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Immunocytokines: a novel class of potent
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Strasse 10, CH-8093 Zürich, Switzerland
Several cytokines have been investigated in clinical trials, based on their potent therapeutic activity

observed in animal models of cancer and other diseases. However, substantial toxicities are often

reported at low doses, thus preventing escalation to therapeutically active regimens. The use of

recombinant antibodies or antibody fragments as delivery vehicles promises to enhance greatly the

therapeutic index of pro-inflammatory and anti-inflammatory cytokines. This review surveys

preclinical and clinical data published in the field of antibody-cytokine fusions (immunocytokines).

Molecular determinants (such as molecular format, valence, target antigen), which crucially contribute

to immunocytokine performance in vivo, are discussed in the article, as well as recent trends for the

combined use of this novel class of biopharmaceuticals with other therapeutic agents.
Many cytokines have shown potent antitumor activities in pre-

clinical experiments and represent promising agents for cancer

therapy. However, despite encouraging results in animal models,

only a few cytokines {e.g. Proleukin1 [interleukin 2 (IL2)], Roferon

A1 [interferon (IFN)a 2a], Intron A1 (IFNa 2b), Beromun1 [recom-

binant tumor necrosis factor (TNF)]} are approved as anticancer

drugs. Current indications include metastatic renal cell cancer,

malignant melanoma, hairy cell leukemia, chronic myeloid lym-

phoma, sarcoma and multiple myeloma, alone or in combination

with chemotherapy. Additionally, certain cytokines are used in

clinical practice for the treatment of viral and bacterial infections

[1], whereas anti-inflammatory cytokines can confer a benefit to

patients suffering from chronic inflammatory conditions.

Although in preclinical models of cancer certain cytokines can

mediate complete tumor eradication, only a modest efficacy is

often observed in the clinical setting. So, what are the reasons for

such a striking difference between preclinical experiments and

clinical trials?

In many cases, striking therapeutic results were obtained by

intratumoral or peritumoral application of cytokines, intratu-

moral implantation of cytokine-producing cells or cytokine gene

transfection of cancer cells before implantation [2–6]. These
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modalities are rarely applicable in the clinical setting and are

typically not efficacious in the case of disseminated disease. By

contrast, the systemic administration of cytokines rarely induces

complete cure [4,7–9]. Considerable toxicities can be observed at

low doses, which prevents escalation to therapeutically active

regimens [10].

It is therefore well established that cytokines can achieve

curative effects for cancer treatment, but only if high concentra-

tions of localized drug in the tumor environment are adminis-

tered. Because most cytokines do not preferentially localize at the

tumor site after systemic administration [11], the targeted deliv-

ery of these immunostimulatory proteins could lead to an

improved therapeutic index and to a more potent therapeutic

benefit with acceptable side effects. A prominent example is

represented by the antibody-based targeted delivery of IL12,

which generates therapeutic effects comparable to the ones

observed by the cytokine alone but at a 20-fold lower adminis-

tered dose [12].

Immunocytokines represent a novel class of biopharmaceuticals

that have great potential for the therapy of cancer and other

serious diseases [13]. These products consist of a cytokine moiety

fused to monoclonal antibodies or to an antibody fragment ser-

ving as the delivery vehicle for the selective localization of the

immunostimulatory payload at sites of disease.
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Immunocytokines specific to antigens expressed on tumor

blood vessels (i.e. to markers of angiogenesis) are particularly

attractive for the therapy of cancer and angiogenesis-dependent

diseases, because new blood vessels are rarely found in the healthy

human body but are a characteristic feature of tumors and of

chronic inflammatory conditions. Markers expressed on patholo-

gical blood vessels are more easily reached in vivo by antibody-

based therapeutic agents coming from the bloodstream. Several

markers of angiogenesis have been reported so far. For some of

them, antibodies have been generated with proven ability to

localize selectively at the tumor site following intravenous admin-

istration. The extra domain A (EDA) and extra domain B (EDB) of

fibronectin and the A1 domain of tenascin-C (TnC A1) possibly

represent the most extensively studied markers of angiogenesis

that have been drugged with immunocytokines based on the F8,

L19 and F16 human monoclonal antibodies, respectively [14,15].

These alternatively spliced domains of extracellular matrix com-

ponents exhibit a broad pattern of expression in many different

types of solid cancer and lymphoma, whereas their expression in

normal organs is mainly confined to the female reproductive

system in the proliferative phase. To our knowledge, there are

no reports in the literature about immunocytokines in clinical

trials that are capable of selective targeting of antigens solely

expressed on tumor endothelial cells. In principle, several vascular

targets could be considered, including integrins, annexin A1,

nucleolin, PSMA, vascular endothelial growth factor (VEGF)-A

(and its receptors), endoglin (CD105) and phosphatidyl serine

[14]. Advances in transcriptomic and proteomic technologies

promise to improve our knowledge of the pathological neovascu-

lature at the molecular level and to deliver novel targets for the

generation of antibody-based immunomodulatory products

[16,17].

Immunocytokine formats and biodistribution data
Several recombinant antibody formats can be considered for

immunocytokine development (Fig. 1). They range from single-

chain variable fragment (scFv) (MW �28 kDa) to full immunoglo-

bulin G (IgG) (MW �150 kDa) and can differ in terms of their

valence. The IgG format has been used for immunocytokine

development, despite the fact that the Fc portion of the molecule

could contribute to a long circulatory half-life and to the targeting

of the cytokine moiety to cells bearing Fc receptors. Our group has
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FIGURE 1

Schematic representation of seven different recombinant antibody formats, frequ

fragments (MW �50 kDa) and the corresponding disulfide-linked homodimeric F(
chain variable fragment (scFv; MW�28 kDa) represents the smallest portion of the

parental antibody. When short peptide linkers are used between VH and VL domain

�150 kDa). The scFv–Fc format consists of a scFv fragment fused to the Fc portion o

small immune protein (SIP) uses the CH3 domain of an IgG or the eCH4 domain o
(MW �80 kDa).
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preferred to focus on antibody fragments in the scFv format, which

can form monomers or non-covalent homodimers (‘diabodies’

[18]) depending on the cytokine fusion modality and the length

of the linker connecting VH and VL. Diabodies are particularly

suited cytokine partners for immunocytokine construction,

because their bivalent nature contributes to a high binding avidity

and the resulting molecular weight is larger than the renal filtra-

tion threshold, thus mediating a rapid hepatobiliary clearance

mechanism. Notably, tumor-targeting diabodies exhibit favorable

tumor:organ ratios at early time points following intravenous

administration, compared with other antibody formats [19,20].

Several cytokines have been used for the production of fusion

proteins with disease-targeting antibodies. Figure 2 summarizes

the immunocytokines that have been described in preclinical

studies (i.e. in vivo biodistribution analysis and/or therapy), depict-

ing the molecular format used for antibody-cytokine fusion. In

most cases, antibodies have been genetically fused to cytokines

and expressed in mammalian cells. In earlier works, however,

chemical conjugates have been reported for TNF (ZME-TNF) [21]

and IFN alpha (C2-2b-2b; 20-2b) [22,23]. The majority of precli-

nical studies with immunocytokines have been conducted in

mouse models of cancer. However, some of them (L19-IL10, F8-

IL10, L19-IL2, F8-IL2, L19-IL12, L19-TNF) have also been studied

in mouse models of rheumatoid arthritis, psoriasis and endome-

triosis.

The choice of the cytokine, the antigen recognized by the

antibody and the molecular format used for immunocytokine

production influence the ability of this class of biopharmaceuticals

to localize selectively at sites of disease. Ideally, the disease target-

ing performance of an immunocytokine should be assessed by

quantitative biodistribution studies with radiolabeled protein pre-

parations in animal models and by nuclear medicine techniques in

patients. Three main classes of immunocytokines can be identified

based on published biodistribution data, they are:
(i) a
lg

ently

ab0)2 s
antibo

s, hom

f an Ig

f an I
ntibody-cytokine fusions that selectively localize at site of

disease, with targeting performance that is largely indepen-

dent of the dose used (in the mouse, this typically ranges

between 1 and 100 mg). Prominent examples in this class

include fusions based on IL2 or TNF [11,24].
(ii) im
munocytokines where targeting performance varies as a

function of the injected dose (usually exhibiting better

results at higher concentrations). Prominent examples in
G scFv-Fc SIP
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used for immunocytokine development. The formats include Fab

tructure, which contains the hinge region (MW �110 kDa). The single
dy molecule that retains the binding affinity (but not the avidity) of the

odimeric diabody structures (MW�55 kDa) can be generated. IgG (MW

Gmolecule (MW�110 kDa). A smaller version, namedmini-antibody or

gE antibody to mediate a stable homodimerization of scFv fragments
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this class include fusions based on granulocyte-macrophage

colony-stimulating factor (GM-CSF) or IL7 [25,26].
(iii) fu
E
N

sion proteins in which the cytokine moiety abrogates the

disease-targeting performance of the parental antibody. A

prominent example is represented by IFNg, which (upon

fusion with the L19 antibody) targeted tumors in mice that

were deficient in IFNg receptor, but not in wild-type mice

[27].
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Selected preclinical therapy findings (single agent and
combinations)
Figure 2 schematically summarizes key findings related to the

tumor homing properties and therapeutic performance of immu-

nocytokines in mouse models of cancer. When considering the

anti-inflammatory products F8-IL10 and L19-IL10, preclinical data

in mouse models of arthritis, psoriasis and endometriosis are also

indicated [28–31]. In some cases (e.g. IL2) the human cytokine

could be used for product development and preclinical evaluation,

because the cytokine moiety cross-reacts with the murine recep-

tor(s). In other cases (e.g. TNF and IL12) the murine cytokine

should preferably be used, because of species barriers.

Anticancer activity is classified in various categories, according

to the tumor growth retardation observed in animal models.

Furthermore, Fig. 2 indicates whether a given fusion protein

exhibited a superior therapeutic performance compared with clo-

sely related proteins used as the negative control (NC). In most

cases, these comparisons were performed with the cytokine alone

or with immunocytokines having the same molecular format but

antibodies of irrelevant specificity in the mouse. In some cases,

especially when IgGs were fused to cytokines, therapeutic perfor-

mance was compared to the activity of the corresponding uncon-

jugated naked immunoglobulin. In a few cases, tumor cells not

expressing the antibody’s antigen were used as the negative con-

trol. As a general trend, whenever a selective accumulation of an

immunocytokine was observed at the tumor site as a result of the

targeting antibody moiety used, a strong therapeutic benefit was

observed compared with immunocytokines of irrelevant specifi-

city used as negative controls. The best therapeutic results were

reported for IL2, IL12, IL15 and TNF, in line with the positive

tumor uptake data observed in biodistribution studies. By contrast,

products based on the anti-inflammatory cytokine IL10 have so far

scored best for the inhibition of arthritis and endometriosis,

whereas the same products did not exhibit tumor growth retarda-

tion in the mouse.

Several studies have explored the combination of immunocy-

tokines with other pharmacological agents, such as cytotoxic

drugs [26,32–34] or intact immunoglobulins [35]. In general,

immunocytokines appear to be ideal combination partners for

established anticancer therapeutic agents, because they typically

do not exhibit overlapping limiting toxicities with those asso-

ciated with conventional chemotherapy (e.g. myelotoxicity, gas-

trointestinal toxicity, toxicity for kidney, liver or other organs).

However, optimal combination partners must be judiciously iden-

tified based on preclinical studies that analyze the influence of

dosage, schedule and administration sequence on therapeutic

outcome. Most pro-inflammatory immunocytokines activate the

endothelium, and the resulting vascular leakage of fluids and

proteins, drop in blood pressure and fever-like symptoms are
compatible with the simultaneous administration of chemother-

apeutic agents. The vasoactive properties of certain cytokines

(most notably IL2 and TNF) have been exploited to increase the

uptake of other therapeutic agents at the tumor site [36,37].

A potentiation of antibody-dependent cell cytotoxicity (ADCC)

has been observed in combination therapies with certain IgG

therapeutics, because pro-inflammatory immunocytokines med-

iate the infiltration of many types of leukocytes into the tumor

mass [34,38]. By contrast, to our knowledge, the combined use of

immunocytokines with blocking antibodies (e.g. TNF or VEGF

blockers) has not yet been reported.

In the recent past, the combined use of different immunocy-

tokines began to be explored, with encouraging preclinical results.

For example, the combined use of L19-IL2 and L19-TNF, or L19-

IL12 and L19-TNF has led to the eradication of tumors in immu-

nocompetent mouse models of the disease, which could not be

cured by the individual immunocytokines used as single agents

[24,36,39]. Moreover, the fusion of two cytokines onto the same

targeting antibody (KS-IL12/IL2) could eradicate LCC-EpCAM

tumors. The therapeutic activity of the novel double immunocy-

tokine was comparable to that of the single immunocytokines (i.e.

KS-IL12 and KS-IL2) injected simultaneously [40].

Immunocytokines in clinical development
Despite the large number of immunocytokines in preclinical

development, only a few of them have entered clinical trials

(Fig. 3). IL2 fusion proteins account for the most advanced immu-

nocytokines in clinical development, in line with the fact that the

unconjugated cytokine is routinely used for the therapy of patients

with metastatic renal cell carcinoma or melanoma. The typical

adverse events observed with IL2-based immunocytokines resem-

ble the ones of recombinant IL2, including hypotension, fever,

rigor, neuropathic pain, hypoxia, pruritus, allergic reactions,

hypophosphatemia, thrombocytopenia, leucopenia and neutro-

penia.

L19-IL2 was studied in patients with metastastic renal cell

carcinoma. A recommended dose could be identified (i.e. 22.5

Mio IU/patient/day – three injections/week). Toxicities were man-

ageable and reversible. Disease stabilization could be achieved in

83% of the metastatic renal cell carcinoma patients after the

second cycle (i.e. six weeks). Median progression-free survival

was eight months (1.5–30.5 months) [41].

Promising results have recently been reported for the combined

use of L19-IL2 with dacarbazine in metastatic melanoma. After a

dose escalation study in ten patients, 22 additional patients were

enrolled. Toxicities were manageable and reversible. Efficacy could

be evaluated in 29 out of the 32 patients and 28% of the patients

had an objective response evaluable by response evaluation cri-

teria in solid tumors (RECIST), including one patient who experi-

enced a complete response and was still tumor free after 21

months. In fact, 61.5% of the patients treated at the recommended

dose (n = 26) were still alive after 12 months, the median survival

of pretreated melanoma patients is approximately six to nine

months. A controlled Phase IIb study (L19-IL2 plus dacarbazine

versus dacarbazine alone) with 90 metastatic melanoma patients is

currently in progress [42].

Disease stabilization was also achieved in 58% of melanoma

patients receiving ch14.18-IL2 after the first cycle (i.e. one week).
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FIGURE 2

Comprehensive summary of immunocytokines that have been tested in animal models (in vivo biodistribution studies and/or therapy experiments). Name,

molecular format, cognate antigen and tumor model(s) used are indicated. Furthermore, targeting and therapy performance are schematically classified

according to parameters indicated below. This figure also indicates if the product has been moved to clinical trials (Phase I or Phase II studies).

The animal models used in different publications (provided as References) were: 1. Immunocompetent mice; 2. Athymic mice; 3. SCIDmice (lack of T and B cells); 4.
SCID mice with human effector cells; 5. RAG2 KO mice; 6. SCID beige mice (lack of T, B and NK cells); 7. CEA transgenic mice; 8. IFNg-R KO mice.
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However, only 24% of patients did not have any progression after

the second cycle (i.e. six weeks). Phase II studies revealed that only

two out of nine melanoma patients receiving ch14.18-IL2 showed

disease stabilization. No objective responses were observed [43,44].

In children with neuroblastoma treated with ch14.18-IL2 a

recommended dose could be identified (i.e. 110 Mio IU/m2 given

over three days). Stable disease was achieved in 54% of the patients

after two or more cycles (i.e. at least six weeks). In a subsequent

Phase II trial it was found that 22% of the patients having a disease

evaluable only by metaiodobenzylguanidine (MIBG) scintigraphy

and/or bone marrow histology (i.e. low tumor load) enjoyed a

complete response lasting at least nine months up to more than 35

months. Unfortunately, ch14.18-IL2 did not have any impact on

bulky disease [45,46]. Additionally, a second immunocytokine

(KS-IL2; Fig. 2) has been studied in Phase I clinical trials [47].

In the case of non-targeted IL2, a variety of regimens have been

used in the clinic, ranging from low-dose regimens at 75 Mio IU/

week [48] to the intense regimens at 900 Mio IU/week (in young

patients and in intensive care units) [49]. By contrast, IL2-based

immunocytokines have so far been administered in the 67.5–110

Mio IU IL2 equivalents/week range [41,46], because companies

have preferred to avoid the intensive care unit and develop a
Targeting performance in vivo was classified on the basis of tumor:organ ratios obs

+ [between 2 and 10]; ++ [>10]. Whenever experimental data did not enable this c

24 h; (b) tumor:blood ratio at 72 h; (c) HER2+ tumor:HER2� tumor ratio at 12 h, t
organs:healthy organs ratio at 24 h; (f) metastatic organs:healthy organs ratio at

performance assessed in psoriatic mice [+] and arthritic mice (based on autoradi

Therapy efficacy was defined as growth retardation (GR) compared with the saline g

immunocytokine compared with negative control [NC, untargeted cytokine (fused t
antigen] was also assessed. >NC (superior performance of immunocytokine), �N
Abbreviations: IL17, interleukin 17; IL18, interleukin 18; FAP, fibroblast-activating p

epidermal growth factor receptor; HER2/neu, human epidermal growth factor rec

adhesion molecule; EGF, epidermal growth factor; aFR, alpha folate receptor; PS, ph
subcutaneous; i.s., intrasplenic; DD, dose dependence; n.a., not assessed.
product broadly available to cancer patients. L19-IL2 and

ch14.18-IL2 are administered as long infusions (1 h, 4 h) and have

similar pharmacokinetics, with a terminal half-life of about three

hours [41,44]; whereas KS-IL2 appears to have a prolonged half-life

(4–6.7 h) [47]. When Proleukin1 is administered as a short infu-

sion (5 min), it displays a shorter half-life (t1/2 distribution = 13 -

min, elimination = 85 min). However, when the same product is

administered by subcutaneous injection, its terminal half-life is

approximately five hours [50].

Two IL12 fusion proteins are also currently being evaluated in

clinical trials. Although NHS-IL12 is still in Phase I, results for a

Phase I study with BC1-IL12 in melanoma and renal cell carcinoma

patients have recently been reported. A recommended dose could

be identified and two out of 13 patients experienced a partial

response lasting seven and 17 months before disease progression

(i.e. 15 mg/kg weekly) [51].

Because therapeutic performance appears to correlate with tumor

localization efficiency, it is desirable to use nuclear medicine tech-

niques [e.g. positron emission tomography (PET)] for the tomo-

graphic assessment of the tumor targeting properties of

immunocytokine products in individual patients. Immuno-PET

methodologies can be facilitated by the recent availability of
erved for the majority of tested organs at 24 h: � [<1]; (+) [between 1 and 2];

lassification, results were presented on the basis of: (a) tumor:blood ratio at

umor:blood ratio at 12 h; (d) tumor:organs ratio at 72 h; (e) metastatic
12 h; (g) accumulation in lung CT26-aFR positive tumor; (h) targeting
ographic signals). DD indicates dose dependence.

roup:� [no GR]; + [GR<50%]; ++ [GR>50%]; +++ [cure]. Performance of the

o an irrelevant antibody or alone), naked antibody, tumors not expressing the
C (comparable performance of immunocytokine and NC).

rotein; CA IX, carbonic anhydrase IX; CEA, carcinoembryonic antigen; EGFR,

eptor 2; MHC II, major histocompatibility complex II; EpCAM, epithelial cell

osphatidylserine; HLA-DR, human leukocyte antigen DR; i.v., intravenous; s.c.,
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clinical-grade iodine-124, a PET radionuclide with a half-life of four

days, which matches the antibody residence at the tumor site [52].

Furthermore, microscopic analysis of biopsy samples can facilitate

the assessment of targeting microheterogeneity and of leukocyte

infiltration into the tumor mass. From a logistical point of view,

however, it is still not easy to incorporate immuno-PET procedures

and analysis of biopsies into the execution of clinical trials.

The individual response to treatment might depend not only on

immunocytokine localization at the tumor site but also on the

immunological status of the patient. Most studies have so far

reported the effect of the therapeutic immunocytokine on per-

ipheral blood lymphocytes [41]. However, the recent discovery

that cancer cells release peptides bound to soluble HLA-I molecules

and that hundreds of these peptides can be identified by affinity

capture and mass spectrometric analysis [53] indicates avenues for

the non-invasive assessment of tumor-antigens that are displayed

at the tumor site.

Challenges in the translation of preclinical data into
clinical results
The use of preclinical models in cancer research has certain impor-

tant limitations. Theuse of genetically identical cancer cell lines and

of inbred mice reduces the variation that is usually observed in

human patients. Immunotherapeutic strategies based on cytokines

should ideally be investigated in immunocompetent mice. In many

publications, however, xenografted tumors are implanted in athy-

mic mice or SCID mice injected with human effector cells. Finally,

tumors often grow in mice more rapidly than in humans, and the

function of cytokines in mice might be different from the function

of the homologous cytokine in human.

Immunogenicity issues could also complicate the preclinical

analysis of immunocytokines. Most antibody-based biopharma-

ceuticals used are based on human antibodies, which frequently

generate an immunogenic reaction in animals. This response

could give rise to hypersensitivity reactions, neutralize the immu-

nocytokine or alter its pharmacokinetic behavior.

Concluding remarks
This review surveys the preclinical and clinical progress made over

the past decade in the design, cloning, expression and characteriza-

tion of therapeutic immunocytokines. Theseproducts mightbeable
588 www.drugdiscoverytoday.com
to localize at sites of disease, thus increasing the therapeutic index

of the corresponding cytokine. Although pro-inflammatory cyto-

kines are typically used for cancer therapy applications, the anti-

body-based delivery of anti-inflammatory cytokines represents a

promising strategy for the treatment of chronic diseases such as

rheumatoid arthritis and endometriosis. When used alone, immu-

nocytokines rarely exhibit complete cures for cancer in animal

models and in patients. However, combination therapies have

resulted in complete and long-lasting tumor eradications that can-

not be achieved by conventional chemotherapy. It is still largely

unknown why some patients respond to therapy and other patients

do not. Similarly, different therapeutic outcomes are sometimes

observed in different mouse models of cancer. Interestingly, the

contribution of different classes of leukocytes can vary as a function

of the tumor model used. For example, for some tumors the efficacy

of IL2-based therapeutics is largely based on natural killer (NK) cells

and is independent of the contribution from T cells [11,54], whereas

for other cancer types a crucial role of T cells could be demonstrated

[7]. Interestingly, the combined use of certain chemotherapeutic

regimens with pro-inflammatory cytokines might lead to complete

cancer eradication and to the protection against future challenges

with homologous and heterologous tumors, pointing at a tumor

vaccination effect [39].

We anticipate that immunocytokines will find an increasing use

in the clinical setting, not only for the therapy of cancer but also to

fight chronic inflammatory processes and, potentially, other dis-

ease types (e.g. infectious disease and cardiovascular conditions).

Progress in this field will crucially rely on the identification of

accessible good-quality markers of pathology, on the engineering

of suitable protein formats and on the judicious choice of suitable

cytokines and combination partners.
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