligand fusion proteins, targeting

B7.2 and 4-1BBL to the tumor cell via two independent

antigens. In this model system, T cells were retargeted by a

bispecific antibody and stimulation was enhanced by target-

mediated costimulation of B7.2 and 4-1BBL [22]. Here we

report further combinations of antibody–ligand fusion pro-

teins focusing on the combination of B7.1 and 4-1BBL with

the costimulatory members OX40L, LIGHT and GITRL of

the TNF superfamily analyzing cytokine release, prolifera-

tion and the cytotoxic potential of T cells. Since encouraging

results were obtained by the combination of B7.1 and

4-1BBL, we adapted the model system for a time-shift set-

ting, where the benefit of costimulation-assisted restimula-

tion was shown. Finally, the antitumor potential of this

combinatorial setting was confirmed in vivo in a lung

metastasis mouse model.

Materials and methods

Materials

Antibodies were purchased from Biolegend (Uithoorn, The

Netherlands), Immunotools (Friesoythe, Germany),

Miltenyi Biotec (Bergisch Gladbach, Germany) and Santa

Cruz (Santa Cruz, USA). DuoSet enzyme-linked immu-

nosorbent assay (ELISA) kit for human IFN-c was

obtained from R&D Systems (Minneapolis, USA). Further

materials include CellTraceTM CFSE cell proliferation kit

(Life Technologies, Darmstadt, Germany) and NuPAGER

4–12 % Bis–Tris Gel (Bio-Rad Laboratories, München,

Germany). Mouse endoglin was produced in our laboratory

[24]. B16-FAP, HT1080-FAP (transfectants with human

fibroblast activation protein) and HT1080 wild-type (Klaus

Pfizenmaier, IZI) were cultured in RPMI 1640, 5 % fetal

bovine serum (FBS), supplemented with 200 lg/ml G418

in the case of HT1080-FAP and 200 lg/ml zeocin in the

case of B16-FAP cells. HEK293 were cultured in RPMI

1640, 5 % FBS. Human PBMC were isolated from buffy

coat of healthy donors (blood bank, Klinikum Stuttgart

(Katharinenhospital), Germany) and cultivated in RPMI

1640, 10 % FBS. C57BL/6Jrj mice were purchased from

Elevage Janvier (France). Animal care and experiments

carried out were in accordance with federal guidelines and

had been approved by university and state authorities.

Generation of costimulatory antibody–ligand fusion

proteins

Cloning of scDbFAPCD3, B7.2-Db and scFv-4-1BBL into

pSecTagA backbone vector (Life Technologies, Darmstadt,

Germany) has been described previously [22]. B7.1-Db was

cloned by ligand (35–242 aa) replacement (SfiI/NotI) in the

B7.2-Db construct. Based on the scFv-4-1BBL comprising

plasmid, scFv-OX40L, scFv-LIGHT and scFv-TNC-GITRL

were cloned by the combination of the respective scFv (SfiI/

NotI) and ligand (BamHI/XbaI) cassettes. They are com-

posed of the scFv A5 directed against human endoglin [25]

and the extracellular domain of human OX40L (51–183 aa),

LIGHT (85–240 aa) and GITRL (72–199 aa), the latter fused

N-terminally to the chicken tenascin domain (110–139 aa)

described elsewhere [26]. The scFv-4-1BBL(m) was gen-

erated by introducing the mouse-specific scFvmEDG [24]

and mouse ligand 4-1BBL (104–309 aa). Ligand-DNA was

either synthesized (Life Technologies) or obtained by PCR

from template plasmids provided by H. Wajant (University

Hospital Würzburg). scDbFAPCD3(m) was obtained by

replacing the anti-human CD3 antibody moiety by the anti-

mouse CD3 specific (2C11) [27] one. The recombinant

proteins were produced in stable transfected HEK293 cells

and purified by immobilized metal ion affinity chromatog-

raphy (IMAC) as described previously [22].

Binding analysis

Binding specificity of the scFv–ligand fusion proteins to

endoglin was analyzed by flow cytometry. 2 9 105
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HT1080-FAP (EDG?) or HEK293 (EDG-) cells were

incubated with 300 nM fusion protein for 2 h at 4 �C. After

washing, cells were incubated for 1 h at 4 �C with

R-phycoerythrin (PE)-conjugated mouse anti-hexahistidyl-

tag monoclonal antibody. Washing and incubation steps

were carried out in PBS, 2 % FBS, 0.02 % sodium azide.

Cell analysis was performed in an EPICS FC500 (Beckman

Coulter, Krefeld, Germany) and data was analyzed using

FlowJo (Tree Star, Ashland, USA).

Ligand activity in soluble and cross-linked form

ELISA plates were coated over night with scDbFAPCD3 (3

and 10 nM) at 4 �C. Ligand activity in cross-linked form

was analyzed by coating the respective fusion protein

(50 nM) together with the scDbFAPCD3. Subsequently,

plates were washed, and 2 9 105 CFSE-labeled PBMC/

well was added. Therefore, PBMC were stained before

with carboxyfluorescein diacetate succinimidyl ester

(CFSE) at a concentration of 625 nM/1 9 106 cells/ml,

following the instructions of the manufacturer. Ligand

activity in soluble form was assessed on the ELISA plates

coated with scDbFAPCD3 only. Here, after blocking with

medium, the scFv-ligand (50 nM) was added in solution

altogether with the PBMC. After 4 days proliferation was

measured by flow cytometry as indicated above.

Isochronic combinatorial setting

2 9 104 HT1080-FAP cells/well were seeded in 96-well-

plates. The next day, cells were incubated for 1 h at RT

with scDbFAPCD3 (16 pM) in combination with one

(10 nM or titration) or two of the antibody–ligand fusion

proteins (10 nM of each one), before the addition of

2 9 105 PBMC/well. After 48 h, cell-free supernatant was

removed, and IFN-c concentration was determined in a

sandwich-ELISA, following the instructions of the manu-

facturer’s protocol. Alternatively after 7 days, proliferation

of T cells (CFSE-labeled PBMCs/anti-CD3-PerCP) and T

cell expression of granzyme B (anti-CD3-FITC, anti-

granzyme B-PE) was assessed by flow cytometry. Block

shift correction was applied to the data [28].

Time-shift combinatorial setting

2 9 104 HT1080-FAP cells/well were seeded in 96-well-

plates. The next day, cells were incubated for 1 h at RT

with scDbFAPCD3 (33 pM), before washing and the

addition of 2 9 105 PBMC/well. After 3 days of coculture,

stimulated PBMCs were transferred for restimulation to a

fresh plate with HT1080-FAP cells previously incubated

with scDbFAPCD3 as indicated above. After 4 additional

days of coculture, PBMCs were harvested and analyzed by

flow cytometry. Costimulation was provided by the addi-

tion of B7.1-Db (10 nM) and scFv-4-1BBL (10 nM) during

coculture. They were added together either in combination

with scDb-mediated initial or restimulation. Alternatively,

B7.1-Db was administered together with scDb-mediated

initial stimulation, followed by the administration of scFv-

4-1BBL together with scDb-mediated restimulation. T cell

proliferation and granzyme B expression was analyzed as

indicated previously. Furthermore, T cell expression of PD-

1 and CTLA-4 was measured by corresponding antibody

staining. Block shift correction was applied to the data

[28].

Animal experiments

Pharmacokinetics were determined for B7.2-Db and scFv-

4-1BBL(m). C57BL/6 mice (n = 3 or 4) were injected

intravenously (i.v.) with 0.5 nmol fusion protein/animal.

Blood samples were taken at different time points (3 min,

0.5, 1, 2, 6 and 24 h) and serum concentration of the fusion

protein determined via ELISA. Therefore, anti-CD86

monoclonal antibody or mouse endoglin were coated and

bound B7.2-Db or scFv-4-1BBL(m), respectively, detected

via the anti-His-Tag-HRP antibody. Data was normalized

considering the first time point (3 min) as 100 %. Phar-

macokinetic parameters [(t1/2a, t1/2b, area under the curve

(AUC)] were calculated via Excel using the first 3 time

points to calculate t1/2a and the last 3 time points to cal-

culate t1/2b. AUC was determined for the time interval of

3 min-24 h.

Therapeutic efficacy of the combinatorial approach with

the recombinant proteins was assessed in a B16-FAP lung

metastasis model. C57BL/6JRj mice (3 month) were

injected i.v. with 1 9 106 B16-FAP cells/mouse on day 0.

Treatment was administrated i.p. to groups of 5–6 mice as

follows: (1) PBS (day 1, 2, 3, 10, 11, 12); (2) scDb(m) (day

1, 2, 3, 10, 11, 12); (3) scDb(m) ? B7.1-Db (day 1, 2, 3)

and scDb(m) ? scFv-4-1BBL(m) (day 10, 11, 12); (4)

scDb(m) (day 1, 2, 3) and scDb(m) ? B7.1-Db ? scFv-4-

1BBL(m) (day 10, 11, 12); (5) B7.1-Db (day 1, 2, 3) and

scFv-4-1BBL(m) (day 10, 11, 12); (6) B7.1-Db ? scFv-4-

1BBL(m) (day 10, 11, 12). Dosage: 4 pmol scDb(m) and

0.2 nmol (B7.2-Db and scFv-4-1BBL(m)). Mice were

sacrificed on day 21. Lungs were removed, fixed in form-

aldehyde and metastases counted.

Statistical analysis

For comparison between multiple groups, the one-way

analysis of variance (ANOVA) followed by the Tukey post

test was applied, using the GraphPad Prism software

(GraphPad Software, La Jolla, USA). P values of \0.05

were considered to be significant.
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Results

Generation of costimulatory antibody-fusion proteins

with OX40L, LIGHT and GITRL

The bispecific single-chain diabody scDbFAPCD3 and

costimulatory antibody-fusion proteins with B7 and 4-1BBL

had been described previously [22]. In brief, in our model

system, scDbFAPCD3 is directed against the fibroblast

activation protein (FAP) on the target cells and CD3 on T

cells. Thus, simultaneous binding of the scDb to both anti-

gens leads to target-mediated T cell activation. The stimu-

lation of T cells can be further enhanced by costimulation

with the antibody-fusion proteins B7-Db and scFv-4-1BBL.

These fusion proteins are composed of the extracellular

domain of the ligands B7 and 4-1BBL fused to a FAP-spe-

cific antibody in the diabody format and an endoglin (EDG)

specific antibody in the scFv format, respectively (Fig. 1a).

Thus, by antibody binding, these costimulatory ligands are

also targeted to the tumor cell and presented there in a

membrane-bound and therefore active form (Fig. 1b). To

further evaluate this concept we decided to extend it to a

broader range of ligand combinations, generating also anti-

body-fusion proteins with OX40L, LIGHT and GITRL.

These costimulatory ligands were chosen based on their high

antitumor potential documented in the literature [11]. In

order to avoid FAP-targeting competition with the

scDbFAPCD3 and B7-Db and taking into consideration their

affiliation to the TNF-family, the extracellular domain of

these costimulatory ligands (OX40L, LIGHT, GITRL) was

fused to the endoglin-specific antibody A5 in the scFv for-

mat, creating fusion proteins analogue to the scFv-4-1BBL

(Fig. 1a, c). In the case of scFv-GITRL, trimerization was

enforced by introducing a tenascin domain into the linker

(scFv-TNC-GITRL). Thus, a covalently intermolecular

connected homotrimer was created. Stable transfected

HEK293 producer cell lines were generated and fusion

proteins purified from the supernatant by immobilized metal

ion affinity chromatography (IMAC) with a yield of 2.4 mg/l

(scFv-OX40L), 17.4 mg/l (scFv-LIGHT) and 8 mg/l (scFv-

TNC-GITRL), respectively. SDS-PAGE analysis (Fig. 1d)

under reducing conditions revealed single bands of 58 kDa

(scFv-OX40L) and 51 kDa (scFv-LIGHT, scFv-TNC-GIT-

RL) that could be further reduced after deglycosylation,

correlating to the calculated molecular mass of 42 kDa

(scFv-OX40L), 44 kDa (scFv-LIGHT) and 46 kDa (scFv-

TNC-GITRL) (data not shown). Under non-reducing con-

ditions, the multimeric format of the scFv-TNC-GITRL was

confirmed (Fig. 1d). Furthermore, size exclusion chroma-

tography (SEC) of the fusion proteins indicated the presence

of homogeneous populations in accordance with a native

trimeric disposition (Fig. 1e). Binding specificity to endog-

lin-expressing target cells was shown by flow cytometry

(Fig. 2a). Ligand activity was demonstrated by artificial

cross-linking through coating of the fusion proteins on an

ELISA plate together with the scDbFAPCD3 as first stimu-

lus. Here, proliferation of PBMCs was enhanced clearly by

the presence of the costimulatory ligands in immobilized

form, while their soluble form remained mainly inactive

(Fig. 2b). Similar results have been previously reported by us

for the scFv-4-1BBL [22]. In addition, costimulatory activity

of antibody-fusion proteins on target cells was confirmed for

all three antibody–TNFSF ligand fusion proteins, enhancing

approximately twofold the scDb-induced proliferation of

PBMCs (Fig. 2c). The costimulatory nature of these signals

was verified by the lack of activation observed in absence of

the first signal (scDb). Thus, these antibody–TNFSF ligand

fusion proteins perfectly met the conditions to be incorpo-

rated in the combinatorial setting established previously.

Combinations of costimulatory antibody-fusion

proteins that modulate scDb-mediated T cell

stimulation

Two combinatorial strategies were explored. In the first

approach, the scDbFAPCD3 as first signal was applied

together with B7.1-Db in combination with each of the scFv-

TNFSF–ligand fusion proteins (scFv-4-1BBL, scFv-

OX40L, scFv-LIGHT, scFv-TNC-GITRL) (Fig. 1b). In the

second approach, scDbFAPCD3 as first signal was applied

together with scFv-4-1BBL in combination with each of the

other scFv-TNFSF–ligand fusion proteins (scFv-OX40L,

scFv-LIGHT, scFv-TNC-GITRL) (Fig. 1c). For the latter,

scFv-4-1BBL was applied at a concentration where the

addition of equal concentration of endoglin-specific scFv

was not interfering with the costimulatory signal and dou-

bling the concentration of scFv-4-1BBL led to a further

signal enhancement. Thus, masking of individual costimu-

latory effects by competition of two fusion proteins for the

same target cell antigen (endoglin) was avoided. In both

settings, target cells (HT1080-FAP?EDG?) were cocultured

with PBMCs in presence of the respective combination of

bispecific antibody/antibody–ligand fusion proteins and T

cell stimulation monitored by cytokine release (IFN-c),

proliferation and granzyme B expression. Analysis of IFN-c
release revealed that all scFv-TNFSF–ligand fusion proteins

and B7.1-Db were individually able to enhance the scDb-

mediated signal (3 to 3.8-fold and 2.4-fold, respectively)

(Fig. 3a). The combination of either B7.1-Db or scFv-4-

1BBL with the other scFv-TNFSF–ligands could further

improve this effect, indicating the feasibility and clear ben-

efit of a combined application. Here, the combination of

scFv-4-1BBL with each other of the scFv-TNFSF–ligands

was highly effective (6.7- to 7.8-fold increase). On the other

hand, B7.1-Db in combination with either of the scFv-4-

1BBL, scFv-LIGHT or scFv-TNC-GITRL showed also

1372 Cancer Immunol Immunother (2013) 62:1369–1380
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A
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D

E

C

Fig. 1 a Modular schema of the

bispecific antibody and

antibody–ligand fusion proteins.

VH/L variable region of the

heavy/light antibody chain, FAP

fibroblast activation protein,

EDG endoglin, scDb single-

chain diabody, Db diabody,

ECD extracellular domain,

H Histidine tag, TNF tenascin,

Ln linker of n amino acids.

Schema of the combinatorial

settings: b targeting scDb/B7-

Db to FAP and the scFv-ligand

to endoglin; c Targeting scDb to

FAP and scFv-4-1BBL plus a

second scFv-ligand to EDG. CR

costimulatory receptor. d SDS-

PAGE analysis of the scFv–

ligand fusion proteins (3 lg/

lane) under reducing (R) and

non-reducing (NR) conditions

on a 12 % SDS-PAGE and

4–12 % Bis–Tris Gel,

respectively; Coomassie

staining. e HPLC analysis on a

TSK-GEL G3000SWXL column

(Tosoh Bioscience) of scFv-

OX40L (2 lg), scFv-LIGHT

(15 lg) and scFv-TNC-GITRL

(15 lg). Mobile phase was PBS

at a flow rate of 0.5 ml/min
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Fig. 2 Functional properties of scFv-OX40L, scFv-LIGHT and scFv-

TNC-GITRL. a Antibody binding by flow cytometry. HT1080-FAP

(EDG?) and HEK293 (EDG-) cells were incubated with 300 nM

scFv-ligand. Bound construct were detected by an anti-hexahistidyl-

tag-PE conjugated antibody. Gray filled: cells only; gray line:

detection antibody only; black line: scFv-ligand followed by detection

antibody. b Ligand activity of the fusion proteins in coated and

soluble form. scDbFAPCD3 was coated and incubated with CFSE-

labled PBMC together with scFv-ligand (50nM) presented either

coated or in solution. Proliferation was determined after 4 days by

flow cytometry. [n = 3. Mean ± SD, One-way ANOVA, Tukey post

test, *p \ 0.05, **p \ 0.01, ***p \ 0.0001]. c Costimulatory prop-

erties of the fusion proteins in a cellular assay. Target cells (HT1080-

FAP) were incubated with scDb in combination with the scFv-ligands

for 1 h before the addition of CFSE-labeled PBMC. Proliferation of

PBMC was measured after 4 days by flow cytometry

1374 Cancer Immunol Immunother (2013) 62:1369–1380

123



strong signal enhancements (8.1- to 8.5-fold) and were

clearly more effective than the combination of B7.1-Db with

scFv-OX40L (5-fold increase). As expected, in terms of

proliferation, all costimulatory fusion proteins were able to

enhance the scDb-mediated T cell activation (1.5- to 1.8-

fold) (Fig. 3b). Also in this case, either the combination of

B7.1-Db or scFv-4-1BBL with the scFv-TNFSF–ligand

fusion proteins could further enhance T cell proliferation

(2.1- to 2.4-fold). Thus, emphasizing proliferation as a

hallmark of T cell activation, a maximal effect was achieved

to a similar extent by all combinations of costimulatory

fusion proteins. In contrast, differential impact was observed

in the acquirement of cytotoxic potential as indicated by the

percentage of granzyme B expressing T cells (Fig. 3c).

Although all antibody-fusion proteins were able to enhance

the population of granzyme B positive T cells, B7.1-Db,

scFv-4-1BBL and scFvOX40L were more effective (1.6- to

1.8-fold) than scFv-LIGHT and scFv-TNC-GITRL (1.4-

fold). In combination, strongest effects were obtained by

B7.1-Db together with scFv-4-1BBL, scFvOX40L and scFv-

LIGHT (2.1- to 2.3-fold increase). No further improvement

was observed by addition of scFv-TNC-GITRL. In regard to

the combinatorial setting with scFv-4-1BBL, only scFv-

OX40L could further increase the cytotoxic potential (1.9-

fold), while scFv-LIGHT and scFv-TNC-GITRL did not.

Thus, according to these results all costimulatory antibody-

fusion proteins showed to be suitable and promising for

combinatorial approaches. Especially the combined appli-

cations of B7.1-Db with either scFv-LIGHT or scFv-4-1BBL

were highly effective in all aspects analyzed. However, for

subsequent time-delayed studies we decided to focus at first

on the combination of a single antibody-fusion protein pair.

Considering that according to the receptor expression profile

costimulation by B7/CD28 and LIGHT/HVEM are related to

the initial phase and 4-1BBL/4-1BB to a later phase in the

immune response [29], the combination of B7.1-Db and

scFv-4-1BBL, covering different time frames, seemed most

appropriate for further studies.

Time-delayed, combined costimulation

of scDb-activated T cells

Based on this model system, we approached the question of

the influence of costimulation on T cell response in a

restimulation context, establishing a time-shift setting.

Fig. 3 Costimulatory effects mediated by the combined application

of the antibody-fusion protein panel. Target cells (HT1080-FAP)

were cocultured with PBMCs in presence of scDb (16 pM) in

combination with one or two costimulatory antibody-fusion proteins

(10 nM). a IFN-c-release was measured after 4 days by Sandwich-

ELISA. b Proliferation of T cells was determined (CFSE/anti-CD3-

PerCP) after 7 days by flow cytometry. c Cytotoxic potential of T

cells was measured after 7 days via granzyme B staining. Therefore,

PBMC were fixed, permeabilized and granzyme B expressing T cells

identified (anti-CD3-FITC/anti-granzyme B-PE) by flow cytometry.

[n = 3. Mean ± SD, One-way ANOVA, Tukey post test, *p \ 0.05,

**p \ 0.01, ***p \ 0.0001]

b
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Therefore, T cells were stimulated with scDb on day 0 for

initial stimulation and on day three for restimulation, fol-

lowed by T cell analysis of proliferation, cytotoxic poten-

tial and inhibitory receptor expression (PD-1, CTLA-4) on

day 7. Costimulation by B7.1-Db and scFv-4-1BBL was

provided either with initial stimulation or restimulation.

Alternatively, following the costimulatory receptor

expression pattern, B7.1-Db was provided in combination

with initial scDb-stimulation and scFv-4-1BBL with scDb-

restimulation. In terms of proliferation, early combined

costimulation enhanced scDb-mediated T cell proliferation

to a similar degree than scDb-mediated restimulation

(Fig. 4a). Successive costimulation or late combined

costimulation could further enhance the proliferation to a

maximum. Early combined costimulation was less effec-

tive than scDb-mediated restimulation in enhancing the

percentage of granzyme B expressing T cells (Fig. 4b).

Nevertheless, also in this case successive costimulation or

late combined costimulation could further enhance the

signal to a maximal degree. Analyzing the PD-1 receptor

expression on T cells revealed that initial scDb-mediated

stimulation enhanced the percentage of PD-1 expressing T

cells, whereas early combined costimulation did not further

increase it (Fig. 4c). Moreover, while scDb-mediated

restimulation even further enhanced this population, suc-

cessive costimulation and mainly late combined costimu-

lation significantly decreased the level of PD-1-positive T

cells. Here, the costimulatory effect was especially

Fig. 4 Costimulatory effects of the combination of B7.1-Db and

scFv-4-1BBL in a time-shift setting. HT1080-FAP cells were

incubated with scDbFAPCD3 (33 pM) for 1 h, followed by washing

and the addition of PBMC. After 3 days, PBMC were transferred to a

well with freshly seeded HT1080-FAP and cocultured for another

7 days. For restimulation purpose, HT108-FAP had been previously

incubated with the scDb (33 pM), followed by washing. Costimula-

tion was applied by the addition of B7.1-Db (10 nM) and scFv-4-

1BBL (10 nM) either simultaneously during initial stimulation or

during restimulation with the scDb. Alternatively, B7.1-Db was

applied together with initial scDb-mediated stimulation followed by

scDb-mediated restimulation in presence of scFv-4-1BBL. T cell

proliferation (a) and expression of granzyme B (b), PD-1 (c) and

CTLA-4 (d) was measured after 7 days via flow cytometry. [n = 3.

Mean ± SD, One-way ANOVA, Tukey post test, *p \ 0.05,

**p \ 0.01, ***p \ 0.0001]
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prominent on CD8?T cells (data not shown). The same

pattern was observed for CTLA-4 expression on T cells,

although at much lower expression level (Fig. 4d). Thus, in

our in vitro setting the combined costimulation with B7.1-

Db and scFv-4-1BBL during restimulation seemed advan-

tageous over an initial single term application.

Therapeutic animal experiment

Next, the antitumor potential of the combinatorial approach

with costimulatory fusion proteins and the bispecific anti-

body was demonstrated in vivo in a syngeneic tumor

mouse model. Therefore, the bispecific antibody and the

scFv-4-1BBL fusion protein had to be adjusted for com-

patibility with the mouse model by introducing mouse-

specific CD3 and EDG directed antibodies and mouse

4-1BBL, respectively. The FAP-specific antibodies and the

B7 ligand which are known to be cross-reactive (human/

mouse) were retained. Specific binding to target cells was

confirmed by flow cytometry (Fig. S1). Analysis of the

pharmacokinetic properties revealed similar half-lives for

B7.2-Db (t1/2a 24.5 ± 9.2 min; t1/2b 6.6 ± 1 h) and scFv-

4-1BBL(m) (t1/2a 23.9 ± 3.5 min; t1/2b 6.0 ± 0.6 h). Also

similar bioavailability was measured for B7.2-Db and

scFv-4-1BBL(m) with an area under the curve (AUC0–24 h)

of 148.8 ± 76.4 and 130.7 ± 63 h* %, respectively.

Mice received i.v. injections of B16-FAP cells and were

treated with recombinant proteins applied during an early

(day 1, 2, 3) and a later (day 10, 11, 12) stage. After 21 days,

lungs were removed and tumor foci counted. Strongest

reduction in the metastasis formation was observed after the

treatment with the bispecific antibody in combination with

the costimulatory fusion proteins either applied consecu-

tively (86 % average reduction) or together at the later time

stage (77 % average reduction). Neither treatment with the

scDb(m) alone (29 % average reduction) nor the costimu-

latory fusion proteins alone (30 and 34 % average reduction)

were able to reach this effect (Fig. 5). Thus, combined

costimulation by the fusion proteins B7.1-Db and scFv-4-

1BBL(m) improved considerably the anti-tumor effect of the

bispecific antibody scDbFAPCD3(m) in vivo.

Discussion

Ligands of the TNF superfamily are defined by the TNF-

homology domain (THD) that mediates non-covalent self-

association into homotrimers [30]. Their activity can differ

considerably according to the presentation on the cell

surface (expression as type II membrane protein) or in

soluble form (generated by ectodomain shedding or alter-

native splicing) [31]. Taking advantage of this property,

antibody-fusion proteins with ligands that are less active in

solution can be used to recover their activity by target-

directed immobilization on the cell surface [32]. We and

others have shown previously that this is the case for

human 4-1BBL in scFv-4-1BBL formats. Thus, costimu-

latory activity was almost absent in untargeted form and

restored after antibody-mediated binding to target cells [17,

33]. Here, we observed that strong costimulatory activity

was also displayed by scFv-OX40L, scFv-LIGHT and

scFv-TNC-GITRL on target cells and in coated, that is,

cross-linked form, while their activity was almost absent in

solution. Likewise, a 200-fold increase in activity from

non-targeted to targeted status was described for a scFv-

Flag-OX40L fusion protein [33]. In the case of human

GITRL, it has been described as a rather unstable trimer,

due to a smaller intersubunit interface than other TNF

Fig. 5 Antitumor effect of the

combined treatment with

scDb(m), B7.1-Db and scFv-4-

1BBL(m) in a metastatic tumor

mouse model. C57BL/6 mice

were injected i.v. with B16-FAP

cells on day 0. Treatment with

the scDb(m) (4 pmol) and the

antibody–ligand fusion proteins

(0.2 nmol) in the indicated

combinations were performed

once a day on day 1, 2, 3, 10, 11

and 12. Lungs were removed on

day 21 and metastasis counted.

[n = 5–6 mice/group, One-way

ANOVA, *p \ 0.05,

**p \ 0.01, ***p \ 0.001]
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ligands [34]. Accordingly, studies with an scFv-Flag-

GITRL indicated a mixed population of monomers and

trimers or tetramers and targeted immobilization-mediated

activity was rather low in comparison with other ligands

like 4-1BBL or OX40L [17, 33]. By introducing a tenascin

domain that forces trimerization of soluble TNF ligands by

formation of disulfide bonds [17], we could further stabi-

lize the antibody-fusion protein format (scFv-TNC-GIT-

RL). Although the formation of a minor fraction of

molecular subspecies could not be prevented, a mainly

homogeneous population was generated that showed strong

antibody binding and costimulatory properties catching up

with those observed for scFv-4-1BBL and scFvOX40L in

terms of proliferation and IFN-c release. For LIGHT,

antibody-mediated ligand cell surface presentation was

here shown for the first time. Thus, the underlying concept

of antibody-mediated TNFSF-ligand presentation was

confirmed for OX40L and shown to profit by GITRL sta-

bilization and the incorporation of the family member

LIGHT.

To further investigate combinatorial approaches con-

sidering ligand composition- and time-related aspects, the

generation of antibody-fusion proteins with stable ligand

presentation and receptor activation properties was crucial.

In our model system, we confirmed these properties by

setting up equal amounts of antibody-fusion proteins

together with a suboptimal bispecific antibody concentra-

tion retrieving similar T cell costimulation in terms of

proliferation and IFN-c release. In addition, further signal

enhancement could be achieved by the combination of

B7.1-Db and scFv-4-1BBL with either of scFv-4-1BBL,

scFv-OX40L, scFv-LIGHT and scFv-TNC-GITRL,

respectively. Thus, it was corroborated that in both tar-

geting-defined experimental settings (Fig. 1b, c) the com-

bined application of antibody–ligand fusion proteins was

perfectly suitable, so that each of these ligands could

effectively contribute to modulate the T cell response. In

regard to proliferation, different costimulatory pattern have

been observed in a setting providing costimulation with the

ligands transfected into cells expressing a membrane-

bound anti-CD3 antibody [35]. Here, stronger T cell pro-

liferation was attributed to B7.1, 4-1BBL and OX40L than

GITRL, while LIGHT remained practically inactive. Since

ligand expression was monitored and adjusted to similar

levels, ligand presentation and the strength of CD3-medi-

ated T cell activation are most likely to account for this

differential outcome, in which the application of antibody-

fusion proteins seems advantageous.

In terms of promoting the cytotoxic potential of T cells,

we observed that scFv-TNC-GITRL and scFv-LIGHT were

less effective than the other antibody-fusion proteins, either

alone or in combination with scFv4-1BBL and B7.1-Db.

Nevertheless they are known to be involved in other

physiological functions of therapeutic importance. For

GITR, besides activation of effector T cells, the influence

to overcome Treg suppressor functions seems to be of

particular interest [2]. In the case of LIGHT, ligand-med-

iated upregulation of chemokine and adhesion molecules

expression in the tumor environment might be of special

relevance, since it was shown to correlate with infiltration

and activation of naive T cells leading to tumor rejection

[36].

Our results are consistent with some of the expected

relations of costimulatory ligands/receptors during the

immune response. For the combination of B7 and 4-1BBL,

strongly enhanced effects on T cell response and consec-

utive improved antitumor effects have been reported in

different tumor mouse models [37, 38]. Also, synergistic or

additive effects were demonstrated for B7.1 with OX40L

or OX40L with 4-1BBL on antiviral CD8? T cell response

[5]. Collaborative receptor expression might be one reason

for combinatorial success. It seems reasonable for CD28

with 4-1BB and OX40, since CD28 costimulation is known

to participate in the initial T cell activation process and

4-1BB and OX40 expression is subsequently induced on

these activated cells [29]. In addition, it has been shown

in vitro that costimulation by 4-1BB is able to restore

CD28 expression [39], while GITR was described to lower

the threshold for CD28 costimulation in mouse CD8? T

cells [40]. On the other hand, LIGHT was shown to par-

ticipate in T cell activation in a CD28-independent manner

[41] whereat up-regulation of 4-1BB could be expected.

Indeed, an improved antitumor effect was described by the

combined application of LIGHT and 4-1BBL in a vacci-

nation approach with ligand-coated tumor cells, supporting

the importance of co-display on the same cell surface for

maximum efficacy [16].

Thus, for comprehensive costimulatory ligand combi-

nation assessment, spatiotemporal considerations need to

be taken into account. Our data from the time-shift setting

indicate that costimulation by B7.1-Db and scFv-4-1BBL

is most effective when applied during scDb-mediated

restimulation. Here, costimulation showed not only the

ability to further raise the proliferation and cytotoxic

potential of T cells in support of repeated CD3-induced T

cell stimulation, it also showed to counteract the scDb-

driven enhancement of T cells expressing the inhibitory

receptors PD-1, commonly associated with immune

restrain. PD-1 is expressed on antigen-experienced T cells

in the periphery to limit their activity during inflammatory

response and autoimmunity [42]. Up-regulation of its

ligand PD-L1 in tumors has been identified as a mechanism

of immune evasion [43]. The importance of this checkpoint

receptor in the context of cancer immunotherapy is

reflected by the fact that several antagonistic antibodies are

in clinical trials [44].
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We showed here in a B16 lung metastasis tumor mouse

model that the application of the costimulatory antibody-

fusion proteins could enhance the antitumor effect of the

bispecific antibody in vivo, providing evidence for the

benefit of such a combinatorial approach. This suggests

that even powerful tumor-directed polyclonal T cell acti-

vation can benefit from additional costimulation. On the

other hand, metastases reduction, although to a much lesser

extent was observed for the treatment with the costimula-

tory fusion proteins only, indicating also an enhancement

of the endogenous tumor-specific immune response in this

rather poorly immunogenic model. Thus, the potential to

enforce a broad spectrum of cancer immunotherapeutic

strategies could be expected. However, extensive in vivo

studies will be required to understand in detail the under-

lying immunological mechanisms.

By now, the antitumor potential of individual costimu-

lation has been widely acknowledged. Nevertheless, it has

also become apparent that it might take combinatorial

approaches to fully exploit this strategy. As we could

corroborate in this study, the evaluation of configurations

and spatiotemporal considerations are crucial. Thus,

addressing these issues by establishing experimental set-

tings with costimulatory antibody–ligand fusion proteins

constitutes a valuable contribution to the field.
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