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Abstract Cytokines, currently known to be more than
130 in number, are small MW (<30 kDa) key signaling
proteins that modulate cellular activities in immunity,
infection, inflammation and malignancy. Key to under-
standing their function is recognition of their pleiotropism
and often overlapping and functional redundancies. Clas-
sified here into 9 main families, most of the 20 approved
cytokine preparations (18 different cytokines; 3 pegylated),
all in recombinant human (rh) form, are grouped in the
hematopoietic growth factor, interferon, platelet-derived
growth factor (PDGF) and transforming growth factor
(TGFP) families. In the hematopoietin family, approved
cytokines are aldesleukin (rhIL-2), oprelvekin (rhIL-11),
filgrastim and tbo-filgrastim (rhG-CSF), sargramostim
(thGM-CSF), metreleptin (rh-leptin) and the rh-erythro-
poietins, epoetin and darbepoietin alfa. Anakinra, a
recombinant receptor antagonist for IL-1, is in the IL-1
family; recombinant interferons alfa-1, alfa-2, beta-1 and
gamma-1 make up the interferon family; palifermin
(rhKGF) and becaplermin (thPDGF) are in the PDGF
family; and thBMP-2 and rthBMP-7 represent the TGFf
family. The main physicochemical features, FDA-approved
indications, modes of action and side effects of these
approved cytokines are presented. Underlying each adverse
events profile is their pleiotropism, potency and capacity to
release other cytokines producing cytokine ‘cocktails’.
Side effects, some serious, occur despite cytokines being
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endogenous proteins, and this therefore demands caution in
attempts to introduce individual members into the clinic.
This caution is reflected in the relatively small number of
cytokines currently approved by regulatory agencies and
by the fact that 14 of the FDA-approved preparations carry
warnings, with 10 being black box warnings.

Key Points

Of the so far more than 130 known cytokines, 18 (3
also in pegylated form) are approved for human
therapy as recombinant preparations

Cytokines are pleiotropic proteins with short half-
lives and sometimes functional redundancies and
overlapping side effects. They may induce a range of
flu-like symptoms as well as more severe
hematologic, pulmonary, endocrine, autoimmune,
neurologic, ischemic, infection, psychiatric and
dermatologic adverse events

Fourteen of the 20 listed FDA-approved cytokine
preparations carry warnings with 10 being boxed
warnings. Despite this, cytokine side effects profiles
do not generally negate benefits and sometimes
observed toxicity may even correspond with
improved outcomes

1 Introduction

Given their ubiquitous presence, diverse roles and impor-
tance in the body, it should not be surprising that proteins
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dominate the growing list of the more than 200 approved
biotherapeutic agents used in medicine today [1-3]. From
the abundant albumin, important for the osmolarity and
volume of the blood; to vaccines; myriad enzymes, anti-
bodies and receptors; so-called ‘factors’ involved in blood-
clotting, homeostasis and thrombosis; down to the tiny
concentrations of hormones and cytokines that act as sig-
naling molecules; proteins, often in recombinant form,
comprise the majority of Food and Drug Administration
(FDA)- and European Medicines Agency (EMA)-approved
biologics [1, 2].

Of the proteins studied and now exploited as therapeutic
agents over the last 20 years, those of greatest recent
interest are monoclonal antibodies (mAbs), some cytokines
and targeted chimeric proteins, and a number of enzymes,
some of which have been developed for clinical use via
programs administered by the FDA Office of Orphan
Products Development (OOPD). The OOPD provides
incentives for the development of products (drugs, biolo-
gics, devices, medical foods) for the diagnosis and/or
treatment of rare conditions, that is, diseases or disorders
that affect fewer than 200,000 people in the US or where
developers/manufacturers are not expected to cover the
costs of developing and marketing the agents. Since 1983,
more than 400 drugs and biologic products for rare diseases
have been brought to market under the Orphan Drug
Designation programs, a marked increase over the 10
industry-supported products developed and marketed in the
decade prior to 1983 [4].

Over the last decade, it is probably true to say that no
group of therapeutic agents has had such a successful
history of use and wide disease application as the steadily
growing collection of over 30 mAbs currently approved by
the FDA [1, 5, 6]. From 16 different antibodies with
approved indications covering blood, solid tumor and skin
cancers to a range of others specifically developed for the
management of a variety of diseases including chronic
asthma, cryopyrin-associated periodic syndrome, macular
degeneration, paroxymal nocturnal hemoglobinuria, auto-
immune disorders such as Crohn’s disease and rheumatoid
arthritis, bone loss, psoriasis, systemic lupus erythematosus
and prevention of organ rejection, mAb development
continues to be extended and refined. The biotechnical
advances, pharmacokinetics, clinical applications and
adverse effects of these antibodies have been well reviewed
[7-13]. Such close attention is yet to be directed at a rel-
atively more slowly expanding list of cytokines [3, 14, 15],
a number of which have been developed as orphan drugs
and which are available in highly purified, well charac-
terized recombinant form [1, 3, 4]. These biologics are
generally reviewed, regulated and approved by the FDA
Center for Drug Evaluation and Research (CDER) rather
than the Center for Biologics Evaluation and Research
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which retains regulatory responsibility for bacterial and
human cellular products, gene therapy products, vaccines,
allergenic extracts, antitoxins, antivenoms, blood, blood
components and plasma-derived products. Side effects of
the currently approved cytokines in the CDER biologic
product list [1] (as at June 2014) are reviewed here together
with summaries of each product’s approved indications,
properties and mechanism of action.

2 Some Complexities of Protein Therapeutics.
Perceived Advantages and Some Problems

Protein therapeutics prepared by recombinant DNA tech-
nology [16, 17] are often assumed to have fewer side
effects including the expected lower immunogenicity due
to their human origin [3, 4]. Not surprisingly, clinical
experience often reveals significant departures from the
expected outcomes. Unlike small drug molecules, protein
therapeutics are typically more complex and there is the
possibility of heterogeneity due to changes in amino acid
sequence, the presence and degree of glycosylation, fold-
ing, and protein-protein interactions. Even small differ-
ences which are often difficult to control can affect a
protein’s purity, specificity, potency and safety. Many
proteins have a short half-life in plasma requiring frequent
parenteral administration and ultimately poor patient
compliance. This may be offset to at least some extent by
the degree of glycosylation [18] and that, in turn, may
affect the protein’s activity, potency and immunogenicity
(for examples see later

3 Cytokines
3.1 General Characteristics

Cytokines, currently known to be more than 130 in num-
ber, are relatively small signaling proteins of
MW < 30 kDa, usually glycosylated, and produced by a
variety of different cells including those of the immune
system, epithelia, endothelia and stroma. Cytokines are key
modulators of the immune and inflammatory responses
functioning in an autocrine, paracrine or endocrine manner
stimulating or suppressing cellular activities in infection,
innate and adaptive immunity, autoimmunity, inflamma-
tion and malignancy. Key to an understanding of these
regulatory proteins is the recognition of their pleiotropism
and sometimes overlapping activities, functional redun-
dancies and side effects. Their secretion may be induced by
an array of different stimuli associated with infection,
inflammation or tumorigenesis, first releasing waves of (for
example) pro-inflammatory molecules followed by anti-
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inflammatory cytokines to restore homeostasis. Cytokines
therefore induce a diverse range of biological responses
including proliferation, differentiation, activation, inflam-
mation, chemotaxis and cell death and the nature of an
immune or inflammatory stimulus determines whether an
immune response is humoral- or cell-mediated, cytotoxic,
immunosuppressive or allergic [15, 19-22].

3.2 Classification

The many attempts to classify cytokines over the last three
decades and the complexities in devising classifications
based on structural and/or functional parameters are not
hard to understand given the sheer number of imprecisely
defined ‘factors’ identified in the early years and the dif-
ficulties and work involved in trying to accumulate details
on functions and diseases. In their discussion of the evo-
lution of cytokine biology and nomenclature, Steinke and
Borish [20] draw attention to three phases of development
in the identification and classification of cytokines. The
identification of cytokines by their biologic activities (e.g.,
T cell growth) occurred in the first, or factor, stage. The
production of recombinant cytokines and demonstration of
their pleiotropism and redundancy led to much of our
current understanding and this can be called the recombi-
nant-cloning or second phase. Currently, we are experi-
encing the third, or genomic phase, where cytokines are
being identified on the basis of homology with known,
characterized cytokines. In the more recent progressive
assemblages published by Tato and Cua [23-26] detailing
each cytokine’s receptor(s), source, targets, major function
and disease association, the first 16 interleukins were
grouped in order of their discovery. Many of these inter-
leukins form homodimeric structures and have the yc and/
or Bc chains in their receptors [23]. More recently dis-
covered interleukins have proven more difficult to classify
in relation to their function in health and disease due to the
complexity of their heterodimeric ligands and receptors
[24]. For example, a homotrimeric motif for ligands and
receptors and bi-directional signaling was found to be an
important feature of the TNF family [25]. It should be
pointed out that many original names are still in use and
many of the originally described ‘factors’ share receptors
with other interleukins [26].

For the purposes in this review where we focus on the 20
FDA-approved cytokine products from the CDER-
approved Biologic Products list, the classification pre-
sented is based on the Kyoto Encyclopedia of Genes and
Genomes [27] with input from Vacchelli et al. [22]. Nine
main families are recognized (Table 1) with most of the
cytokines of interest classified in the hematopoietic growth
factor, interferon (IFN), platelet-derived growth factor
(PDGF) and transforming growth factor 3 (TGFp) families.

In the hematopoietin family, approved cytokines manu-
factured by recombinant DNA technology are aldesleukin
[rh-interleukin-2 (IL-2)], oprelvekin (rhIL-11), filgrastim
and tbo-filgrastim [rh-granulocyte colony-stimulating fac-
tor (G-CSF)], sargramostim [rh-granulocyte macrophage
(GM)-CSF], metreleptin (rh-leptin) and rh-erythropoietins,
epoetin and darbepoietin alfa. Anakinra, a recombinant
receptor antagonist for IL-1, is a representative of the IL-1
cytokine family; interferon recombinants interferons alfa-1,
alfa-2, beta-1 and gamma-1 make up the interferon family;
palifermin [rh-keratinocyte growth factor (KGF)] and
becaplermin (thPDGF-BB; see Sect. 3.3.4) are in the
PDGF family; and rh-bone morphogenetic protein [BMP]-
2 and thBMP-7 represent the TGF family. Chemokines,
placed here in group 9 (Table 1), behave as regulatory
molecules for leukocytes and lymphoid tissue and have an
important role in infectious, inflammatory, allergic and
autoimmune responses as well as angiogenesis, hemato-
poiesis and tumor growth [21, 22]. No members of the
chemokine family are yet approved for therapy.

3.3 Side Effects of Individual Approved Recombinant
Cytokine Analogs

A number of the characteristics and properties of cytokines
provide an insight into the possibility of adverse effects
when these ‘natural’ agents are used therapeutically. These
include, in particular, their pleiotropic nature; relatively
short half-lives; the presence of other cytokines; their
capacity to release other cytokines producing a cytokine
‘cocktail’; and the existence of multiple receptors on dif-
ferent cells that bind the same cytokine with different
affinities [22]. Overall, and as one might expect with bio-
logical systems involving genetically diverse patients; the
diverse range of biological activities of cytokines; their
action in causing the release of additional cytokines; the
knock-on pharmacological effects of these secondarily
released agents; and different disease statuses of patients;
side effects of cytokines are not unusual, are to be expec-
ted, and patient-to-patient spectra of these effects will be
variable.

For the common side effects of cytokines used as ther-
apeutic agents, as well as for the less common but
important hematologic, psychiatric, endocrine, neurologic,
pulmonary and dermatologic adverse effects [31, 33, 110—
113], space constraints and the many hundreds of relevant
studies do not always allow the direct referencing of the
many pertinent reports. Instead, one or more selected
examples or studies that are particularly germane are pro-
vided. For those seeking a more comprehensive follow-up
on a particular cytokine, comprehensive and ongoing col-
lective review series such as the side effects of drugs
annual (Elsevier) are suggested.
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Table 1 Family classification of cytokines® relevant to this review

Family Members

Hematopoietin® IL-2; IL-6°; IL-11°9; IL-12° G-CSF°; GM-CSF; leptin®'; EPO#; TPO?
IL-1 IL-To; TL-16; TL-18"

IL-10' IL-10

IL-17 IL-17; IL-17B; IL-17C; IL-17D; IL-17E; IL-17F

Interferon! IFNo-1; IFN o-2; IFNB-1; IFNy-1

PDGF" EGF; KGF; M-CSF; PDGFA-D; PGF; VEGFA-D

TGFp BMP-2"; BMP-7°; TGFP1?; TGFp2P; TGFB3P

TNF TNF; TNFSF4%; TNFSF5"; TNFSF6®; TNFSF10', TNFSF11%; TNFSF12"

Chemokines CC subfamily; CXC subfamily; C subfamily; CX3C subfamily™

BMP bone morphogenetic protein, EGF epidermal growth factor, EPO erythropoietin, G-CSF granulocyte colony-stimulating factor, GM-CSF
granulocyte macrophage colony-stimulating factor, /FN interferon, /L interleukin, KGF keratino- cyte growth factor, M-CSF macrophage
colony-stimulating factor, PDGF platelet- derived growth factor, PGF placenta growth factor, TGFf transforming growth factor B, TNF tumor
necrosis factor, TNFSF tumor necrosis factor ligand superfamily member, 7PO thrombopoietin, VEGF vascular endothelial growth factor

% Based on the Kyoto Encyclopedia of Genes and Genomes [27] and Vacchelli et al. [22]

® Class I cytokines

¢ Member of IL-6 receptor subfamily that also includes IL-11, G-CSF and leptin. IL-6 involved in cytokine storm reactions

4" Also called AGIF, adipogenesis inhibitory factor. Promotes platelet recovery after chemotherapy-induced thrombocytopenia
¢ Promotes Th1 responses and stimulates production of IFNy and TNF from T and NK cells

T Homologous in structure to a cytokine. Included here according to [22] but often described as a hormone. Produced primarily in adipose tissue;
regulates fat storage

& Member of single chain subfamily

" Proinflammatory but suppresses metastasis surveillance by NK cells

! Class I cytokines. Interferons sometimes classified in this family. Family also includes IL-19, -20, 22, -24, -26

j Anti-inflammatory and immunosuppressive

¥ Proinflammatory cytokines; stimulate release of other cytokines, e.g., IL-1p, IL-6, GM-CSF, TGFf, TNF

! Class II cytokines. Comprise 3 types: type I (IFNa, IENp, IFNw1, IENk1, FNt1), type II (IENY), type III (incl IL-28A, -28B, -29)

™ PDGFs, PGF & VEGFs belong to subclass 1 of cysteine-knot growth factors. M-CSF is incl- uded in the 4-helix bundle growth factors

" BMP2 subfamily

© BMP5 subfamily

P Member of TGFp subfamily

9 Also called OX40L & CD252, the ligand for CD134. Expressed on the surface of activated B, T, dendritic and endothelial cells

' Also called CD40L & CD154. Costimulatory molecule with T cell receptor in activation of antigen presenting cells

* Also called FASL or Fas ligand. Binding with its receptor induces apoptosis
‘' Also called CD253 or TRAIL,TNF-related apoptosis-inducing ligand

" Also called RANKL, receptor activator of nuclear factor kappa-B ligand

YV Also called TWEAK, TNF-related weak inducer of apoptosis

" Small peptides divided into 4 subfamilies on the basis of a cysteine motif

The main physicochemical features, FDA-approved
indications, modes of action and side effects, as well as
warnings, are summarized for the 20 recombinant cytokine
preparations approved by the FDA CDER [1] (Table 2).
They will now be considered individually.

3.3.1 Interferons
Interferons are a class of broad spectrum antiviral cyto-

kines, seven of which occur in humans and which have
overlapping, but also some individual, activities. They can
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be divided into three classes, types I, II and III. Of most
interest for therapy are interferons alfa, beta and gamma.
The former two, classified as type I interferons, bind to the
interferon alfa receptor (IFNAR) consisting of IFNARI1
and IFNAR?2 chains; interferon gamma, a type II inter-
feron, binds the interferon gamma receptor (IFNGR) con-
sisting of IFNGR1 and IFNGR?2.

3.3.1.1 Interferon alfa 1t is said that virtually all patients
treated with interferon alfa experience some adverse
effect(s) at some time during therapy [33]. In fact, the
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Table 2 Cytokines approved for human therapy®

Generic and
trade names

Properties

Approved indications®

Mechanism(s) of action
relevant to indications

Warnings and side effects,
serious and common

Refs.

Peginterferon alfa-2a°
(Pegasys®)

Interferon alfa-2b
(Intron A®)

Peginterferon alfa-2b
(Pegintron®)

(Sylalron®)

Interferon beta-1a
(Avonex®; Rebif®)

Interferon beta-1b

(Betaseron®; Extavia®)

Interferon gamma -1b
(Actimmune®)

Filgrastim
(Neupogen®;Nivestim®)

Pegfilgrastim? (Neulasta®)

Tbo-filgrastim

(Granix®; Tevagrastim®)

Sargramostim (Leukine®)

Covalent complex of
recombinant interferon alfa-
2a 127 amino acids
MW ~ 20 kDa with PEG®
linked by an amide bond to
lysine

Recombinant protein
MW ~ 19 kDa 165 amino
acids with Arg 23; similar to
leukocyte IFN

Recombinant protein linked to
PEG

Recombinant protein linked to
PEG

Recombinant 166 amino acid
glycoprotein MW 22.5 kDa;
amino acid sequence identical
to natural protein

Recombinant 165 amino acid
protein MW 18.5 kDa; gene
contains ser for cys at posn 17

Recombinant 140 amino acid
polypeptide; non-covalent
dimer of 2 identical
16.465 kDa monomers of 6
a-helices

Recombinant hu-G-CSF*; 175
amino acid MW 18.8 kDa
nonglycosylated protein;
differs from natural by an
N-terminal methionine

Recombinant biosimilar non-
glycosylated G-CSF
expressed in E. coli.
Formulated for short action

Recombinant hu-GM-CSF¥, 3
molec species MWs 19.5,
16.8 15.5 kDa 127 amino
acids; leu23 differs from
natural factor

Chronic hepatitis C*¢;
chronic hepatitis B
(HBeAg' + or - patients)

Chronic hepatitis B and C;

MMP; HCLY; A-RKS"; FL™

condylomata acuminata

Chronic hepatitis C with or
without ribavirin

Adjuvant treatment of
melanoma

Relapsing forms of multiple
sclerosis

Relapsing forms of multiple
sclerosis

Chronic granulomatous
disease; malignant
osteopetrosis

Cancer patients receiving:
chemotherapy for AML™,
myelosuppression or
BMT?" patients with
chronic neutro- penia or
undergoing pbpeet*

Severe neutropenia in
patients with non-myeloid
malignancies receiving
myelosuppressive anti-
cancer drugs

Patients receiving:
chemotherapy for AML,
BMT" or undergoing
pbpcct; myeloid recovery
in NHL*, ALL*", BMT

Not fully known®. IEN"o binds
to its receptor, activating
JAKI1 and Tyk2' which
phosphorylate receptors
which bind STATI and
STAT?2'. These combine with
IRF-9* leading to expression
of multiple ISGs'

Type I IFNs have antiviral and
proliferative effects and
modulate immune responses
but their relative potencies
differ. IFNa binds IFN
receptors less stably than
IFNB

Not fully understood. IFN
binds to receptor leading to
complex events including 1
expression of
antiinflammatory agents and
| proinflammatory cytokines;
gene products and markers
include 2’,5-oligoadenylate
synthetase, neopterin; CD56
killer cells increase

Interacts with heterodimeric
receptor IFNyR1 and
IFNYR2 activating JAK-
STAT pathways and altering
transcription of up to 30
genes

Binds to G-CSF receptors on
progenitor cells of
neutrophil-granulocyte
linage — proliferation,
differentiation, activation.
Enhances phagocytosis,
chemotaxis, cytotoxicity of
mature neutrophils®

As for filgrastim

Induces progenitor cells to
prolif — neutrophils,
monocytes, macrophages &
enhances neutrophil function
via specific receptors &
signaling through JAK2,
STAT, MAP & P13 kinase
pathways & transcriptional
changes

Boxed warnings:
Neuropsychiatric,
autoimmune, ischemic and
infectious disorders™ and
ribavirin-associated effects";
Other effects: fatigue/
asthenia; pyrexia; headache;
myalgia; cytopenias;
autoimmunity; infection;
colitis; pulmonary, CV° and
cutaneous disorders

Boxed warnings:
Neuropsychiatric,
autoimmune, ischemic and
infectious disorders™. Other
effects: Flu-like symptoms of
fever, fatigue, chills,
headache, myalgia;
neutropenia; pm

Boxed warnings:
Neuropsychiatric,
autoimmune, ischemic and
infectious disorders™ and
ribavirin-associated effects"”;
Other effects: fatigue/
asthenia; fever; nausea; rigor,
myalgia; pm"

Boxed warnings: Depression
and other neuropsychiatric
disorders. Other: as above
plus TALT and AST"; pm"

Flu-like symptoms—chills,
fever, myalgia, asthenia;
depression; immunogenicity;
anaphylaxis; rash

Flu-like symptoms;
lymphopenia, leukopenia and
neutropenia; isr*; myalgia;
depression; hypertonia;
abdominal pain; asthenia;
rash; 1 liver enzymes;
immunogenicity; anaphylaxis

Most common: flu-like
symptoms—fever; headache,
chills, fatigue; isr™; rash;
diarrhea. Other effects:
neutropenia;
thrombocytopenia;
hepatotoxicity; CV,
pulmonary, CNS and GI
events;? Pulmonary toxicity

Warnings: Splenic rupture;
Sickle cell crisis. Other
effects: nausea/vomiting;
fever; bone pain;
hypersensitivity; ARDS;
isr; alveolar hemorrhage;
immunogenicity;
osteoporosis; rash; cutaneous
vasculitis; Sweet’s syndrome

Warnings: Splenic rupture;
ARDS; allergic reactions;
Sickle cell crisis. Other
effects: bone pain; nausea/
vomiting; fever; diarrhea;
immunogenicity; cutaneous
vasculitis; Sweet’s syndrome

Warnings & precautions: Fluid
retention; respiratory, CV,
renal & hepatic symptoms.
Other effects: fever;
headache; nausea /vomiting;
myalgia; malaise; anorexia;
bone pain; diarrhea; alopecia;
stomatitis; rash

[28-34]

[35-38]
[37-40]

[41-45]

[42-46]

[47-51]

[52-57,
58]

[59-61]

[57, 62,
63]
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Table 2 continued
Generic and Properties Approved indications® Mechanism(s) of action Warnings and side effects, Refs.
trade names relevant to indications serious and common
Oprelvekin Recombinant IL-11, Prevention of Stimulates Boxed warning: Allergic [64-67]
(Neumega®) nonglycosylated 177 amino thrombocytopenia & megakaryocytopoiesis & reactions including
acids (178 natural IL-11) MW reduction of need for thrombopoiesis — Tplatelet anaphylaxis.
19 kDa platelet transquion after prod’n®. Blnds to IL-1 IRo & Warnings: fluid retention®:
myelosuppressive gp130 activating JAK which dilutional anemia: CV
chemotherapy phosphylates Tyr on gp130 events“k; papilledéma; stroke.
Other effects: nausea;
vomiting; asthenia;
abdominal & bone pain;
myalgia; anorexia; chills;
alopecia
Becaplermin Recombinant PDGF*™ Treatment of diabetic Binds to & activates PDGF Boxed warning: Increased rate  [68-71]
(Regranex®)"! MW ~ 25 kDa; homodimer of neuropathic ulcers that receptors by dimerization & of mortality secondary to
2 identical peptide chains of 109 extend into subcutaneous autophosphorylation binding malignancy®. Other effects:
amino acids -S-S-joined at tissue™ SH, sites & activating signal erythematous skin rash;
cys43 & 52 pathways burning at application site;
infection; urti; skin
ulceration; cellulitis;
osteomyelitis; skin
hypertrophy; bullous eruption
Palifermin Truncated recombinant human Severe oral mucositis in Binds to fibroblast growth Warning: Potential for [72-76]
(Kepivance®) KGF* 140 amino acids, patients with hematologic factor receptor activating stimulation of tumor growth.
nonglycosylated, MW 16.3 kDa malignancies Ras-MAP kinase signaling & Othereffects : fever;
transcriptional activation of dyesthesia; tongue
cell growth & survival discoloration/thickening;
arthralgias; Tserum amylase;
edema; rash; erythema; hand-
foot syndrome; pruritus
Aldesleukin Recombinant analog of human IL-  Metastatic renal cell Binds to IL-2 Boxed warning: Restrict to [77-81]
(Proleukin®) 2 MW 15.3 kDa; unlike IL-2, carcinoma; metastatic receptor — heterodimeriz patients with normal cardiac
not glycosylated, ser for cys at melanoma ation of IL-2Rf & - & pulm functions; administer
position 125 & no N-terminal 2Ry — activation JAK3; in hospital with ICU facility
ala phosphorylation of tyr on IL- & specialists; cls*?; impaired
2R — activated receptor, neutrophil function™;
signaling molecules & T cell withhold in cases of lethargy
stimulation & somnolence. Other: chills;
diarrhea; hypotension;
oliguria; thrombocytopenia;
erythema; rash
Anakinra © Recombinant receptor antag- Rheumatoid arthritis; Binds to IL-1RI receptor isr; worsening rheumatoid [81-84]
(Kineret®) o _ _ cryopyrin-associated blocking activity of IL-1a arthritis; urti; headache;
on;;tlifn(g i]glcils (ll\i‘v}l}?)é lisDBa; has periodic syndrome (CAPS) and B & acting as a biological nausea; diarrhea; flu-like
met added to amino terminal response modifier, e.g., for symptoms; arthralgia;
cartilage degradation & bone abdominal pain;
resorption hypersensitivity (incl
anaphylaxis, angioedema);
sinusitis
Epoetin alfa Recombinant human erythro- Treatment of anemia due to:  Binds receptors on erythroid Boxed warning: ESAs increase  [85-90]
(Epogen®; poietin; glycoprotein, 165 chronic kidney disease; progenitor cells triggering the risk of death, myocardial
Procrit®; amino acids (identical to natural zidovudine in HIV patients; conformational change, infarction, stroke, venous
Eprex®; product) MW 30.4 kDa effects of chemotherapy; activation of JAK2 by thromboembolism,
Erypo®) reduction of allogeneic red transphosphorylation, Src thrombosis of vascular access
blood cells in surgery signaling, STAT regulation & tumor regression or
of genes for cell division & recurrence. Other
differentiation effects:pyrexia; arthralgias;
nausea; hypersensitivity;
headache; cough; isr;
hypertension; rash; pruritus;
stomatitis; myalgia; pure red
cell aplasia®™
Darbepoetin alfa ~ Recombinant human erythro- Treatment of anemia due to:  As for epoetin alfa Boxed warning: As for epoetin  [91-93]
(Aranesp®) poietin, 165 amino acids, chronic kidney disease; alfa. Other effects:
MW ~ 37 kDa; 2 amino acids effects of concomitant hypertension; dyspnea;
substituted to enhance mylosuppressive peripheral edema; cough;
glycosylation chemotherapy abdominal pain; prca;
thrombovascular events;
seizures; hypersensitivity
(including anaphylaxis,
angioedema, bronchospasm);
rash/erythema
Bone Recombinant human BMP-2 Spinal fusion procedures in BMP binds to Ser/Thr kinase Erythema; swelling over [94-100]
morphogenetic (thBMP-2; dibotermin alfa); a patients with degenerative types I & Il receptors forming implant site;
protein 2 disulfide-linked homodimer; disc disease activated complexes. SMAD immunogenicity; ectopic/
(InFUSE® glycosylated subunits 114 & proteins, part of type I heterotopic ossification;
Bone Graft/LT- 131 amino acids receptors, relay BMP signal myositis ossificans; wound-
Cage®)™ to target genes in the nucleus. related complications;
Bone Recombinant human BMP-7 Opgenra: posterolateral This in turn induces OSt‘?OlyF{Si infections; [96, 101-104]
morphogenetic (thBMP-7; OP-1; eptotermin lumbar spinal fusion with transcription of osteogenic radiculitis; compression of

protein 7 (OP-1
Putty™, OP-1
Implant™;
Opgenra®;
Osigraft®")

alfa). 30 kDa homodimeric
glycoprotein prod by CHO
cells; two 139 amino acid
peptides corres to posns
293-431 of full length BMP-7*"

spondylolisthesis and failed
autograft

Osigraft: tibial nonunions of
at least 9 months

genes leading to cell
proliferation and
differentiation

airways after spine fusion;
urogenital events; retrograde
ejaculation; allergy
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Table 2 continued

Generic and Properties Approved indications® Mechanism(s) of action relevant ~ Warnings and side effects, serious and Refs.
trade names to indications common
Metreleptin®™ Recombinant analog of leptin, Complications of leptin Binds and alters conformation Boxed warning: Anti-metreleptin [105-109]
(Myalept™) 147 amino acids, deficiency in patients with of homodimer receptor®™ antibodies with neutralizing activity
nonglycosylated, MW congenital and acquired activating JAK2 which worsening metabolic control &/or
16.14kDa; 1 more met than generalized lipodystrophy phosphorylates other Tyr infection; T cell lymphoma. Warnings:
leptin at NH, terminal; 1 - residues within receptor JAK2 hypoglycemia with concomitant
S-S- at cys97-cys147 complex to mediate insulin/insulin secretagogues;
downstream signaling autoimmunity; hypersensitivity;
benzyl alcohol toxicity. Other effect:
immunogenicity

? Approved by FDA CDER or EMA or both*

" Peginterferon alfa-2a and ribavirin (Copegus®) are indicated for the treatment of adults not previously treated with interferon alfa and with chronic hepatitis C and liver disease.
This drug combination is the only FDA-approved regimen for the treatment of chronic hepatitis C infected with both hepatitis C virus and HIV

¢ PEG, bis- monomethoxy polyethylene glycol

9 In adults with compensated liver disease

¢ Combination therapy with ribavirin recommended

f HBeAg, hepatitis B ‘e’ antigen circulating in blood when the virus is replicating

& All type 1 interferons have antiviral, antiproliferative and immunomodulatory activities [28]
" IFN, interferon

i JAK1, Janus-activated kinase 1; Tyk2, tyrosine kinase 2

J STATI and STAT2, signal transducer and activator of transcription proteins 1 and 2
K IFN-regulatory factor 9

! IFN-stimulated genes

™ Fatal or life-threatening

" Ribavirin may cause birth defects; avoid pregnancy. It is a potential carcinogen

© CV, cardiovascular

P MM, malignant melanoma

9 HCL, hairy cell leukemia

" A-RKS, AIDS-related Kaposi’s sarcoma

* FL, follicular lymphoma

! Reactions less commonly seen and/or seen during pm (post marketing)Eg\%riod include nephrotic_syndrome; renal insufficiency and failure; pancreatitis; Stevens—Johnson
syndrome (SJS); toxic epidermal necrolysis (TEN); erythema multiforme (EM), injection site necrosis; myositis; immune-mediated disorders including thrombocytopenia

" Less commonly seen and pm period: thrombocytopenia; cardiac disorders; renal insufficiency and failure; hegring and eye disorders; infections; immune disorders including
anaphylaxis, angioedema, urticaria, SJS, TEN, systemic lupus erythematosus (SLE); EM and nervous system disorders such as peripheral neuropathy and seizures

¥ ALT, alanine aminotransferase, AST, aspartate aminotransferase

" Less commonly seen and pm period: CV; endocrinopathies; hepatic failure; retinopathy; ear, eye, pulmonary and immune (thrombocytopenic purpura, SLE, EM, SJS, TEN)
disorders; pancreatitis; colitis; psoriasis

X isr, injection site reactions

¥ Indicated to decrease the incidence of infections in patients with non-myeloid malignancies receiving myelosuppressive anti-cancer drugs and associated with febrile
neutropenia. Extends half-life to 42 h from ~3.5 h for filgrastim

“* hu-G-CSF, human granulocyte colony-stimulating factor

% AML, acute myeloid leukemia

BMT, bone marrow transplantation

pbpcct, peripheral blood progenitor cell collection therapy

Mechanisms still poorly understood

ARDS, acute respiratory distress syndrome

hu-GM-CSF, human granulocyte macrophage colony-stimulating factor

“ NHL, non-Hodgkin lymphoma

a ALL, acute lymphoblastic leukemia

3 Other actions: regulation of intestinal epithelium growth; inhibition of adipogenesis and proinflammatory cytokines; induction of acute phase protein synthesis (e.g., fibrinogen)
4 pulmonary and peripheral edema, dyspnea, capillary leak syndrome (cls)

3 Arrhythmias, pulmonary edema

' Used topically as a gel

4" PDGF, platelet-derived growth factor (also known as PDGF-BB)

" Promotes chemotactic recruitment and proliferation of cells for wound healing and formation of granulation tissue

Gel should only be used when benefits are expected to outweigh the risks and used with caution in cancer patients with known malignancy

% KGF, keratinocyte growth factor. thKGF differs from endogenous protein by truncation of the N-terminal amino acid to increase stability

“ cls, capillary leak syndrome which results in hypotension, reduced organ perfusion and possibly death and may be associated with cardiac arrhythmias, angina, myocardial
infarction, respiratory insufficiency, edema etc

% Reduced chemotaxis therefore treat pre-existing infection prior to aldesleukin therapy; patients with indwelling central lines particularly at risk
% Severe anemia with erythrocyte count <I and <0.5 % mature erythroblasts in bone marrow

* InFUSE® Bone Graft consists of hBMP-2 absorbed to a collagen sponge. The LT—Cage® titanium alloy device is a small, hollow, perforated machined cylinder with one end
closed and the other open for addition of the InNFUSE™ Bone Graft component

# Acquired by Olympus Biotech from Stryker Corp

@ Equivalent to OP-1 Putty and Implant preparations, respectively

¥ Several different recombinant mature forms starting at positions 293, 300, 315 and 316 have been identified
# Leptin, often called a hormone, shows some structural homology to cytokines

% Leptin receptors are members of the IL-6 class I cytokine receptor family

* Cytokines (and date) agp#gved bﬁ“ FDA—Peginterferon alfa-2a (%002); Interferon a}éfa—Zb (1986); Peginterferon alfa-2b, Pe; intron® (2001), Sylalggn® (2011); Interf%on beta-
1a, Avonex® (1996), Rebif® (2002); Interferon beta-1b, Betaseron™ (1993), Extavia® (2009); Interferon gamma-1b (1999); Filgrastim, Neu&)o en (1991), Nivestim~ (2010);
Pegfilgrastim (2002); Tbo-filgrastim (2012); Sargramostim (1991); Ogrelvekin (1997); Becaplermin (1997); Palifermin (2004); Aldesleukin (1 92%; Anakinra (2001); Epoetin alfa
(1989); Darbepoetin alfa (2001); Bone morphogenetic protein 2 (2002, 2004 and 2007 for different indications); Bone morphogenetic protein 7 (2001); Metreleptin (2014)

EMA—Pe@gimerferon alfa-Z% (2002); Interferon alfa-2b (200%); Pegimerferon al%-Zb, Pegintr0n® (2001); Interferon beta-1a, Avonex® (1997), Rebif® (1998); Interferon beta-1b,
Betaferon™ (1995), Extavia™ (2008); Filgrastim, Neugo%en (1991), Nivestim ™~ (2010); Pegfilgrastim (2002); Tbo-ﬁlgraslim (2008); Becaplermin (1999); Palifermin (2005);
Aldesleukin (2006); Anakinra (2002); Epoetin alfa (2007); Darbepoetin alfa (2001); Bone morphogenetic protein 2 (2002); Bone morphogenetic protein 7 (2001). Metreleptin
designated an orphan drug in 2012
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literature on side effects to interferons is voluminous and
probably greater than all the other approved, non mAb
biologics literatures put together. Three interferon alfa
preparations are in the CDER Biologic Products List [1].
Peginterferon alfa-2a together with ribavirin (Copegus®)
are indicated for the treatment of chronic hepatitis C in
adults who have compensated liver disease and were not
previously treated with interferon alfa. This drug combi-
nation is also the approved treatment of patients infected
with hepatitis C and HIV and peginterferon alfa-2a alone is
approved for the treatment of patients with chronic hepa-
titis B who have compensated liver disease, viral replica-
tion and liver inflammation. Interferon alfa-2b is
administered extensively for hepatitis B and C as well as
several malignancies (Table 2) [114]. It upregulates the
expression of MHC I proteins enhancing activation of
CD8+ T cells and cytotoxic lymphocyte-mediated killing
as well as inducing synthesis of several other antiviral
agents including protein kinase R. Peginterferon alfa-2a
and peginterferon alfa-2b are covalent conjugates of the
recombinant interferon with a single branched bis-mono-
methoxy polyethylene glycol (PEG) chain, MW 40 kDa.
Pegylation, which is FDA approved, non-toxic and con-
tributes to water solubility, helps to protect the protein
from immune recognition that is, it reduces the immuno-
genicity and antigenicity and increases the molecule’s size
thus extending protein half-life and circulatory time and
reducing renal clearance [115]. For interferon alfa-2a,
adverse events in patients treated with the pegylated form
and ribavirin occur with a similar, or significantly less,
frequency than those treated with standard interferon/
ribavirin. For interferon alfa-2b, a number of adverse
events occur more frequently with pegylated interferon/
ribavirin [33]. In some reports on side effects, especially in
the earlier literature, interferon alfa is often not distin-
guished as alfa-2a or alfa-2b although this can be important
as demonstrated by some of the different effects induced by
alfa-2a and alfa-2b interferons mentioned below.
Interferon alfa-induced neuropsychiatric disorders, par-
ticularly depression, cognitive dysfunction and mania are
well known and have been intensively studied [31-33,
110-112]. Other symptoms include altered sleep pattern,
anorexia and fatigue. Of the patients who develop severe
depressive symptoms, most occur within the first 3 months
of treatment and the incidence of depressive disorders has
been estimated to be 23—41 % [116-118]. Symptoms may
be prolonged for 6 months or more after the cessation of
therapy. There is some evidence that the serotonergic
system is involved in the pathophysiologic mechanism
[119-121] although the central opioid, dopamine and glu-
tamate neurotransmitter systems may also be involved
[122]. A positive correlation between depression scores
and serum concentrations of soluble ICAM (intracellular
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adhesion molecule)-1 in patients who received interferon
alfa led to the suggestion that the cytokine may induce the
adhesion molecule which then increases the permeability
of the blood-brain-barrier, allowing the interferon to more
easily enter the brain [123]. A number of susceptibility
factors have been suggested [124] including a history of
depression; high dose of interferon; long treatment dura-
tion; female sex; and possession of the apolipoprotein Ee4
allele, said to be associated with some neuropsychiatric
disorders.

The appearance of autoantibodies and development or
exacerbation of autoimmune diseases are known to occur
in response to interferon alfa therapy. In one study, seven
cases of autoimmune disease, including one of hypothy-
roidism, two each of immune-mediated hemolysis and
systemic lupus erythematosus, one of Raynaud’s disease
and one case of mixed connective tissue disease were
identified in 76 patients after a median of 19 months of
treatment [125]. Reports of autoimmune reactions to
interferon alfa or its combination with ribavirin are not rare
and include cases of Hashimoto’s thyroidtoxicosis fol-
lowed by type 1 diabetes [126], autoimmune thyroiditis
[127] and development [128—130] and exacerbation [131]
of a lupus-like syndrome. See also ‘Endocrine effects’
below.

In addition to their neuropsychiatric and immune
effects, interferon alfas occasionally provoke an extensive
range of adverse reactions including cardiovascular,
respiratory, endocrine, hematologic, metabolic, urinary
tract and skin adverse events as well as adverse effects on
the nervous and sensory systems. Cardiovascular compli-
cations such as pericarditis [132] and cardiomyopathy with
left ventricular dilatation in patients with malignancies
improved after withdrawal of the interferon and thereafter
treatment with lower doses proved possible [133]. Pegy-
lated interferon alfa-2b has been associated with acute
myocardial infarction [134], pericarditis [135], pericardial
effusion with tamponade [136] and sick sinus syndrome
producing arrhythmias [137] and an orthotopic heart
transplant patient died after allograft failure with death
attributed to interferon toxicity [138]. Interstitial lung dis-
ease, reported for both interferon alfa-2a and 2b [139-144],
is seen more frequently with the former agent and with
high doses of the latter [145]. Potentially fatal interstitial
pneumonitis [146], secondary to interferon alfa-ribavirin
therapy for hepatitis C infection, is said to have an inci-
dence of 0.03-0.3 % although an incidence of ~ 1.1 % was
found in 558 Japanese patients [147]. Fatal interstitial
pulmonary disease can occur with pegylated interferon
alfa-2b as shown by a patient with interstitial pneumonitis
who also developing adult respiratory distress syndrome
[148]. Cases of bronchiolitis obliterans organizing pneu-
monia (BOOP), some fatal, are also known [139, 149].
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Interferon alfa may have adverse effects on the nervous
system in the form of seizures in patients with no history of
epilepsy [150], involuntary facial movements and weak-
ness [151, 152], features resembling multiple sclerosis
[153, 154], restless legs syndrome [155], 17 reports of
sensorimotor polyneuropathy [156] and Bell’s palsy [157,
158]. Adverse effects on sensory systems, mainly the eyes
but also the ears, occur particularly to interferon alfa-2b.
Ocular complications include occlusive vasculitis, central
retinal artery occlusion and anterior ischemic optic reti-
nopathy [159, 160]. Twenty seven of 42 patients taking
interferon alfa-2b/ribavirin developed a retinopathy: cotton
wool spots, 27 patients; retinal hemorrhage, 6; subcon-
junctival hemorrhage, 2; optic nerve edema, 1. Other
ocular complications described in patients treated with
interferon alfa-2b include permanent loss of sight due to
combined retinal artery and central retinal vein obstruction;
development of an epiretinal membrane; and the T cell-
mediated autoimmune syndrome, Vogt-Koyanagi-Harada
disease [161].

Endocrine effects of interferon alfa are probably best
illustrated by thyroid dysfunction which is not yet fully
understood but may have an autoimmune mechanism.
Thyroid dysfunction occurs with an incidence of 5-14 % in
patients treated for chronic hepatitis C. Hypothroidism
occurs more often than hyperthyroidism and resolution
occurs in about 60 % of cases. Interferon alfa-2b can cause
both conditions [162-164]. Although an autoimmune
reaction is the most likely mechanism, some patients
develop hypothyroidism without autoimmunity. A direct
inhibitory effect of thyrocytes has been suggested as the
possible mechanism [162].

Neutropenia induced by interferon alfa is fairly com-
monly seen [165] while other reported hematologic side
effects include acute and autoimmune thrombocytopenia
[166—168], pernicious anemia [169], bone marrow hypo-
plasia [170] which may be immune-mediated, and pure red
cell aplasia [171].

A number of acute renal complications in response to
interferon alfa have been well documented and include
renal thrombotic microangiopathy [172], acute nephrotic
syndrome [173], hemolytic-uremic syndrome [174], renal
insufficiency due to interstitial nephritis [175], tubular
necrosis and IgA nephropathy [176].

The list of cutaneous reactions to interferon alfa is
extensive and includes injection site reactions (erythema,
necrosis and vasculitis), pruritus, xerosis, urticaria, hyper-
pigmentation, psoriasis, alopecia, lichen planus, pityriasis
rosea, sarcoid nodules, eosinophilic fasciitis, livedo retic-
ularis, vitiligo and fixed drug eruption [177-181].

3.3.1.2 Interferon beta The transcriptional
to interferons beta-la and beta-1b appear

response
to be

indistinguishable [44] but the biological and clinical
responses may vary with the dosage schedules. A flu-like
illness is the most commonly occurring adverse event
following administration of the interferon beta proteins
(Table 2) and injection site reactions are common [43,
182]. A comparison of interferon beta-la, 30 ng, given
intramuscularly (im) once per week with interferon beta-
1b, 44 pg, subcutaneously (sc) every other day, showed
that injection site reactions and antibodies were signifi-
cantly more frequent in patients given the beta-1b prepa-
ration but after 2 years, clinical outcomes to this agent
were superior [183]. The questions of the production of
neutralizing antibodies to interferon beta and whether they
reduce the therapeutic effectiveness in treated patients,
especially in the treatment of multiple sclerosis, are
important ones. Such antibodies are found in about a
quarter of patients treated with sc administered interferon
beta-1b and the consensus is that they neutralize or reduce
the cytokine’s activity. Some believe that this has the
potential to significantly reduce the effectiveness of the
therapy and it has been suggested that the immunogenic
potential of interferon beta should therefore be considered
as well as its safety [184]. Other immunologic effects
observed are cases of a lupus-like syndrome to both beta
interferons [185, 186] and cutaneous lymphocytic vascu-
litis to sc interferon beta-1b [187].

Unlike interferon alfa, results from studies do not sup-
port an association of interferon beta with depression but
interferon beta can induce thyroid disorders notably
hyperthyroidism [188] and a severe case of hypothyroidism
to interferon beta-1a resembling Hashimoto’s encephalop-
athy has been described [189]. Skin reactions reported
include urticaria [190] to interferon beta-1a and an acnei-
form eruption to interferon beta-1b [191].

3.3.1.3 Interferon Gamma Interferon gamma, structur-
ally distinct from other interferons [48, 49], is produced
predominately by NK (TCR not expressed) and NKT cells
and by CD4 and CD8 cytotoxic T lymphocytes in antigen-
specific immunity. The cytokine shows a different bio-
logical activity spectrum, in particular in its action of dif-
ferentiating normal and B lymphocytes, and as an
immunomodulator of macrophage activity. It also has an
important role in dealing with intracellular pathogens,
including viruses, and tumor control [51, 192, 193].

Early phase I studies of the biological activity of, and
tolerance to, recombinant interferon gamma showed the
common appearance of flu-like symptoms and granulocy-
topenia [194]. In another early study, a 30 % fall in
peripheral blood lymphocytes was seen after 10 days of
interferon gamma therapy [195]. The occurrence of fatal
acute respiratory failure in four patients treated with
interferon gamma-1b for advanced idiopathic pulmonary
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fibrosis [196] prompted further investigation in the form of
a double blind study of the effect of the cytokine in 330
patients with that condition. No significant differences
were found in lung function, gas exchange or quality of life
but the patients experienced more frequent upper respira-
tory infections and pneumonia [197]. However, acute
respiratory insufficiency has been reported in a single
patient with idiopathic pulmonary fibrosis four months
after receiving interferon gamma [198]. Cardiovascular
toxicity to interferon gamma, particularly at higher doses,
and including hypotension, arrhythmias, coronary vaso-
spasm and ventricular tachycardia [199, 200] and renal
toxicity, namely acute renal failure, nephrotic syndrome
and tubular necrosis [201, 202], have been recorded. There
appears to be few reports of cutaneous reactions to inter-
feron gamma but severe erythroderma occurred in 5 of 10
bone marrow transplant patients given the drug [203].

3.3.2 Colony-Stimulating Factors: Filgrastim,
Sargramostim and Tho-filgrastim

CSFs [57], produced by most tissues and cell types, are
glycoprotein cytokines with multiple actions on hemato-
poietic cells. Described by Metcalf [204] as “the master
regulators of granulocyte and macrophage populations”,
the CSFs are used to treat chemotherapy-induced neutro-
penia, mobilize stem cells for transplantation, and enhance
the immune response to cancer. Currently, approved
members of the CSF family are filgrastim and pegfilgra-
stim, both G-CSFs, sargramostim, a GM-CSF, and tbo-
filgrastim, a short acting biosimilar G-CSF (Table 2). The
latter is used for severe neutropenia in patients with lung
cancer receiving platinum drug chemotherapy. GM-CSF,
used as an immunostimulant following bone marrow
transplantation and chemotherapy, is also viewed as a
potential immunoadjuvant for anti-cancer vaccines.

As well as the most common, and usually mild and
transient reactions of headache, bone pain, myalgia, fever,
flushing and rash for filgrastim and sargramostim, other
more severe, but rare, respiratory, cardiovascular, hema-
tologic and cutaneous reactions occur. Adult respiratory
distress syndrome (ARDS) following G-CSF [205] is more
likely when a rapid rise in the white cells occurs in patients
taking pulmonary toxic drugs, when there is concomitant
infections and in patients with HLA-B51 or HLA-B52
antigens. Other occasional respiratory side effects are
pulmonary toxicities, particularly pulmonary edema which
has proved fatal [206], and interstitial pneumonitis [207].
There has been speculation that GM-CSF might contribute
to the development of acute coronary syndrome. In fact,
cardiovascular complications have been observed. These
include fluid retention, pulmonary edema and weight gain
[208], aortitis to molgramostim [209] and capillary leak
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syndrome following G-CSF which can be severe and even
fatal [210]. Recorded hematologic side effects to CSFs
consist mainly of a number of cases of thrombocytopenia,
some with an immune mechanism, [211, 212], spleno-
megaly [211], and splenic rupture (note FDA issued
warning, Table 2) [213]. There is a belief that G-CSF may
be a risk for the progression of myelodysplastic syndrome
(MDS) but this has not been unequivocally established.
MDS has been reported after G-CSF treatment [214] and
the incidence of MDS or acute myeloid leukemia (AML)
was found to be 11 % in patients treated with G-CSF but
only 5.8 % in patients receiving immunosuppression alone
[215]. In another more recent study [216], patients who
received G-CSF had a 2.5-fold increased risk. Interpreta-
tion of results relevant to the alleged risk of G-CSF is not
straight forward however. Findings that there is no signif-
icant relationship between G-CSF therapy and MDS/AML
onset [217] are at odds with the belief that the risk of
leukemia in severe congenital neutropenia patients
increases with the G-CSF therapy [218]. Two other
potentially life-threatening responses to CSFs, both the
subject of warnings, are anaphylactic/anaphylactoid reac-
tions [219] and severe adverse events such as acute chest
syndrome, vaso-occlusive episodes, multi-organ failure and
death seen in patients with sickle cell disease [220].
There is a long list of adverse skin reactions provoked
by CSFs. Perhaps the most commonly occurring cutaneous
reactions are Sweet’s syndrome seen after therapy with
sargramostim as well as filgrastim [221-223] and psoriasis
flare [224, 225] but other reports describe pyogenic gran-
ulomas [226], pruritic erythematous maculopapular erup-
tions [227], palmoplantar pustulosis [228], erythema
multiforme [229] and neutrophilic dermatoses [230].

3.3.3 Oprelvekin

Recombinant human IL-11, or oprelvekin (Table 2), is
used to prevent chemotherapy-induced thrombocytopenia
and reduce the need for platelet transfusions in patients
with nonmyeloid malignancies [67, 231]. The most com-
monly occurring adverse events seen in placebo-controlled
studies were edema, dyspnea, tachycardia, palpitations,
atrial fibrillation/flutter, pleural effusions, conjunctival
injection and oral moniliasis, [232]. Fluid retention and an
increase in plasma volume underlie many of the adverse
events, for example, edema, dyspnea, pleural effusions,
arrhythmia and dilutional anemia, and indicate that
oprelvekin should be used with caution in patients with
congestive heart failure. No evidence of cumulative tox-
icity or bone marrow exhaustion has been observed after
sequential cycles of the cytokine and no proliferative effect
on tumors has been noted [66, 67, 232]. Two other clini-
cally important adverse reactions reported are papilledema
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[67, 233] and periosteal bone formation [233]. An inci-
dence of 3—4 % was found for anti-oprelvekin antibodies in
treated patients [67, 233].

3.3.4 Becaplermin

Becaplermin is a recombinant human PDGF, a homodimer
made up of two disulfide-bonded B chains and hence
written as thPDGF-BB. Naturally occurring PDGF has A
and B chains in homodimeric or heterodimeric form. The
PDGF-A chain binds to the o receptor whereas the PDGF-
B chain binds to both the o and B receptors [234, 235].
rhPDGF-BB promotes the growth of granulation tissue and
wound healing [236, 237] via interaction with receptors on
fibroblasts (o and B) and endothelial cells (B receptors).
Becaplermin has found use in gel form as a topical appli-
cation for patients with lower extremity diabetic neuro-
pathic ulcers [69, 238].

Growth factors cause cell proliferation so the possibility
of increased cancer rates is considered for drugs with a cell
growth-promoting property. In a retrospective study by the
FDA of a medical claims database, cancer rates and deaths
were compared for 1,622 becaplermin users and 2,809
matched non-users. The incidence rate ratios of becapler-
min to matched controls for all cancers and for mortality
from all cancers were 1.2 and 1.8, respectively and the
incidence rates for mortality among patients who received
3 or more tubes of becaplermin and controls were 3.9 and
0.9 per 1,000 patient-years, respectively. The rate ratio for
cancer mortality in the patient group receiving 3 or more
tubes was 5.2 (95 % CI 1.6-17.60). Following an earlier
safety study in 2001, where more cancers were found in the
becaplermin group than a non-user group, the FDA in 2008
issued a boxed warning for Regranex® Gel stating that
“malignancies distant from the site of application have
occurred in becaplermin users... and an increased rate of
death from systemic malignancies was seen in patients who
have received 3 or more tubes”. As a consequence, it was
stated that “becaplermin should be used with caution in
patients with known malignancy” and only used “when the
benefits can be expected to outweigh the risks” [239]. In
2010, the EMA’s Committee for Medicinal Products for
Human Use recommended that becaplermin should not be
used in patients with a pre-existing cancer but, at the same
time, admitted that there was no evidence either way to
establish, or rule out, a link between therapeutic use of the
cytokine and cancer. Apart from this major potential
adverse event and the known side effects listed in Table 2,
there is a dearth of subsequent studies on the side effects of
becaplermin, including case reports. This is probably
because clinical experience with the agent has not lived up
to the initial high expectations and it has not become
widely used.

3.3.5 Palifermin

Palifermin, a recombinant human Kkeratinocyte growth
factor produced by mesenchymal cells and fibroblasts,
stimulates differentiation, proliferation and migration of
epithelial cells via interaction with its complementary
receptors on epithelial cells widely distributed in numerous
tissues including skin, hair follicles, tongue, stomach,
intestine, lung, liver, kidney, lens of the eye and many
other tissues and organs [74]. The recombinant molecule is
a nonglycosylated, 16.3 kDa, 140 amino acid protein
belonging to the fibroblast growth factor family that has
been genetically modified to increase stability by shorten-
ing the natural protein at the N-terminal end [72]. Palifer-
min is an important agent in oncological supportive care,
aiding the management of mucositis in cancer patients by
protecting the mucosal epithelium and aiding its regener-
ation after chemotherapy- and radiation-induced injury
[74].

Reported adverse events following palifermin adminis-
tration in a phase III double-blind, placebo-controlled trial
were rash, pruritus, erythema, paresthesia, edema, taste
alteration, rhinitis, arthralgia, thickening of the tongue and
numbness [75]. The keratinocyte growth stimulation
properties of palifermin may underlie a number of cuta-
neous reactions seen following its administration. Cases of
palmoplantar erythrodysesthesia (acral erythema; hand-
foot syndrome), a papulopustular (acne-like) eruption on
the head and trunk, hyperpigmented papillomatous plaques
in the axillae and inguinal areas and a case of lichenoid
papules have been described. The latter reaction consisted
of a cutaneous eruption of planar papules resembling lichen
planus, together with erythema mainly in an intertriginous
distribution and confluent white plaques on the oral mucosa
[76]. Being a growth factor, palifermin carries a warning of
potential stimulation of tumor growth (Table 2).

3.3.6 Aldesleukin

Interleukin-2 (IL-2) is one of the best studied cytokines
after its discovery as an activator of T lymphocytes nearly
40 years ago. Because it possesses a wide range of immune
effects regulating T cells and immune activation and
homeostasis, IL-2 was one of the first cytokines charac-
terized at the molecular level. The recombinant form,
called aldesleukin, differs from the natural cytokine by
absence of glycan residues and at position 125 and the end
terminal amino acid (Table 2). It has been applied clini-
cally in a number of ways, particularly for melanoma and
renal cell carcinoma, and from its earliest applications
showed a wide range of the sort of side effects often seen
with cytokines including fever, chills, myalgia, nausea,
vomiting, diarrhea, hypotension, oliguria and edema [81,
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240, 241] (Table 2) plus a number of more severe cardio-
vascular, hematologic [81], endocrine, kidney, central
nervous system, infectious and cutaneous toxicities.

Cardiovascular adverse events are the main dose-lim-
iting toxicities of aldesleukin with recorded cases of
hypotension, tachycardia, peripheral edema, pleural effu-
sions, myocarditis, myocardial infarction, heart block,
arrhythmias, cardiac eosinophilic infiltration and coronary
ischemic changes [241-244]. An important occasional and
serious adverse event of IL-2 therapy is -capillary
(sometimes called vascular) leak syndrome which causes
hypovolemia and fluid accumulation in the extravascular
spaces and may lead to oliguria, ischemia and confusion.
Aldesleukin therapy can induce increased vascular per-
meability, interstitial edema and ultimately organ failure
seen as an increase in body weight, fluid retention,
peripheral edema, ascites, pleural and pericardial effu-
sions and ultimately pulmonary and cardiovascular failure
[245, 246]. Pulmonary side effects to aldesleukin are
usually related to capillary leak syndrome and are more
likely, and more severe, (e.g. as pulmonary edema and
respiratory distress), in patients with existing cardiac
problems. Hematologic adverse effects, particularly ane-
mia, leukopenia and thrombocytopenia [247, 248], occur
but are rarely severe or dose limiting. Eosinophilia may
occur in the later stages of therapy accompanied by rash
and pruritus [245]. Endocrine effects usually manifest as
hypothyroidism which may affect up to one third of
patients, or as the far less common hyperthyroidism [249].
Renal toxicity [250], especially oliguria, and gastrointes-
tinal toxicities are also seen, the latter being particularly
common in the form of nausea, vomiting, diarrhea,
anorexia, gastritis and mucositis. Gastrointestinal perfo-
ration has also been reported [251]. IL-2-induced infec-
tious toxicities may occur at venous catheter sites and in
the urinary tract. Such infections, usually due to Staphy-
lococcus species, are thought to arise from the known
affect of IL-2 on neutrophil chemotaxis. Neurological
effects, especially to high doses during IL-2 therapy,
include anxiety, depression, altered sleep patterns, som-
nolence, emotional fragility, vivid dreams and confusion
[252]. The list of aldesleukin-induced cutaneous reactions
is extensive, ranging from mild erythema, pruritus,
injection site reactions and vitiligo, to urticaria, angioe-
dema, reactivation of eczema, exacerbation of psoriasis,
generalized erythema followed by desquamation, vascu-
litis, and severe manifestations like pemphigus, IgA bul-
lous dermatosis and toxic epidermal necrolysis [5, 253,
254]. A curious case involved the implication of high
dose IL-2 therapy in the occurrence of multifocal fixed
drug eruptions after the administration of other drugs,
namely, ondansetron, granisetron, paracetamol and indo-
methacin [255].
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3.3.7 Anakinra

Interleukin-1 (IL-1) is a cytokine produced in response to
inflammatory stimuli in a number of immunological reac-
tions including rheumatoid arthritis. The receptor for IL-1
(IL-1R), in membrane or soluble form, is widely expressed
on tissues and organs and exists as two types, type I which
is responsible for the expression of the inflammatory
effects of IL-1 and type II which may compete for IL-1 and
act as a suppressor of the cytokine. Anakinra is a recom-
binant specific receptor antagonist (IL-1RA) for IL-1 dif-
fering from the natural receptor by the addition of a single
methionine at the amino terminal end (Table 2). Anakinra
therefore acts as a biological response modifier in the
treatment of diseases like rheumatoid arthritis. The side
effects profile of anakinra is not large with two adverse
events, injection site reactions (122 events per 100 patient
years) [256] and infection episodes, the most commonly
seen detrimental responses to the agent. Injection site
reactions occur in up to 73 % of patients but cause cessa-
tion of treatment in less than 5 % of affected individuals.
Infections, particularly upper respiratory tract infections
(URTI), involving a wide variety of organisms have been
reported but it has been suggested that the risk of infection
is associated with high doses of anakinra and in patients
with comorbidities. Septicemia due to S. aureus, hemolytic
streptococci and E. coli occurred after anakinra was added
to prednisolone for rheumatoid arthritis [257]. Anakinra
provoked reactivation of pulmonary tuberculosis [258] and
adenovirus, gastroenteritis, varicella pneumonitis, visceral
leishmaniasis and acute Epstein-Barr virus infection
occurred in juvenile idiopathic arthritis patients treated
with anakinra [259]. A patient with Still’s disease treated
with anakinra developed systemic inflammatory response
syndrome (SIRS) together with ARDS and some other
patients with this disease had the cytokine withdrawn
because of infections or severe skin reactions [260]. Other
reported side effects of anakinra include progression of
rheumatoid arthritis [256], exacerbation of Crohn’s disease
[261], anaphylaxis with a positive skin test to the cytokine
[262], cellulitis at injection sites [263] and an interstitial
granulomatous reaction which resolved after withdrawal of
anakinra and recurred on challenge [264].

3.3.8 Epoetins

Erythropoietin (EPO) is a heavily glycosylated cytokine
with three N-linked and one O-linked oligosaccharide
chains that are important for the protein’s biological
activity and stability. Activity is also dependent on two
disulfide bonds between cysteines 7 and 160 and 29 and 32.
In both native human EPO and rhEPO (epoetin alfa), the
originally secreted molecule is a 166 amino acid peptide
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before the carboxy-terminal arginine is removed to give the
final active protein of 165 amino acids [86, 265].

In an early study of rhEPO in anemic patients with end-
stage renal disease, the main observed adverse effects and
their incidences were myalgias 5 %, iron deficiency 43 %,
elevated blood pressure 35 % and seizures 5.4 % [266].
Hypertension is a common side effect with approximately
one third of dialysis patients affected [267] and hyperten-
sion and increased viscosity due to thEPO may lead to
encephalopathy, convulsions, cerebral edema and seizures
[268]. Thromboembolism is said to be a potential outcome
from EPO therapy but controlled studies have not always
provided support for this claim [269]. Nevertheless, con-
trolled studies on cancer patients revealed a 1.55-fold
higher risk of thromboembolic events with thEPO therapy
than controls [270]. Cerebral ischemia with increased
metabolic rate and blood viscosity is a potentially severe
side effect of EPO therapy and it has been pointed out that
this could limit or halt the use of EPO for neurovascular
diseases [265]. EPO receptors have been demonstrated in
tumor tissue and the cytokine may assist with tumor
angiogenesis, suggesting the possibility of EPO initiating
tumor growth or aiding tumor progression [271].

Pure red cell aplasia (PRCA) [272], caused by neutral-
izing antibodies to epoetin that cross-react with natural
erythropoietin, produces a rapid decline in hemaglobin
concentration, severe anemia, low reticulocyte count and
an almost total absence of red cell precursors. In cases of
transfusion-dependent PRCA with neutralizing serum
antibodies to EPO, patients should not be switched to
another epoetin such as darbepoetin alfa [268]. Develop-
ment of wheals at former epoetin alfa subcutaneous
injection sites on a patient with PRCA following intrave-
nous injection with epoetin beta and darbepoetin alfa,
provoked a systemic anaphylaxis/anaphylactoid response
and anti-EPO antibodies cross-reactive with epoetin beta
and darbepoetin alfa were detected in the serum [273].
Other cases of anaphylaxis to epoetin alfa have occurred
[274] and a delayed hypersensitivity reaction in the form of
acute exanthematous pustulosis following replacement of
epoetin alfa with darbepoetin alfa was reported [5].

In a large randomized, double-blind controlled trial
comparing two different administration schedules of dar-
bepoetin alfa for the treatment of chemotherapy-induced
anemia [92], serious adverse events that were treatment-
related occurred in 3 % of the 672 patients. Deep vein
thrombosis was seen in 1.1-1.7 % of patients, pulmonary
embolism in 0.8 % and hypertension in 0.3-1.1 %. No
antibodies to darbepoetin alfa were found in the serum of
any patient. An investigation of the effect of darbepoetin
alfa on exercise tolerance in anemic patients with symp-
tomatic chronic heart failure revealed three events with a
>5 % difference in incidence between the treatment and

placebo groups: neurological signs and symptoms; upper
respiratory tract infections; and joint-related signs and
symptoms [93].

3.3.9 Bone Morphogenetic Proteins

BMPs are growth factors inducing the formation of bone
and cartilage and important signaling proteins in some
disease states such as adenocarcinoma and the progression
of colon cancer. Of the 20 BMPs so far identified [275,
276], six, numbers 2 to 7, belong to the TGFf cytokine
family (Table 1). BMP-2 and BMP-7 promote the differ-
entiation of osteoblasts and, on the basis of this action,
recombinant forms of both cytokines (rhBMP-2 and
rhBMP-7) are approved by the FDA for specific uses in
orthopedic, oral and maxillofacial surgery and implant
dentistry although up to 85 % of their usage is said to be
off-label [277].

Safety studies on BMPs have a curious and troubling
history of discrepancies due to the possible involvement of
inadequate peer review and editorial oversight [97]. More
recent results with rhBMP-2 indicate a much higher inci-
dence of side effects and complications than reported in the
original peer reviewed and industry-sponsored work. No
adverse events following rhBMP-2 administration were
reported in thirteen of the original studies involving anal-
yses of 780 patients due, it seems, to methodological bias
against the control group. Identification of previously
unpublished adverse effects, study inconsistencies, and a
comparative review of FDA material, revealed an adverse
events frequency associated with thBMP-2 in spine fusion
of 10-50 % [97]. In a retrospective review of adverse
events associated with the use of thBMP-2 in spinal sur-
gery, a search of the Manufacturer and User Facility
Device Experience Database for the period July 2002 to
August 2011 was undertaken. Only 4 of 834 reports
described procedures using thBMP-2 in accordance with
the approved indication while 370 reports (44.4 %) stated
that the patient required revision surgery or other invasive
interventions to deal with the adverse event. The adverse
events reported were swelling; fluid collection; osteolysis;
pain/radiculopathy; heterotropic bone; pseudarthrosis; sur-
gical site infections and other wound complications;
thromboembolic events; respiratory distress; cancer; and
some others [98]. In an examination of the prevalence and
complications of BMP use in spinal fusion procedures,
Cahill et al. [278] identified the following complications
and incidences: vertebral osteolysis 44 %; graft migration
31 %; graft subsidence 27 %; formation of neutralizing
antibodies to BMP-2 26 %; ectopic/heterotopic bone for-
mation 7 %; and hematoma 3 %.

In accordance with the classification followed in the
recent review of rhBMP-2-associated complications by
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Tannoury and Howard [99], the main adverse events to this
cytokine are considered under the headings of those
occurring during lumbar spine surgery and those seen in or
after cervical spine surgery. In posterior and transforaminal
interbody fusions in particular, postoperative radiculitis
may occur after BMP-2 use during lumbar spine surgery,
occurring, it seems, without neural compression and pos-
sibly because of the formation of ectopic bone. Postoper-
ative radiculitis was estimated to occur in 11.4 % of
patients who underwent a minimally invasive transfora-
minal interbody fusion procedure [279]. Postoperative
nerve injury and ectopic bone formation with the use of
rhBMP-2 has been reported, the latter with an incidence of
20.8 % compared to 8.3 % in the absence of the cytokine.
Other major adverse events seen following BMP-2 use in
lumbar spine surgery include vertebral osteolysis, edema
and retrograde ejaculation [99, 280]. Although the forma-
tion of neutralizing antibodies to the bone growth protein is
a theoretical concern, there is so far no clinical evidence
that that has occurred. Reviews of complications after the
use of thBMP-2 in cervical spine surgery have revealed an
incidence of 43 % for osteolysis and graft subsidence and
5.5-17 % for dysphagia and swelling (in particular, the
neck) with respiratory difficulties [278, 281]. Other adverse
events include hematoma with high doses of thBMP-2;
lucency and subsidence of fusion levels amongst allograft
and demineralized bone matrix patients; and complications
in posterior cervical fusion with BMP such as neurologic
decline, wound complications and asymptomatic hetero-
topic ossification [99].

Besides being a growth factor, BMP-2 receptors are
expressed on some tumor cells and it is therefore not sur-
prising that the cytokine has been investigated as a
potential carcinogen in studies on breast cancer cells,
malignant human gastric epithelial cells, oral cell carci-
noma and the risk of subsequent pancreatic cancer. Con-
cern for the carcinogenic potential of rhBMP-2 was
somewhat reinforced by a 2010 FDA Orthopedic and
Rehabilitation Devices Advisory Panel report on the
Amplify™ rhBMP-2 matrix [282] showing increased
cancer rates among BMP-2-treated patients. At
<24 months cancer incidences were patients 5 % and
controls 0.9 %; at 60 months, patients 5 %, controls 2.1 %
[282]. Other studies have reported tumor-enhancing,
tumor-suppressing, or no dependence effects [99, 283, 284]
so, in this situation of uncertainty, it may be prudent to very
carefully consider the question of the use of BMPs together
with the risk to benefit ratio for cancer patients requiring
spinal fusion.

Less widely used than thBMP-2 which promotes better
bone growth, rhBMP-7, also known as osteogenic protein 1
(OP-1), is a multifunctional growth factor thought to have
other possible therapeutic applications besides bone and
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cartilage growth and development. These hoped-for
potential applications include identification and treatment
of cancer, and a beneficial role in Parkinson’s disease,
ankylosing spondylitis, diabetes and asthma as well as
some diseases of the kidney, liver, intestine, brain, adipose
tissue and cardiovascular system [104]. Apart from an FDA
Public Health Notification of life-threatening complica-
tions associated with thBMP, including thBMP-7, in cer-
vical spine fusion, and the reminder that thBMPs are
contraindicated in skeletally immature or pregnant patients
and those with hypersensitivity to the protein, studies on,
and reports of, adverse events to BMP-7 are not yet
extensive. This is in contrast to the large and rapidly
growing literature on thBMP-2 induced adverse events. In
an early clinical trial designed to evaluate rhBMP-7 in the
treatment of tibial reunions, adverse events were reported
to be mild or moderate and non-serious, for example, fever,
nausea and vomiting, leg edema and discomfort and
hematoma at the operative site. Low levels of anti-BMP-7
antibodies were detected in 10 % of the treated patients but
all titres were low with no related adverse events [285].
With the possibility in mind that risks following the use of
rhBMP-7 in anterior cervical fusion procedures might not
be as high as seen with BMP-2, the safety of rhBMP-7 was
examined in 123 patients undergoing anterior cervical
discectomy and fusion using interbody cages. Assessed
over the first 30 days, there were no deaths or reoperations
but 2.4 % of patients experienced brachalgia and dysphagia
[286]. Although a slight increase on post-operative pre-
vertebral swelling was seen on radiological evaluation, this
was judged to be not clinically significant. The authors
concluded that BMP-7 can be used safely in anterior cer-
vical fusion surgery.

Pleomorphic sarcomas around heterotropic bone nodules
were found in some animals during a study of thBMP-7 in
rats and 5 cancers, 4 nonosseous and 1 a recurrence of
chondrosarcoma, occurred in 570 humans receiving OP-1.
Note, however, published material on BMP-7 and carci-
nogenesis that is not related to manufacturers does not
appear to be available [287].

3.3.10 Metreleptin

Leptin, a 167 amino acid protein of MW 16 kDa produced
by a number of different cells in different organs but pri-
marily adipocytes, helps to control energy homeostasis and
body weight by adjusting hunger and energy expenditure to
regulate fat stores [288]. It also regulates some neuroen-
docrine functions and other physiological processes, many
yet to be defined. In February 2014, the FDA approved
metreleptin, a recombinant analog of leptin (Table 2) as
replacement therapy to treat leptin deficiency in patients
with congenital or acquired generalized lipodystrophy.
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Metreleptin is not to be used in patients with general
obesity, for HIV-related lipodystrophy or in patients with
metabolic diseases (e.g., diabetes mellitus) without con-
current generalized lipodystrophy. Neutralizing antibodies
may develop to metreleptin and because of this and the
possibility of the occurrence of T cell lymphoma in patients
with acquired generalized lipodystrophy, the protein is only
available under the Myalept Risk Evaluation and Mitiga-
tion Strategy Program.

Kinetic studies on metreleptin in relation to age, sex,
production and clearance, demonstrated that the recombi-
nant cytokine’s half-life was 3.4 + 1.5 h, older subjects
show decreased production and clearance rates, and
females have higher baseline levels which increase with
increasing adiposity. In fact, an increased body mass is
associated with higher endogenous leptin levels, a higher
rate of production and a longer half-life [289].

Common side effects observed in early clinical trials
were headache, weight loss, hypoglycemia and abdominal
pain. In a randomized, double-blind study designed to
evaluate the weight-lowering effect in human obesity of an
amylin/leptin drug combination using pramlintide/metre-
leptin, adverse events specifically due to metreleptin
occurring with an incidence of >5 % were injection site
reactions 66.7 %, nausea 25.9 %, nasopharyngitis 7.4 %,
headache 7.4 %, hypersensitivity 7.4 % and vomiting
7.4 % [108]. Injection site reactions often include inflam-
mation, erythema and ecchymoses. Other potentially more
serious reported adverse events to metreleptin include the
worsening of renal disease [290], the production of anti-
metreleptin antibodies [291, 292] and development of T
cell lymphomas [292, 293].

4 Concluding Remarks

Cytokines have already had a revolutionary impact on our
understanding of cellular functions and extracellular mes-
saging but although their biological effects seem to offer
great potential for the treatment of a wide range of human
conditions, their pleiotropism, potency, and complexity to
produce cytokine ‘cocktails’ with signaling cascades and
accompanying side effects, demands caution in attempts to
introduce individual members into the clinic. The range of
biological events set in motion even by individual cyto-
kines, warns of the possibility of unwanted side effects and
the resultant caution is reflected by the relatively small
number of cytokines currently approved by regulatory
agencies and reviewed here. Good examples of the sorts of
doubts that exist and why clinical developments proceed so
cautiously, have been illustrated with interferons, aldes-
leukin, becaplermin, palifermin and bone morphogenetic
proteins. A glance at Table 2 shows that 14 of the 20 listed

FDA-approved cytokine preparations (18 different cyto-
kines with 3 also in pegylated form) carry warnings with 10
of these being black box warnings. Having been used in
human therapy for many years, interferon alfa preparations
are well known for a number of often widely different,
potentially serious, side effects specified in boxed warn-
ings. The diverse nature of these side effects concerning
neuropsychiatric, autoimmune, ischemic and infection
adverse events, together with the therapeutic benefits of
interferons are a good illustration of the two-edged nature
of cytokine pleiotropism. Becaplermin, a growth factor,
causes cell proliferation so the possibility of malignancy
with its continued use needs to be kept in mind, especially
in patients with known cancers. Likewise, palifermin,
another growth factor and a valuable treatment for muco-
sitis in cancer patients, has with it the potential for stim-
ulation of tumor growth, especially since its
complementary receptors occur widely on many different
cell types in the body. Aldesleukin, the recombinant IL-2,
is a potent activator of T lymphocytes and stimulates
immune responses to cancer, producing regression of
tumors in metastatic renal cell carcinoma and melanoma.
However, this activity can also lead to a range of adverse
cardiac and pulmonary events. Perhaps the best example of
the safety uncertainties and benefits-to-risk ratios associ-
ated with these heterogeneous, pleiotropic cell regulators,
is seen with the bone morphogenetic proteins BMP-2 and
BMP-7. Already with a troubled history of under-reported
adverse events, in the post-marketing period these growth
factors are currently a focus of attention and speculation as
potential carcinogens. BMP-2 receptors are expressed on
some tumor cells and increased rates of cancer following
its use have been reported but, in keeping with the com-
plexity of cytokine-induced responses, and the difficulty of
ascribing adverse effects to causes, tumor-suppressing or
no dependence effects have also been reported.

In any consideration of adverse event profiles of
approved biologics, two other potentially important con-
tributing factors need to be recognized. Any drug brought
to market under the Orphan Drug Designation program
where development was mediated because of the rarity of a
condition, may not reveal its full spectrum of adverse
effects until well into its post-marketing period since a
relatively smaller number of administrations results from a
smaller pool of patients. The dose of a particular cytokine
may also be of critical importance in avoiding dangerous
side effects by narrowing the spectrum of activity of the
pleiotropic agent and tipping the balance to a specific
biological activity [15].

Lest the attention drawn in this review to the known and
potential toxicities of cytokines obscures their often sub-
stantial benefits and the improved outcomes they can pro-
duce, readers are reminded that the focus here on side
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effects does not negate the clear clinical improvements each
of the approved cytokines can bring. Cytokines may indeed
sometimes provoke a wide range and number of toxicities
and adverse events but, overall, the second edge of their
pleiotropism usually more than offsets the side effects
profiles and this is reflected in their lists of indications and
approved regulatory status. In fact, in some cases, toxicities
correspond with improved outcomes. For example, in an
assessment of the significance of autoimmunity in mela-
noma patients treated with interferon alfa-2b, interferon-
induced autoimmunity was found to be a prognostic marker
for improved relapse-free, and overall, survival [294].
Together with monoclonal antibodies, chimeric fusion
proteins, vaccines, a range of recombinant enzymes, hor-
mones, various receptor proteins, a few purified approved
toxins and some cell-based and non-specific adjuvant
therapies, the pool of over 130 cytokines seems to offer, via
genetically engineered preparations or modifications of the
natural proteins, the potential of a major expansion of
biologic therapies, some revolutionary, over the forth-
coming decade or less. Meanwhile, the relatively few
currently approved recombinant cytokines are already
revealing their true natures in relation to their efficacy and
side effects, influenced above all by their pleiotropism,
redundancies and potencies. The large range of activities
displayed by the family of cytokine proteins, together with
their potential for the treatment of many different diseases
and our steadily accumulating knowledge and experience
with the small number currently used clinically, may
indeed end up helping to achieve the prediction that the
future of therapy belongs to the emerging biologics.
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