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Cytokines have long been used for therapeutic applications in cancer patients. Substantial side effects and unfa-
vorable pharmacokinetics limit their application and may prevent dose escalation to therapeutically active regi-
mens. Antibody-cytokine fusion proteins (often referred to as immunocytokines) may help localize
immunomodulatory cytokine payloads to the tumor, thereby activating anticancer immune responses. A variety
of formats (e.g., intact IgGs or antibody fragments), molecular targets (e.g., extracellular matrix components and
cell membrane antigens) and cytokine payloads have been considered for the development of this novel class of
biopharmaceuticals. This review presents the basic concepts on the design and engineering of immunocytokines,
reviews their potential limitations, points out emerging opportunities and summarizes key features of preclinical
and clinical-stage products.
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1. From cytokines to antibody-cytokine fusion proteins

Harnessing components of the immune system for therapeutic
applications (“immunotherapy”) is steadily gaining importance for the
therapy of cancer, also thanks to the clinical success associated with
the use of immune check-point inhibitors [1]. Various approaches to

http://crossmark.crossref.org/dialog/?doi=10.1016/j.addr.2018.09.002&domain=pdf
https://doi.org/10.1016/j.addr.2018.09.002
dario.neri@pharma.ethz.ch
https://doi.org/10.1016/j.addr.2018.09.002
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/addr


Fig. 1. Immunocompetentmice bearing F9 tumorswere treatedwith non-targeted IL12 or
targeted IL12. A clear dose response is visible as well as a markedly better therapeutic
benefit of targeted IL12 over untargeted IL12. The indicated IL12-L19 doses are stated as
IL-12 equivalents (1 μg IL-12 equivalent corresponds to 1.4 μg IL12-L19). *IL12 was fused
to L19, an antibody against the alternatively-spliced domain B of fibronectin. Adapted
from Ref. [16].
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modulate the activity of the immune system against neoplastic cells
have been considered over the years. Among them, the use of cytokines
for therapeutic applications continues to draw attention and R&D
investments.

Cytokines are proteins which modulate the activity of immune cells
by binding to their cognate receptors and by triggering subsequent sig-
naling events [2]. A number of cytokine products have gainedmarketing
authorization and are routinely used in clinical practice. The most
widely used cytokine products include G-CSF (Neupogen®) and GM-
CSF (Leukine®) for the treatment of congenital and acquired neutrope-
nia (e.g., induced by radiation), as well as interferon-alpha for the treat-
ment of certain viral conditions (Pegasys®) and interferon-beta for the
treatment of multiple sclerosis (Betaseron®, Avonex®, Plegridy®) [3].
However, various forms of interferon-alpha are also used for oncological
applications, such as the treatment of hairy cell leukemia, chronic mye-
logenous leukemia, lymphoma, advanced or metastatic renal cell carci-
noma, malignant melanoma and AIDS-related Kaposi's sarcoma (Intron
A®, Roferon A®). Despite recent progress with immune check-point in-
hibitors, interleukin 2 (IL2, Proleukin®) is still used for the treatment of
metastatic renal-cell carcinoma and melanoma, as a small portion of
treated patients can be cured with this modality [4–6]. Moreover,
tumor necrosis factor (TNF, Beromun®) has received marketing autho-
rization for the treatment of unresectable soft tissue sarcoma in combi-
nation with melphalan [7,8].

The systemic administration of pro-inflammatory cytokines is
often associated with severe dose-limiting toxicities (e.g., flu-like
symptoms or vascular leak syndrome that causes hypotension and
reduced organ perfusion), which may prevent dose escalation to
therapeutically active regimens. These limitations underline the
need and opportunity to generate novel cytokine-based products,
which retain a potent immunostimulatory activity against tumor
cells but display reduced side effects. Striking preclinical results
were achieved by the intra- or peritumoral application of cytokines,
intratumoral implantation of cytokine-producing cells or cytokine
gene transfection of cancer cells before implantation without signif-
icant toxicities [9–13]. Although these settings are rarely applicable
in the clinic and not suited for treating disseminated tumors, these
experiments show that cytokines canmediate cancer cures, provided
that sufficiently high concentration of product can be localized
within the tumor microenvironment.

Antibodies that are specific to accessible tumor-associated antigens
represent ideal “vehicles” for the selective delivery of therapeutic pay-
loads to the tumor environment, helping spare healthy tissues. In prin-
ciple, the antibody-based targeted delivery of cytokines should lead to a
more potent therapeutic benefit with reduced side effects. Indeed,
antibody-cytokine fusion proteins (“immunocytokines”) based on cer-
tain immunostimulatory payloads have shown impressive activity and
selectivity in mouse models of cancer. The very first immunocytokine
to enter clinical trials (Hu14.18-IL2) was based on remarkable preclini-
cal findings with the murine analog of the immunocytokine ch.14.18-
IL2. Not only was ch14.18-IL2 able to eradicate metastatic melanoma
and neuroblastoma in immunocompetent mice, the immunocytokine
also induced protective tumor-specific long-term immunity [14,15].
Moreover, in our own experience, the antibody-based delivery of mu-
rine interleukin 12 (IL12) to the tumor neovasculature exhibited potent
activity in various immunocompetentmousemodels of cancer, at a dose
whichwas at least 20-fold lower compared to recombinantmurine IL12
used as a “non-targeted” drug [16] (Fig. 1).

Success in immunocytokine development for pharmaceutical appli-
cations may depend on several factors. Besides the choice of the cyto-
kine payload and of the antibody target, the engineering of structural
features of the fusion protein greatly contributes to pharmacokinetic
and pharmacodynamic properties. This review covers basic concepts as-
sociated with immunocytokine design and development, surveys pre-
clinical findings for anti-cancer immunocytokines and discusses recent
results published for clinical-stage products.
2. Immunocytokine formats and molecular targets

Various types of antibody formats can be used to design antibody-
cytokine fusion proteins (Fig. 2). The antibody moiety can range from
a nanobody (MW ~ 14 kDa) to a full-sized immunoglobulin (IgG, MW
~ 150 kDa). The architecture of the antibody portion can have a pro-
found impact on the in vivo targeting performance with differences in
blood clearance, extravasation, tissue penetration, diffusion and
in vivo binding properties [17].

Immunocytokines based on full-size IgGs are bivalent in nature,
leading to a high binding avidity. The extravasation and tumor penetra-
tion tend to be rather inefficient for intact immunoglobulins and their
derivatives. However, higher tumor uptake compared to small antibody
fragments can still be observed [18], resulting from a long circulatory
half-life in blood [2]. The fragment crystallizable (Fc) region of an IgG
can bind to cognate neonatal Fc receptors (FcRn) on endothelial cells
and in the liver, rescuing the antibody product from degradation and
thus leading to half-life prolongation [19,20]. In principle, the Fc portion
could mediate the delivery of cytokine moieties to non-tumoral cells
(e.g., leukocytes) and activate the immune system. Antibody-
dependent-cell-mediated cytotoxicity (ADCC) is triggeredwhennatural
killer cells (NK cells) or macrophages are recruited to an IgG-coated tar-
get cell by interaction of the antibody Fc portion with cognate Fc-
gamma receptors [21]. Moreover, the complement cascademay be acti-
vated, when C1q recognizes a high-local density of IgG molecules on a
cell surface [2]. In order to minimize these potential problems, Roche
has adopted a combination of glyco-engineering and amino acid muta-
genesis at key positions in order to abrogate the interaction of IgG-based
immunocytokines with immune system components [22–25].

Immunocytokines based on small antibody fragments display a
rapid clearance from circulation, thus contributing to a more favorable
tolerability profile [26]. The smallest antibody format that can be used
to generate antibody-cytokine fusion proteins is the monomeric
nanobody (i.e., a camel-derived single domain antibody). Even though
tissue penetration of small antibody fragments may be increased com-
pared to intact immunoglobulins, rapid clearance and insufficient affin-
ity may lead to a lower tumor uptake compared to full IgG molecules
[26]. Favorable tumor-to-organ ratios can be observed with certain
immunocytokines that are based on noncovalent single-chain variable
fragments and form homodimers (“diabodies”) [27,28]. These bivalent
products retain the avidity and long tumor residence time of the paren-
tal full IgG counterpart. Good in vivo selectivity profiles (i.e., tumor:
organ ratios) have been reported for numerous diabody-based products
[27,29].

The spatial arrangement of the antibody and cytokine moieties can
have a profound influence on the in vivo performance of the



Fig. 2. (A) Schematic representation of antibody formats. VH: heavy chain variable domain. VL: light chain variable domain. C: constant domain of the heavy (CH1–4) and the light chain
(CL). SIP: small immune protein that uses the εCH4 domain of an IgE antibody. Minibodies (or SIPs) can also be constructedwith the CH3 domain of an IgG. Fab: Fragment antigen binding.
scFv: single chain variable fragment. (B) – (D): Common immunocytokine formats used for the generation of monomeric (B), trimeric (C) and heterodimeric (D) cytokines. Cytokine
payloads can be fused to practically any site of the antibody moiety (variable or constant domain of heavy or light chain). In certain scFv or diabody fusion structures, the colors for VH

and VL are not indicates (and depicted in grey), since different VH-VL or VL-VH arrangements can be considered. The dock and lock method has been described by Rossi and colleagues
that features the separate expression of both the antibody domain containing an AD2 peptide and the cytokine fused to a docking and dimerization domain (DDD2) [163,264,265].
When the two proteins are incubated under specific conditions, the DD2 domain binds to AD2 and disulfide bridges are formed which stabilize the construct [163,264,265].
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corresponding product. In principle, the cytokine payload can be fused
to any site of the antibody. For IgGs, the carboxy-terminus of the
heavy chain is the most commonly used position, that typically results
in full conservation of cytokine activity [30]. However, other configura-
tions can be considered. For example, the fusion of an IL2 moiety at the
C-terminus of the light chain (rather than the heavy chain) was shown
to decrease the affinity to the “intermediate-affinity IL2 receptor”
(IL2Rβγ) while retaining full affinity for the “high-affinity IL2 receptor”
(IL2Rαβγ) [31]. This feature may be advantageous in vivo for retaining
full IL2 activity but less toxicity. Heterodimeric payloads, such as IL12,
allow for even more flexibility in product design (Fig. 2D).

Immunocytokines should ideally target specific antigens that are
abundantly expressed in neoplastic tissues but absent from normal tis-
sue. The tumor microenvironment is a unique niche that emerges dur-
ing the formation and progression of a tumor. Tissue remodeling and
neoangiogenesis can be observed in aggressive malignancies to guaran-
tee an adequate supply of nutrients [32]. Antigens located on new blood
vessels or in surrounding extracellularmatrix (ECM) structures are par-
ticularly attractive for pharmacodelivery applications. The alternatively-
spliced extra domains A (EDA) and B (EDB) of fibronectin and the A1
domain of tenascin-C (TnC A1) [32,33] are strongly expressed in the
majority of aggressive solid tumors and lymphomas but are absent
from normal tissue, except for the female reproductive system during
theproliferative phase (i.e., placenta, endometriumand ovarianvessels)
[34,35]. Monoclonal antibodies directed against ECM components, such
as F8, L19 and F16 [36–42], have shown promising biodistribution pro-
files in animal models and in patients.

A number of cellular targets have been considered for antibody-
based pharmacodelivery activities, including integrins (αvβ3), annexin
A1, prostate-specific membrane antigen (PSMA), vascular endothelial
growth factors (VEGF) and their receptors, endoglin (CD105), CD44 iso-
forms and alanyl aminopeptidase (CD13) [33]. The A33 and the
carcinoembryonic (CEA) antigen are particularly attractive for the
targeting of colorectal cancer [43–47], while carbonic anhydrase IX is
one of the best markers of clear-cell renal cell carcinoma [48]. EpCAM,
disialoganglioside 2 (GD2) and the fibroblast activation protein (FAP)
have been proposed as targets, which are expressed by multiple
tumor types [49–51]. Immunocytokine programs against these targets
are currently at the preclinical or clinical investigation stage (Table 1).

3. Cytokine payloads for cancer therapy

A large number of cytokines have been tested as immunocytokine
payloads during the last few years. A summary of all the
immunocytokines that have been investigated in animal tumor models
can be found in Table 1. Interleukin-2 (IL2) represents the most com-
monly studied cytokine payload for anti-cancer applications.

Cytokines are mediators of physiological processes that exert their
function in an autocrine or paracrine fashion [2]. Thus,
immunocytokines which are specific for tumor associated antigens on
the surface of neoplastic cells can bridge tumor cells to certain leuko-
cytes bearing the corresponding cytokine receptor and trigger specific
responses. Indeed, an IL2 fusion protein was shown to mediate an im-
mune synapse between a tumor cell and an NK cell that promoted NK
cell mediated killing of the tumor cell [52]. Immunocytokines specific
for tumor-associated extracellular matrix components were shown to
increase the density of leukocytes (especially NK cells and T cells) in
the tumor niche [53–56]. Moreover, some cytokines such as IL2 and
TNF are able to activate the endothelium at the tumor site thus favoring
an increased uptake of therapeutics into the neoplastic tissue [57–59].

Our laboratory has worked with many cytokine payloads and the
most promising anticancer results have so far been achievedwith prod-
ucts based on IL2, IL12 or TNF. These payloads exhibit different mecha-
nisms of action. Interleukin-2 acts as amitogen and activator of both NK
cell and T cell function [60]. The antibody-based delivery of IL2 to the
tumor leads to an increased cellular infiltrate within the neoplastic



Table 1
List of antibody-cytokine fusion proteins and their characterization. [123,125,127,132,133,138,141,149,151,152,155–159,162,164,169,173]
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Summary of immunocytokines that have been tested in animal models. In vivo targeting was assessed by biodistribution studies. Efficacy was defined as tumor growth retardation (“I N
“the immunocytokine performed better, “I≈” the immunocytokine performed equally) compared with a saline group (P) or negative control group (NC, untargeted cytokine or cytokine
fused to an antibody of irrelevant specificity). The format of the immunocytokine is depicted according to the color code of Fig. 2with the exception of the CH1-CH3 and CHL domainswhich
are depicted in blue. In the structure of dual cytokine fusion proteins, the additional cytokine payload is illustrated with a grey circle. The red domain in the structure of scFv-RD-IL15 il-
lustrates the ILRα domain. Blue shading: immunocytokines in clinical trials.
Abbreviations:+: biodistribution results published, n.a.: biodistribution data not available. i.v.: intravenous, s.c.: subcutaneous, i.s.: intrasplenical, i.Pc.: intrapancreatic, i.c.: intracranial, i.t.:
intratumoural, m.f.p: mammary fat pad, s.m.: spontaneous metastasis, I.: Immunocytokine, DD: dose dependence, combo: in combination with a second anti-cancer therapeutic. G-CSF:
Granulocyte colony-stimulating factor, GM-CSF: Granulocyte-macrophage colony-stimulating factor; EDA: alternatively-spliced extradomain A of fibronectin, EDB: alternatively-spliced
extradomain B of fibronectin, HER2/neu: human epidermal growth factor receptor 2, MHCII: major histocompatibility complex class II, PS: phosphatidylserine, CEA: carcinoembryonic an-
tigen, GD2: disialoganglioside, Tnc A1: alternatively spliced A1 domain of tenascin-C, FAP: fibroblast-activating protein, EpCAM: epithelial cell adhesion molecule, EGF: epidermal growth
factor, EGFR: epidermal growth factor receptor, αFR: alpha folate receptor, MSLN: mesothelin, HLA-DR: human leukocyte antigen DR, CAIX: carbonic anhydrase IX, LeY: Lewis Y antigen.
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mass, thus leading to a gain in therapeutic index [61–63]. The mecha-
nismof action for TNF-basedpharmaceuticals is unique, as they can trig-
ger a rapid hemorrhagic necrosis of the tumor mass. At a later stage,
tumor reactive CD8+ T cells and NK may facilitate the eradication of
minimal residual disease [64]. TNF was originally identified as an
endotoxin-induced serum factor that caused the necrosis of certainmu-
rine tumors in vivo [65]. Tumor-homing antibodyproducts, such as L19-
TNF, can turn a cancer mass into a black scab [64,66]. IL12 is a cytokine
which potently activates certain leukocytes (e.g., CD8+ T cells and NK
cells), but which also displays anti-angiogenic activity, by upregulation
of CXCL10 [67]. IL12 also regulates the balance between type 1 (Th1)
and type 2 (Th2) subsets of T helper cells and promotes the
differentiation of naïve T cells into IFNγ- producing Th1 cells [68].
High local concentration of IFNγ may promote a tumor infiltration of
CD4+ T cells and a decrease in T regulatory (Treg) cells [69–72].

4. Factors influencing the tumor targeting properties of
immunocytokine products

In order to learn about factors which influence the tumor targeting
properties of antibody fusions, it is convenient to compare a sufficiently
large number of different products based on the same antibodymoiety.
Our laboratory has fusedmany different cytokine payloads to antibodies
of proven in vivo tumor targeting performance (e.g., F8 and L19) and
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has characterized the corresponding biodistribution properties in
tumor-bearing mice, using radioiodinated protein preparations
(Table 1). These studies have shed light on certain parameters which
can influence the tumor homing properties of antibody-cytokine fu-
sions. These investigations were facilitated by the fact that antibodies
directed against splice variants of fibronectin exhibited similar tumor
targeting performance (measured as percent of injected dose per
gram of tumor, or as tumor:organ ratios) over a broad range of admin-
istered doses (e.g., between 0.1 μg and 150 μg of antibody fusions; Ref.
[39], references of Table 1 [16,56,57,63,73–100] and unpublished
observations).

Themajority of cytokine payloads, when fused to the L19 or to the F8
antibody, can efficiently be delivered to solid tumors inmice, after intra-
venous administration in the 5–20 μg dose range. In that case, the tumor
uptake and tissue selectivity of immunocytokines are typically similar
or even better than the ones of the parental antibodies. Cytokine fusions
with favorable tumor targeting profiles include products based on IL2,
IL3, IL4, IL6, IL10, IL12, IL22, TNF, IFNα and G-CSF
[16,55,71,72,77,91,101–103].

Certain payloads, however, exhibited a dose-dependent tumor-
targeting performance and other cytokines completely abrogated the
tumor homing properties of the parental antibodies. These observations
have allowed us to identify molecular parameters which are crucially
important for a successful delivery to the tumor. Trapping of the cyto-
kine payload by abundant receptors expressed in normal tissues may
compromise the targeting performance of certain fusion proteins. For
instance, antibody fusions with IFNγwere shown to selectively localize
to neoplastic lesions only if IFNγ receptor knockout mice were used for
the experiment, or if a large amount of unlabeled antibody-cytokine fu-
sion protein had been pre-administered to wild-type tumor-bearing
mice [104,105]. Similar dose-dependent biodistribution profiles were
observed for IL7, IL15 and GM-CSF, suggesting the presence of “titrat-
able” receptors, which could hinder pharmacodelivery applications at
low doses [106,107].

The isoelectric point of antibody fusions may also have a negative
impact on biodistribution results. For example, the fusion of calmodulin
(with high negative charge) or the coupling of Tat peptides (with high
positive charge) completely abrogated the tumor homing properties
of the parental L19 antibody, even though the products were fully im-
munoreactive in vitro and well-behaved in biochemical assays (e.g., in
SDS-PAGE and gel-filtration analysis) [108,109]. Interestingly, L19 fu-
sions to murine VEGF-120 efficiently targeted tumors, while the larger
and positively-charged VEGF-164 payload prevented targeting [110].

Glycosylation and excessive molecular mass may also prevent effi-
cient tumor targeting in vivo. Certain heavily glycosylated payloads
(e.g., murine B7.2) were rapidly cleared via the hepatobiliary route
and did not efficiently localized to tumors [111]. Interestingly, when
similar payloads were fused to an antibody in IgG format, selective
tumor uptake and tumor growth retardation was observed [112,113].
L19-IL12 and L19-TNF efficiently localized to solid tumors inmice. How-
ever, when murine IL12 and TNF were simultaneously fused to the L19
antibody, the resulting fusion protein (with amolecularmass of approx-
imately 120 kDa) had poor biodistribution properties, while being
completely immunoreactive in in vitro assays [57]. Additionally, protein
productionmethods can influence antibody glycosylation and, as a con-
sequence, biodistribution results. For example, production of the F8-IL9
fusion protein with different set-ups (transient gene expression or sta-
ble gene expression) reproducibly led to protein preparations of similar
biochemical properties (SDS-PAGE, gel filtration, BIAcore analysis) but
completely different tumor homing performances. Subtle differences
in glycosylation patterns had amajor impact on the biodistribution pro-
file [114] and preparations with higher proportions of terminal sialic
acid residues tended to perform better.

Biodistribution studies, performedwith fusions of the F8 antibody to
variousmembers of the TNF superfamily, have surprisingly revealed big
differences in pharmacokinetic and tumor uptake properties, even if the
products had similar molecular formats and biochemical properties.
TNF and proteins of the TNF superfamily are non-covalent homotrimers,
which may, however, differ in terms of thermodynamic stability [115].
TNF is a potently vasoactive payload, which exhibited excellent
biodistribution profiles, when fused either to L19 or to F8 [57,96,116].
However, antibody fusions with CD40L, FasL, TRAIL, truncated versions
of TRAIL, VEGI, truncated versions of VEGL, LiGHT and various
lymphotoxin combinations exhibited biodistribution results which
were, to a varying extent, worse compared to the ones of L19-TNF and
F8-TNF [117]. Recent research results of Roland Kontermannand collab-
orators have shown that members of the TNF superfamily may benefit
from being expressed as a single polypeptide, connecting the three mo-
nomeric units, instead of being expressed asmonomeric units that form
non-covalent homotrimers [115,118].

5. Immunocytokines with promising preclinical results

A large number of immunocytokines has been investigated in pre-
clinical mouse models of cancer. Table 1 presents a summary of fusion
proteins which have been proposed for therapeutic applications. For
many of them, quantitative biodistribution studies and therapy results
in tumor-bearing mice have been reported. The table also displays the
molecular arrangement of the antibodies (or antibody fragments) and
cytokine payloads.

The most promising therapy results have so far been achieved with
immunocytokine products based on IL2, IL12 or TNF as payloads
[14,16,27,56,57,61,63,64,72–75,77–83,85–90,92, 94,95,97,99,100, 116,
122,124,129–131,136,137,139,147,148,150,165,167,168,174–180]. Not
surprisingly, these cytokines are not only important anti-cancer
weapons from an immunological viewpoint, but also exhibit favorable
tumor homing properties in biodistribution studies [16,56,57,63,
73–100], when fused to suitable antibodies. Some fusion proteins
based on IL2, IL12 or TNF have progressed to clinical trials, as described
in chapter 8.

Fig. 1 illustrates the benefit which can be achieved by the targeted
delivery of a cytokine payload to the tumor site. In this case, murine
IL12 displayed amuchmore potent anti-cancer activity in immunocom-
petent mice bearing F9 murine tumors when fused to the L19 antibody,
compared to the non-targeted recombinant murine IL12 counterpart
[16]. Therapeutic activity was clearly dose-dependent.

The groups of Reisfeld and Gillies have previously reported that IgG
fusions, featuring IL2 as a payload, exhibited strong anti-cancer activity
in various mouse models of cancer, including metastatic melanoma,
neuroblastoma, prostate carcinoma, colon adenocarcinoma, non-small
cell lung carcinoma and lymphoma [14,15,22,52,61,75,85,128–130,
139,175,176,181,182]. The fusion proteins were typically not able to
cure tumor-bearing mice, but durable complete responses were re-
ported for melanoma, neuroblastoma and lymphoma bearing mice
[14,75,128–130,176].

The groups of Morrison and Penichet showed that anti-HER-2/neu
antibody fusion proteins based on IL2 [120–122,124,126,183], IL12
[148,184] and GM-CSF [119–122], IFNα[160,161] can elicit potent anti-
tumor responses against anti-HER-2/neu or CEA expressing murine tu-
mors or lymphomas. Immunocytokines based on IL2 or GM-CSF were
not only potent in inhibiting tumor growth, but also in preventing
tumor growth in mice when used in combination with vaccines
[120,122].

Dafne Müller and colleagues have extensively studied antibody-
cytokine fusion proteins that are composed of antibodies in the diabody
or the scFv format linked tomembers of the TNF superfamily [170–172].
Recently, the group of Müller has described an antibody fusion protein
based on an antibodymoiety targeting the fibroblast activation protein,
interleukin 15 (IL15) and a fragment of the IL-15Rα chain. This IL15 fu-
sion protein should mimic physiologic trans-presentation of the cyto-
kine payload [153]. IL15 normally acts in a membrane-bound form
bound to the IL-15Rα expressed on monocytes and dendritic cells
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[185]. IL15/IL15Rα can then bind to the heterodimeric intermediate af-
finity receptor IL2/IL15Rβγ on NK or CD8+ T cells and trigger subse-
quent signaling events [185]. The domain of IL15Rα involved in the
binding of IL15 has been identified [186]. The Müller group reported
the successful generation of a fusion protein that consists of the IL15
and an extended IL15Rα domain which displayed a superior antitumor
activity compared to the untargeted or the receptor domain missing
forms [153]. The group also described a trifunctional fusion protein
consisting of a tumor homing antibody, IL15 linked to the IL15Rα frag-
ment and the extracellular domain of 4-1BBL [154]. This trifunctional fu-
sion proteinwas evenmore potent in amousemodel ofmelanoma than
the corresponding bifunctional molecules [154].

The fusion proteins L19-IL2 and F8-IL2 have exhibited favorable
biodistribution results in tumor-bearing mice and a potent tumor
growth inhibitory activity in various models of cancer
[34,55,56,63,77,84,140]. Single-agent cancer cures were rare, but cer-
tain models (e.g., BALB/c mice bearing CT26 colon carcinoma or
C57BL/6 mice bearing TIB49 acute myeloid leukemia) typically
responded better than other models (e.g., C57BL/6 mice bearing Lewis
Lung Carcinoma), for reasons that are still not fully understood [63,140].

Interleukin-12 is a promising payload, as it can activate NK cells and
CD8+ T cells, while also favoring a Th1 polarization of CD4+ T cell re-
sponse [67,68]. Both tumor homing properties and therapeutic perfor-
mance crucially depend on the molecular arrangement chosen for the
antibody moiety and the heterodimeric IL12 payload [88]. A format
based on a single polypeptide, connecting the two IL12 subunits with
the F8 antibody in single-chain diabody format, is easier to express com-
pared to other molecular arrangements [71,88,89] and performs well
in vivo. This format may thus represent the best candidate for future
clinical development programs.

TNF is a homotrimeric cytokine, which can conveniently be fused to
antibodies in scFv format, leading to a stable non-covalent
homotrimeric product [58,91,96,97,187]. In our experience, murine
TNF was the only cytokine payload (among many that we have tested)
capable of promoting a rapid hemorrhagic necrosis of the tumormass in
preclinical models [64]. Neoplastic lesions can be converted into ne-
crotic scabswithin few hours and this process correlates with therapeu-
tic performance [64]. In most cases, TNF-based immunocytokines
cannot cure tumor-bearing mice when used as single agents, since a
rim of residual tumor cells survives and may eventually regrow. How-
ever, TNF-based products may be ideally suited for debulking strategies
or as combination partners with other modalities, as discussed in a later
chapter.

6. Opportunities for combination therapy

Immunocytokines based on pro-inflammatory cytokines may be
ideal combination partners for various anti-cancer therapeutic agents.
Besides boosting the immune system, pro-inflammatory cytokines can
activate the endothelium and increase vascular permeability [57–59],
thus favoring the accumulation of other drugs at the tumor site. Various
combination partners have been tested in preclinical experiments, in-
cluding (cytotoxic) drugs [63,77–79,96,116,134,145], small molecule
drug conjugates (SMDC) [188], intact antibodies [34,74,86,145],
bispecific antibodies [170,172], radiation [145,189–191], radiofre-
quency ablation [181], immune check-point inhibitors
[57,100,137,146,192], antibody-drug conjugates (ADC) [177,193], vac-
cination strategies [120,122] and even other immunocytokine products
[55,57,71,74,90,100,122,135,140,154,168].

Tumor surgery and conventional chemotherapy are often the first-
line treatment given to cancer patients. However, chemotherapy often
is accompanied by serious side effects (e.g., nausea, myelotoxicity)
that prevents dose escalation to therapeutically active regimens.
Immunocytokines appear to synergizewell with some, but not all, cyto-
toxic drugs. In addition to increasing drug uptake within the tumor
mass [59,96], certain immunocytokines can exploit the immune
reaction against tumor cells, initially promoted by drug-related immu-
nogenic cell death [134]. In addition to the beneficial effects on tumor
immunogenicity, certain drugs could in principle also antagonize the ef-
fects of immunotherapy (especially when used at high doses), as cyto-
toxic agents may be myelotoxic and kill the very same leukocytes
needed to fight cancer. In this context, dose and schedule appear to be
crucially important. For example, melanoma cures were observed
when an IL2-based product was administered after paclitaxel chemo-
therapy in a mouse model of the disease, while the reverse schedule
did not exhibit any additive benefit [134].

The administration of pro-inflammatory cytokines activates the en-
dothelium (potentially leading to hypotension, which may be dose-
limiting) and triggers flu-like symptoms [4,59]. These side effects
often do not overlap with those of chemotherapy (e.g., myelotoxicity)
and, for these reasons, it is often possible to combine the two regimens
at the recommended dose, without a forced reduction in the adminis-
tered quantities. Another strategy is to use antibody-drug conjugates
(ADC) which can deliver highly potent cytotoxic drugs to the tumor
site sparing normal tissues. In an immunocompetent mouse model of
AML, the combination of an ADC and an immunocytokine based on
IL2 achieved significantly better results than the ADC or the
immunocytokine alone [177]. A trifunctional antibody-drug-cytokine
conjugate (consisting of IL2 and a maytansinoid DM1 microtubular in-
hibitor fused to an antibody moiety) showed selective tumor-homing
performance and potent anticancer activity in two mouse models, fur-
ther encouraging this combinatorial approach [193]. Small molecule-
drug conjugates may offer additional benefits compared to ADCs in
terms of rapid diffusion into the tumor [194], immunogenicity [195]
and lower cost-of-goods [196]. The activity of a non-internalizing
small molecule-drug conjugate was recently shown to be enhanced in
combination with L19-IL2 [188].

The combination of intact IgGs and immunocytokines has also
shown promising preclinical results [34,74,86,145]. Products that medi-
ate an increased density and activity of NK cells within the tumor mass
are likely to potentiate antibody-dependent cell cytotoxicity (ADCC)
[34,74].

There is a considerable therapeutic potential associated with the
combination of pairs of judiciously chosen immunocytokine products.
Immune reactions are often boosted by the simultaneous presence of
two or more stimuli [2]. A synergistic effect has been reported for the
combined use of L19-IL2 and L19-TNF, both in a preclinical and clinical
setting [84,135,140,142,197,198]. In a mouse model of neuroblastoma,
treatment with the combination of L19-IL2 and L19-TNF resulted in a
70% complete cure rate compared to the 30% cure rates observed for
the respective monotherapies [198]. Moreover, total splenocytes from
cured mice were able to fully protect naïve mice against a homologous
tumormediated predominantly by CD8+T cells, thus suggesting a vac-
cination effect. Also in a myeloma model, the combined administration
of L19-IL2/ L19-TNF was significantly better than the monotherapies
[142]. In a different syngeneic immunocompetent mouse model of can-
cer, a single intratumoral injection of L19-IL2 combined with L19-TNF
resulted in complete remission whereas the two components adminis-
tered separately did not lead to cures [140]. These results were con-
firmed in two additional mouse models of cancer in an independent
study (K1735M2melanoma,WEHI-163 sarcoma) [84]. Other examples
of immunocytokine combinations leading to potent anticancer activity
include products based on the pairs IL2/IL12 [90,122,168], IL12/TNF
[57] and IL4/IL12 [55]. The latter combination was surprising consider-
ing that IL4 and IL12 are technically antagonistic in polarizing different
fates of CD4+ T cell development [2].

The combination of multiple immunocytokine products is attractive
from an immunological perspective, but difficult to implement in phar-
maceutical development, as it requires more than one product and in-
volves double the amount of studies and regulatory approvals. For this
reason, it may be attractive to generate a novel class of biopharmaceuti-
cal agent featuring multiple cytokine payloads. This approach would
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lead to single products for industrial development (thus reducing devel-
opment time and costs), but presents certain challenges. Not all pay-
loads can be combined into the same molecular entity whilst retaining
an adequate tumor targeting performance [57]. Moreover, different cy-
tokine payloads may be active at different doses.

Gillies et al. have generated a series of dual cytokine fusion proteins
which are composed of IL2, IL12 and the anti-EpCAM antibody (KS-1/4)
[168]. Cytokine activitywas preserved in those constructswhere the cy-
tokineswere fused to the C-terminus of the heavy or light chain domain,
or where one cytokine was linked to the C-terminus of the heavy chain
while the other payload was linked to the N-terminus of the heavy or
light chain variable region [168]. These KS-IL2/ IL12 fusion proteins
showed remarkable anti-tumor activity in a mouse model of Lewis
Lung carcinoma [168].

Our group has recently reported the successful generation of a “po-
tency-matched” dual cytokine fusion protein [100]. This novel fusion
protein consists of the tumor targeting antibody F8 linked to IL2 and
TNF [100]. A single point mutation of TNF was enough to match its po-
tency with IL2 (IL2-F8-TNFmut) [100]. IL2-F8-TNFmut eradicated soft tis-
sue sarcomas that are typically not responsive to the individual cytokine
fusion proteins or the standard treatment with doxorubicin [100]. Also,
in other mouse models of cancer (CT26, C1498, F9), the dual cytokine
fusion protein mediated a potent therapeutic activity [100].

Antibodies against immune check-point inhibitors (such as the cyto-
toxic T-lymphocyte-associated protein 4 (CTLA-4), programmed cell
death 1 (PD-1) or programmed cell death ligand 1 (PD-L1)) are rapidly
gaining importance for the treatment of various forms of cancer [199].
Marketed products include ipilimumab (directed against CTLA-4),
nivolumab and pembrolizumab (directed against PD-1) and
atezolizumab, durvalumab and avelumab (all directed against PD-L1).
Ipilimumab was the first immune check-point inhibitor that was ap-
proved by the FDA. The CTLA-4 blocker is approved for the treatment
of melanoma and is undergoing numerous clinical trials for including
among others: the treatment of non-small cell lung carcinoma (NSLC),
small cell lung cancer, bladder cancer and prostate cancer. Check-
point inhibitors provide a clear benefit to a proportion of treated pa-
tients, but cancer cures are still rare for many indications. It has been ar-
gued (and shown preclinically) that certain cytokine combinations
(e.g., featuring the use of PEGylated products [200,201] or antibody fu-
sions [142]) may turn “cold” tumors “hot” and may be used to potenti-
ate immune-oncology drugs. L19-IL2 has been shown to effectively
synergize with CTLA-4 blockade in mice with CT26 colon carcinoma
[62]. Cured mice were able to reject subsequent rechallenge with the
same tumor model which means that a protective long-term immunity
was achieved. These experiments provide a first rationale for the clinical
use of targeted cytokines with immune check-point inhibitors.

7. Immunocytokines in clinical development

Many immunocytokines have been studied inmousemodels of can-
cer, but relatively few products have entered clinical trials for oncolog-
ical applications. Those products feature IL2, TNF or IL12 as
immunomodulatory payloads. A list of clinical-stage antibody-
cytokine fusions is shown in Table 2. Selected examples are described
more closely in this section.

The only TNF-based immunocytokine in clinical development is L19-
TNF (Fibromun). Fibromun is composed of the L19 antibody in scFv for-
mat specific for the EDB domain of fibronectin and human TNF [96,166].
TNF naturally forms a stable homotrimer and hence L19-TNF arranges
into a trivalent antibody-cytokine fusion protein. Murine TNF fused to
L19 has shown remarkable tumor targeting in vivo in preclinical exper-
iments in mice with a tumor to blood ration of 100:1 (24 h postinjec-
tion) and superior antitumor effects relative to untargeted TNF in
various mouse models of cancer [57,84,96,140,166,198]. Fibromun is
currently being studied in Phase III clinical trials for the i.v. treatment
of patients with metastatic soft-tissue sarcoma in combination with
doxorubicin (EudraCT number 2016–003239-38). Moreover, the prod-
uct is being tested in a Phase III clinical trial in combination with L19-
IL2 (Darleukin) for the intralesional administration to patients with
fully-resectable stage IIIB/C melanoma (clinicaltrial.gov identifier
NCT02938299, EudraCT number 2015–002549-72) [216,217].

When used as monotherapy in a Phase I/II clinical study, L19-TNF
was well tolerated as up to 1 mg doses per patient and the maximum
tolerated dose (MTD) was not reached [7]. Tumor stabilizations were
recorded but no objective tumor responses were observed [7]. The
same product, when used in isolated limb perfusion in combination
withmelphalan in patients with locally advanced extremity melanoma,
induced objective responses in 89% of the patients [232] at a dosewhich
was more than ten times lower compared to the one of recombinant
TNF used for similar procedures [233]. An ex vivo immunohistochemical
analysis of tumor lesions confirmed a preferential localization of L19-
TNF to the tumor neovasculature [232].

The clinical development of L19-TNF in combination with doxorubi-
cin for the treatment of soft-tissue sarcoma is motivated by the high
sensitivity of sarcoma lesions to TNF [234] and by the observation of
cancer cures in immunocompetent mouse models of the disease
[64,116]. Interestingly, mechanistic studies in mice revealed the upreg-
ulation of cytotoxic CD8+ T cell specific for a common endogenous ret-
roviral antigen AH1 (derived from the gp70 envelope protein of the
murine leukemia virus) upon treatment with F8-TNF and doxorubicin
[64]. Such retroviral sequences have been found in the genome of all
vertebrate species and their expression has been associated with auto-
immune diseases and chronic infection [235–237] aswell aswith cancer
[238,239]. Furthermore, cytolytic CD8+T cells specific for retroviral an-
tigens, which potently lysed melanoma cells, have already been de-
tected in patients [240]. These facts raise the question if, similar to the
mouse model, specific CD8+ T cells against retroviral antigens could
also be increased in patients after L19-TNF treatment, which could
then contribute to tumor eradication.

When used in combination with L19-IL2, the intralesional adminis-
tration of L19-TNF showed potent therapeutic activity [197]. A potent
anticancer activity was seen not only in injected lesions, but also in a
high proportions of non-injected lesions, suggesting that the product
may be able to induce a systemic anti-cancer protective immunity [197].

DI-Leu16-IL2 (an immunocytokine specific to the CD20 antigen
expressed on B cells and on certain B cell malignancies) showed re-
markable superior anticancer activity compared to 25-fold higher
doses of an anti CD20 immunocytokine combined with untargeted IL2
in mouse model of human B lymphoma [176]. When tested in B cell
lymphoma patients, 5 out of 13 patients showed a partial response
(PR, 2/13) or a complete response (CR, 3/13) [210]. Hu14.18-IL2, a prod-
uctwith similarmolecular format (IgG-IL2 fusion) but specific to GD2 (a
disialoganglioside which is abundantly expressed on tumors of
neuroectodermal origin and normally found only in the cerebellum
and peripheral nerves), was studied in a Phase II clinical trial for chil-
drenwith relapsed or refractory neuroblastoma. No responses were de-
tected in 13 children with bulky disease, but 5 out of 23 children with
less prominent but still evaluable disease showed a CR [202].

Roche has focused on antibody-IL2 fusions based on intact IgG for-
mats, but the company has preferred to use mutated versions of IL2,
whichdisplay reduced binding affinity to the alpha subunit of the IL2 re-
ceptor (CD25) [74,136,137,241]. This choice was motivated by the fact
that CD25 is highly expressed on regulatory T cells (Treg). Preferential
binding of IL2 fusions to those cells could result in immunosuppressive
effects, as suggested by the clinical experience with low-dose IL2 in pa-
tients with graft-vs-host responses [242]. In order to generate products
with a single cytokine payload, researchers at Roche employed “knob-
into-hole” technology [243], favoring heterodimer formation between
one antibody heavy chain devoid of IL2 and a second antibody heavy
chain, fused to the cytokine payload (Table 2). Two products, targeting
the CEA in colorectal cancer (CEA-IL2v) or FAP (FAP-IL2v) in various
types of malignancies, are currently being investigated in clinical trials,
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Table 2
List of immunocytokines in clinical trials.

Compound Generic Name Antibody
format

Antigen Indications Clinical trial
identifier

Company Literature

Interleukin 2
Hu14.18-IL2 EMD 273063;

APN301
GD2 Neuroblastoma, malignant melanoma Phase I:

NCT03209869,
NCT00003750
Phase II:
NCT00590824,
NCT00109863,
NCT00082758,
NCT01334515

Merck
KGaA

[202–204]

NHS-IL2LT Selectikine;
EMD 521873;
MSB0010445

DNA/
Histone
complex

Lung cancer, NSCL carcinoma,
Non-Hodgkin lymphoma, melanoma

Phase I:
NCT00879866,
NCT01032681
Phase II:
NCT01973608

Merck
KGaA

[189,205]

huKS-IL2 Tucotuzumab
celmoleukin;
EMD 273066

EpCAM Ovarian cancer, colorectal cancer, NSCL
carcinoma, prostate cancer

Phase I:
NCT00132522,
NCT00016237

Merck
KGaA

[206–209]

anti-CD20-IL2 DI-Leu16-IL2 CD20 Lymphoma Phase I:
NCT00720135
Phase I/II:
NCT01874288
NCT02151903

Alopexx
Oncology,
LLC

[210–212]

L19-IL2 Darleukin EDB Solid tumors, lymphoma, melanoma, pancreas
cancer, DLBCL

Phase I:
NCT02086721,
NCT01198522
Phase I/II:
NCT02957019,
NCT02076646,
NCT01058538
Phase II:
NCT02076633,
NCT02735850,
NCT01253096,
NCT01055522
Phase III:
NCT02938299

Philogen [142,197,213–218]

F16-IL2 Teleukin Tnc A1 AML, lung cancer Phase I:
NCT02957032,
NCT03207191
Phase I/II:
NCT01131364,
NCT01134250
Phase II:
NCT02054884

Philogen [63,219–222]

anti-CEA-IL2v Cergutuzumab
amunaleukin;
RO6895882

CEA Solid CEA+ cancers Phase I:
NCT02004106
NCT02350673

Roche
Glycart

[223–227]

anti-FAP-IL2v RO6874281;
RG7461

FAP Renal cell carcinoma, solid tumors, breast
cancer, cancer of head and neck

Phase I:
NCT03063762,
NCT02627274
Phase II:
NCT03386721

Roche
Glycart

[224]

Interleukin 12
NHS-IL12 M-9241 DNA/

Histone
complex

Advanced solid tumors, malignant, epithelial
tumors, malignant mesenchymal tumors

Phase I:
NCT02994953,
NCT01417546

Merck
KGaA

[228]

BC1-IL12 AS1409 FN D7 Metastatic melanoma, metastatic renal cell
carcinoma

Phase I:
NCT00625768

Antisoma [72,229–231]

TNF
L19-TNF Fibromun EDB Malignant melanoma, unresectable or meta-

static soft tissue sarcoma
Phase II:
NCT02076633,
NCT03420014
Phase III:
NCT02938299

Philogen [7,8,197,216,217]

Clinical stage products. The format of the immunocytokine is depicted according to the color code of Fig. 2 with the exception of the CH1-CH3 and CHL domainswhich are depicted in blue.
The indications for each biopharmaceutical are given as well as the clinicialtrial.gov identifier number.
Abbreviations: GD2: disialoganglioside, EpCAM: epithelial cell adhesionmolecule, EDB of fibronectin: alternatively-spliced extradomain B of fibronectin, Tnc A1: alternatively-spliced A1
domain of tenascin-C, CEA: carcinoembryonic antigen, FAP: fibroblast-activating protein, FN D7: domain 7 of fibronectin.
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alone or in combination with atezolizumab (anti PD-L1 antibody,
clinicaltrial.gov identifier: NCT02350673, NCT03063762, NCT03386721),
trastuzumab (anti HER-2 antibody, clinicaltrial.gov identifier:
NCT02627274), or cetuximab (anti EGFR antibody, clinicaltrial.gov identi-
fier: NCT02627274).

Merck KGaA has also developed a fusion protein (NHS-IL2LT) in IgG
format, featuring two mutant IL2 payloads at the C-terminal end. A sin-
gle mutation (D20T) in the IL2 domain was introduced in order to de-
crease vascular toxicity by eliminating the toxin motif that binds
endothelial cells [85]. Interestingly, this mutation also increased the
specificity for activating the high-affinity IL2 receptor thus preferen-
tially binding to activated T cells [85,244]. However, Tregs (which bear
the high-affinity receptor) are also activated and thus the potential
problem of stimulating more Tregs than antitumor effector cells re-
mains. NHS-IL2LT binds to DNA-histone complexes, which become ex-
posed and accessible in necrotic tissues (a characteristic feature of
many rapidly-growing solid tumors) [85,245]. In a Phase I clinical trial
with patients bearing localized or metastatic refractory solid tumors,
NHS-IL2LT mediated a prolonged disease stabilization in a proportion
of patients, but no objective tumor responses were reported [189].

L19-IL2 is an antibody-IL2 fusion in diabody format, which has been
studied in various clinical trials, both asmonotherapy or in combination
with other modalities. The tumor-homing properties of the fusion pro-
tein were characterized by quantitative biodistribution studies with
radiolabeled protein preparations [56].Moreover, the parental L19 anti-
body has been used to image N100 patients with different types of ma-
lignancies [38,42,246]. In preclinical studies, L19-IL2 strongly reduced
tumor growth in various mouse models of cancer [56,84,143,192,198],
but was rarely able to completely eradicate cancer when used as single
agent. A microscopic analysis of tumor lesions revealed a rich infiltrate
of NK cells and T cells within the neoplastic mass, whichwas clearly dif-
ferent from the one observed with recombinant IL2 or with IL2 fusions
with antibodies of irrelevant specificity in the mouse [56]. In a mono-
therapy study in patients with renal cell carcinoma, stable disease was
observed in 83% patients after 2 cycles (total 6 infusions) of L19-IL2
[213]. Treatment was well tolerated with manageable toxicities that re-
solved within hours or days after L19-IL2 administration.

L19-IL2 has also been used in combinationwith othermodalities, in-
cluding L19-TNF (as described above). The combination of L19-IL2 with
dacarbazine has led to encouraging results for the treatment of patients
with stage IVmelanoma [214]. On the basis of those results, a controlled
Phase II trial has been initiated (EudraCT number 2012–004495-19).
Preclinical findings have shown that L19-IL2 was able to potentiate
the therapeutic activity of external beam radiation, promoting an
abscopal effect [190]. A clinical study, featuring the administration of
L19-IL2 after stereotactive ablative radiotherapy, has recently begun,
in the frame of the European Union IMMUNOSABR project. A potent
synergistic effect has also been observed when combining L19-IL2
with the anti-CD20 antibody rituximab [34]. A high local concentration
of IL2 within the tumor mass promotes the influx and activation of cer-
tain leukocytes, including NK cells (which are crucially important for
antibody-dependent cell cytotoxicity). A Phase Ib clinical trial
(clinicaltrial.gov identifier NCT02957019), featuring the administration
of L19-IL2 and rituximab to patients with relapsed or refractory diffuse
large B-cell lymphoma, has recently started.

F16-IL2 is a fusion protein with a format, which is similar to the one
of L19-IL2. The immunocytokine consists of a diabody fused to two IL2
moieties which targets the alternatively spliced A1 domain of
tenascin-C [78]. This antigen is overexpressed in many cancer types
but virtually undetectable in normal tissue [247,248]. The F16 antibody
selectively accumulates at neovascular tumor sites in animal models
and most human breast, lung, and head/neck cancers [78,79,247–249].
In a xenograft model of human breast cancer in mice, F16-IL2 showed
potent therapeutic activity alone aswell as in combinationwith doxoru-
bicin and paclitaxel [78]. In combination with temozolomide, F16-IL2
exhibited a strong antitumor activity in subcutaneous and intracranial
glioblastoma xenografts [79]. F16-IL2 is now extensively being studied
in several clinical trials. F16-IL2 is being investigated in combination
with doxorubicin (clinicaltrial.gov identifier NCT01131364) or pacli-
taxel (clinicaltrial.gov identifier NCT02054884, NCT01134250, EudraCT
number 2012–004018-33) in patients with solid tumors or metastastic
breast cancer [219,221,222], with low dose cytarabine (clinicaltrial.gov
identifier NCT02957032) or with BI 836858 (an anti CD33 antibody,
clinicaltrial.gov identifier NCT03207191) in AML [63,220] and with
nivolumab (anti PD-1 inhibitor) [218] in non-small cell lung carcinoma
patients.

The only two products in clinical trials based on IL-12 are NHS-IL12
and BC1-IL12. NHS-IL12 [145,146] is specific for DNA-histone H1 com-
plex exposed in necrotic tumors. In a preclinical experiment, NHS-IL12
was able to achieve a partial response in 2 out of 11 canines with spon-
taneously occurring solid tumors by a single injection [228]. In order to
determine the maximum tolerated dose in humans, NHS-IL12 is now
being investigated in Phase I clinical trials, alone (clinicaltrial.gov iden-
tifier NCT01417546) or in combination with the immune check-point
inhibitor avelumab (clinical trial identifier NCT02994953) [228].

BC1-IL12 targets a cryptic epitope on domain 7 of fibronectin, which
becomes exposed in the presence of the alternatively-spliced EDB do-
main [72,248,250]. The BC1 antibody is a humanized version of the pa-
rental murine BC1 product that has been used for immunoscintigraphy
to image tumors in glioblastoma patients [231]. The tumor-homing
properties of the humanized BC1 antibody in full IgG format, linked to
the dimeric IL12 at the C-terminus of the heavy chain, have been char-
acterized in tumor-bearing mice, using quantitative biodistribution
studies [144]. In a Phase I clinical trial, BC1-IL12 induced a disease stabi-
lization for at least 4 months in 6 out of 11 patients withmalignantmel-
anoma [229]. Only one patient had achieved a sustained partial
response 17 months later [229]. The product was well tolerated [229],
with pyrexia (85%), fatigue (92%), chills (62%), nausea (50%), vomiting
(62%) and transient liver function abnormalities (77%) asmain toxicities
being observed in the majority of patients. IFN-γ and CXCL10 concen-
trations were elevated in the serum of all patients, thus indicating a
cell-mediated immune response, which is in line with previous preclin-
ical observations [168].

8. Potential drawbacks of immunocytokines and possible strategies
to minimize them

Immunocytokines are promising biopharmaceuticals but, like cyto-
kine products, can cause side effects in patients. These side effects may
vary, to a certain extent, from cytokine to cytokine, due to differences
in mode of action. Pro-inflammatory agents are typically active on the
vasculature and it is not surprising that hypotension was reported as
one of the limiting toxicities for clinical-stage antibody-cytokine fusions
[202]. Similarly, cytokine payloads may cause flu-like symptoms, nau-
sea and vomit [205,229,251].

There are substantial differences in the way recombinant cytokines
were used and current procedures for antibody-based fusions. For ex-
ample, the high-dose IL2 regimen of Rosenberg and colleagues features
the administration of up to 800 million international units (Mio IU) of
IL2 in one week which is repeated after one week of rest [252,253]. By
contrast, various antibody-IL2 fusions have been administered at
weekly doses in the 67.5–110-Mio IU/m2 range for N6 months
[202,213].

The side effects of immunocytokines are influenced not only by the
pharmacokinetic properties of the product, but also by the administra-
tion schedule and by the animal species. For example, different mouse
strains exhibit variations in the maximal tolerated dose. In general,
side effects are associated with peak concentrations of the product in
blood. It is therefore tempting to hypothesize that immunocytokines
may display a non-linear toxicity profile and that the products may be
better tolerated when administered with slow infusion procedures.
There is initial clinical evidence in support of this hypothesis. For
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example, the maximal tolerated dose (MTD) of L19-IL2 was found to be
22.5 Million International Units of IL2 equivalents in clinical trials with
1 h infusion regimens [213], while three-fold higher doses could be
safely administered to patients, using a 3-h infusion protocol (unpub-
lished results).

Immunocytokine products based on antibody fragments (e.g., L19-
IL2, L19-TNF, F16-IL2) were found to be not immunogenic in clinical tri-
als [213,214,219,254]. Interestingly, a small set of patients who devel-
oped a low human antibody titer against the fusion proteins
subsequently lost this reactivity upon continuation of the treatment at
later cycles, possibly pointing to an induction of tolerance [254]. These
findings are robust, as they were confirmed both by sandwich ELISA
and by BIAcore. A similar immunogenicity study has been performed
on hu14.18-IL2, an immunocytokine product based in IgG format. In
this case, anti-immuncytokine antibodies were found in most patients,
but they did not induce allergic reactions or increase toxicity [255].

Looking at the future, strategies that provide “activity-on-demand”
for immunocytokine products may be particularly attractive. Ideally,
antibody fusions would gain activity at the site of disease, upon antigen
binding. Strategies that have been proposed include the use of “split
cytokine” payloads [256] and allosteric modulation of cytokine activity
upon antigen binding [31]. It is also possible that combination treat-
ments may allow the use of immunocytokine products at doses which
are well below the MTD.

9. Emerging trends and open questions

Although antibody-cytokine fusions have now been investigated for
N20 years, the field has only recently gained clinical momentum, also
thanks to the growing interest in cancer immunotherapy. It is clearly
established that, at least at the preclinical level, the antibody-based de-
livery of suitable payloads (e.g., IL2, IL4, IL12, TNF) may promote a po-
tent anticancer activity and an influx of leukocytes into the tumor
mass. In most studies, increased therapeutic activity correlated with a
preferential product uptake within the tumor mass. However, the
group of Dane Wittrup has reported results with full immunoglobulins
fused to IL2, which were independent of the tumor homing properties
of the antibody [86]. Future research activities will certainly focus on
the preferred immunocytokine format (e.g., intact IgGs vs. antibody
fragments) and on the exploration of novel combination strategies.

Even the best antibody-cytokine fusions display certain side effects
(both preclinically and clinically) which are comparable to the ones of
the non-targeted recombinant cytokine products. This feature may be
counterintuitive but is easy to understand, if we consider that only a
small portion of any antibody product reaches the tumor mass in vivo.
Tumor:organ ratios of 10:1 and better may be achieved 24 h after intra-
venous administration [100], but the absolute quantity of intact or
armed antibodies within the neoplastic mass tends to be low [42].
Pro-inflammatory payloads tend to cause hypotension, nausea and
flu-like symptoms as their main side-effects. Since these adverse events
manifest themselves when cytokine concentrations in blood are high,
there may be opportunities for clinical improvement associated with a
slow drug administration (e.g., continuous infusion or subcutaneous
injection). Alternatively, molecular strategies aimed at promoting
“activity on demand” (e.g., preferential activity at the site of disease)
should be considered.

Steve Gillies described an approach to reduce toxicity and enhance
anti-tumor activity by simply moving the IL2 moiety from the C-
terminus of the heavy chain to the C-terminus of the light chain which
changed the activity of IL2 [31]. In fact, this structural modification pre-
serves the interaction with the high affinity IL2 receptor, but decreases
the interaction with the intermediate affinity IL2 receptor [31].

An alternative approach to prevent the stimulation of Tregs and
reduce vascular toxicity of IL2, was recently described by the group of
Onur Boyman [257]. A monoclonal antibody to human IL-2 (called
NARA1) acts as a CD25 mimic, thus masking and preventing the
interaction of IL2 with CD25. This mimobody was shown to preferen-
tially stimulate CD8+T cells over Tregs and displayed potent anticancer
activity [257].

Our group has reported the successful generation of split cytokine
antibody fusion proteins in order to localize cytokine activity only to
the tumor site [256]. For this, the IL12 subunits, p40 and p35, were
both seperately fused to tumor homing antibodies. Upon simultaneous
i.v. administration, these subunits are thought to assemble only at the
tumor site, generating the reconstituted IL12 with full immunomodula-
tory potential.

From our perspective, the combination of immunocytokines appears
to be one of the most promising avenues to modulate the activity of the
immune system at the site of disease. Until now, these explorations
have been empirical in nature, screening product combinations in
tumor-bearingmice. In the future, it would be conceivable to systemat-
ically probe combination partners and doses on isolated leukocytes
(e.g., exhausted tumor-specific T cells), in order to discover whether
certain product combinations can promote the desired changes in phe-
notype and activity. After having firmly established the synergistic
action of two (or more) payloads, the development of “potency-
matched” multiple cytokine products may be considered.

Different groups have so far focused on tumor-associated antigens
expressed either on the surface of tumor cells or in the extracellularma-
trix. A comparative evaluation of similar products, targeting different
antigen classes, may shed light on the preferred strategy for product
development. These experiments are currently on-going in our
laboratory.

Finally, it should be mentioned that certain immunocytokine prod-
ucts have additionally emerged to display beneficial effects in
non-oncological diseases, such as chronic inflammatory conditions
(rheumatoid arthritis) or endometriosis [258–263]. More preclinical
and clinical studies are warranted, in order to identify the therapeutic
potential of antibody-cytokine fusions beyond oncology.
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