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Abstract 

Therapeutic strategies aiming for the induction of an effective immune response at the 

tumor site can be severely hampered by the encounter of an immunosuppressive 

microenvironment. We investigated here the potential of concerted costimulation by tumor-

directed antibody-fusion proteins with B7.1, 4-1BBL and OX40L to enforce bispecific 

antibody-induced T cell stimulation in presence of recognized immunosuppressive factors 

including IL-10, TGF-, indoleamine 2,3-dioxygenase (IDO), PD-L1 and regulatory T cells. The 

expression and activity of these factors was demonstrated in the HT1080-FAP/PBMC co-

culture setting, where individual and combined costimulation were still capable to enhance T 

cell stimulation, even though the general activation level was reduced. Additional blockade 

of TGF-ß or PD-1 resulted especially effective in further enhancing the degree of T cell 

activation. Here, best outcome was achieved by combined costimulation of targeted 4-1BBL 

and B7.1. Furthermore, their individual impact on the proliferation of naïve, memory and 

effector CD8+ and CD4+ T cell subsets, suggest the coverage of a comprehensive T cell 
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response. Thus, our costimulatory antibody-fusion proteins show great potential to support 

T cell activation in adverse conditions dictated by the tumor microenvironment.     

Keywords 

Antibody-fusion proteins, costimulation, TNFSF ligands, cancer immunotherapy, 

immunosuppression 
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Abbreviations  

scFv , single-chain fragment variable; 

TNFSF , tumor necrosis factor superfamily; 

EDG , endoglin; 

mAb , monoclonal antibody; 

FAP , fibroblast activation protein; 

IgSF , Immunoglobulin superfamily 

Introduction 

In the context of cancer immunotherapy, modulating the antitumor immune response by 

interfering with the regulatory network of ligands and receptors of the TNF- and Ig- 

superfamily is attracting great attention.1,2 In particular the approval of antagonistic 

antibodies against regulatory checkpoints (e.g. CTLA-4, PD-1, PD-L1) is considered a 

breakthrough in the field and also the development of agonistic antibodies against 

costimulatory receptors (e.g. 4-1BB, OX40, CD40, CD27, GITR) is intensively pursued.3-5 In 

order to avoid the risk of systemic activity by focusing the activity to the tumor site, targeted 

approaches with antibody-fusion proteins directed against tumor associated antigens are 

being developed.6 Antibody-mediated binding is expected to accumulate the costimulatory 

ligand at the tumor site, where it is presented on the tumor cell surface, mimicking the 

physiological active transmembrane form of these proteins. Thus, the surrounding can be 

influenced, creating conditions that support and drive the development of an effective 

antitumor response. This becomes particularly important, since tumor development is 

known to be characterized by building up an immune hostile environment.7 Besides evasion 

mechanisms that affect the tumor recognition by T cells and trafficking of T cells into the 

tumor, there are also immunosuppressive factors that can directly influence tumor 
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infiltrating lymphocyte (TIL) activity. These include cytokines, (e.g. TGF- and IL-10 that can 

suppress proliferation, cytokine release and cytotoxicity), enzymes (e.g. indoleamine-2,3- 

dioxygenase (IDO) that interferes metabolically, depleting and converting tryptophan into 

toxic metabolites), coinhibitory ligands (e.g. PD-L1 and PD-L2 that induce T-cell anergy or 

death) and the presence of immune suppressor cells (e.g. regulatory T cells (Treg) and 

myeloid-derived suppressor cells (MDSC) that inhibit the immune reaction) (for review, see 

ref.8). Inevitable, a dynamic interaction of the network of immunosuppressive factors 

created by the tumor and the regulatory network of the immune system aiming at an 

antitumor response has to take place. For the latter, members of the B7- and TNF-

superfamily are known to have a pivotal role in T cell biology, controlling activation, 

differentiation and function of a T cell response in a context-dependent manner.1 Thus, the 

immune system disposes of a highly elaborated regulatory spectrum that can be interfered 

and mechanistically exploited for therapeutic purpose.2,9 Although the negative impact of 

the immunosuppressive factors on immunotherapeutic approaches in general is taken for 

granted the potential of counteracting particular conditions by costimulatory means remains 

to be explored.     

 We have reported previously improved antitumor activity in vitro and in vivo by a targeted 

approach in a model system, combining a bispecific antibody that retargets T cells to tumor 

cells with antibody-fusion proteins presenting different costimulatory ligands of the Ig- and 

TNF-superfamily.10,11 Here, we could show differences in the proliferation of T cell subsets in 

response to costimulation by the ligands 4-1BBL, OX40L and B7.1 applied either individually 

or in combination. We further analyzed the expression and activity of immunosuppressive 

factors TGF-, IL-10, IDO and Tregs in our co-culture system and demonstrated the potential 

of the combinatorial fusion protein setting to counteract these conditions, promoting T cell 
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stimulation. Moreover, the additional blockade of TGF-, IL-10 and IDO activity as well as 

combination with the CTLA-4 and PD-1 checkpoint inhibitors revealed further options for 

combinatorial strategies.         

Results 

In our model system (Fig.1A), tumor cells expressing the fibroblast activation protein (FAP) 

and endoglin (EDG) (HT1080-FAP cell line) were co-cultured with PBMCs in presence of a 

FAP-directed bispecific antibody (scDbFAPxCD3) and EDG- or FAP-directed antibody-fusion 

proteins with costimulatory members of the TNFSF (scFvEDG-4-1BBL, scFvEDG-OX40L) and IgSF 

(B7.1-DbFAP), respectively.11 The bispecific antibody binds to FAP and CD3, retargeting T cells 

to tumor cells, inducing polyclonal T cell stimulation in a tumor targeting-dependent, but 

MHC-independent manner. At suboptimal concentrations of the bispecific antibody, T cell 

stimulation can be further enhanced by the costimulatory activity of the tumor-directed 

antibody-fusion proteins, where individual or combinatorial effects can be monitored for 

example by T cell proliferation and cytokine release. We analyzed here the effect of defined 

costimulatory constellations on the proliferation response of different T cell subpopulations 

(Fig.1B,C). Naïve, central memory, effector memory and effector CD4+ and CD8+ T cells, 

respectively, could be activated by the bispecific antibody. Costimulatory activity of scFvEDG-

4-1BBL, scFvEDG-OX40L and B7.1-DbFAP, could enhance the proliferation of all CD4+ T cell 

subtypes. Here, in general, strongest proliferation was observed on CD4+ effector memory 

cells. Central memory and naïve CD4+ T cells were most effectively stimulated by the B7.1 

fusion protein. These subpopulations also benefited from the combined costimulation of 

B7.1 with 4-1BBL or OX40L with 4-1BBL (Fig.1B). In terms of CD8+ T cell subpopulations, all of 

them, in particular the memory phenotypes could be effectively costimulated by 4-1BBL and 

to a lesser extent by OX40L. B7.1 was effective reinforcing the proliferation of naïve and 
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central memory, but not of effector memory and effector CD8+ T cells. The activity of 4-1BBL 

was notably dominant and generally not further enhanced by combination with neither 

OX40L nor B7.1 (Fig.1C). Thus, differential influence on T cell subsets by the costimulatory 

fusion proteins and their combinations was shown, empathizing the role of 4-1BBL, 

especially in the CD8+ T cell context.  

Next, we investigated the influence of the immunosuppressive factors IL-10 and TGF-β on 

the performance of the combinatorial setting. First, we measured the expression of these 

cytokines in the co-culture of HT1080-FAP and PBMCs with and without T cell stimulation via 

the bispecific antibody (scDbFAPxCD3) (Fig.2A). Both cytokines were observed to be already 

present in the unstimulated co-culture system. TGF- was expressed at low levels by the 

HT1080-FAP cells. Here, the expression was not further increased by the addition of 

unstimulated or stimulated PBMCs. On the other hand, IL-10 was not expressed by the 

tumor cells, but secreted by unstimulated PBMCs, where IL-10 release was significantly 

enhanced by the bispecific antibody-mediated T cell stimulation. Blocking the cytokine 

activity with antagonistic IL-10R and TGF-β-specific antibodies, respectively, enhanced 

significantly the bispecific antibody-induced T cell stimulation in terms of IFN- release, thus 

demonstrating indirectly the immunosuppressive activity of the endogenous expressed IL-10 

and TGF-β (Fig.2B). Consequently, the costimulatory effects we had observed in our model 

system so far were accomplished in an immunosuppressive environment. Indeed, we could 

show that the costimulatory effects of all three antibody-fusion proteins (scFvEDG-4-1BBL, 

scFvEDG-OX40L and B7.1-DbFAP) were further enhanced by blocking the IL-10 and TGF-β 

activity, respectively (Fig.2C). Only the IFN- release obtained by the combined costimulation 

of 4-1BBL with OX40L or B7.1 was not affected by the IL-10 activity blockade. However, 

combined costimulation still benefited from TGF-β neutralization, leading to the strongest 
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overall effects. In order to assess the costimulatory capacity of the fusion proteins under 

more stringent conditions, exogenous cytokine was used. Addition of 10 ng/ml recombinant 

IL-10 and TGF-β, respectively, to the co-culture setting confirmed the immunosuppressive 

properties of these cytokines, since bispecific antibody-mediated IFN- release was reduced 

up to approximately 50% (Fig.3). In both cases, costimulation by 10 nM 4-1BBL could 

efficiently restore the primary effect of the bispecific antibody (i.e. the effect in absence of 

recombinant IL-10/TGF-) (Fig.3 A). Furthermore, it could be shown, that in this case the 

counteracting costimulatory effect was fusion protein concentration-dependent (Fig.3B). 

Also costimulation by OX40L was able to enhance the bispecific antibody induced 

stimulation against the immunosuppressive effect of recombinant TGF-β and IL-10 (Fig.3B). 

Thus, in presence of an approximately 20-fold (IL-10) and 100-fold (TGF-β) higher basal level 

of immunosuppressive cytokine, the costimulation provided by the antibody-fusion proteins 

scFvEDG-4-1BBL and scFvEDG-OX40L could still restore and even exceed the primary activation 

effect of the bispecific antibody in absence of recombinant IL-10 and TGF-β (Fig.3C). In 

addition, TGF- but not IL-10 was shown to reduce the cytotoxic potential of bispecific 

antibody-stimulated T cells in terms of granzyme B expression. Also in this case, the effect 

could be counteract by costimulation mediated by 4-1BB, either alone or even stronger in 

combination with OX-40 (Suppl. 4). Although costimulation was clearly effective in 

counteracting the immunosuppressive effect imposed by the environment, overall signal 

outcome remained in general reduced in comparison to the unrestricted costimulatory 

effect. 

We also analyzed the expression and immunosuppressive effect of indolamin-2,3-

dioxygenase (IDO) in the co-culture system. IDO-expression was clearly demonstrated in 

HT1080-FAP cells by intracellular flow cytometry analysis (Fig. 4A). Blocking IDO-activity with 
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the INCB024360 inhibitor led to enhanced anti-CD3 mAb-induced T cell proliferation, 

confirming the immunosuppressive activity of the endogenous IDO (Fig. 4B). Hence, in the 

co-culture setting costimulatory effects of 4-1BBL, OX40L and B7.1 were achieved in 

presence of immunosuppressive IDO and these effects could be further enhanced by co-

application of the IDO-inhibitor (Fig. 4C). Thus, IDO was shown to contribute to the complex 

suppressive environment in our setting that was encountered efficiently by the 

costimulatory fusion proteins.  

Another relevant immunosuppressive factor in the tumor microenvironment is the presence 

of regulatory T cells (Tregs). Here we investigated the costimulatory potential of our fusion 

protein combinations to influence the activation of Tregs and their suppressive activity. 

Isolated Tregs (CD4+CD25+) were activated by the bispecific antibody although to a much 

lesser extent than the fraction of T helper (CD4+CD25-) cells. The enhancement effect of 

costimulatory fusion protein combinations on the activation marker CD69 expression was 

only minor or absent on Tregs (Fig.5A). IL-10 expression by Tregs was supported to similar 

extent by all costimulatory fusion protein combinations, but also here the expression levels 

were clearly inferior to that induced on the CD4+ T helper cell population (Fig.5B). Thus, the 

support provided by costimulation for CD4+ T cell activation and IL-10 release is clearly less 

pronounced on Tregs than on CD4+ T helper cells. Furthermore, we investigated the 

costimulatory effect of antibody fusion protein combinations on the bispecific antibody-

induced stimulation of CD4+ T helper cells in presence of activated Tregs at ratios of 4:1 and 

4:4 (TE:Tregs) (Fig.5C). In presence of Tregs, costimulation was statistically significant and still 

clearly effective (enhancement factor 3-4), although in comparison to effector cells only 

(enhancement factor 4-5) the signal obtained was reduced. The combination of scFv-4-1BBL 

and scFv-OX40L, scFv-4-1BBL and B7.1-Db as well as scFv-OX40L and B7.1-Db showed similar 
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potential to enhance the IFN- release by the effector cells. Thus, the combinatorial setting 

with antibody-fusion proteins was able to provide different costimulatory options that defy 

the suppressive activity of regulatory T cells.  

Moreover, we analyzed the possibility to further extent the immune stimulatory effect of the 

combinatorial setting of bispecific antibody and costimulatory fusion proteins by the 

addition of CTLA-4 and PD-1 checkpoint inhibitors. Activation of T cells was measured in 

terms of IL-2 release. Here, the release of IL-2 induced by the bispecific antibody and 

costimulated by the fusion proteins with 4-1BBL and OX40L, either individually or combined, 

was enhanced effectively in the range of factor 1.4 - 1.5 and 1.6 - 2.7 by combination with 

the antagonistic anti-CTLA-4 and the anti-PD-1 mAb, respectively (Fig. 6A). In this assay, 

single B7.1-mediated costimulation was reduced due to target-directed competition with the 

bispecific antibody. Nevertheless, co-administration of scFv-4-1BBL led to a synergistic 

effect, triplicating the signal obtained by single scFv-4-1BBL costimulation, which was further 

enhanced by factor 1.6 and 2.3 by additional CTLA-4 and PD-1 blockade, respectively. In 

general, dual costimulation was most effectively combined with PD-1 blockade and to less 

degree with CTLA-4 blockade. A similar, but less pronounced pattern was observed in the 

IFN- release assay (Suppl. 1). Next, we investigated if restimulation of activated T cells could 

also benefit from this combinatorial approach. Therefore, T cells were pre-stimulated with 

anti-CD3 mAb for 6 days before being introduced into the assay (Fig. 6B). Also in this case, 

costimulation via scFv-4-1BBL, scFv-OX40L and in particular B7.1-Db was still effective 

individually and in combination. Additional combination with anti-CTLA-4 mAb further 

enhanced the signal of scFv-4-1BBL and scFv-OX40L by factor 1.4 - 2.0, but did not further 

increase the effect of B7-Db costimulation. On the other hand, combination with anti-PD-1 

mAb was clearly more effective than with the anti-CTLA-4 mAb. Anti-PD-1 mAb strongly 
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improved the effect of all costimulatory constellations with a considerably stronger 

enhancement (factor 2.8 – 4.8) than that observed in the case with primary stimulated 

PBMCs. Hence, stimulation of resting T cells as well as reactivation of T cells can be achieved 

efficiently by the proposed combinatorial setting of bispecific antibody and costimulatory 

antibody fusion proteins. Here the pairing of scFv-4-1BBL and B7.1-Db in combination with 

the PD-1 checkpoint inhibitor resulted particularly effective.  

In summary, the combinatory setting composed of a bispecific antibody (scDbFAPxCD3) and 

costimulatory antibody-fusion proteins (scFvEDG-4-1BBL, scFvEDG-OX40L and B7.1-DbFAP) was 

shown to perform efficiently at diverse costimulatory constellations in presence of the 

immunosuppressive factors IL-10, TGF-, IDO and regulatory T cells. The capacity of 

costimulation to counteract particular suppressive factors was demonstrated, as well as its 

potential to contribute to further combination strategies (e.g. with checkpoint inhibitors) 

aiming to improve the immune response at the tumor site. 

Discussion 

Within the costimulatory network, the activation of the receptors CD28, 4-1BB and OX40 

have shown promising antitumor potential in different mouse models, whereby the activity 

of diverse receptor combinations resulted more effective than their individual activity.12-14 It 

stands to reason that for further evaluation of costimulatory combinations not only 

mechanistic aspects at the molecular level, but also the immune cell type distribution and 

the influence of the conditions encountered in the microenvironment at the tumor site 

needs to be taken into consideration. Several studies in colorectal carcinoma have 

demonstrated a positive prognostic value for tumor infiltrating lymphocytes (TILs), where 

immune cell density was measured for CD3+, CD8+  and memory (CD45RO+) lymphocytes.15-

18 Memory T cells can be further specified in central memory (TCM) and effector memory 
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(TEM), where TCM has been described to traffic to lymphoid tissues and exhibit higher 

proliferative capacity than TEM, that localize in peripheral tissues and respond rapidly 

exerting effector functions.19 In renal cell carcinoma patients tumor infiltrating lymphocyte 

(TIL) subset distribution showed predominance of the TEM phenotype, followed by TE and TCM 

phenotype for CD8+ and CD4+ T cells, respectively.20 In our fusion protein setting, we 

observed that TEM were strongly responsive to 4-1BBL costimulation, where the effect was 

clearly dominant on CD8+ TEM, and benefited additionally from the combination with OX40L 

on CD4+ TEM. On the other hand CD4+ TCM were highly responsive to B7.1, and the 

proliferation effect was further enhanced by the combination with 4-1BBL, which as a single 

agent was also very effective in costimulating CD8+ TCM. Thus, costimulation via 4-1BBL 

appears as favorite option to support the expansion of CD8+ memory T cells, while 

combination with OX40L or B7.1 further increases the impact on CD4+ T cell memory 

subsets. Combinations might be advantageous, since CD4+ T cells are not only involved in 

antitumor immunity orchestrating the response, but have shown also cytotoxic activity 

themselves.21,22 Thus, costimulation by OX40 has been reported to drive cytotoxic CD4Th1 

differentiation where clonal expansion was maximized by 4-1BB costimulation.23 Bispecific 

antibodies have also shown to induce Granzyme B expression in CD4+ T cells, acquiring 

cytotoxic potential,24 which could be further enhanced by B7.1, 4-1BB or OX40 

costimulation.25 In addition, it was observed that bispecific antibody-mediated tumor cell 

lysis by CD4+ and CD8+ T cells was more effective for the TEM than for the naïve T cell 

subset.26 Thus, the combinatory setting of the bispecific antibody and the costimulatory 

antibody-fusion protein pairings scFv-4-1BBL/B7.1-Db and scFv-4-1BBL/scFv-OX40L showed 

suitable properties for retargeting and expansion of memory T cells to be found at the tumor 

site.  
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In the co-culture setting (HT1080-FAP/PBMC) endogenous expression and 

immunosuppressive activity was demonstrated for TGF-β, IL-10, IDO and PDL-1. This 

evidences the complexity of negative forces that T cells confront in presence of tumor cells, 

a situation widely recognized to hamper an appropriate immune response at the tumor 

site.8 We observed that costimulation mediated by each of the antibody-fusion proteins was 

still capable to clearly enhance the stimulation induced by the bispecific antibody under 

these conditions, indicating the potential of the costimulatory receptors CD28, OX40 and 4-

1BB to counter an unfavorable, mixed microenvironment. Since activation of T cells can 

potentially contribute either directly (e.g. induction of IL-10 or TGF-beta by T cell subsets) or 

indirectly (e.g. IFN- induced expression of IDO and PD-L1 by tumor cells) to the presence of 

immunosuppressive factors, the situation becomes certainly an act of balance. We observed 

that IL-10 was expressed only by the PBMCs and that secretion was enhanced in response to 

CD3-mediated T cell activation (Fig.2A). Here, costimulation by B7, but not 4-1BBL nor OX40L 

supported IL-10 secretion (Suppl. 2). Blocking IL-10 activity increased T cell activation in 

terms of IFN- release by the individual but not the 4-1BB combined fusion protein-mediated 

costimulation (Fig.2C), emphasizing the importance of 4-1BB. Others have reported that 4-

1BB costimulation of CD3/CD28 activated TDLN reduced IL-10 secretion27 and studies with 

chimeric antigen receptor (CAR) T cells bearing endodomains of CD3, CD28 and OX40, have 

shown that IL-10 secretion was induced by CD28 costimulation, but effectively repressed by 

co-signaling with OX40 in activated CD4+ helper and regulatory T cells.28 Also, it has been 

reported that IL-10 can inhibit CD28 tyrosine phosphorylation, blocking CD28 signaling and 

thereby T cell proliferation at a low TCR signal, an effect that can be overruled by enforcing 

the strength of TCR triggering.29 Thus, costimulation by 4-1BB, that can contribute also 

independently from CD28 to T cell stimulation might be here of advantage. Indeed, by 
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adding recombinant IL-10 to our setting we observed that costimulation via 4-1BB was more 

effective than via CD28 (Fig.4B).  

In terms of TGF-, we observed basal expression levels by the HT1080-FAP cells that were 

not further increased by the presence of activated T cells (Fig.2A). 4-1BB costimulation 

showed the ability to promote T cell stimulation even in presence of high TGF- levels, an 

effect that was further enhanced by the combination with OX40 and CD28 costimulation 

(Fig.3). In detail, interplay of TGF- and costimulation might affect T cells at different levels. 

Combined costimulation of CD28 and 4-1BB has been described to reduce the production of 

TGF- by T cells,30 abrogate TGF-1-mediated suppression of CTL differentiation31 and inhibit 

TGF-1-mediated generation of regulatory T cells.32 On the other hand TGF-1 was reported 

to inhibit 4-1BB expression.33 Here, in general terms, we could show that our combination 

strategy was significantly improved by the additional blockade of TGF-, suggesting the 

possibility of an extended combination strategy. For this purpose, TGF--neutralizing 

antibodies or TGF- receptor kinase inhibitors could be applied, which have already shown 

antitumor potential in preclinical studies and are being evaluated in clinical trials.34 So far, 

treatment with an agonistic OX40 antibody in combination with a TGF- receptor signaling 

inhibitor (SM16) has shown to result in tumor regression in diverse mouse models, 

supporting the idea of combination strategies with costimulatory TNFSF members.35,36  

HT1080-FAP cells showed clear IDO expression that was not further influenced by the 

presence of activated T cells (Fig.4A). Thus, although IFN- has been described to induce IDO 

expression,37 in our setting the level of IFN- released by fusion protein-mediated T cell 

stimulation was apparently not sufficient to promote the negative IDO effect on T cell 

proliferation. Since all costimulatory constellations benefited from the addition of 

INCB024360 (Epacadostat), a second-generation IDO1 inhibitor that is currently being 
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evaluated in several clinical trials with cancer patients,38 this combination strategy holds 

potential as well. 

 Currently, many of the cancer clinical trial designs include the combination with checkpoint 

inhibitors,37 illustrating the priority given these days to immune regulators as combination 

partners in therapeutic strategies. Addition of antagonistic CTLA-4 or PD-1 antibodies to the 

bispecific antibody/costimulatory fusion protein setting further enhanced the stimulatory 

effect on T cells for all fusion protein constellations. Blocking PD-1 resulted here especially 

effective, which might be attributed in part to the high PD-L1 expression on the tumor cell 

line (HT1080-FAP) that was even further increased by the presence of activated, IFN- 

secreting T cells (Suppl. 3). Strongest IL-2 release was achieved by the combination of PD-1 

blockade with B7.1 and 4-1BB costimulation. Cooperation of CD28 costimulation and PD-1 

blockade might here result specially favorable, since it was shown recently, that PD-1 

suppresses T cell function primarily by inactivating CD28 signaling39 and that costimulation 

via the CD28/B7 pathway was essential for an effective anti-PD-1 therapy in tumor bearing 

mice.40 This axis could also be expected to be strengthened by the interaction of the B7.1 

fusion protein and PD-L1, thus interfering with PD-1 suppression, as has been shown for 

B7.1-Fc fusion proteins.41 This might enforce CD28-supported T cell activation, especially on 

prestimulated T cells with induced CD28, PD-1 and PD-L1 expression, overruling the effect of 

CTLA-4 blockade. On the other hand costimulation via 4-1BB was further enhanced in either 

constellation (with both checkpoint inhibitors) which is in accordance with the report of 

synergistic antitumor effects by combination therapies with agonistic 4-1BB and antagonistic 

PD-1 or CTLA-4 mAbs in diverse mouse models.42-44 Clinical studies with PD-1 and CTLA-4 

checkpoint inhibitors have shown differences in their toxicity profile, that required the 

careful adjustment of dose and schedule for combinatorial applications.45 Thus, the 
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successful clinical translation of combinatorial approaches will not only depend on improved 

immune stimulation, but also on the feasibility to reach the right balance that warrants 

safety standards.     

Here, in our targeted approach with the recombinant fusion proteins, costimulation via 4-

1BB has shown promising properties to figure as key element for combinatory strategies 

either with other costimulatory molecules or alternative approaches, aiming for the support 

of relevant T cell subpopulations in an adverse  tumor microenvironment.         

Material and Methods 

Materials 

Antibodies were purchased from BioLegend (anti-human CD3 PE/PerCPCy5.5, 317336; anti-

human CCR7 PE, 353204; anti-human CD45RA APC, 304112; anti-human IL-10R(CD210), 

308806; anti-human PD-1, 329912), KPL (goat anti-mouse IgG H+L; 01-10-06), Miltenyi 

Biotec (anti- human CD4 Vioblue, 130-097-333; anti-human CD8 PEVio770, 130-096-556; 

anti-human granzyme B PE, 130-101-351) and R&D Systems (anti-human CD3, MAB100; 

anti-human TGF-1,2,3, MAB1835;  anti-IDO Alexa488, IC6030G). IL-10 (11340103), IL-2 

(11340025) and IFN- (11343536) were purchased from Immunotools and TGF- (100-21) 

from Peprotech. INCB024360 (S7587) and rapamycin (S1039) were obtained from Sellek 

Chemicals and Absource Diagnostics, respectively. CellTrace™ CFSE cell proliferation kit 

(C34554) was obtained from Life Technologies. Human IFN- (DY285), IL-2 (DY202), IL-10 

(DY217B) and TGF- (DY240) DuoSet® ELISA kits were purchased from R&D Systems. 

CD4+CD25+ regulatory T cell isolation kit (130-091-301), Treg expansion kit (130-095-345) 

and TexMACS Medium (130-097-196) were purchased from Miltenyi.  HT1080-FAP cells 

(stable transfectants with human FAP) were kindly provided by Prof. Klaus Pfizenmaier (IZI) 

and cultured in RPMI 1640 (Life Technologies, 11875), 5% FBS (PAN Biotech, 3302-P121707), 
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supplemented with 200 µg/ml of G418 (Sigma, G8168). Human peripheral blood 

mononuclear cells (PBMC) were isolated from buffy coat of healthy donors (Klinikum 

Stuttgart, Germany) by Ficoll density gradient centrifugation (Lymphocyte Separation 

Medium 1077, Promocell, C-44010) and cultivated in RPMI 1640, 10% FBS.  

Generation, purification and characterization of the bispecific antibody and the 

costimulatory antibody fusion proteins had been described previously.11   

T cell proliferation assays 

2x104 HT1080-FAP cells/well were seeded in 96-well-plates. PBMC were thawed, incubated 

for 2 h for monocyte plastic-adherence and remaining cells in suspension transferred to a 

fresh flask for overnight culture. The next day, PBMCs were stained with carboxyfluorescein 

diacetate succinimidyl ester (CFSE) at 625 nM/1x106 cells /ml following the instructions of 

the manufacturer. HT1080-FAP cells were incubated for 1 h with the bispecific antibody +/- 

the corresponding antibody-fusion proteins before addition of 2x105 PBMCs/well. After 6 

days, cells were stained with fluorescence labeled anti-cell surface marker antibodies and 

proliferation of cell populations measured in a MACSQuant flow cytometer (Miltenyi, 

Bergisch-Gladbach, Germany). Data was analyzed using FlowJo (Tree Star, Ashland, USA). 

Subsets of naïve (TN), central memory (TCM), effector memory (TEM) and effector (TE) T cells 

were identified according to the cell-surface marker panel proposed for standardized human 

immunophenotyping for the human immunology project.46 Accordingly, T cell (CD4+ or 

CD8+) subsets were identified as follows: naïve: CD45RA+ CCR7+, central memory: CD45RA- 

CCR7+, effector memory: CD45RA-CCR7-, effector: CD45RA+ CCR7-. 

Cytokine release assays 

2x104 HT1080-FAP cells/well were seeded in 96-well-plates. In parallel, PBMCs were thawed 

and cultured overnight. The next day, HT1080-FAP cells were preincubated for 1 h with the 
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recombinant fusion proteins before the addition of blocking monoclonal antibody, cytokines 

or inhibitors, according to the corresponding assay design. After 1 h incubation, 2x105 

PBMCs/well were added. Supernatants were harvested after 24 or 48 h and concentration of 

IL-2 or IFN-, respectively, determined by sandwich ELISA.  

Regulatory T cell assays 

Regulatory T cells were separated from freshly isolated PBMCs using the CD4+CD25+ 

regulatory T cell isolation kit. For Treg activation studies, 2x105 cells of the isolated fractions 

of CD4+CD25+ and CD4+CD25- T cells were directly applied to the co-culture assay with 

HT1080-FAP cells, preincubated for 1 h with the respective fusion proteins. After 24 h, T cell 

activation was analyzed measuring CD69 expression by flow cytometry and after 48 h IL-10 

release was determined by sandwich-ELISA. To analyze the suppressive activity of Tregs, 

Tregs were first isolated as described above and then consecutively expanded for two weeks 

with the Treg expansion kit (Miltenyi) in TexMACS Medium supplied with 500 U/ml IL-2 and 

100 µg/ml rapamycin, according to the instructions of the manufacturer. CD4+CD25- T cells 

separated during the Treg isolation process were frozen and reposited for further studies 

with Tregs of the same donor. For Treg suppressor studies, the setting of cytokine release 

was performed as indicated above, in which PBMCs were replaced by 2x105 CD4+CD25- T 

cells/well, either alone or in combination with 5x104 or 2x105 Treg cells/well, respectively. 

Suppressor activity was detected in terms of decreased IFN- release.  

Statistical analysis 

Unless otherwise stated, all data are represented as mean ± S.D. of three independent 

experiments. Block shift correction was performed according to the formula: X’n = Xn – (Yn – 

Y) with X’n being the corrected value of X from the experiment n, Y the average of the X 

values from all experiments performed and Yn the average of the duplicate values of X from 
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experiment n. Statistical significance was determined using one-way ANOVA followed by 

Tukey’s post test (Graphpad Prism, Graphpad Software Inc., La Jolla, USA). P values below 

0.05 were considered statistically significant (*** P < 0.001, ** P < 0.01, * P < 0.05). 
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Fig.1 (A) Cartoon illustrating the model system of the co-culture (tumor cells/T-cells) with 

the bispecific antibody (scDbFAPxCD3) and the costimulatory fusion proteins (B7.1-DbFAP, 

scFvEDG-4-1BBL/OX40L). FAP: fibroblast activation protein, EDG: endoglin, TCR: T cell 

receptor. Proliferation of (B) CD4+ and (B) CD8+ T cell subpopulations in response to 

stimulation by the bispecific antibody and costimulatory antibody-fusion proteins. HT1080-

FAP cells were co-cultured with CFSE-labeled PBMCs in presence of recombinant protein 

combinations for 6 days. Naïve (CD45RA+,CCR7+)(TN), central memory (CD45RA-,CCR7+)(TCM), 

effector memory (CD45RA-,CCR7-)(TEM) and effector (CD45RA+,CCR7-)(TE) CD4+ and CD8+ T 
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cells were identified and proliferation measured by flow cytometry. Graphics show mean  

SD, n=3. *, P<0.05; **, P<0.01; ***, P<0.001. Statistic comparison refers either to the effect 

of the scDb alone or in case of costimulatory fusion protein combinations to the highest 

individual costimulatory effect. Grey background points out the combination of two 

costimulatory fusion proteins.  
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Fig.2 Expression and activity of endogenous IL-10 and TGF-β in the HT1080-FAP/PBMC co-

culture setting. (A) Release of IL-10 and TGF-β into the co-culture supernatant (HT1080-

FAP/PBMC unstimulated or stimulated) was determined after 24 h by sandwich-ELISA. (B) 

Immunosuppressive activity of IL-10 and TGF- was demonstrated by blockade with 

antagonistic antibodies. T cells were stimulated via scDbFAPxCD3 in the HT1080-FAP/PBMC co-

culture setting +/- anti-IL-10R mAb (10 µg/ml) and anti-TGF- mAb (5 µg/ml), respectively. 

IFN- release was measured after 48 h by sandwich-ELISA. (C) Stimulation of T cells by the 

combinatorial setting of bispecific antibody and costimulatory fusion proteins +/- blocking IL-
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10 and TGF- activity with 10 µg/ml anti-IL-10R mAb and 5 µg/ml anti-TGF- mAb, 

respectively. IFN- release was measured after 48 h by Sandwich-ELISA. Graphics show mean 

 SD, n=3. *, P<0.05; **, P<0.01; ***, P<0.001. Grey background points out the combination 

of two costimulatory fusion proteins.  
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Fig.3 Effect of exogenous IL-10 and TGF-β on PBMC stimulation by fusion protein 

combinations in the HT1080-FAP/PBMC co-culture. HT1080-FAP cells were co-cultured with 

PBMCs +/- 10 µg/ml recombinant IL-10 or TGF- in presence of (A) bispecific antibody 

titrated +/-  10 nM scFv-4-1BBL, (B) 5 pM bispecific antibody +/- costimulatory fusion protein 

titrated and (C) 5 pM bispecific antibody +/- 10 nM costimulatory fusion protein single or 

combined. After 48h, IFN- concentration in the supernatant was measured in ELISA. 

Graphics show mean  SD, n=3. *, P<0.05; **, P<0.01; ***, P<0.001. Statistic comparison 
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refers to the corresponding effect of the scDb alone. Grey background points out the 

combination of two costimulatory fusion proteins.  
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Fig.4 IDO expression and activity in the HT1080-FAP/PBMC co-culture setting. (A) IDO 

expression in HT1080-FAP cells was detected via flow cytometry by intracellular staining 

with FITC-conjugated anti-IDO mAb after 24 h co-culture with stimulated (0,2 µg/ml anti-

CD3-mAb) (grey line) or unstimulated (black line) PBMC. Isotype control (dotted line), cells 

only (grey filled). (B) IDO activity inhibits PBMC proliferation. CFSE-labeled PBMCs in co-

culture with HT1080-FAP cells were stimulated with 0,1 µg/ml cross-linked -CD3 mAb for 6 

days in presence or absence of 5 nM INCB024360 . Proliferation was measured by flow 

cytometry. (C) Blocking IDO activity in the HT1080-FAP/PBMC co-culture enhances the 
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stimulation induced by the combinatorial setting of recombinant fusion proteins. HT1080-

FAP cells were incubated with combinations of bispecific antibody and costimulatory fusion 

proteins in presence of 5 nM INCB024360. CFSE-labeled PBMCs were added and after 6 days 

proliferation of PBMCs measured by flow cytometry.  Graphics show mean  SD, n=3. *, 

P<0.05; **, P<0.01; ***, P<0.001. Grey background points out the combination of two 

costimulatory fusion proteins.  
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Fig.5 Costimulatory potential of the combinatorial fusion protein setting in presence of 

Tregs. HT1080-FAP cells were incubated with the recombinant fusion proteins for 1 h. (A,B) 

Freshly isolated CD4+CD25-T cells and CD4+CD25+ Tregs were added and after 24 h 

activation measured by (A) CD69 expression via flow cytometry and (B) IL-10 release by 

ELISA. (C) Suppressive activity of activated and expanded Tregs on CD4+ T cells was assayed 

by adding them at the TE : Treg ratios of 4:0, 4:1 and 4:4. After 48 h supernatant was 

harvested and IFN- measured in ELISA. Graphics show mean  SD, n=3. Grey background 

points out the combination of two costimulatory fusion proteins.   
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Fig.6 Stimulation of resting (A) and activated (B) T cells by the combinatorial fusion protein 

setting in presence of CTLA-4 and PD-1 checkpoint inhibitors. HT1080-FAP cells were 

incubated with the combinatorial setting of bispecific antibody and costimulatory fusion 

proteins for 1 h, followed by the addition of 10 µg/ml anti-CTLA-4 or anti-PD-1 mAb, 

respectively. Then, resting or previously activated (0.1 µg/ml cross-linked anti-CD3 mAb for 6 

days) PBMCs were added. After 24 h IL-2 concentration was determined by ELISA. Graphics 

show mean  SD, n=3. *, P<0.05; **, P<0.01; ***, P<0.001. Grey background points out the 

combination of two costimulatory fusion proteins.  
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