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Abstract

A novel biopharmaceutical, consisting of the F8 monoclonal antibody (specific to a splice isoform 

of fibronectin) simultaneously fused to both tumor necrosis factor and interleukin-2, was found to 

react with the majority of solid tumors and hematological malignancies in mouse and man, but not 

with healthy adult tissues. The product selectively localized to neoplastic lesions in vivo, as 

evidenced by quantitative biodistribution studies using radioiodinated protein preparations. When 

the potency of the cytokine payloads was matched by a single-point mutation, the resulting fusion 

protein (IL2-F8-TNFmut) eradicated soft-tissue sarcomas in immunocompetent mice, which did 

not respond to individual antibody-cytokine fusion proteins or by standard doxorubicin treatment. 

Durable complete responses were also observed in mice bearing CT26, C1498 and F9 tumors. The 

simultaneous delivery of multiple pro-inflammatory payloads to the cancer site conferred 

protective immunity against subsequent tumor challenges. A fully-human homologue of IL2-F8-

TNFmut, which retained a selectivity similar to its murine counterpart when tested on human 

material, may open new clinical applications for the immunotherapy of cancer.
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Introduction

There is a growing interest in the use of immunomodulatory approaches to boost the activity 

of cellular components of the patient’s immune system (e.g., T cells and NK cells) to kill 

tumor cells (1–3). Various strategies, based on monoclonal antibody products, have been 
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explored for the selective activation of anti-cancer immunity at the site of disease. They 

include the use of intact antibodies capable of promoting antibody-dependent cell 

cytotoxicity (4,5), immunological check-point inhibitors (2,6) and various types of 

bifunctional antibody molecules (7–13).

Antibody-cytokine fusion proteins (also called “immunocytokines) represent one type of 

bifunctional antibody products, which is being considered for the treatment of cancer and 

other conditions (7,9,14,15). Immunocytokines are able to increase the therapeutic index of 

the corresponding cytokine payload, as a result of a selective localization at the tumor site 

(8,9,11,12,14,16). Various immunocytokine products, based on interleukin-2 (IL2), 

interleukin-12 or tumor necrosis factor (TNF), are currently being studied in clinical trials 

for the treatment of various cancer types (17–19).

When used as single agents, pro-inflammatory immunocytokines are rarely able to induce 

complete remission in mouse models of cancer and in patients (20–22). However, the 

combination of tumor-targeting products based on pairs of synergistic payloads (e.g., IL12/

TNF, IL2/IL12, IL4/IL12) could eradicate cancer in immunocompetent mice, which did not 

respond to individual immunocytokines or by conventional chemotherapy (23–27).

We have recently reported that the combination of two immunocytokine products, based on 

IL2 and TNF, was able to induce durable complete responses in mouse models of cancer 

(25) and in patients with Stage IIIB/C melanoma (17). However, the clinical development of 

combination therapies is cumbersome, since multiple products need to be produced to 

industrial standards and individual dose escalation studies need to be performed. Moreover, 

the determination of the optimal dose for product combinations represents a complex 

multidimensional clinical challenge (28).

The use of products with two cytokine payloads could potentially simplify clinical 

development, enabling the simultaneous delivery of two immunomodulatory agents to the 

tumor site. The approach has previously been described by the group of Stephen Gillies (29) 

and by our group (30), more than a decade ago, for interleukin-12 derivatives. However, 

fusion proteins featuring multiple payloads have not yet been moved into clinical 

development programs, as a result of pharmacokinetic limitations (30) and of suboptimal 

matching of cytokine potency (29,30). For example, the reported maximal tolerated dose of 

interleukin-12 in cancer patients was less than 100 micrograms per week (18), while 

interleukin-2 has been dosed up to 74 milligram per week (19).

Here, we describe a novel class of dual-cytokine fusion proteins, consisting of the tumor-

targeting antibody F8 (specific to the alternatively-spliced EDA domain of fibronectin, a 

tumor associated antigen) (31) simultaneously fused to both IL2 and TNF. The product was 

able to selectively localize to neoplastic lesions in vivo, as evidenced by quantitative 

biodistribution studies performed with radioiodinated protein preparations. When the 

activity of TNF was decreased by a single-point mutation in order to match the one of IL2, 

the resulting fusion protein (termed IL2-F8-TNFmut) was able to induce durable complete 

responses in mice with WEHI-164 sarcomas, which was not triggered by doxorubicin or by 

individual immunocytokine products (e.g., F8-IL2 or F8-TNF) used as single agents (24).
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Materials and Methods

Cell lines, animals and tumor models

CHO cells, WEHI-164 fibrosarcoma cells, CTLL2 cells, F9 teratocarcinoma cells, CT26 

colon carcinoma cells, L-M fibroblasts, HT1080 fibrosarcoma cells, A375 melanoma cells 

and C1498 acute myeloid leukemia chloroma cells were obtained from the American Type 

Culture Collection (ATTC) between 2015 and 2017, expanded and stored as cryopreserved 

aliquots in liquid nitrogen. Cells were grown according to the supplier’s protocol and kept in 

culture for no longer than 14 passages. Authentication of the cell lines also including check 

of post-freeze viability, growth properties and morphology, test for mycoplasma 

contamination, isoenzyme assay and sterility test were performed by the cell bank before 

shipment.

Eight week old female 129/SvEv mice, Balb/c mice and C57BL/6 were obtained from 

Janvier. Tumor cells were implanted subcutaneously in the flank using 15 x 106 cells (F9), 5 

x 106 cells (WEHI-164), 2 x 106 cells (CT26) and 1 x 106 cells (C1498). Experiments were 

performed under a project license granted by the Veterinäramt des Kantons Zürich, 

Switzerland (27/2015).

Cloning, expression and protein in vitro characterization

The fusion protein IL2-F8-TNF contains the antibody F8 (31) fused to murine tumor 

necrosis factor alpha at the C-terminus by a 15-amino-acid linker (24) and murine 

interleukin 2 (gene from Eurofins Genomics) at the N-terminus by a 12-amino-acid linker. 

The gene encoding for the F8 antibody and the gene encoding murine TNF and murine IL2 

were PCR amplified, PCR assembled and cloned into the mammalian expression vector 

pcDNA3.1(+) (Invitrogen) by a NheI/NotI restriction site as previously described (32).

The fusion protein IL2-F8-TNFmut contains an arginine to tryptophan mutation in the amino 

acid position 111 of the murine TNF gene, that was inserted by PCR and cloned into the 

vector pcDNA3.1(+).

The fully-human IL2-F8-TNFmut contains an arginine to alanine mutation in the amino acid 

position 108 of the human TNF gene, that was inserted by PCR and cloned into the vector 

pcDNA3.1(+).

The fusion proteins were expressed using transient gene expression in CHO cells as 

described previously (32,33).

The fusion proteins were purified from the cell culture medium to homogeneity by protein A 

chromatography and analysed by SDS-PAGE, size exclusion chromatography (Superdex200 

10/300GL, GE Healthcare) and surface plasmon analysis (BIAcore) on a EDA antigen-

coated sensor chip.

The biological activity of murine TNF and IL2 was determined on WEHI-164, CTLL2 cells, 

respectively as described before (24,34), while the biological activity of human TNF was 

determined on L-M fibroblasts, HT1080 andA375 cells.

De Luca et al. Page 3

Mol Cancer Ther. Author manuscript; available in PMC 2018 November 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Immunofluorescence studies

Antigen expression was confirmed on ice-cold acetone fixed 8-µm cryostat sections of 

WEHI-164, CT26, F9 and C1498 stained with IL2-F8-TNFmut (final concentration 5µg/mL) 

and detected with rat anti-IL2 (eBioscience 14-7022-85) and anti-rat AlexaFluor488 

(Invitrogen A21208). For vascular staining goat anti-CD31 (R&D AF3628) and anti-goat 

AlexaFluor594 (Invitrogen A11058) antibodies were used.

Frozen tumor and normal tissue specimens in microarray format were obtained from 

Amsbio and stained with a biotinylated preparation of the fully human IL2-F8-TNFmut 

fusion protein and detected with Streptavidin-AlexaFluor488 (Invitrogen S11223). Cell 

nuclei were counterstained with DAPI (Invitrogen D1306).

For ex-vivo immunofluorescence analysis, mice were injected according to the therapy 

schedule and sacrificed 24h after injection. Tumors were excised and embedded in 

cryoembedding medium (Thermo Scientific) and cryostat sections (8µm) were stained using 

the following antibodies: rat anti-IL2 (eBioscience 14-7022-85), rat anti-CD4 (Biolegend 

100423), rat anti-CD8 (Biolegend 100702), rat anti-FoxP3 (eBioscience 14-5773-82), rabbit 

anti-Asialo GM1 (Wako 986-10001), rabbit anti-Caspase3 (Sigma C8487), rat anti-CD31 

(BD 553370), goat anti-CD31 (R&D AF3628), rat anti-NKp46 (Biolegend 137601); and 

detected with anti-rat AlexaFluor488 (Invitrogen A21208), anti-rabbit AlexaFluor488 

(Invitrogen A11008), anti-goat AlexaFluor594 (Invitrogen A11058), anti-rat AlexaFluor594 

(Invitrogen A21209). Slides were mounted with fluorescent mounting medium and analysed 

with Axioskop2 mot plus microscope (Zeiss).

Biodistribution studies

The capability of targeting EDA in vivo was assessed by quantitative biodistribution 

analysis, according to previously published experimental procedures (31). 5-10µg of 

radioiodinated fusion protein was injected into the lateral tail vein of F9 tumor-bearing mice 

(32). Mice were sacrificed 24h after injection, organs were excised, weighed and the 

radioactivity of organs and tumors was measured using a Cobra γ counter and expressed as 

percentage of injected dose per gram of tissue (%ID/g ± SEM), (n = 3-4 mice per group).

Therapy studies and in vivo depletion of CD4+ T cells, CD8+ T cells and NK cells

Mice were monitored daily and tumor volume was measured with a calliper (volume = 

length x width2 x 0.5). When tumors reached a suitable volume (approx. 70-100 mm3), mice 

were injected three times into the lateral tail vein with the pharmacological agents. Fusion 

proteins were dissolved in phosphate buffered saline (PBS), also used as negative control, 

and administered every 48h or 72h. The commercial anti-PD-1 antibody (clone J43, 

BioXCell) was administered i.v. once at a dose of 200 µg. For the tumor re-challenge study, 

mice with complete responses were injected subcutaneously with 5 x 106 WEHI-164 cells in 

the flank.

For the in vivo depletion of CD4+ T cells, CD8+ T cells and NK cells, WEHI-164 tumor 

bearing mice were injected intra-peritoneally with 30 µL anti-Asialo GM1 (Wako 

986-10001), 250 µg anti-CD4 (clone GK1.5 BioXCell) or 250 µg anti-CD8 (clone 2.43 
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BioXCell) antibodies on day 2, 5, 8 and 11 after tumor implantation. A saline group and a 

treatment group without depletion were included as controls.

Results are expressed as tumor volume in mm3 ± SEM. For WEHI-164 studies, 5 mice per 

group (6 mice per group for the depletion experiment) were used. For therapy studies with 

C1498, CT26 and F9 tumors, 4 mice per group were used.

Toxicity assessment

12 week-old Balb/c mice were injected three times into the lateral tail vein with 

immunocytokine (50µg). The fusion protein was dissolved in phosphate buffered saline 

(PBS), also used as negative control, and administered every 48h. Two days after the last 

injections mice were sacrificed and a necropsy was performed by a veterinary pathologist. 

An initial macroscopic examination of the external surface of the body, all orifices, the 

cranial, thoracic, and abdominal cavities and their contents and organs and tissues from 

every animal was performed.

Selected tissues were fixed in 10% neutral buffered formalin, dehydrated, embedded in 

paraffin, sectioned, stained with hematoxylin and eosin, and examined microscopically.

Results

Production and characterization of dual cytokine-antibody fusions

Antibody fragments specific to splice isoforms of fibronectin, fused to IL2 or to TNF, 

display promising therapeutic activity in preclinical models of cancer and in clinical trials 

(17,25,35). Because of their different potency, IL2 fusions are typically administered at 10-

fold higher doses compared to TNF fusions, both in mouse and in man (17,19,24,25,36,37). 

In order to combine the IL2 and TNF moieties into a single molecular entity, a fusion protein 

was generated and expressed in mammalian cells, which sequentially incorporated (starting 

from the N-terminus) murine IL2, the F8 antibody in scFv format and murine TNF. These 

functional moieties were connected using short peptide linkers of 12 and 15 amino acids, 

respectively [Figure 1A and Supplementary Figure S1]. In addition, in order to match the 

IL2 and TNF potency, several mutations of TNF (38) were screened during an initial 

scouting study [Supplementary Figure S2] and the mutant with the best performance based 

on in vitro cell killing was further characterized. A fusion protein was generated, which 

featured the R467W mutation (38) in the murine TNF moiety. The two fusion proteins, 

termed IL2-F8-TNF and IL2-F8-TNFmut, were expressed in CHO cells and purified to 

homogeneity exploiting the binding properties of the VH domain of the F8 antibody to 

Protein A resin (31). Figure 1B-D shows the analytical characterization of IL2-F8-TNF and 

IL2-F8-TNFmut by SDS-PAGE, gel-filtration, ESI-MS and BIAcore analysis on antigen-

coated microsensor chips. Analysis of the in vitro activity of the two fusion proteins 

indicated that IL2-F8-TNF and IL2-F8-TNFmut displayed a comparable IL2 activity (based 

on a cell line proliferation assay), while TNF activity was decreased in the R467W mutant 

(based on a cell killing assay) [Figure 1E,F].

The tumor-targeting properties of radioiodinated preparations of IL2-F8-TNF and IL2-F8-

TNFmut were assessed by quantitative biodistribution analysis in immunocompetent mice, 
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bearing subcutaneously grafted murine F9 teratocarcinomas (23,24,31). Both fusion proteins 

selectively localized to solid tumors, with tumor:organ and tumor:blood ratios > 10:1, 

twenty-four hours after intravenous administration [Figure 2A]. The tumor targeting 

performance was also assessed in mice with WEHI-164 sarcomas (24). A microscopic 

fluorescence analysis of tumor sections, obtained from non-injected animals and from mice 

24 hours after administration of IL2-F8-TNFmut, confirmed that the fusion protein could 

uniformly localize to its cognate EDA(+)-fibronectin antigen within the tumor mass in vivo 
[Figure 2B,C].

Therapy experiments

First, we compared the therapeutic activity of F8-IL2, F8-TNF and IL2-F8-TNF in 

immunocompetent Balb/c mice, bearing WEHI-164 sarcomas. Mice received equimolar 

doses of the fusion proteins (2µg F8-TNF, 2µg F8-IL2 and 2.8 µg IL2-F8-TNF) on day 5, 8 

and 11 after tumor cell implantation. F8-TNF and IL2-F8-TNF displayed a comparable 

therapeutic activity, but the dual cytokine-antibody fusion protein was better tolerated, as 

evidenced by the comparison of body weight profiles [Figure 3A and Supplementary Figure 

S3]. As expected, treatment with F8-IL2 resulted in a tumor growth profile similar to the one 

obtained with saline, as the agent was used at a 10-fold lower dose, compared to regimens 

which had previously been shown to be active (25,35).

In a second study, we doubled the injected quantities of the therapeutic agents (4µg F8-TNF, 

4µg F8-IL2 and 5.6 µg IL2-F8-TNF), in order to reach the maximal tolerated dose of IL2-

F8-TNF. A potent inhibition of tumor cell growth was observed with F8-TNF, IL2-F8-TNF 

and the combination of F8-IL2 + F8-TNF. This last combination regimen, however, was not 

well tolerated and mice in the group had to be sacrificed at day 11 [Figure 3B and 

Supplementary Figure S3].

The therapeutic activity of the potency-matched IL2-F8-TNFmut (administered at a dose of 

50µg) was compared to the one of IL2-F8-TNF (used at 10µg). The dual cytokine-antibody 

fusion protein mutant induced durable complete responses in 100% of mice in the study 

group, while only a transient tumor regression was observed in the IL2-F8-TNF group. The 

body weight profiles for the two fusion proteins were comparable [Figure 3C and 

Supplementary Figure S3]. A necroscopic analysis of mice after IL2-F8-TNFmut treatment at 

the maximal tolerated dose revealed certain macroscopic and microscopic findings. 

Macroscopically, a 2.3-fold increase in spleen size (weight) was observed. Microscopically, 

a number of abnormalities could be observed two days after the administration of the last 

dose of immunocytokine, including areas of necrosis and fibrosis in the bone marrow, 

increased extramedullary hematopoiesis (spleen, liver, lung) and cortical lymphoid depletion 

in the thymus. [Supplementary Figure S4].

Mice with complete responses obtained with IL2-F8-TNFmut treatment were re-challenged 

with WEHI-164 cells 50 days after the primary tumor implantation and were found to have 

acquired a protective immunity against the tumor [Figure 3D].

In order to characterize product activity in additional tumor models, the potency-matched 

IL2-F8-TNFmut product was also tested in immunocompetent mice, bearing subcutaneous 
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C1498 acute myeloid leukemia chloroma lesions, CT26 colorectal carcinomas and F9 

teratocarcinomas. Also in these models, the product displayed a potent therapeutic activity, 

which was superior to the one of an anti-mouse PD-1 treatment [Figure 4]. The patterns of 

EDA expression were different in the various cancer models: a diffuse staining of the 

interstitium was observed in C1498 and CT26 tumors, while the antigen was mainly found 

around tumor blood vessels in F9 teratocarcinomas [Figure 4].

Mechanistic studies

At a macroscopic level, the induction of necrosis within the tumor lesion was already 

detectable a few hours after the first immunocytokine treatment [Figure 5A]. A microscopic 

H&E analysis of tumor sections confirmed a rapid onset of tumor cell death within the 

neoplastic mass. Within 24 hours, the tumor had been converted into necrotic mass 

following IL2-F8-TNF treatment, except for small areas in close proximity with the 

abdomen [Figure 5B]. Pharmacological treatment with IL2-F8-TNFmut led to a homogenous 

cell death within the neoplastic lesion, as evidenced by H&E staining (not shown) and by 

caspase-3 staining [Figure 5C]. A microscopic analysis of tumor sections, obtained 24h after 

the first injection of IL2-F8-TNF and IL2-F8-TNFmut, revealed a substantial increase in the 

density of leukocytes stained by antibodies specific to the asialogylcoprotein receptor 

(mainly NK cells), compared to mice treated with saline, moreover the infiltration of NK 

cells was confirmed by staining with a different monoclonal antibody (anti-NKp46) [Figure 

5D and Supplementary figure S5]. By contrast, the influx of CD4+ and CD8+ T cells was 

less prominent, suggesting that these lymphocytes may be more relevant at a later stage, 

contributing to the killing of residual tumor cells after initial debulking and to the 

development of protective immunity (23).

In order to gain more insights about the leukocyte contribution to the therapy experiments, 

we evaluated the therapeutic activity of IL2-F8-TNFmut in mice bearing WEHI-164 

sarcomas after antibody-based depletion of CD4+ T cells, CD8+ T cells or NK cells [Figure 

5E]. Both CD4+ and CD8+ T cells contribute to the onset of an anti-cancer immunity, while 

the contribution of NK cells was dispensable in this setting.

A fully-human IL2-F8-TNFmut fusion protein for clinical applications

In order to prepare for clinical applications different amino acid substitutions at position 

R108 of human TNF were investigated using an in vitro cell killing assay [Supplementary 

Figure S6]. Finally, a fusion protein was cloned, expressed and purified, which consisted of 

human IL2 and of the human TNF R108A mutant fused to the F8 antibody [Supplementary 

Figure S7A]. The product was well-behaved in biochemical assays [Supplementary Figure 

S7B], selectively localized to solid tumors in vivo [Supplementary Figure S7C] and 

displayed a matched in vitro activity of the IL2 and TNF moieties, using cellular assays 

based on the proliferation of murine CTLL-2 lymphocytes [Supplementary Figure S7D] and 

on the killing of human HT-1080 and A375 tumor cell lines [Supplementary Figure S7D]. A 

labeled preparation of the IL2-F8-TNFmut fusion protein exhibited an intense staining in 

most human solid tumors [Figure 6], but not of healthy adult organs. For many tumors, the 

staining was confined to the sub-endothelial extracellular matrix of tumor-blood vessels, as 

previously reported by our group for the parental F8 antibody (20,39,40).
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Discussion

The integration of IL2 and TNF moieties into a single antibody-based fusion protein has led 

to the generation of a new class of immunostimulatory products, with highly selective tumor 

homing properties. The potency-matched IL2-F8-TNFmut product was able to eradicate 

syngeneic sarcomas, which do not respond to conventional chemotherapy (24,41). Mice with 

durable complete responses acquired a protective immunity against subsequent tumor 

challenges. Similarly, complete tumor eradications were observed in mouse models of 

leukemia and of colorectal cancer, which did not respond well to PD-1 blockade.

We had previously observed that the combination of immunocytokines, based on antibodies 

against splice isoforms of fibronectin fused to IL2 or TNF, could eradicate tumors in mice, 

which did not respond to the individual products used as single agents (19,25,36,42). 

Furthermore, we have recently described that the combination of two immunocytokine 

products, based on IL2 and TNF as immunostimulatory payloads, was potently active for the 

intralesional treatment of patients with stage IIIB,C melanoma (17). The combination of the 

two agents led not only to a disappearance of the injected lesion, but also to an objective 

response in the majority of non-injected lesions (17), providing a rationale for a combination 

Phase III clinical trial, which has recently started [EudraCT number 2015-002549-72].

The possibility to incorporate potency-matched IL2 and TNF moieties into the same 

biopharmaceutical product offers several biotechnological advantages. A single product 

needs to be developed, thus decreasing costs and simplifying dose-finding clinical trials, 

compared to the combination of two immunocytokines. The simultaneous delivery of two 

immunomodulatory agents to the tumor site leads to a rapid tumor cell killing and creates a 

pro-inflammatory environment, which facilitates the influx and activation of various types of 

leukocytes into the neoplastic mass. The favorable biodistribution profiles of IL2-F8-TNF 

and IL2-F8-TNFmut, with tumor:blood and tumor:organ ratios greater than 10:1 in tumor-

bearing mice at 24h after injection, suggest that the vasoactive properties of TNF (43,44) 

and of IL2 (43,45) may contribute to an efficient extravasation and tumor homing of the 

corresponding homotrimeric fusion protein.

We have previously observed that some tumors respond better to IL2-based 

immunocytokines, while other tumor types respond better to TNF-based products (20,24). 

This situation is likely to also occur in cancer patients (36,37). By incorporating both 

immunomodulatory moieties into a single product, we may be able to increase the 

proportion of patients who benefit from pharmacological intervention. TNF can kill tumor 

cells by direct interaction with cognate receptors on the cell surface (46). In addition, it 

promotes hemorrhagic necrosis and apoptosis of the tumor endothelium, thus enhancing 

vascular permeability (47). The targeted delivery of IL2 leads to an influx and activation of 

T cells and NK cells into the neoplastic mass (21,48,49). Interestingly, the depletion studies 

performed in therapy experiments with IL2-F8-TNFmut have revealed a dominant role of 

CD4+ and CD8+ T cells for the tumor rejection process [Figure 5E]. By contrast, the 

therapeutic activity of the single fusion protein F8-TNF depended on both CD8+ T cells and 

NK cells, while depletion of CD4+ T cells had an impact on therapy only if performed prior 

to tumor implantation (50).
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Potency-matched immunocytokines may find clinical applications for the same indications 

in which individual antibody-cytokine fusions are currently being considered. Future 

research efforts will elucidate which therapeutic modalities (e.g., radiation, cytotoxic agents 

or immunotherapeutics) may be suitable for combination therapy. The products described in 

this article, equipped with the human homologues of IL2 and TNF, could in principle be 

used for the treatment of various types of cancer, as the alternatively-spliced EDA domain of 

fibronectin is strongly expressed in the majority of solid tumors (24,45), lymphomas (23) 

and acute leukemias (20), while being undetectable in the majority of normal adult tissues 

(25).

Supplementary Material
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Figure 1. Cloning expression and characterisation of IL2-F8-TNF and IL2-F8-TNFmut.
(A) Schematic representation of the domain assembly of F8-IL2 in diabody format, as well 

as of F8-TNF and IL2-F8-TNF in non-covalent homotrimeric format. (B and C) Starting 

from left: size exclusion chromatography profile, BIAcore analysis on EDA-coated sensor 

chip and ESI-MS profile of IL2-F8-TNF and of IL2-F8-TNFmut, respectively. (D) SDS-Page 

analysis, MW: molecular weight, R: reducing conditions, NR: non-reducing conditions. (E) 

IL2 bioactivity assay, based on the proliferation of CTLL2 cells. (F) TNF bioactivity assay, 

based on the killing of WEHI-164 cells.
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Figure 2. Tumor-targeting properties of IL2-F8-TNF and IL2-F8-TNFmut.
(A) Quantitative biodistrubution analysis of radioiodinated IL2-F8-TNF (left) and IL2-F8-

TNFmut (right) in immunocompetent mice bearing F9 teratocarcinoma tumors. 5-10µg of 

radioiodinated fusion protein was injected i.v. into the lateral tail vein and mice were 

sacrificed 24h after injection, organs were excised, weighed and the radioactivity of organs 

and tumors was measured. Results are expressed as percentage of injected dose per gram of 

tissue (%ID/g ± SEM), (n = 3-4 mice per group). (B) Microscopic fluorescence analysis of 

EDA expression on WEHI-164 tumor section detected with IL2-F8-TNFmut (green for anti-

murine IL2, Alexa Fluor 488) and anti-CD31 (red, Alexa Fluor 594), 20x magnification, 

scale bars = 100µm. (C) Confirmation by immunofluorescence analysis of tumor targeting 

properties 24 hours after IL2-F8-TNFmut injection in mice bearing WEHI-164 sarcomas, 

cryosections were stained with anti-murine IL2 (green, Alexa Fluor 488) and anti-CD31 

(red, Alexa Fluor 594), 20x magnification, scale bars = 100µm.
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Figure 3. Therapeutic performance of IL2-F8-TNF and IL2-F8-TNFmut in balb/c mice bearing 
WEHI-164 fibrosarcoma tumors.
Data represent mean tumor volume ± SEM, n = 5 mice per group, CR = complete response. 

(A) Comparison of single agents F8-IL2 and F8-TNF versus IL2-F8-TNF, treatment started 

when tumors reached a volume of 80 mm3 and mice were injected three times intravenously 

every 72 hours with either PBS, 2µg F8-TNF, 2µg F8-IL2 or 2.8µg IL2-F8-TNF. (B) 

Comparison of single agents F8-IL2 and F8-TNF, combination of F8-IL2 and F8-TNF 

versus IL2-F8-TNF, treatment started when tumors reached a volume of 70 mm3 and mice 

were injected three times intravenously every 48 hours with either PBS, 4µg F8-TNF, 4µg 

De Luca et al. Page 15

Mol Cancer Ther. Author manuscript; available in PMC 2018 November 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



F8-IL2, the combination of F8-IL2 and F8-TNF or 5.6µg IL2-F8-TNF. (C) Therapeutic 

activity of the potency-matched IL2-F8-TNFmut compared to IL2-F8-TNF, treatment started 

when tumors reached a volume of 70 mm3 and mice were injected three times intravenously 

every 48 hours with either PBS, 10µg IL2-F8-TNF or 50µg IL2-F8-TNFmut. (D) Tumor re-

challenge study. After 50 days, mice with complete responses were injected subcutaneously 

with 5 x 106 WEHI-164 cells in the flank.
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Figure 4. Therapeutic performance of IL2-F8-TNFmut compared to anti-mouse PD1 treatment.
Data represent mean tumor volume ± SEM, n = 4 mice per group, CR = complete response. 

(Left panels) (A) Therapy in balb/c mice bearing CT26 colon carcinoma lesions. Treatment 

started when tumors reached a volume of 80 mm3, mice were injected three times 

intravenously every 48 hours with either PBS, 50µg IL2-F8-TNFmut (black arrows) or once 

with 200µg anti-mouse PD1 (grey arrow). (B) Therapy in C57BL/6 mice bearing C1498 

acute myeloid leukemia chloroma tumors. Treatment started when tumors reached a volume 

of 90 mm3, mice were injected three times intravenously every 48 hours with either PBS, 
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50µg IL2-F8-TNFmut (black arrows) or once with 200µg anti-mouse PD1 (grey arrow). (C) 

Therapy in 129SvEv mice bearing F9 teratocarcinoma tumors. Treatment started when 

tumors reached a volume of 100 mm3, mice were injected three times intravenously every 48 

hours with either PBS, 40µg IL2-F8-TNFmut (black arrows), once with 200µg anti-mouse 

PD1 (grey arrow) or the combination IL2-F8-TNFmut + anti-mouse PD1. (Right panels) 

Microscopic fluorescence analysis of EDA expression on CT26 (A), C1498 (B) or F9 (C) 

tumor section detected with IL2-F8-TNFmut (green for anti-murine IL2, Alexa Fluor 488) 

and anti-CD31 (red, Alexa Fluor 594), as negative control staining without the fusion protein 

was performed, 20x magnification, scale bars = 100µm (right).
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Figure 5. Macro- and microscopic analysis of therapeutic performance of dual cytokine-fusion 
proteins and in vivo depletion of CD4+ T cells, CD8+ T cells and NK cells.
(A) Macroscopic indication of necrotic changes 4 hours after IL2-F8-TNF treatment. (B) 

H&E analysis of tumor sections 24 hours after administration of IL2-F8-TNF, scale bars: 

2mm. (C) Detection of Caspase3 by immunofluorescence in WEHI-164 tumor sections 24 

hours after treatment with IL2-F8-TNFmut stained with anti-Caspase3 (green, Alexa Fluor 

488) and anti-CD31 (red, Alexa Fluor 594), 20x magnification, scale bars = 100µm. (D) 

Immunofluorescence analysis of tumor infiltrating cells on WEHI-164 tumor sections 24 

hours after treatment with PBS, IL2-F8-TNF or IL2-F8-TNFmut, marker specific for NK 
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cells (Asialo GM1), CD4+ T cells (CD4), CD8+ T cells (CD8) and T regs (FoxP3) were 

stained in green (Alexa Fluor 488), anti-CD31 (red, Alexa Fluor 594), 20x magnification, 

scale bars = 100µm. (E) In vivo depletion experiment. When tumors (WEHI-164) reached a 

volume of approximately 60 mm3, mice were injected three times intravenously every 48 

hours with 50µg IL2-F8-TNFmut (black arrows). Depletion antibodies were administered at 

day 2, 5, 8 and 11 (grey arrows) after tumor implantation. A PBS treated negative control 

and an undepleted IL2-F8-TNFmut treated positive group were included. Data represent 

mean tumor volume ± SEM, n = 6 mice per group (for PBS group n = 5 from day 14*), CR 

= complete response.
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Figure 6. Microscopic fluorescence analysis of EDA expression of frozen tumor and normal 
tissues.
A microarray containing normal tissue specimens (left) and their tumoral counterpart (right) 

was stained with a biotinylated preparation of the fully human IL2-F8-TNFmut (green, Alexa 

Fluor 488), cell nuclei were counterstained with DAPI (blue), 20x magnification, scale bars 

= 100µm.
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