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through modulating
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immune-relevant molecules.
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Challenges and approaches
for the development of safer
Immunomodulatory biologics

Biologics currently represent more than 30% of licensed
pharmaceutical products and have expanded the thera-
peutic options available for a broad range of diseases,
including immune-mediated inflammatory diseases and
malignancies"?. Between 1993 and 2011, 174 new biolog-
ics (that are not vaccines or blood products) were author-
ized by the European Medicines Agency (EMA) (see the
European public assessment reports on the EMA website)
and/or the US Food and Drug Administration (FDA) (see
the Drugs@FDA page on the FDA website). A large pro-
portion of these are immunomodulatory biologics, which can
be grouped into three main categories according to their
mode of action: cytokine immunomodulatory biologics
that mimic, replace or augment endogenous cytokines
(for example, granulocyte colony-stimulating factor
(G-CSF) and interferon-p (IFNp)) and are recombinant
human proteins; antibody-based triggering immunomod-
ulatory biologics that bind to relevant targets and trigger
immune cell signalling pathways (for example, rituximab
(Rituxan/Mabthera; Biogen Idec/Genentech/Roche) and
muromonab-CD3); and blocking immunomodulatory
biologics that bind to immune-relevant targets and block
their function (for example, etanercept (Enbrel; Amgen/
Pfizer) and omalizumab (Zolair; Genentech/Novartis)).
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Abstract | Immunomodulatory biologics, which render their therapeutic effects by modulating
or harnessing immune responses, have proven their therapeutic utility in several complex
conditions including cancer and autoimmune diseases. However, unwanted adverse reactions
—including serious infections, malignancy, cytokine release syndrome, anaphylaxis and
hypersensitivity as well as immunogenicity — pose a challenge to the development of new
(and safer) immunomodulatory biologics. In this article, we assess the safety issues associated
with immunomodulatory biologics and discuss the current approaches for predicting and
mitigating adverse reactions associated with their use. We also outline how these
approaches caninform the development of saferimmunomodulatory biologics.

The high specificity of the interactions of immu-
nomodulatory biologics with their relevant immune
targets — the on-target effects — should theoretically
abrogate off-target effects. Despite the generally superior
safety profiles of immunomodulatory biologics com-
pared with small-molecules, several clinical concerns
have emerged relating to unwanted effects or adverse
reactions associated with the use of immunomodulatory
biologics (TABLES 1-3). These adverse reactions can be
broadly categorized into two groups. The first category
includes adverse reactions that are due to on-target
interactions (that is, exaggerated pharmacology). These
include serious infections, malignancies, cytokine
release syndrome (CRS), tumour lysis syndrome and
autoimmunity. The second category includes adverse
reactions that are due to the inherent property of the
biologic, such as immunogenicity. Adverse reactions that
are due to the inherent property of the biologic can result
in the generation of neutralizing anti-drug antibodies
(ADAs) and hypersensitivity reactions.

Understanding the complex interactions among dis-
ease states, the host immune system, the target of immu-
nomodulation and the immunomodulatory biologic is
vital to predicting and mitigating the risk of unwanted
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effects (FIC. 1). Furthermore, such detailed understanding
can contribute to the design and development of immu-
nomodulatory biologics with a reduced risk of unwanted

effects.

In this Review, we first focus on the current under-
standing regarding immunomodulation leading to seri-
ous infections, malignancies and CRS, as well as the
immunogenicity of immunomodulatory biologics. We
also outline strategies that are being pursued to prevent,
minimize or mitigate these unwanted effects. We dis-
cuss the current state of available tools to predict these
adverse reactions. Finally, we present a scheme out-
lining how an increased understanding of target biol-
ogy and the mechanisms that drive unwanted effects,
along with predictive tools, can be used for developing
immunomodulatory biologics that have improved safety

profiles.

Current knowledge of adverse reactions

Adverse reactions

Any adverse events occurring

in temporal association with a

therapeutic for which causality
(possible, probable or definite)
has been determined.

Boxed warnings
Warnings on a
pharmaceutical product
label indicating the risk
of a serious or life-
threatening adverse
reaction (or reactions)
associated with the use

of the therapeutic agent. elsewhere’.

A comprehensive understanding of the nature and
mechanisms of the adverse reactions associated with
immunomodulatory biologics underpins the design
and development of safer immunomodulatory biologics.
Here, we focus on some of the current, frequently occur-
ring adverse reactions such as serious infections, malig-
nancies, CRS and immunogenicity. We have chosen to
focus on these particular well-characterized adverse
reactions to enable the emergence of meaningful ideas
for informing the development of safer immunomodu-
latory biologics. Descriptions and discussions on other
adverse reactions such as tumour lysis syndrome and
autoimmunity have been comprehensively reviewed

REVIEWS

Immunomodulation leading to serious infections and
malignancies. A major adverse reaction associated
with immunomodulation is the occurrence of serious
infections that result in mortality or in hospitalization,
requiring management with intravenously administered
antibiotics. Out of the 40 licensed immunomodulatory
biologics, 18 have been associated with serious infections,
including reactivation of bacterial infections (for example,
mycobacterial, streptococcal, listerial or meningococcal
infections), viral infections (for example, hepatitis B virus
(HBV) or HCV), fungal infections (for example, histo-
plasmosis) or opportunistic infections (for example, John
Cunningham virus (JCV) or Pseudomonas aeruginosa)
(TABLES 1-3).

The significance of these adverse reactions has been
recognized by regulatory authorities (the FDA and the
EMA) and is reflected in product labels that state this
risk. For some of these biologics, there is a clear cause
and effect, and with this knowledge (BOX 1) it is possible
to implement mitigating strategies. However, for other
biologics the causes of the increased susceptibility to
infections are less obvious and therefore further analyses
are necessary before preventive strategies can be formu-
lated (BOX 1).

Natalizumab (Tysabri; Biogen Idec/Elan) is an exam-
ple of an immunomodulatory biologic that has a clear
cause and effect, and for which the implementation of
a risk management strategy was possible. Natalizumab
is indicated for the treatment of multiple sclerosis and
Crohn’s disease, and it exerts its therapeutic effects
by binding to the a4 integrin subunit to interfere with
T cell trafficking. However, it has been associated with
progressive multifocal leukoencephalopathy (PML), a
progressive sub-acute demyelinating neurological con-
dition’ that is caused by the reactivation of latent JCV
infection. The reduced T cell trafficking to the central
nervous system (CNS) compromises the immune sur-
veillance and control of JCV in susceptible patients, thus
increasing the risk of developing PML. Indeed, up to 11
out of every 1,000 patients receiving natalizumab therapy
may develop PML if they have all of the following risk
factors: prior infection with JCV, presence of JCV anti-
bodies and clinical factors such as increased duration of
treatment and concomitant immunosuppressant ther-
apy’. These risk factors have been formally taken into
account by regulatory agencies and are recognized by
boxed warnings. Moreover, the product label for natali-
zumab recommends testing patients for JCV-specific
antibody status before and/or during treatment if the
antibody status is unknown. BOX 1 outlines other exam-
ples of cases that have clear causal relationships for an
increased risk of infection, as well as those cases in which
the causes are unclear.

Regarding the increased risk of malignancy, it is
acknowledged that biologics with an immunosuppres-
sive mechanism of action can indirectly contribute to an
increased risk of malignancy owing to decreased immune
competence and immune surveillance; however, this may
be undetectable over the background incidence of malig-
nancy induced by the disease states themselves (that is,
through inflammation and autoimmunity).
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Table 1| Clinically used recombinant cytokine immunomodulatory biologics

Biologic Type
Aldesleukin

IL-2
Filgrastim

Interferon alpha

IFNa
Interferon
beta-1la IFNB1a
Interferon
beta-1b IFNB1b
Interferon
gamma [FNy

Peginterferon
alfa-2a

Peginterferon
alfa-2b

Sargramostim
GM-CSF

Recombinant human

Recombinant methionyl
human G-CSF

Recombinant human

Recombinant human

Recombinant human

Recombinant human

Pegylated recombinant
human IFNa2a

Pegylated recombinant
human IFNa2b

Recombinant human

Indications

Metastatic renal cell carcinoma,
metastatic melanoma

AML, bone marrow transplant in
cancer, blood progenitor cell collection
and therapy, chronic neutropaenia

Chronic hepatitis C, hairy cell
leukaemia, AIDS-related Kaposi’s
sarcoma, CML

Relapsing-remitting multiple sclerosis

Immune-related safety warnings

* Boxed warnings for capillary leak syndrome and infection
e Risk of hypersensitivity reported**

* No boxed or product label warnings issued
e Risk of splenic rupture and ARDS indicated in product label
 Additional monitoring required by the MHRA

* Boxed warnings for autoimmune reactions and infections
e Risk of cytopaenia indicated in product label
e Risk of immunogenicity reported”®

* No boxed or product label warnings issued

 Anaphylaxis reported post-approval
* Immunogenicity reported*’

Relapsing-remitting multiple sclerosis

* No boxed warnings issued

° Lymphopaenia risk indicated in product label
¢ Risk of immunogenicity reported*’”®

Chronic granulomatous disease,
malignant osteopetrosis

Chronic hepatitis C

* No boxed or product label warnings issued

* Boxed warnings issued for autoimmune reactions and
infections

* Risk of cytopaenia indicated in product label

Chronic hepatitis C

* Boxed warnings issued for autoimmune reactions and
infections

* Risk of cytopaenia indicated in product label

AML, non-Hodgkin’s lymphoma, bone
marrow transplant

* No boxed or product label warnings issued

AML, acute myeloid leukaemia; ARDS, acute respiratory distress syndrome; CML, chronic myeloid leukaemia; G-CSF, granulocyte colony-stimulating factor; GM-CSF,
granulocyte-macrophage CSF; IFNq, interferon-a; IL-2, interleukin-2; MHRA, Medicines and Healthcare products Regulatory Agency (UK).

Post-transplant
lymphoproliferative disease
A disorder characterized

by the neoplastic proliferation
of lymphocytes that

usually occurs as a

result of therapeutic
immunosuppression induced
to prevent transplant rejection.

For instance, malignancy has been reported as a seri-
ous adverse reaction associated with the long-term use
of the tumour necrosis factor (TNF)-specific class of
immunomodulatory biologics®’; indeed, the FDA and
EMA have stated this risk on boxed warnings (TABLE 3).
This includes the observed incidence of hepatosplenic
T cell lymphoma in young adults and children receiv-
ing anti-TNF treatment®. However, recent meta-analyses
of data from randomized controlled clinical trials and
safety registries have contested this previously held con-
sensus’'". The lack of compelling evidence for malignan-
cies related to anti-TNF therapy suggests that the nature
of the underlying disease and co-medications contribute
to lowering immune surveillance mechanisms in some
patients to a degree that causes malignancies to arise,
irrespective of the immunomodulatory biologic interven-
tion. This is particularly true of chronic inflammatory
states that are themselves associated with the emergence
of neoplasms? (for example, lymphoma in autoimmune
rheumatic diseases)*?.

Nevertheless, some factors have been observed to
clearly lead to an increased risk of malignancies, and
therefore mitigation strategies can be implemented. For
example, the functional suppression of T lymphocytes
by belatacept (Nulojix; Bristol-Myers Squibb) is asso-
ciated with an increased risk of post-transplant lympho-
proliferative disease!. This risk was observed to be high in
Epstein-Barr virus (EBV)-seronegative patients receiv-
ing belatacept”. Consequently, measurement of the EBV
load and EBV-specific T lymphocytes are currently used

for the risk management of patients who have undergone
a transplant, and only those patients who are seroposi-
tive for EBV are selected for belatacept therapy.

In summary, regulatory agencies take a conservative
approach regarding the labelling of immunomodulatory
biologics, and in most cases the risk of serious infections
and/or malignancies is stated in the product label or boxed
warning. However, it is hoped that progress in the devel-
opment of tools to better predict adverse consequences
will lead to a refinement of labelling so that patients with
alack of suitable therapeutic options can be treated safely.

Exaggerated immune activation resulting in CRS. CRS
is characterized by the uncontrolled release of pro-
inflammatory cytokines — such as interleukin-6 (IL-6),
TNF and IFNy — induced by the immunomodulatory
biologic'®"”. The seriousness of CRS is exemplified by the
Phase I trial of the CD28 super-agonist TGN1412 (an
agonistic antibody that activates T cells through the co-
stimulatory receptor CD28)", in which six healthy volun-
teers became seriously ill within 90 minutes of receiving
the antibody. The CRS in this instance was consistent with
the biological and pharmacological activity of the immu-
nomodulatory biologic: T cell activation (BOX 2).

Several of the immunomodulatory biologics cur-
rently on the market have been reported to induce CRS
in rare instances, including aldesleukin (Proleukin;
Prometheus), basiliximab (Simulect; Novartis), alem-
tuzumab (Campath-1H; Genzyme), rituximab and
muromonab-CD3 (TABLES 1-3), and this has been
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Table 2 | Clinically used antibody-based triggering immunomodulatory biologics

Biologic

Alemtuzumab

Brentuximab
vedotin

Catumaxomab

Denileukin
diftitox

Ibritumomab
tiuxetan

Muromonab-CD3

Ofatumumab

Rituximab

Tositumomab

Type

Mechanism of action

Humanized mAb  Binds to CD52 on leukocytes and
initiates antibody-dependent

cell-mediated lysis

Chimeric mouse— Antibody—drug conjugate

human mAb (CD30-specific mAb conjugated to
MMAE) that induces cell cycle arrest
and apoptosis

Rat-mouse Bispecific antibody; binds to CD3—

hybrid mAb EpCAM and forms a bridge between

cancer cells and T cells

Fusion protein Binds to CD25 of IL-2R and triggers

(IL-2 and toxin-induced cell death

Diphtheria toxin)

Mouse mAb Fab segment of the antibody targets
CD20 on B cells, allowing covalently
linked radioactive yttrium, which
emits a p particle, to destroy the cell

Mouse mAb Kills CD3-positive cells by inducing

antibody-dependent cell-mediated
toxicity and complement-dependent
cytotoxicity

Human mAb Targets CD20 and facilitates

cell lysis due to complement-
dependent cytotoxicity and
antibody-dependent cell-mediated

cytotoxicity of B cells

Chimeric mouse— Binds to CD20 on B cells and

human mAb triggers B cell lysis by complement-
dependent cytotoxicity and
antibody-dependent cell-mediated
cytotoxicity

Mouse mAb Binds to CD20-positive cells and

causes cell death throughionizing
radiation when it is radiolabelled
(1*11); also induces complement-
dependent and antibody-dependent
cell-mediated cytotoxicity

Indications

B cell chronic lymphocytic
leukaemia

Hodgkin’s lymphoma,
systemic anaplastic large cell
lymphoma

Cancer, malignant ascites

T celllymphoma

Follicular non-Hodgkin’s
lymphoma

Organ transplant rejection

Chronic lymphocytic
leukaemia

Non-Hodgkin’s lymphoma,
chronic lymphocytic
leukaemia, rheumatoid
arthritis, Wegener's
granulomatosis and
microscopic polyangitis

Non-Hodgkin’s lymphoma
(CD20-positive, follicular)

Immune-related safety
warnings

* Boxed warnings for cytopaenias,
infusion reactions and infections

e Autoimmunity*’* and
immunogenicity®’ reported

* Boxed warning for PML
* Warning for neutropaenia and
infection'’? on product label

* Boxed warnings for CRS and/or
SIRS

* Immunogenicity reported'’?

 Additional monitoring required
by the MHRA

* Boxed warnings for severe
infusion reactions and capillary
leak syndrome

* Boxed warnings for acute infusion
reactions, severe cutaneous and
mucocutaneous reactions, and
prolonged and severe cytopaenia

* Anaphylaxis and immunogenicity
reported!’*

* Boxed warnings for CRS and
anaphylactic reactions

* Warnings for infections and
malignancy on product label

¢ Immunogenicity reported*®*’®

* No boxed or product label
warnings issued

e Infections reported'’®

* Additional monitoring required
by the MHRA

* Boxed warnings for acute
infusion reactions and/or CRS,
tumour lysis syndrome, severe
mucocutaneous reactions and

PML

* Boxed warnings for severe allergic
reactions and/or anaphylaxis, and
prolonged and severe cytopaenia

* Malignancy warning on product
label

* Immunogenicity reported”’

CRS, cytokine release syndrome; EpCAM, epithelial cell adhesion molecule; IL-2R, interleukin-2 receptor; mAb, monoclonal antibody; MHRA, Medicines and
Healthcare products Regulatory Agency (UK); MMAE, monomethyl auristatin E; PML, progressive multifocal leukoencephalopathy; SIRS, systemic inflammatory

response syndrome.

recognized in the ‘summary of product characteristics’
documents and patient information leaflets of these bio-
logics. Although the mode of action of the immunomod-
ulatory biologic is a major cause of CRS induction, the
contribution of patient-specific factors and disease states
to the induction of CRS is not immediately apparent.
Immunomodulatory biologics induce responses that are
characterized by ‘trigger pharmacology, or steep or bell-
shaped dose-response curves. When these responses
are combined with the varying immune activation
thresholds of the patient, the therapeutic could either
have a safe outcome or induce an exaggerated immune

response: that is, CRS.

Other acute reactions that can be induced by immu-
nomodulatory biologics include hypersensitivity, ana-
phylaxis and infusion-site reactions, which are difficult
to predict from the pharmacology of the immunomod-
ulatory biologic and may occasionally be fatal — for
example, in the cases of tocilizumab (Actemra; Roche),
omalizumab and belimumab (Benlysta; Human Genome
Sciences/GlaxoSmithKline). In addition, preventive
strategies for CRS rely on the development of predictive
assays that are particularly challenging to design (BOX 2).
However, these challenges are currently being addressed,
and the predictive value of recent in vitro assays (dis-
cussed below) has been encouraging.
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Table 3 | Clinically used blocking immunomodulatory biologics

Biologic Type
Abatacept Fusion protein
(CTLA4-Fc-1gG1)
Adalimumab Human mAb
Alefacept Fusion protein
(soluble
LFA3-Fc-IgG1)
Anakinra Recombinant
human IL-1RA
derived from
Escherichia coli
Basiliximab Chimeric mouse—
human mAb
Belatacept Fusion protein
(CTLA4-Fc-IgG1)
Belimumab Human mAb

Canakinumab Human mAb

Certolizumab Pegylated Fab’
pegol humanized mAb
Daclizumab Humanized mAb
(withdrawn

from the

market owing
to non-safety

reasons)

Denosumab Human mAb
Eculizumab Humanized mAb
Efalizumab Humanized mAb
(withdrawn

from the market
owing to safety
reasons)

Mechanism of action
Binds to CD80 and/or CD86 to

prevent interaction with CD28 and so
inhibits selective T cell co-stimulation

Binds to TNF and blocks its
interaction with its receptors

Binds to CD2 and inhibits the
interaction between CD2 and LFA3
during lymphocyte activation

Binds to IL-1 competitively and
prevents the interaction between
IL-1and IL-1R1

Binds to IL-2Ra and prevents the
interaction between |L-2 and IL-2R

Binds to CD80 and/or CD86 to
prevent the interaction with CD28
and so inhibits selective T cell
co-stimulation

BAFF-specific inhibitor

Binds to IL-1p to prevent the
interaction with IL-1R

Binds to TNF and blocks its
interaction with TNFR

Binds to IL-2Ra and prevents the
interaction between IL-2 and IL-2R

Prevents RANKL binding to
receptors; inhibits osteoclast
formation, function and survival

Binds to complement protein C5
and inhibits its cleavage to C5a and
C5b, and prevents formation of the

terminal complement complex C5b—9

Binds to CD11a: the alpha subunit
of LFA1

Indications

Rheumatoid arthritis,
JIA

Rheumatoid arthritis,
JIA, psoriatic arthritis,

ankylosing spondylitis,

Crohn’s disease

Chronic plaque
psoriasis

Rheumatoid arthritis

Renal transplant
rejection

Renal transplant
rejection

Systemic lupus
erythematosus

Cryopyrin-associated
periodic syndromes,
FCAS, MWS

Crohn’s disease,
rheumatoid arthritis

Renal transplant
rejection

Osteoporosis

Paroxysmal nocturnal
haemoglobinuria,
atypical haemolytic-
uremic syndrome

Psoriasis

Immune-related safety warnings

* No boxed or product label warnings
issued

* Boxed warnings for serious infections
(tuberculosis and invasive fungal
infections) and malignancies (lymphoma
and leukaemia)

* HSTCL reported in postmarketing
studies

* Immunogenicity reported!’®

* No boxed or product label warnings
issued

¢ Infection and malignancy reported in
postmarketing studies

* No boxed warnings issued
¢ Warning for hypersensitivity to E. coli
products on label

* Warnings for hypersensitivity and
anaphylaxis? on product label
* Immunogenicity reported®

¢ Boxed warnings for PTLD, malignancy
and infection (EBV)

¢ Additional monitoring required by the
MHRA

* No boxed or product label warnings
issued

* Hypersensitivity and anaphylaxis
reported in postmarketing studies

 Additional monitoring required by the
MHRA

* Warning for risk of infection on product
label

* Additional monitoring required by the
MHRA

* Boxed warnings for serious infections
(tuberculosis, invasive fungal
infection, Legionella spp. and Listeria
monocytogenes) and malignancy

e Severe skin reactions reported in
postmarketing studies

¢ Additional monitoring required by the
MHRA

* No boxed or product label warnings
issued

* No boxed or product-label warnings
issued

* Hypersensitivity reported in
postmarketing studies

* Additional monitoring required by the
MHRA

* Boxed warnings for serious infections
(meningococcal)

 Additional monitoring required by the
MHRA

* Boxed warnings for serious infections
(PML)
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Table 3 (cont.) | Clinically used blocking immunomodulatory biologics

Biologic Type Mechanism of action Indications Immune-related safety warnings
Etanercept Fusion protein Binds to TNF and blocks its Rheumatoid arthritis,  ® Boxed warnings for serious infections
(TNFR2-1gG1) interaction with TNFR JIA, ankylosing (tuberculosis, invasive fungal infections,
spondylitis, psoriasis Legionella spp. and L. monocytogenes)
and malignancy
Golimumab Human mAb Binds to TNF and blocks its Rheumatoid arthritis,  ® Boxed warnings for serious infections
interaction with TNFR psoriatic arthritis, and malignancy
ankylosing spondylitis ¢ Additional warnings for cytopaenia and
hypersensitivity
Infliximab Chimeric mouse— Binds to TNF and blocks its Crohn’s disease, * Boxed warnings for serious infections
human mAb interaction with TNFR paediatric Crohn’s and malignancy
disease, ulcerative * PML reported'”®
colitis, paediatric * HSTCL reported in postmarketing
ulcerative colitis, studies
rheumatoid arthritis, ¢ Immunogenicity reported**®
ankylosing spondylitis
Ipilimumab Human mAb Binds to CTLA4 to block the Melanoma * Boxed warnings for immune-mediated

Natalizumab

Omalizumab

Rilonacept

Tocilizumab

Ustekinumab

Humanized mAb

Humanized mAb

Fusion protein
(IL-1R-Fc-1gG1)

Humanized mAb

Human mAb

interaction of CTLA4 with its ligands  (unresectable and/or
metastatic)

(CD80 and CD86)

Binds to a4 subunit of a41 and
a4f7 integrins, and inhibits a4
integrin-mediated adhesion of
leukocytes (except in neutrophils) to
their counter-receptors

IgE-mediated activation of mast cells
and basophils

Binds to IL-1p and neutralizes its
activity by blocking its interaction
with IL-1R

Binds to soluble and

IL-6 from binding to IL-6R

IL-23 by binding to the p40 subunit of
these cytokines

Relapsing-remitting
multiple sclerosis, (PML)
Crohn’s disease

Binds to IgE and thus prevents Asthma

Blocks the function of IL-12 and Psoriasis

adverse reactions
* Additional monitoring required by the
MHRA

* Boxed warnings for serious infections

* Immunogenicity reported*®
¢ Additional monitoring required by the
MHRA

* Boxed warnings for anaphylaxis

® Parasitic (helminth) infections reported*®!

* Additional monitoring required by the
MHRA

Cryopyrin-associated  ® No boxed or product label warnings
periodic syndromes issued

Rheumatoid arthritis,  ® Boxed warnings for serious infections
membrane-bound IL-6R and prevents  systemic JIA

(latent tuberculosis infection and
opportunistic infections)

e Risk of anaphylaxis reported in
postmarketing studies

¢ Immunogenicity reported*®?

* Additional monitoring required by the
MHRA

* No boxed or product label warnings
issued

¢ Allergy and/or hypersensitivity reported
in postmarketing studies

BAFF, B cell-activating factor; CTLA4, cytotoxic T lymphocyte antigen 4; EBV, Epstein—-Barr virus; FCAS, familial cold autoinflammatory syndrome; HSTCL,
hepatosplenic T cell lymphoma; IgG1, immunoglobulin G1; IL-1, interleukin-1; IL-1R1, IL-1 receptor 1; IL-1RA, IL-1R antagonist; JIA, juvenile idiopathic arthritis;
LFA, lymphocyte function-associated antigen; mAb, monoclonal antibody; MHRA, Medicines and Healthcare products Regulatory Agency (UK); MWS, Muckle—
Wells syndrome; PML, progressive multifocal leukoencephalopathy; PTLD, post-transplant lymphoproliferative disease; RANKL, receptor activator of NF-xB ligand;
TNF, tumour necrosis factor; TNFR, TNF receptor.

Host immune responses leading to immunogenicity.
Unwanted immunogenic responses have been reported
with the majority of immunomodulatory biologics cur-
rently on the market, and these responses are character-
ized by ADA formation (TABLES 1-3). Notably, the risk of
immunogenicity is not just restricted to immunomodu-
latory biologics but is also applicable to other (non-
immunomodulatory) biologics such as erythropoietin,
thrombopoietin, abciximab and cetuximab (Erbitux;
Bristol-Myers Squibb/Eli Lilly).

The development of ADAs against immunomodu-
latory biologics can result in loss of (or reduced) effi-
cacy, altered pharmacokinetics, infusion reactions,

crossreactivity to endogenous proteins and anaphylactic
shock'?. ADAs can be neutralizing (known as NAbs)
or non-neutralizing antibodies (known as N-NAbs),
depending on the sites on the immunomodulatory bio-
logic to which they bind. N-NAbs bind to an immuno-
modulatory biologic without disrupting the interaction
of the biologic with its intended target, whereas NAbs
block the activity of the immunomodulatory biologic by
binding to sites that are crucial for drug-target inter-
actions. Both N-NAbs and NAbs can influence the
pharmacokinetics of an immunomodulatory biologic
either by enhancing its clearance or by prolonging its
bioavailability*-*.
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Figure 1| Complex interactions among the disease, the immune system and immunomodulatory biologics that
influence safety and efficacy. The interaction of the immunomodulatory biologic with the immune system and immune
processes results in either the required (or intended) on-target therapeutic effect or unwanted reactions. Adverse
reactions such as unwanted immunosuppression or immune activation are usually associated with the on-target
exaggerated pharmacology of the biologic (for example, immunosuppression from a tumour necrosis factor (TNF)-specific
therapy increases the risk of reactivation of tuberculosis or there is the risk of inducing cytokine release syndrome through
the excessive activation of T cells with muromonab-CD3 therapy). The biologic also has the potential to induce a host
immune response (termed immunogenicity), which results in the formation of drug-targeting antibodies that in turn can
impede the therapeutic efficacy of the immunomodulatory biologic. The disease type and status of the patient can also
influence the functional state of the immune system and thereby determine whether the interaction with the biologic
leads to a therapeutic effect or unwanted adverse reactions (for example, chronic inflammation associated with diseases
such as rheumatoid arthritis exposes the patient to an increased risk of malignancy). Other patient-specific factors such as
human leukocyte antigen (HLA) type as well as the route and frequency of administration have a bearing on the propensity
to develop immunogenicity to the biologic, as these factors contribute to antigen processing and presentation of
immunogenic epitopes. Factors that are intrinsic to the property of the biologic (biologic-specific factors), such as the
presence of immunogenic epitopes, glycosylation and aggregation, also affect the generation of animmunogenic
response. The prevention and mitigation of these unwanted adverse reactions is predicated on a detailed knowledge and
understanding of the mechanisms and risk factors that drive the adverse reactions and the use of effective biomarkers and
diagnostic tests. For example, knowledge of the association of the John Cunningham virus (JCV) in the aetiopathology of
progressive multifocal leukoencephalopathy (PML) observed in patients receiving natalizumab (Tysabri; Biogen Idec/Elan)
led to the recognition of the presence of JCV as arisk factor for PML. Consequently, a diagnostic test for JCV seropositivity

is now used to stratify patients before initiating natalizumab therapy.

Various patient-specific factors also contribute
towards an immunogenic response, including immuno-
logical state and disease type or severity. For example,
disease activity has been positively correlated with
increased ADA titres to infliximab (Remicade; Centocor
Ortho Biotech) in rheumatoid arthritis®. It has been
suggested that other patient-specific factors such as
immunoglobulin G (IgG) allotype and IL10 gene poly-
morphisms also influence the predisposition for ADA
generation**”. In addition, the inherent properties of the
biologic (biologic-specific factors), such as the degree of
aggregation, glycosylation and oxidation, are involved in
the induction of immunogenic responses (BOX 3).

Regulatory authorities have recognized the poten-
tial impact that immunogenicity to biologics has on the
prognosis and contribution to co-morbidity, and this has

resulted in the publication of guidelines for immuno-
genicity testing®**. Together with the identification of the
patient-specific factors (for example, disease and immu-
nological state) and biologic-specific factors (for example,
degree of aggregation) that contribute to the risk of devel-
oping immunogenicity, the prediction and reduction of
this adverse reaction can be minimized (BOX 3).

Other factors to consider

There are various relevant factors to be considered in
the area of immunomodulatory biologic development
and use. These relate to the application of rational design
strategies for immunomodulatory monoclonal antibod-
ies (mAbs), biomarker development and patient strati-
fication based on responsiveness and the known risk of
adverse reactions (personalized medicine).
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Fc region

A non-antigen-binding region
of an antibody molecule that is
involved in the binding of the
antibody to Fc receptors and
to the complement component
C1q, which can lead to
antibody-dependent cellular
cytotoxicity and complement-
dependent cytotoxicity.

Antibody-dependent
cellular cytotoxicity

(ADCC). An effector function
mediated by the Fc region of
an antibody that involves the
death of a target cell owing to
the interaction of the Fc region
of the therapeutic antibody
with activatory Fcy receptors
on phagocytic cells (such as
neutrophils and macrophages)
and natural killer cells. Target
cell death is induced through
either ingestion by phagocytic
cells or via the secretion of
cytotoxic molecules by natural
killer cells.

Complement-dependent
cytotoxicity

(CDQ). An effector function
mediated by the Fc region of
an antibody that involves
complement activation
induced by the engagement
of C1q (a complement
component) with the Fc region
of the therapeutic antibody
(which is bound to the target
cell). This leads to the
formation of a membrane
attack complex, resulting in the
destruction of the target cell
membrane and cell death.

Fc-mediated effector
functions

A collective term referring to
antibody-dependent cellular
cytotoxicity and complement-
dependent cytotoxicity; these
processes result in target cell
destruction but they may also
result in adverse reactions such
as cytokine release syndrome
and tumour lysis syndrome.

Neonatal Fc receptor
(FcRn). A type of Fc receptor
that is structurally related to
major histocompatibility
complex (MHC)

class 1 molecules and is
involved in binding to and
recycling circulating
immunoglobulin G, thereby
increasing the serum half-life of
these immunoglobulins.
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Box 1| Estimating the risk of serious infection and malignancy

The association of infections with tumour necrosis factor (TNF)-specific therapies is well documented®>='%. Clinical trials
are usually not sufficiently powered to capture a low incidence of serious adverse reactions and therefore
meta-analyses performed on multiple studies are essential. Such meta-analysis of nine immunomodulatory biologics
used for rheumatoid arthritis therapy indicated that abatacept (Orencia; Bristol-Myers Squibb) was the least likely to
elicit serious infections'*'%2, Abatacept also reduced the incidence of side effects when it was used instead of a
different TNF-specific biologic in the same patient'®. For example, switching from adalimumab (Humira; Abbott) to
abatacept eliminated adalimumab-associated autoimmune hepatitis'®*. However, there are case reports demonstrating
the reactivation of infections such as hepatitis B virus in patients receiving abatacept'®. Interestingly, increasing the
on-target potency of abatacept through structural modifications (as in belatacept (Nulojix; Bristol-Myers Squibb))'*®
increased the risk of infections (TABLE 3). Certolizumab pegol (Cimzia; UCB) is clearly associated with an increased

incidence of serious infections'®*

and there are emerging reports of Legionella spp. infections in patients receiving

anti-TNF therapy!'?’'%, In line with their immunosuppressive mode of action, all anti-TNF agents are contraindicated in

patients with uncontrolled infections.

Although difficult, the identification of patient populations at risk of developing infections and malignancies is one
approach for avoiding these adverse reactions — for example, by identifying patients carrying pathogens and applying
vigilance and prophylactic antimicrobial strategies. Immunomodulatory biologics are usually given on top of the
standard of care, which may involve other immunosuppressive or immunomodulatory drugs that can further increase
the risk of serious infections. As yet, denosumab (Prolia/Xgeva; Amgen), an inhibitor of receptor activator of NF-xB

ligand (RANKL; also known as TNFSF11) has not been associated with an increased incidence of serious infections

109-111

but infective endocarditis and urinary tract infections can occur in rare instances'*2

There are concerns about the risk of serious infections associated with other immunomodulatory biologics that do
not target TNF, such as rituximab (Rituxan/Mabthera; Biogen Idec/Genentech/Roche), anakinra (Kineret; Amgen) and
natalizumab (Tysabri; Biogen Idec/Elan). Rituximab (which targets the B cell molecule CD20) depletes CD20-positive
B cells to reduce serum levels of immunoglobulin G (IgG) and B cell counts — effects that are consistent with the
increased infection rates associated with this biologic'**-''°. Anakinra, an interleukin-1 receptor (IL-1R) antagonist, was
associated with the incidence of serious infections in ~2% of patients in a Phase lll study"”. However, this incidence
may increase in real terms, as demonstrated by a 3-year extension study showing that the rate is 5.3 per 100 patient

years!',

Efalizumab, which blocks integrins, is associated with the development of progressive progressive multifocal leukoen-
cephalopathy (PML)™?, an effect that is also associated with natalizumab (see main text). The high incidence of PML that
occurred with efalizumab treatment led to its withdrawal from the market. This adverse reaction provides a potential
insight into the importance of T cell trafficking in the control of John Cunningham virus (JCV)-induced PML. However,
cases of PML associated with non-integrin-blocking immunomodulatory biologics such as rituximab (which targets
CD20) and tocilizumab (which is an IL-6R antagonist) suggest that additional immune surveillance mechanisms are

important in the control of JCV*20:121,

The evidence for malignancy associated with the use of immunomodulatory biologics is reliant on meta-analyses,
and is therefore not as strong as evidence obtained for serious infections®’. Despite this, malignancy has been
observed in clinical trials and in postmarketing surveillance, and boxed warnings have been given for anti-TNF agents
(adalimumab, etanercept (Enbrel; Amgen/Pfizer), golimumab (Simponi; Centocor Ortho Biotech), certolizumab pegol
and infliximab (Remicade; Centocor Ortho Biotech)) and belatacept (TABLE 3). The T cell-suppressive biologics
belatacept'*, muromonab-CD3 (REFS 122,123) and alefacept!?* have been associated with malignancy.

Modifications to Fc domains of immunomodulatory
mAbs. Modifications to immunomodulatory mAbs —
primarily by altering the Fc region of the antibody — are
being pursued to favourably alter their pharmacokinetic/
pharmacodynamic (PK/PD) profiles. However, such
modifications can have potential consequences for the
safety of immunomodulatory mAbs; for example, they
can enhance the risk of developing immunogenicity.
The Fc region mediates the effector function of thera-
peutic antibodies by eliciting antibody-dependent cellular
cytotoxicity (ADCC) and complement-dependent cytotox-
icity (CDC) (for example, as observed with rituximab
and alemtuzumab; see TABLE 2). The induction of CRS
in some patients could arise from excessive triggering of
these Fc-mediated effector functions, as seen with rituxi-
mab. In such cases, it is difficult to disconnect the poten-
tial for adverse and intended pharmacological reactions,
because these are mediated by the same component of
the immunomodulatory biologic (that is, the Fc domain).

Various approaches have been used for improving
the half-life of mAbs, such as increasing their bind-
ing affinity to the neonatal Fc receptor (FcRn) through
the introduction of mutations in specific amino acids
within the Fc region®. Other approaches include
enhancing the effector functions of mAbs (either
ADCC or CDC) through afucosylation®*', by adding
N-acetylglucosamine® and by altering the galactosyla-
tion status®*.,

Although such modifications can provide longer or
tailored therapeutic effects for the same or reduced dose
of a mAD, there are theoretical concerns regarding the
impact of these modifications on safety profiles. These
concerns include: immunogenicity, arising as a result of
prolonged exposure to the mAb; immune perturbation
through altering the breadth of the immune response
and/or unfavourable drug disposition (including mater-
nal-fetal transport via FcRn); and the increased risk
of CRS.
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Biomarkers

Readouts (usually biochemical
in nature) obtained through
measurements performed on
humans or preclinical models
that can report on and allow
quantitative assessments to be
made on one or a combination
of the following: the disease
state, immune status,
pharmacological efficacy,
pharmacological safety and
the onset of adverse reactions.

Human leukocyte antigen
(HLA). The human major
histocompatibility complex
(MHC) molecule involved in the
presentation of antigenic
peptides derived from
intracellular (in the case of HLA
class 1) or extracellular (in the
case of HLA class Il) sources.
The recognition of specific
HLA—peptide complexes by
antigen-specific T lymphocytes
initiates the immune response.

Box 2 | Limitations of in vivo models for predicting cytokine release syndrome

Despite the similarities between the immune systems of humans and non-human primates (NHPs), there are substantial
functional inter-species differences in T cell activation, which have important consequences for safety assessments and
the prediction of cytokine release syndrome (CRS)'?. This became evident in early clinical trials of TGN1412 (REF. 18).

Studies of TGN1412 in NHPs were unable to predict the potential risk of CRS, despite the fact that CD28 expression
(the target of TGN1412) on T cell populations, the binding of TGN1412 to CD28 and receptor occupancy were identicalin
both NHPs and humans'?'?’. Despite these findings, before the trial was initiated no data had been made available to
demonstrate that NHPs are a validated, pharmacologically relevant species for safety assessment (see the CIRCARE
website for more information). In subsequent in vivo studies it was shown that the responding T cell population in humans
was effector memory T cells, which are under-represented in human peripheral blood (in which the in vitro preclinical
safety tests were performed). Furthermore, CD28 expression on cynomolgus memory T cells was very low or absent, and
this contributed to the lack of immunostimulatory responses in NHPs'%.

These fundamental differences were not taken into account in the experimental design of preclinical studies of
TGN1412, primarily owing to limited knowledge of the biology of the target molecule and inter-species variability in
immune cell subpopulations. But even without foreknowledge of these differences, CRS might have been anticipated on
the basis of the known CD28 receptor biology, the intended pharmacological activity of TGN1412 and the overall
knowledge of TGN1412 and surrogate molecules (including data in humanized mice)'*7%.

Other immune-related variations that could cause discrepancies between preclinical studies in NHPs and clinical studies
include species differences in complement pathway components'**'3> and interactions between immunoglobulin G
(IgG) and the Fcy receptor?®®. For example, in cynomolgus monkeys there are differences in the expression of Fcy receptor
on granulocytes, allotypic variation of |gG4 Fab arm exchange and enhanced effector functions of IgG2 and IgG4
subclasses compared with humans**®. Therefore, it is crucial to understand any limitations of the animal species selected
for preclinical evaluation of novel therapeutics and to take these limitations into consideration in the overall safety
assessment. Until reliable and accurate predictive tools become available, CRS-based immunotoxicity will continue to
be treated with corticosteroids and cytokine-targeted drugs'***’.

Patient stratification and biomarkers. The response to
an immunomodulatory biologic therapy, in terms of
both efficacy and toxicity, differs among individuals.
One approach to improve the benefit-risk profile and
maximize the therapeutic benefit of immunomodula-
tory biologics is to use biomarkers to identify and stratify
patients according to their responsiveness to the specific
therapeutic (that is, whether they are responders, par-
tial responders, low responders or non-responders) at an
early stage of — or before — the treatment cycle.

This has been exemplified in patients with asthma
receiving omalizumab (an IgE-specific antibody), in
whom there is a strong correlation between clinical
response and the suppression of serum IgE levels®. In
this case, serum anti-IgE levels are a good biomarker for
stratifying patients into responder and non-responder
groups. Lebrikizumab (an IL-13-targeted therapy) is
another example of a biologic that can be linked to a
biomarker to identify which patients are most likely to
respond to asthma treatment. In a clinical trial, improve-
ment in lung function was higher in patients with higher
serum levels of periostin®. The identification of poten-
tial non-responders to biologics based on biomarker
status would therefore ensure that patients who have
no prospect of receiving clinical benefit do not receive a
potentially harmful drug.

In terms of avoiding adverse reactions with an
immunomodulatory biologic therapy, there are cur-
rently few biomarkers available that can predict adverse
reactions associated with an immunomodulatory bio-
logic. These include JCV antibody status, EBV sero-
positivity and tuberculin tests for the risk of serious
infections or general readouts of immune activation
and suppression (for example, lymphocyte counts and
activation markers).

Some human leukocyte antigen (HLA) association —
albeit weak — has been identified for biologic-associated
immunogenicity but this has limited value in patient
stratification”. Biomarker development therefore rep-
resents an area of unmet need. Moreover, forward plan-
ning is needed to develop biomarkers and to facilitate
stratified medicine (also known as personalized medi-
cine); this will require the linking of detailed clinical data
from patient studies to high-quality biobanks containing
sera, plasma, DNA, RNA, urine, cells and diseased tissue
samples to gain a more detailed understanding of the
fundamental mechanisms by which immunomodula-
tory biologics interact with individual patients and elicit
adverse reactions.

Current tools for predicting unwanted effects
Tests, tools and models for predicting unwanted effects
are vital for developing safer immunomodulatory bio-
logics. It must be recognized that although the current
state of the art in this area is not very advanced, progress
is being made in refining existing tools as well as in the
development of new models to predict unwanted effects.
In general, the immune system of non-human pri-
mates (NHPs) is considered to be the most similar to the
human immune system and is therefore thought of as
the most appropriate model to evaluate immunomodu-
latory biologics for adverse reactions. However, marked
differences exist between human and NHP immune
processes, and therefore knowledge of inter-species
similarities and differences in all aspects of the pharma-
cology and immunology of immunomodulatory biolog-
ics is crucial for the design of appropriate safety studies
that can be effectively translated to humans (BOX 4). A
relevant model species should possess similar levels of
tissue expression of the target, similar or identical target
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Humanized monoclonal
antibody

An antibody that contains only
the antigen-binding region
derived from a non-human
species (such as mice); the
remaining regions of the
antibody are of human origin.
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Box 3 | Current approaches for reducing or mitigating the risk of immunogenicity

Aggregates and immunogenicity

The formation of protein aggregates inimmunomodulatory biologic formulations could trigger an unwanted

immunogenic response'3$14

, and so preventing aggregate formation to reduce the incidence of immunogenic reactions

to biologics is vital. The presence of multiple epitopes and/or the unique structural conformation of the aggregated
molecule could initiate the immunogenic response’**'*, as could oxidation of the biologic®"'*°. Aggregates could also
induce immunogenicity by disrupting existing immune tolerance towards the monomeric version of the biologic'*!. The
presence of antigenic epitopes or multimeric structures can directly stimulate B cells and/or increase the antigen uptake
potential of antigen-presenting cells (APCs)*”’. Aggregation of biologics can trigger an innate and late-stage T cell
response that is relevant to immunogenicity*2. The qualitative and quantitative contribution of aggregates to
immunogenicity is still unknown, so studies that are designed to define the size, type, amount and frequency of
aggregates, and that are capable of inducing immunogenic responses, could help in reducing immunogenicity.

Protein sequence modifications

Modifications to the protein sequence of immunomodulatory biologics to remove non-human components
(humanization) might reduce the immunogenicity that is associated with biologics of non-human origin (for example,
murine or chimeric biologics). Removal of immunogenic T cell epitopes (‘de-immunization’) can also reduce
immunogenicity'**!*. Regulatory T cells (T, cells) have the potential to suppress immunogenicity and so the inclusion of

Re

T , €pitopes (‘Tregitopes’) in the primary sequence of the immunomodulatory biologic could induce TReg cells and thereby

suppress immunogenicity'*. However, designing epitopes that are highly specific at expanding TReg cell populations
without having any impact on other T cell populations remains a considerable challenge.

Structural modifications

Pegylation (covalent linkage of polyethylene glycol (PEG) to proteins) can reduce immunogenicity by interfering with
antigen-processing mechanisms'*®. However, there is growing evidence that pegylation does not substantially decrease
the immunogenic potential of biologics**’. Although PEG is generally accepted to be non-immunogenic, there are reports
of PEG-specific antibodies in patients treated with pegylated therapeutic enzymes'*#!*. The benefit ascribed to the
pegylation of immunomodulatory biologics therefore requires re-evaluation.

Because biologics are produced in bacterial or mammalian cells, they can be glycosylated (as cells have several protein
glycosylation systems). Glycosylated therapeutic monoclonal antibodies could react with pre-existing glycan-binding
antibodies in humans. For example, the presence of N-glycolylneuraminic acid (Neu5Gc) modifications on cetuximab
(Erbitux; Bristol-Myers Squibb/Eli Lilly) results in the formation of immune complexes between cetuximab and
pre-existing Neu5Gce-specific antibodies in patient sera’*’. Engineering the addition of glycans to specific amino acids of
the biologic leads to defective antigen processing®** and this can be one rational approach for reducing biologic-derived
peptide presentation by APCs and subsequent immunogenic responses. A caveat to this strategy is that glycosylation

may lead to the generation of neoantigenic peptides and can increase immunogenicity

52 underlining the need for a

better understanding of antigen processing and presentation of biologics.

Therapeutic approaches

The administration of immunomodulatory biologics at high concentrations or through mucosal surfaces can decrease
immunogenicity through the induction of peripheral tolerance that is mediated by inducing tolerogenic dendritic cells

and T, - cells****. Inmune tolerance can be increased with the addition of methotrexate to the treatment regimen

156 or

by pretreatment with high doses of a non-antigen-binding variant of the therapeutic antibody, as demonstrated with
alemtuzumab (Campath-1H; Genzyme)'*’. Moreover, inducing tolerance by increasing the number of T, _cells has shown
potential in the treatment of psoriasis in a clinical trial of BT-061, a CD4-specific humanized monoclonal antibody?**8.

Harnessing or boosting host tolerogenic mechanisms by expanding tolerogenic dendritic cells

%9 could have potential

therapeutic applications in the management of T cell-mediated diseases in humans*®.

modulation, downstream signalling and effector func-
tion compared to humans, and it should also exhibit the
intended functional potency of the biologic®**.

Apart from NHPs, other models and test systems are
being used to predict unwanted effects, and these are
discussed briefly below.

Predicting serious infections and malignancies. Owing
to the complexity of the interactions of pathogens and
tumours with the host immune system, predictive tests
for serious infections and malignancies require in vivo
experimental systems.

General in vivo assessments of immunological status
— such as total and differential leukocyte counts, glob-
ulin levels and the histopathology of lymphoid organs
and tissues***! — can provide a broad indication of the

nature of the immune perturbations that can be induced
by an investigational immunomodulatory biologic.
For a higher resolution on the nature of the biologic-
induced immune effects, immunophenotyping of the
affected tissues and of lymphocytes from blood and lym-
phoid organs (such as T cells, B cells and natural killer
(NK) cells) can be performed using flow cytometry*
Although these assays help to provide detailed descrip-
tions of the nature and extent of biologic-induced effects,
they do not necessarily report on functional perturba-
tions of the immune system.

The T cell-dependent antibody response (TDAR)
assay is an immunological model that is used to assess
the immunotoxicity of small-molecule compounds, but
this assay is not as widely used with biologics. The TDAR
assay provides an indication of the overall host response
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Box 4 | Species selection for toxicology studies and models

Recent advances in the whole-genome characterization of genetic variation within non-human primate (NHP) species*®’,

combined with comparative immunoglobulin G (IgG)-Fcy receptor (FcyR) structure—function relationships between
humans and NHPs, have the potential to enhance preclinical safety assessments. In particular, captive cynomolgus
monkeys that are used for the safety assessment of immunomodulatory biologics are often derived from distinct
geographic origins'® and have diverse major histocompatibility complex (MHC) genetics'®® and spontaneous
pathologies®®. Such intra-strain (that is, dependent on the geographic origin) genetic variation in cynomolgus monkeys
could contribute to the differential phenotypic responses observed during in vivo and ex vivo safety assessment studies.

Therefore, the early assessment of intra-strain target genetic variation in cynomolgus monkeys should be considered
during the development of immunomodulatory biologics. This will ensure the appropriate design of monoclonal antibody
specificity, binding and potency assays based on the strain of cynomolgus monkey that will be used in toxicology studies to
support the first dosing studies in humans. Systematic genotyping of NHPs is not yet standard practice but would facilitate
both prospective and retrospective investigations of genotype—phenotype relationships.

Integration of known genetic variation of the human target into the selection of species for toxicology studies also needs
to be considered. Identifying and characterizing functional differences in target and pathway biology — and
understanding how these differences affect the safety assessment of immunomodulatory biologics — requires detailed
and immediate attention on a case-by-case basis. One strategy that is currently followed when species-specific
immunomodulatory biologics need to be assessed for safety is the use of surrogate or homologous molecules®>'%. It is
crucial that the surrogate molecule has a highly similar structure and pharmacological activity to the biologic being tested.
Despite the sound rationale, surrogate molecules have either under-predicted, over-predicted or incorrectly predicted the
effects seen in humans. The species-specific homologues that were used in the preclinical testing of infliximab (Remicade;
Centocor Ortho Biotech) and efalizumab did not predict the adverse reactions (serious infections and malignancies) that
subsequently arose in humans (efalizumab was withdrawn from the market because of this risk).

Disease models or transgenic animal models expressing human protein targets (for example, CD20 in models of diabetes
or arthritis) that are used for evaluating the therapeutic efficacy of the immunomodulatory biologic therapy'®"'* can also
be used to assess the risk of adverse reactions. In the event of an adverse reaction, the same model could be exploited to
identify the underlying mechanism (or mechanisms) for the observed adverse reaction. It is unlikely that any in vivo model
can be developed that will recapitulate all of the effects of the biologic that are seen in large patient populations.
Therefore, the research community needs to focus on developing novel alternative experimental models. The ultimate goal
would be to design intelligent experimental systems based on human in vitro and ex vivo models that can recreate or
uncover the potential for serious adverse reactions to an acceptable degree. In the meantime, preclinical data combined
with detailed pharmacological investigations (including early-stage clinical data in a limited number of individuals) are

most useful when they are used to understand the mechanisms that lead to adverse reactions (rather than as a tool to

Primary immunological
responses

The initial humoral immune
responses that are generated
following the exposure of naive
B lymphocytes to antigens for
the first time. This is a relatively
weak response and it is
predominantly associated with
the production of the
immunoglobulin M class of
antibodies against the antigen.

Secondary immunological
responses

Rapid humoral immune
responses that are triggered
following the secondary or
repeated exposure of antigen-
experienced B lymphocytes to
antigens. These responses are
predominantly associated with
the production of the
immunoglobulin G class of
antibodies with improved
specificity and affinity for the
antigens.

purely predict adverse reactions).

to a model antigen and could therefore be a useful tool
in identifying biologic-induced immunosuppression.
The currently used T cell-dependent antigen in a TDAR
assay is keyhole limpet haemocyanin (KLH) in rodents,
and KLH or tetanus toxoid in cynomolgus monkeys*>*.
The TDAR assay evaluates both primary immunological
responses (IgM and IgG) and secondary immunological
responses (IgG) to an antigen. It provides an integrated
readout of antigen processing and presentation, lympho-
cyte interaction and the antibody production capability
of the host. This assay can therefore reveal biologic-
induced effects on one or several aspects of the immune
system and immune response.

Although preclinical TDARs may not be completely
predictive with regard to human susceptibility to immu-
nosuppresion-associated infection, they can be a useful
tool for ranking biologics according to the degree of
immunosuppression elicited and hence aid in candidate
selection for drug development. The challenge now is to
develop models that can report on immune parameters
that are relevant to the specific biologic or to its mecha-
nism of action; such parameters could replace or be used
in conjunction with TDAR assays.

With regard to the selection of the most relevant in vivo
models for evaluating the risk of developing serious infec-
tions upon receiving an immunomodulatory biologic,
NHPs would be most appropriate. Opportunistic infections

such as mycobacterial infections, malaria (Plasmodium
spp.), gamma herpes virus, histoplasmosis, Salmonella
spp. and Shigella spp. in NHPs are not unexpected follow-
ing immunomodulation by some immunomodulatory
biologics. As there is a very similar or comparable range of
organisms associated with these kinds of infections in both
NHPs and humans*, any knowledge on the incidence and
type of such infections in NHPs following the administra-
tion of immunomodulatory biologics could be potentially
translatable to humans*. However, because the incidence
of serious infections is very low and studies in NHPs are
not sufficiently statistically powered to detect this, the util-
ity of NHPs in predicting these adverse reactions remains
uncertain.

Models of host resistance to infection can also be
utilized to assess the immunosuppressive effects of a
biologic. These models can identify the effect of biolog-
ics on the host following challenge with several micro-
organisms, including bacteria, viruses or parasites. For
example, the rodent influenza model can be used to
assess the overall immune response as all the arms of
the immune system are required for the clearance of the
virus®. Further clarity in evaluating the immune status
can be achieved using targeted models of host resistance,
which can provide information on the specific dysregula-
tion occurring in the immune system that is leading to
the adverse reaction. For example, the murine model of
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Syngeneic

A term referring to animal
models being genetically
identical to the tumours or
cells that they are to be
transplanted with. This ensures
that the immune system of the
host animal does not react
towards the transplanted cells.

Minimal anticipated
biological effect level
(MABEL). The anticipated dose
level leading to a minimum
biological effect level that can
be ascribed to the
pharmacological action of the
immunomodulatory biologic. It
is calculated using information
obtained from all in vitro (using
target cells from humans and
relevant animal species) and

in vivo (from relevant animal
species) pharmacokinetic/
pharmacodynamic (PK/PD)
studies.

latent cytomegalovirus infection can be used to assess the
reactivation of latent viral infection caused by suppressed
cellular or humoral immunity; models of Streptococcus
pneumoniae or Listeria monocytogenes can be used
to assess the innate immunity of phagocytes (mac-
rophages or neutrophils); and models of S. pneumoniae
or Haemophilus influenzae can be used to evaluate the
status of marginal zone B cells®. The use of these models
has been very limited so far, and more work is required
to validate these models if they are to be considered as
reliable tools for predicting serious infections.

Models that measure host resistance against tumours
are used in routine immunotoxic assessments and can
be adopted to predict the risk of malignancy arising
from the use of immunomodulatory biologics. These
models include syngeneic in vivo rodent tumour models
(for example, EL4 lymphoma, B16F10 melanoma and
PYB6 fibrosarcoma models) or the human peripheral
blood lymphocyte severe combined immunodeficiency
mouse model (for EBV-related lymphoproliferative disor-
ders)*, which can be useful in determining host resistance
against transplanted tumours*. Models that measure host
resistance against tumours can be used on a case-by-case
basis; if there is strong evidence that the biology of the
target is associated with tumour resistance, then it may
not be necessary to perform these assessments.

Lymphocryptovirus (LCV) in rhesus monkeys is simi-
lar to EBV in humans (in terms of cellular tropism, host
immune response and lymphocyte stimulation potential);
for this reason, it is being considered whether LCV load
and/or LCV-specific T lymphocytes can be used as a surro-
gate marker for immunosuppression and/or virus-induced
malignancy in NHPs*. However, the reliability and fea-
sibility of LCV-associated surrogate biomarkers in NHPs
needs to be established and standardized. The availability
of such preclinical models will aid in the identification of
immunomodulatory biologics that are associated with an
increased risk of inducing EBV-related lymphomas.

Predicting CRS. In vitro toxicity testing with human blood
cells is relevant to CRS and is generally considered to have
good predictive value, particularly as inter-species dif-
ferences severely limit the capacity of animal models to
predict CRS (BOX 2). Nevertheless, there are considerable
ongoing efforts directed towards further development of
human in vitro models for CRS as well as the optimiza-
tion of the predictive value of these models'®*. For exam-
ple, work is being carried out within the International
Life Sciences Institute and the Health and Environmental
Sciences Institute (ILSI/HESI) immunotoxicity group, and
CRACK IT projects organized by the National Centre for
the Replacement, Refinement and Reduction of Animals
in Research (NC3Rs) have aimed to refine in vitro cytokine
release test models to improve their predictive capacity*
(see the CRACK IT 2011 challenge 4 on the CRACK IT
website). In addition, other models being developed to
assess mAb-mediated CRS include the ‘optimized biomi-
metic cell culture system;, which comprises multiple cells
that are relevant for CRS together with the use of platelet-
poor plasma (blood plasma with low platelet counts) to
better mimic the in vivo environment™.
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Although no in vitro cytokine release assay can be
used to precisely quantify the risk of CRS, currently
available methods are valuable in hazard identification
and as sources of additional information on the mecha-
nisms of potential CRS induction®’. Furthermore, the
outputs from such in vitro models are essential for the
design of first-in-human (FIH) studies of immunomodu-
latory biologics, particularly with respect to the immuno-
logical parameters that should be monitored.

The predictive strength of in vivo models for CRS
has been poor (BOX 2). In addition, there are instances
in which limitations in the predictive capacity of in vivo
models are clear: for example, when there is no crossreac-
tive species or when there are known major differences in
the immune system or novel modes of action. However,
if a relevant preclinical test species is available, it would
be useful to supplement these safety data with observa-
tions from ex vivo studies using human cells designed
and based on the target biology or pharmacology. These
data can be valuable in FIH trials by providing an indica-
tion of potentially safe dose windows and in estimating
the minimal anticipated biological effect level (MABEL)>*-4,

Predicting immunogenicity. Progress has been made in
the development of various test systems (in silico, in vitro
(ex vivo) and in vivo) that have all been designed to pre-
dict the immunogenicity of biologics.

In silico methods are primarily designed to identify
potentially immunogenic epitopes (T cell and B cells) in
biologics. In silico prediction strategies used for design-
ing effective vaccines and determining T cell epitopes in
autoimmunity, as well as sequence alignment with major
histocompatibility complex (MHC) class II gene prod-
ucts, could be adopted to predict the immunogenicity of
immunological biologics®*”. Computational tools can
also be used to identify immunogenic T cell epitopes
(epitope mapping) and to predict peptide-MHC interac-
tions that contribute to immunogenicity® . In addition,
B cell immunogenic epitopes can be incorporated into
immunogenicity prediction models. B cell epitopes can
be either linear or conformational and are hence more
difficult to predict than T cell epitopes. Although some
in silico tools for predicting B cell epitopes have been
developed® -, these are not yet being utilized systemati-
cally to predict immunogenicity.

The presence of aggregates in the formulation of bio-
logics has been associated with immunogenicity (BOX 3).
Recent efforts are therefore being directed towards
evaluating the propensity for aggregation in biologics by
predicting aggregation-prone regions contained within
the T and B cell immunogenic epitopes®®. In addition
to their utility in the development of new biologics, these
tests could be valuable in assessing the immunogenic
potential of the modifications that have been made to
existing immunomodulatory biologics.

The role of professional antigen-presenting cells
(APCs) in mediating immunogenic responses by present-
ing immunogenic peptides on MHC molecules to T cells
is well documented™. Therefore, in vitro assays have been
modelled to predict the immunogenic potential of bio-
logics by investigating the various stages of this process.
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B cell tolerance
Immunological processes (such
as clonal deletion and anergy
induction) that operate to
prevent B cells from
responding to self antigens.

NOD-SCID-1I2rg-null mice
Non-obese diabetic (NOD)
severe combined
immunodeficient (SCID) mice
lacking the gene encoding the
y-chain of the interleukin-2
receptor (/12rg).

In vitro HLA binding assays that directly measure the
affinity of a peptide for a defined MHC class II mol-
ecule may assist in predicting immunogenic epitopes®.
An ‘MHC-associated peptide proteomics’ (MAPPs)
approach, which involves direct sequence analysis of
peptide epitopes isolated from APCs, has been used to
predict immunogenicity®. Ex vivo assays using human
T cells have also been reported to be relatively accurate
at predicting immunogenicity to biologics in humans®7°.
The success of these predictive assays depends on testing
relevant peptides in many individuals to ensure that the
cohort covers a broad spectrum of the MHC II allotypes
that are present in the general population. A variant of
the ex vivo T cell assay that is being developed involves
co-culturing dendritic cells (which are professional APCs)
along with T cells to mimic the interactions of APCs with
T cells in the immunogenic response.

Although animal models are frequently used in the
in vivo assessment of the toxicological profile of inves-
tigational therapeutics during development, caution
should be exercised when drawing conclusions from
these assessments regarding the risk of developing
immunogenicity in humans. Transgenic animal models
that express the different prevalent human HLA types””*
would be appropriate for testing some aspects of the
immunogenic potential of the biologic. A transgenic ani-
mal expressing the human protein of interest, in which
B cell tolerance has been disrupted by administering the
therapeutic counterpart of the protein under investiga-
tion, could also be useful for evaluating the immunogenic
potential of a biologic as well as physicochemical factors
that skew the therapeutic proteins towards unwanted
immunogenicity”>",

The immune-system-humanized mouse model or
the human immune system xenograft mouse model are
other in vivo strategies being explored to study immuno-
genic responses”””. These models are created by engraft-
ing human haematopoietic stem cells or peripheral
blood mononuclear cells into immunodeficient mice
(NOD-SCID-/12rg-null mice). However, this approach does
have limitations when high-throughput profiling is
required, as only a single person’s immune phenotype
can be grafted at a time. Therefore, the development of
a similar model with a capacity to represent the various
HLA types would be beneficial. Nevertheless, it must be
recognized that not all aspects of the complex human
immune system can be embedded within these transgenic
animal models.

NHPs are considered to be more similar to the human
immune system than rodents but NHPs can still mount
immunogenic responses to human proteins. On balance,
the various in vitro and ex vivo assays that can be used
to evaluate the potential immunogenic contribution of
biologics and the relevant immune cells have had more
predictive value than the animal models. Strategies to
meet the challenges of predicting immunogenicity should
involve complementary approaches in which in silico
tools are integrated with in vitro or ex vivo assays that
utilize human T cells and APCs to identify immunogenic
peptide sequences that may provide a more sensitive basis
for the assessment and prediction of immunogenicity.

Developing safer immunomodulatory biologics
The process used for the discovery of small-molecule
drugs is not entirely applicable to the discovery and
design of immunomodulatory biologics. Knowledge
regarding the role of the target in disease, the biology
of the target and the preferred mode of biologic-target
interactions is pivotal to the design of biologics with
therapeutic efficacy and minimal safety risks.

The cumulative experience derived from studying
the adverse reactions associated with immunomodula-
tory biologics, in both humans as well as preclinical tests,
has provided much-needed insights into the mechanisms
that underlie such adverse reactions. Valuable gains can
be made by exploiting this increased understanding and
knowledge for the discovery and design of new biolog-
ics. Furthermore, if they are tailored to suit the nature
and biology of the relevant target or target cell and the
intended mechanism (or mechanisms) of action, preclin-
ical models for CRS (whole-blood models'**!, peripheral
blood mononuclear cell models® and biomimetic cell
models®) and immunogenicity (immunogenic epitope
mapping®, ex vivo T cell assays®s, MAPPs®” and human-
ized in vivo models’®) can be utilized in the selection of
lead candidates that can be advanced to development.

In our opinion, a greater understanding of — and the
ability to predict — adverse reactions can lead to two
main pathways that can be followed for the discovery
and design of safer biologics: the selection of new tar-
gets or the redesign of the existing immunomodulatory
biologic (FIC. 2).

Pathway 1: selection of new targets

The selection of new targets could be the preferred route
for developing a new immunomodulatory biologic if the
adverse reaction cannot be uncoupled from the intended
pharmacological effect. This can be understood by exam-
ining the following four examples: ustekinumab (Stelara;
Centocor Ortho Biotech), vedolizumab, epratuzumab and
natalizumab.

Ustekinumab. One available option for treating psoria-
sis and inflammatory bowel disease (IBD) is the use of
anti-TNF biologics**. However, the risks associated with
long-term anti-TNF therapy (such as serious infections)
cannot at present be overcome and they appear to be a
class effect arising through interference with the func-
tions of TNE A functional IL-12-IL-23 pathway has been
shown to be a key contributor in the pathogenesis of pso-
riasis and IBD®*"#. This knowledge has been exploited in
the design of a new biologic: ustekinumab is a mAb that
targets the IL-12-1L-23 pathway with good therapeutic
outcomes in psoriasis and IBD, and it has a favourable
safety profile compared to anti-TNF biologics®"*.

Vedolizumab. Natalizumab has been used in the manage-
ment of Crohn’s disease but it carries the risk of induc-
ing PML owing to reduced T cell immunosurveillance
in treated patients. This appears to be due to the indis-
criminate targeting of all a4 integrin-expressing T cells,
including those in the CNS. In this case, designing an
immunomodulatory biologic that could specifically
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Figure 2 | Pathways for the development of safer immunomodulatory biologics. The iterative cycle for the
development of safer immunomodulatory biologics incorporates two key pathways and depends on the collective
knowledge obtained from adverse reactions observed in first-in-human studies, clinical trials and postmarketing
pharmacovigilance analyses. These data provide the basis for understanding the frequency and nature of the adverse
reactions associated with immunomodulatory biologic therapy, as well as the potential mechanisms by which these
adverse reactions are induced. The next step in this process is the identification and characterization of hazards
associated with the immunomodulatory biologic (for example, characterizing excessive Fc-mediated effector functions
that result in cytokine release syndrome (CRS), overt or global immunosuppression leading to serious infections or the
presence of immunogenic structures within the biologic that trigger immunogenicity). Pathways 1 and 2 are two
different trajectories that utilize the understanding of the mechanism of adverse reactions to inform the design of safer
and potentially more effective immunomodulatory biologics. Pathway 1 is followed when the adverse reaction cannot be
dissociated from the target biology, and involves generating a biologic that engages an alternative target or mechanism
to produce the desired pharmacodynamic effect without the associated adverse reaction. Pathway 2 involves
redesigning the biologic to engineer out components within the biologic structure that trigger adverse effects, or to
alter the nature of the target-biologic interactions. New immunomodulatory biologics from both of these pathways (and
any other lead drug candidates) need to go through a panel of predictive tests until a safer biologic emerges. The
selection of the predictive tests to be used is on a case-by-case basis, as it should take into account the nature of the
target biology, the effector mechanisms that are engaged and any other factor or factors that influence the intended
pharmacological effect and the risk of adverse reactions. Currently available tests that are suitable for determining the
CRS-inducing risk of a new biologic with immunostimulatory properties could include whole-blood assays, peripheral
blood mononuclear cell (PBMC)-based assays and biomimetic cell models. Predicting the risk of serious infections and
malignancies for a new immunomodulatory biologic still remains a challenge, and limitations in T cell-dependent
antibody response (TDAR) assays and host resistance models are due to species-specific variations both in target biology
and in exposure to risk factors. Preclinical tools for predicting the risk of immunogenicity involve the use of in silico
models (immunogenic epitope mapping), in vitro or ex vivo models (T cell assays, antigen-presenting cell (APC)-T cell
assays and major histocompatibility complex (MHC)-associated peptide proteomics (MAPPs)) and in vivo models
(humanized animals). The integration of in silico and in vitro or ex vivo assays increases the predictive value of these
preclinical tools. A new or redesigned immunomodulatory biologic that is considered to be safe based on predictive
preclinical assessments enters the cycle of testing in first-in-human studies and clinical trials, and then moves to the
clinic with necessary safety precautions in place and with continuous monitoring for any potential adverse reaction.

By contrast, any new immunomodulatory biologic that is flagged using predictive tests for its potential to cause adverse
reactions (or observed to cause adverse reactions in clinical studies) will be passed through this iterative cycle again for
the design and development of a safer immunomodulatory biologic.
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suppress T cells that home in to the gut, without affect-
ing those that are involved in CNS immune surveillance,
is expected to be a safer approach. Indeed, a new bio-
logic — vedolizumab — that preferentially targets gut-
specific T cells is currently in clinical trials and proving
to be efficacious in the treatment of IBD¥. Vedolizumab
selectively targets a4p7 integrin, which mediates the
migration of T cells preferentially into gastrointestinal
tissue without compromising immune surveillance in
the CNS*, and this biologic has a potentially reduced
risk of PML.

Epratuzumab. Rituximab, which is used for treating
non-Hodgkin’s lymphoma, is a CD20-targeting mAb
that induces B cell-specific cytotoxicity through ADCC
and CDC. Despite its therapeutic advantage, rituximab
has been associated with serious infections and CRS.
The serious infections are caused by the depletion of
all B cell populations, including memory B cells. In this
case, B cell depletion is the intended pharmacodynamic
outcome, which could be potentially achieved by other
means, with considerably lower safety risks, by targeting
other molecules related to B cell survival. A potential
alternative to CD20 is another B cell molecule, CD22,
which can be targeted with the mAb epratuzumab for
the treatment of non-Hodgkin's lymphoma®; clinical tri-
als have indicated a good safety profile of epratuzumab
in this setting.

Beyond natalizumab. A more detailed understanding
of the cellular and molecular aetiopathology of disease
processes can also open up pharmacological space for
immunomodulatory biologics through the identification
of new targets. Natalizumab, which blocks T cell entry
into the CNS, is indicated for multiple sclerosis and is
associated with the risk of PML. This adverse reaction is
most likely to be related to the reduced T cell immuno-
surveillance in treated patients and cannot be dissoci-
ated from the pharmacodynamic action of natalizumab.
A subset of T cells, T helper 17 (T,;17) cells, has been
implicated in the pathogenesis of multiple sclerosis®.
However, the detailed mechanism and degree of con-
tribution of T ;17 cells to the disease is still unclear. If
the weight of evidence is in favour of T,17 cells as key
players in the pathology of multiple sclerosis, then target-
ing this particular subset of T cells could lead to thera-
peutic benefits without inducing the adverse reactions
associated with the suppression of immune surveillance
through the indiscriminate targeting of all a4 integrin-
expressing T cells.

Pathway 2: redesign of the existing biologic

The second pathway that can be followed for the design
of safer immunomodulatory biologics involves redesign-
ing existing immunomodulatory biologics. This path-
way can be followed when factors that are inherent to
the biologic — rather than target-specific factors — are
identified as the source of the adverse reactions, and this
pathway is often the only way forward when alternative
targets cannot be identified for the development of new
biologics (FIC. 2).

There are three main strategies in this approach:
changing the mode of the target-biologic interaction (for
example, monovalent binding versus receptor cluster-
ing); avoiding Fc-mediated or other structure-dependent
unwanted effects; and ‘engineering out’ immunogenic
sites within the biologic structure (in instances where
immunogenicity is the main unwanted effect).

Changing the mode of the target-biologic interaction.
An example of this approach is the development of
muromonab-CD3, which targets the CD3 receptor on
T cells to induce cell death by ADCC and CDC, thereby
controlling organ transplant rejection. However, as
muromonab-CD3 works by clustering CD3 molecules
on the cell surface, this often results in hyperimmune
T cell activation. The interaction of a biologic with
CD3 can be redesigned in such a way that this clus-
tering does not occur, and small modular immune-
pharmaceuticals (SMIPs) are being utilized to achieve
this outcome®”*%.

Avoiding Fc-mediated or other structure-dependent
unwanted effects. The presence of an activating Fc
domain in blocking immunomodulatory biologics is
not necessary, and its presence can cause unfavour-
able responses by interacting with other immune cells
expressing Fc receptors. Modifications to the Fc portion
through mutations in specific amino acid residues could
prevent the interaction of the Fc domain with other Fc
receptors and complement components, and hence
reduce these types of adverse reactions.

Complement activation that accompanies CD20 tar-
geting by rituximab contributes to the triggering of CRS.
This aspect of rituximabs mode of action has the poten-
tial to be designed out. Indeed, an SMIP targeting CD20
was reported to have attenuated complement activation
compared to rituximab while providing a similar level of
therapeutic efficacy®®. Furthermore, it has been shown
that the substitution of the amino acid residues Pro331
with Ser and Lys322 with Ala in the Fc region of the
antibodies abrogated adverse reactions associated with
complement activation in rats and monkeys’'.

Restricting the target-biologic interaction to spe-
cific cell types and/or subsets can also reduce the risk of
adverse reactions associated with the activation of acces-
sory immune cells. Bispecific antibodies are designed to
combine two domains: one that is specific for the target
molecule and the other for a cell-specific molecule. This
enables the homing of the biologic to the right target on
the right cell and hence reduces nonspecific interactions
of the biologic with other cells, which could possibly lead
to increased safety outcomes. This can be exemplified
by the bispecific T cell engager (BiTE) blinatumomab,
which is a recombinant CD19- and CD3-specific mAb
that combines the targeting of CD19 on B cells with
direct activation of cytotoxic T cells (by engaging CD3
on the surface of T cells). Blinatumomab is currently
being studied in the treatment of non-Hodgkin’s lym-
phoma and chronic lymphocytic leukaemia (CLL)*.

CD20- and CD22-specific mAbs are another bispe-
cific antibody format that have been tested preclinically.
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Chimeric mAb

An antibody that contains
regions derived from different
species. For example, an
antibody composed of an
antigen-binding region of
mouse origin and a constant
region (Fc) of human origin.
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It has been reported that, in contrast to the therapeutic
effect of rituximab, the antibody elicits its therapeu-
tic effect via direct preferential and selective killing of
tumour B cells without crosslinking and CDC****.

It is expected that these antibody formats would have
favourable safety profiles but this will be confirmed after
large-scale trial data become available.

Engineering out immunogenic sites within the biologic
structure. Humanization of a biologic generally (but not
always) reduces the risk of immunogenicity. For exam-
ple, rituximab — a chimeric mAb (mouse and human)
targeting CD20 — has reduced immunogenicity com-
pared to tositumomab (Bexxar; GlaxoSmithKline), a
mouse mAb targeting CD20. Immunogenicity arising
from the presence of immunogenic epitopes and altered
glycosylation can be rationally designed out (BOX 3).
Knowledge of pre-existing antibodies (in humans) to
certain glycan structures will also enable drug devel-
opers to design a biologic without such unfavourable
characteristics.

Irrespective of the pathway that is followed in devel-
oping new biologics, it is clear that the generation of
safer biologics is reliant on greater knowledge and
understanding of the disease, target biology and the
availability of robust, reliable and reproducible predic-
tive tests. New biologics that carry the risk of adverse
reactions — as predicted through the utilization of these
tests — will either undergo attrition or need to re-enter
the iterative cycle described in FIG. 2 until a safer biologic
is designed.

Conclusions and future directions

The remarkable success of immunomodulatory biologics
in treating diseases that are either refractory to or not
druggable by small-molecule drugs cannot be under-
stated. Although concerns remain regarding the use of
immunomodulatory biologics, it must be recognized
that at present the clinical benefits, in most cases, out-
weigh the risk of developing adverse reactions.

Risk mitigation strategies along with robust pharma-
covigilance frameworks (Supplementary information S1
(box)) can help in reducing and managing the impact
of adverse reactions. However, continued progress in
developing robust and reliable strategies in this area
depends on overcoming several key challenges that are
listed below:

e Can the nature of the adverse reactions be predicted
from a deeper understanding of the biology of the target
and property of the product?

immunomodulatory mAbs.

based on risk.

This is a comprehensive discussion of adverse 5.
reactions associated with mAbs, including

Sorensen, P. S. et al. Risk stratification for progressive
multifocal leukoencephalopathy in patients treated 6.
with natalizumab. Mult. Scler. 18, 143—-152 (2012).

This article reviews the risk factors for PML in

patients receiving natalizumab therapy and

discusses the importance of patient stratification
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* Would the ranking of immunomodulatory biologics
based on their degree of hazard lead to a reasonable
quantification of acceptable risk and align treatment
regimens and pharmacovigilance strategies to antici-
pate a particular adverse reaction?

What exactly is the contribution of the patient and
disease state to the induction or uncovering of a par-
ticular adverse reaction?

Can specific biomarkers be developed for predict-
ing the risk of the induction of adverse reactions by
immunomodulatory biologics?

Can patients be stratified based on efficacy as well
as the degree of risk associated with developing an
adverse reaction?

The identification of immunotoxic alerts based on
the target molecule, target cell population (or subpopula-
tion), mode of action (triggering, blocking or Fc-mediated
activity) and structural information (glycosylation, Fc
modifications, and so on) will be valuable in selecting lead
candidates for development. However, this necessitates a
detailed understanding of the immunology of the target,
the disease and the interaction of the immunomodula-
tory biologic with these elements at the whole-organism,
cellular and molecular levels. Considerable fundamental
research efforts and investments are therefore a prerequi-
site to advance this cause.

Another major challenge that requires focused efforts
is the ranking of immunomodulatory biologics within
a particular class or among classes according to inher-
ent hazard. Such a ranking of new immunomodulatory
biologics — by degree of hazard — could be attempted
from the cumulative experience of physicians, national
registries and meta-analyses of clinical trials and case
reports on current immunomodulatory biologics. This
is clearly a retrospective approach that may have some
predictive value but it requires the accumulation of many
thousands of patient years of data before rankings can be
assigned with any degree of confidence.

However, these efforts will contribute to a greater under-
standing of biologic-associated hazard that will inform
the development of safer biologics. In the meantime, it is
apparent that the decision to advance an immunomodula-
tory biologic therapy through to clinical evaluation must
be based on an assessment of the balance between disease
burden and the degree of predicted or estimated risk. The
current gaps in our knowledge limit our ability to effectively
predict adverse reactions to immunomodulatory biolog-
ics, so it is important that the risks are critically assessed
and well explained, and that any decisions about therapy
are both physician-led and patient-informed.
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FURTHER INFORMATION

Citizens For Responsible Care and Research (CIRCARE) —
Tegenero AG TGN1412 clinical trial: http://www.circare.org/
foia5/tgn1412.htm

CRACK IT 2011 challenge 4 (“Improving the predictive
capacity of in vitro cytokine release”): http://www.crackit.
org.uk/crack/crackitchallenges/challenge4-cytokinerelease
Drugs@FDA — FDA-approved drug products: http://www.
accessdata.fda.gov/scripts/cder/drugsatfda/index.cfm
European public reports: http://www.ema.
europa.eu/ema/index.jsp?curl=pages/medicines/landing/
epar_search.jsp&mid=WC0b01ac058001d124

University of Liverpool — Centre for Drug Safety Science:
http://www.liv.ac.uk/drug-safety
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