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Development of immuno-oncology
drugs — from CTLA4 to PD1 to the
next generations

Axel Hoos

Abstract | Since the regulatory approval of ipilimumab in 2011, the field of cancer
immunotherapy has been experiencing a renaissance. This success is based on
progress in both preclinical and clinical science, including the development of new
methods of investigation. Immuno-oncology has become a sub-specialty within
oncology owing to its unique science and its potential for substantial and
long-term clinical benefit. Immunotherapy agents do not directly attack the
tumour but instead mobilize the immune system — this can be achieved through
various approaches that utilize adaptive or innate immunity. Therefore, immuno-
oncology drug development encompasses a broad range of agents, including
antibodies, peptides, proteins, small molecules, adjuvants, cytokines, oncolytic
viruses, bi-specific molecules and cellular therapies. This Perspective summarizes
the recent history of cancer immunotherapy, including the factors that led to its
success, provides an overview of novel drug-development considerations,
summarizes three generations of immunotherapies that have been developed
since 2011 and, thus, illustrates the breadth of opportunities these new generations
of immunotherapies represent.

The concept of mobilizing the human
immune system against cancer dates back

to at least the mid-ninteenth century, when
Rudolf Virchow, a German pathologist,
observed immune infiltration in human
tumours'. Later, William Coley, an American
surgeon, aimed to induce a therapeutic
immune response through injection of

and targets of the immune system, which
started to enable the development of new
interventions. During the course of the
following three decades, several therapeutic
approaches, such as cytokine-treatment
(with interleukin-2 (IL-2) or interferon-a
(IFNa)) or vaccines aimed at stimulating

T cell immune responses, were trialled

bacterial broth (later know as Coley’s toxins)
into soft-tissue tumours that he could

not resect?. In response to this treatment,
Coley observed inflammatory responses
and, in some patients, clearance of the
cancer, whereas in others he observed septic
complications®. At the time, a scientific
understanding of immune mechanisms

did not exist and progress stalled for

nearly a century. From the 1970s onwards,
scientific and methodological innovations
included the engineering of antibodies® as
tools to engage immune mechanisms and
an increasing understanding of pathways

in the clinic — however, these had

limited success*®. These treatments

were often investigated in selected and
non-representative patient populations

and, in case of cytokines, were accompanied
by substantial toxicities*. Importantly, in
the absence of a clear mechanism-based
understanding of the dynamics of the
immune system, all clinical development
was subjected to the established
chemotherapy paradigm of oncology drug
development. This entailed Phase I safety
studies in patients with end-stage disease to
establish a maximum tolerated dose (MTD),

characterize safety and detect a signal of
activity in form of tumour regression.
Subsequent Phase II single-arm studies were
conducted to achieve response rates (defined
as shrinking of established tumours), and if
anew drug candidate showed promise, large,
randomized Phase III studies were initiated
to identify small improvements in efficacy
over existing therapies’.

The scientific turning point for
cancer immunotherapy came with the
understanding that T cell immune responses
are controlled through on and off switches,
so called ‘immune checkpoints’ that
protect the body from possibly damaging
immune responses®. The master switch
for T cell activation was found to be the
CD28-cytotoxic T lymphocyte-associated
antigen 4 (CTLA4) interaction, and the
CTLA4 gene (CTLA4) was cloned in 1987
(REF. 9). Key experiments in mouse models,
conducted by Allison and colleagues in
the mid-to-late 1990s, elucidated the role
of CTLA4 in cancer'"? In the following
years, additional immune checkpoints were
identified, such as programmed cell death
protein 1-programmed cell death 1 ligand
1 (PD1-PDL1) and several others'', with
distinctly different mechanisms of action; for
example, CTLA4 influences T cell activation
and the PD1-PDL1 pathway addresses T cell
exhaustion and tolerance. However, CTLA4
and PD1-PDLI share the underlying
principle of being part of a network of
positive and negative drivers of the immune
response that balance its physiological
functions. The modulation of immune
checkpoints using monoclonal antibodies
can have a universal effect on immune
responses that is not dependent on tumour
histologies or individual cancer-specific
antigens. Much has been written about
immune checkpoints, and this topic is
extensively reviewed elsewhere®'*-¢.

Changing the drug-development paradigm.
The translation of preclinical science into
clinical success required the re-thinking

of the clinical-development paradigm that
was established for chemotherapies'”'®.
Similar to other anticancer therapies,

when first entering the clinic, the
anti-CTLA4 antibodies ipilimumab
(Bristol-Myers Squibb (BMS) and
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more recently the European Academy

Table 1| Progress on two fronts: science and methods
of Tumour Immunology (EATT) and the

Science progress Methods progress American Association of Cancer Research
Understanding of immune biology Immunotherapy development paradigm (AACR)*". These initiatives resulted in
Novel pathways and targets for Clinical end points including immune-related several key 1.1151ghts (TABLE 1 ]’. two of Wthh
inERemiten response criteria were of particular relevance in enabling

. o . ipilimumab to succeed in clinical trials:
Influence of targeted therapies on the Assay use and harmonization forimmune . .
immune system biomarkers first, that immunotherapies may produce

some mixed or novel types of responses

Identification of biomarkers Data reporting guidelines P P

that cannot be captured by conventional
Collaboration across the field (academia, Regulatory guidances chemotherapy criteria such as the Response
non-p_rofit organizations, p.harmaceutical Evaluation Criteria in Solid Tumours
ghdbieteciiioloovipd CERIS) (RECIST) and the criteria set out by the
World Health Organization (WHO), and

Medarex) and tremelimumab (formerly Research Institute (CRI) — a community new criteria were needed'”??; and second,
Pfizer, now AstraZeneca) were initially organization founded in 2002 (initially that the effects of immunotherapy on
investigated under the chemotherapy named the Cancer Vaccine Consortium) time-to-event end points such as survival
drug-development paradigm. Response to facilitate solutions to the development may take several months to manifest
rates were low and side effects were challenges of immunotherapies — and can lead to delayed separation of
inflammatory in nature but different to systematically instigated initiatives to Kaplan—Meier survival curves, which
those observed with other cancer drugs, create an immunotherapy development needs to be accounted for in the evaluation
and, in some cases, these side effects were paradigm?'. The initiatives of the of randomized clinical trials***. These
severe'®?. The resulting benefit-risk ratio CIC involved the main stakeholders insights were applied to the ipilimumab
was not yet convincingly different from in the immunotherapy field, namely development programme with trans-
the marginal improvements achieved academic investigators, industry drug formational effects (FIC. 1; BOX 1). The
with many conventional oncology drugs. developers and regulators, and included insights also formed the basis for new
In parallel to the clinical development collaborations with similar organizations criteria to assess clinical response, termed
programmes of ipilimumab and such as the Association for Cancer immune-related response criteria (irRC),
tremelimumab, the Cancer Immunotherapy Immunotherapy (CIMT), the Society and associated clinical end points, such
Consortium (CIC) of the Cancer for Immunotherapy of Cancer (SITC) and as immune-related overall response
Preclinical science . Clinical science
1 ¢ Primary endpoints of two
Treatment of Phase Il trials changed to OS
B7-1 and B7-2 are mouse tumours e No OS interim analyses
CTLA4 ligands with CTLA4
——— ; Phase Il:
Immune-regula- ! * Novel responses Phase Ill | | Regulatory
Cloning of tory role of First patient ¢ Delayed separation positive | | approvalin
CTLA4 gene CTLA4 in mice treated of KM curves for OS on OS the USA

1985 1990 1995 1997 2000 2002 2004 2005 2006 2008 2009 2010 2011 2015

CIC founded to solve
methodological
problems of the
immunotherapy field

CIC workshop showing | | CIC and BMS:
delayed separation of immune-related
curves for Phase llI response critria
immunotherapy trials

new response kinetics and criteria O Pre-clinical science milestones
[J Conventional clinical milestones

[J Novel clinical science milestones
O CIC workshops driving changes in clinical science

3 CVCTWG workshop suggesting

Figure 1| Ipilimumab drug-development milestones. After basicand  with regards to novel response kinetics and delayed separation of sur-
preclinical scientific advances, ranging from the cloning of the cytotoxic  vival curves led to the change of primary end points for the ipilimumab
T lymphocyte-associated antigen 4 (CTLA4) gene in 1987 (REF. 9) to the  pivotal studies from response-based end points (overall response rate or
elucidation of its role in tumour immunology by Allison and colleagues'®**  progression-free survival) to overall survival (OS) and ultimately led to a
in the mid-1990s, the ipilimumab (anti-CTLA4) monoclonal antibody was  positive Phase Ill study?®”. The novel safety profile resulted in the charac-
introduced into clinical trials in melanoma in 2000. Advancement of the  terization of immune-related adverse events (irAEs) and the creation of
clinical science was multi-factorial'®?*?*. It included a new clinical irAE treatment algorithms*?%12! Ipilimumab was approved for metastatic
development paradigm originating from initiatives of the Cancer melanomain 2011. B7-1, T lymphocyte activation antigen CD80; B7-2,
Immunotherapy Consortium (CIC) as well as an extensive trial pro- T lymphocyte activation antigen CD86; CVCTWG, Cancer Vaccine
gramme by Medarex and Bristol-Myers Squibb (BMS). The lessons learned  Clinical Trial Working Group; KM, Kaplan-Meier.
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rate (irORR), immune-related disease
control rate (irDCR), immune-related
progression-free survival (irPFS) and
milestone survival?*#*. The potential
underlying biology for these clinical
observations is summarized in BOX 2.

In addition, during the development
of ipilimumab, immunotherapy toxicities,
termed immune-related adverse events
(irAEs)'8, were systematically characterized
and their clinical management was defined
in treatment algorithms. These algorithms
subsequently provided a model for the
creation of other safety-management processes
for next-generation immunotherapies®?.

Opverall, out of the community initiatives
of the CIC and its partners and the
ipilimumab drug-development programme,
a new clinical-development paradigm
emerged for the clinical management
of a novel efficacy and safety profile of
cancer immunotherapies'”'®#?* that became
a cornerstone of the rapidly evolving
field of immuno-oncology (TABLE 2).
The early lessons of this paradigm on
measuring efficacy and managing safety
are widely present in immunotherapy
drug development today**-%. These
insights contributed to the de-risking of
the acquisition of Medarex by BMS in
2009, enabling the development of the
most advanced immuno-oncology pipeline
in the industry at the time. The CIC’s
initiatives also sparked broad collaboration
in the immunotherapy community>"*
and provided information that was used
in regulatory guidance documents issued
by the US Food and Drug Administration
(FDA) and the European Medicines
Agency (EMA) — Guidance for industry:
clinical development of therapeutic cancer
vaccines by the FDA in 2011 (REF. 31)
and the Guideline on the evaluation of
anticancer medicinal products in man by
the EMA in 2012 (REF. 32). Approximately
4 years after the approval of ipilimumab,
at least four major second-generation
checkpoint-modulator programmes for
PD1 and PDLI inhibitors are in pivotal
trials run by leading pharmaceutical
companies (BMS, AstraZeneca, Genentech
and Merck (FIG. 1)), and many more are
in early clinical development. A CIC
workshop held in October 2014 brought
these four companies together to assess
immunotherapy class effects across their
programmes and to demonstrate the utility
of the novel clinical end points irORR,
irDCR, irPFS and milestone survival,
beyond their use as exploratory end points
(A. Hoos, unpublished observations).
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Three generations of therapies

Since 2011, owing to its potential for a
large and sustained clinical benefit**,
immuno-oncology has become the
fastest-growing area not only in oncology
but in the entire pharmaceutical industry.
Dozens of new biotech ventures in
immuno-oncology have emerged.

In 2013, Science magazine declared
cancer immunotherapy the breakthrough
of the year™; in 2014 and 2015,
immuno-oncology technologies and
business deals yielded extreme valuations
at the J. P. Morgan investment banking

conference; and health-care analysts have
predicted a market size for this sector of
US$35 billion by 2023 (REF. 36).

Despite this success, the field is still
young and much potential for growth
and substantive translational and clinical
improvements exists. The emerging therapies
can be categorized into three generations
(FIC. 2). Generation 1 encompasses the
initiating agents of the immuno-oncology
era, ipilimumab and sipuleucel-T (an
autologous dendritic cell therapy developed
by Dendreon), which were approved based
on survival improvements in randomized

Box 1| Lessons learned from ipilimumab and tremelimumab

At the start of the clinical development programme of ipilimumab — an anti-cytotoxic

T lymphocyte-associated antigen 4 (CTLA4) monoclonal antibody — response-based end points
(overall response rate (ORR) or progression-free survival (PFS)), as established for chemotherapy;,
were used as primary end points of all clinical trials®. Ipilimumab produced relatively low
conventional response rates (5-15%)'*?° and its potential would have not been recognized on that
basis. Based on insights from the Cancer Immunotherapy Consortium (CIC) initiatives and clinical
observations with ipilimumab, the criteria for measuring clinical efficacy in the ipilimumab
programme were re-defined'®?*. By capturing delayed responses, prolonged stable disease and
responses in the presence of new lesions, the overall detectable effect rate rose to approximately
30%?%2. Importantly, these novel patterns of response were associated with favourable survival, thus
underscoring their clinical relevance??*. Owing to the inability of conventional response end points
to capture this relevant fraction of patients with clinical effects, the primary end point of the pivotal
ipilimumab trials was changed to survival (before unblinding), which would ultimately reflect this
novel benefit'®?. Further, owing to the delayed separation of the survival curve at 8 monthsin a
randomized Phase Il trial with ipilimumab (first reported at the 2008 American Society of Clinical
Oncology (ASCO) conference)!**'%, no early interim analyses for survival were conducted in the
pivotal studies of ipilimumab in advanced melanoma’®?’. The result was a positive Phase lll trial in
patients with pre-treated metastatic melanoma, demonstrating a hazard ratio (HR) for survival of
0.66 (risk reduction for death 34%) with only a 10% conventional response rate®. Ipilimumab was
subsequently approved by the US Food and Drug Administration (FDA) in March 2011 for its
improvement in patient survival. In addition to a novel efficacy profile, ipilimumab also became a
model for a new immunotherapy safety profile characterized by immune-related adverse events
(irAEs)'®. These mostly inflammatory events occurred predominantly in the skin, colon, liver and
endocrine organs and distinguished themselves from the well-known clinical autoimmune
syndromes such as Crohn disease and ulcerative colitis through their reversibility and manageability
with either supportive care or well-established immunosuppressive drugs such as corticosteroids or
mycophenolate mofetil?>?. Carefully defined safety management algorithms were created for
ipilimumab®?, including a voluntary Risk Evaluation and Mitigation Strategy (REMS) with the
FDA'?!. These algorithms became the template for safety management of subsequent checkpoint
modulators such as programmed cell death protein 1 (PD1) and PD1 ligand 1 (PDL1) blockers, which
share a close safety profile with some differences in frequency or types of irAEs?”?122,

Parallel to the development of ipilimumab, a similar programme for the anti-CTLA4 monoclonal
antibody tremelimumab was carried out in advanced melanoma. Tremelimumab shared similar
clinical features with ipilimumab, with a response rate of 10% in the pivotal study and a similar irAE
profile'?. The dosing schedule was one treatment every 3 months, as compared to that for
ipilimumab, which was one treatment every 3 weeks. In metastatic melanoma, the median time
to progression was historically ~2 months. Applying the conventional treatment paradigm, in which
progression determined treatment cessation, the majority of patients in this trial stopped therapy
before the second dose, thus leading to a median tremelimumab dose of 1. Ultimately,
tremelimumab failed in Phase Il after a Data Monitoring Committee (DMC) recommendation to stop
the study owing to an early interim analysis for survival, which did not detect a relevant separation of
curves after 7 months median follow up'?*. However, survival follow up continued and 2 years later a
moderate separation of curves was reported (HR 0.88)'%. Probable reasons for the outcome in this
study were the underdosing of patients with a single dose of tremelimumab before progression and
the early interim analysis not being able to pick up a delayed separation of survival curves.
Tremelimumab, which may have similar clinical effects to ipilimumab, was subsequently licensed by
AstraZeneca and has been broadly re-introduced into clinical trials.
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Box 2 | Biologic underpinnings of immunotherapy clinical responses

The clinical observations that are captured with immune-related response criteria (irRC) as
immunotherapy patterns of response may be explained by the dynamic interactions between the
immune system and the tumour, which include both anti-tumour immunity and tumour-promoting
inflammation. The concept of immunoediting'? describes the three states of interaction as
elimination, in which the immune response eradicates cancer cells; equilibrium, in which the
immune response controls tumour growth; and escape, in which the tumour outgrows the immune
response. In the context of immunotherapeutic intervention, these three states may be correlated
with the clinical observations of response, stable disease and progression of disease!**'?*. Owing to
the heterogeneity of metastatic cancers —including changes in antigenic profiles (for example,
antigen loss), immune-suppressive mechanisms in the tumour microenvironment and the immune
status of patients —immune responses to individual lesions and between patients may vary. In
some cases, a mixed clinical picture may emerge in which some lesions shrink while others remain
stable or grow". In other cases, lymphocytic infiltration into tumours may lead to an increase in the

volume of a lesion before it can shrink'?"'?%, The latter phenomenon is described as a delayed
response under irRC but has also been described as a ‘tumour flare’ or pseudo-progression??.
Overall, patient survival may be improved even if there is no detectable tumour shrinkage, so long
as the immune system and the tumour are in a state of equilibrium, thus slowing down local tumour

growth and reducing the risk of metastases.

Phase I1I trials in 2010 (sipuleucel-T) and
2011 (ipilimumab)**. Sipuleucel-T did
not become a commercial success owing
to the complexities of scaling production
and commercializing this autologous

cell therapy; however, it provided
important lessons on the regulatory,
CMC (chemistry, manufacturing and
controls) and commercial aspects of
immuno-oncology drug development,
which are now proving useful in the
development of new cell therapies.
Following these first-generation agents,
immuno-oncology drug development began
to expand rapidly, and new agents against
new targets and with new mechanisms

of action were emerging, subsumed

as generation 2 of immuno-oncology
agents. At the centre of these are multiple
clinical programmes focused on PD1-
and PDL1-blocking antibodies. The first
PD1-targeted agents — pembrolizumab
(Merck) and nivolumab (BMS) — were
approved by the FDA and the EMA in 2014
(pembrolizumab) and 2015 (nivolumab),
and the anti-PDL1 agents atezolizumab
(MPDL3280A, Genentech/Roche) and
durvalumab (MEDI-4736, AstraZeneca/
MedImmune) are in pivotal clinical

trials (FIG. 2). Pembrolizumab achieved
approval in record time, after only 4 years
in the clinic®. In addition, blinatumomab
(Amgen), a bi-specific T cell engager (BITE)
targeting CD19* B cell malignancies, was
approved in 2015 (REFS 40-42). Moreover,
autologous cell therapies that target CD19
using chimeric antigen receptor (CAR)-
transduced T cells (CAR-Ts) are being
developed — a field in which Novartis has
the most advanced programme. In 2011,
CAR-Ts emerged with promising clinical

data in CD19* malignancies®, and in

some studies durable response rates as

high as 90% were reported*!. Moreover,
talimogene laherparepvec (T-vec), an
oncolytic viral therapy, was approved by
the FDA in October 2015 for local injection
in unresectable melanoma recurrent after
initial surgery.

The initial market value projections for
immuno-oncology were largely based on
the first- and second-generation therapies™.
However, there is rapid development of an
even larger pool of new technologies that
further diversify the immuno-oncology
space to fully utilize the potential of the
immune system to fight cancer. This next
wave of therapies can be summarized as
third-generation agents that result from
the broad expansion of immuno-oncology
across multiple mechanisms and
modalities, and this generation of therapies
may be the most competitive yet (FICS 2,3).

Clinical practice-altering data

Clinical data obtained with checkpoint
modulators from generations 1 and 2

(such as ipilimumab, pembrolizumab and
nivolumab) illustrate the broad potential of
immuno-oncology. The first wave of clinical
Phase III studies that showed potential to
alter the standard of care were conducted
with ipilimumab and are, in some
instances, still reading out data today'®.
Phase III studies for pembrolizumab and
nivolumab were carried out more recently,
and the speed at which these agents were
advanced was influenced by the fact that
patients strongly gravitated to studies with
these promising new treatments. TABLE 3
summarizes the results of the main Phase
11T trials with checkpoint inhibitors that

were available as of December 2015. Key
observations are as follows: ipilimumab
produced survival benefits, with hazard
ratios (HRs) between 0.62 and 0.72,
reducing the risk of death by 28-38% in two
Phase III trials in metastatic melanoma.
These data served as a proof of principle for
checkpoint modulation, demonstrating that
it can substantially improve patient survival
and supporting the approval of ipilimumab
in pre-treated and untreated metastatic
melanoma®*. Importantly, studies also
demonstrated the relevance of the plateau
at the ‘tail’ of the survival curve, showing
that a proportion of patients (20-25%

in metastatic melanoma) experience
long-term survival. This prompted the

use of milestone survival end points

(for example, 1-year or 2-year survival
rates), adding meaningful information

to the standard measure of median

survival and providing a surrogate for the
overall survival end point**¥. Another
study of ipilimumab in melanoma was
conducted by the European Organization
for Research and Treatment of Cancer
(EORTC) in a high-risk adjuvant melanoma
setting. To date, this study has produced
recurrence-free survival data with a

hazard ratio of 0.75; survival data have not
yet matured. The EORTC study offers a
different proof of principle: in an adjuvant
setting with no macroscopic tumour
present, the quantity of available antigen is
still sufficient to drive an immune response
that can be modulated by ipilimumab and
allow for meaningful clinical benefit. It may
be possible to extrapolate this finding to
other immunotherapies in the adjuvant
setting. The fourth ipilimumab study that
is currently in the public domain involves
patients with castration-resistant prostate
cancer (CRPC) who have undergone
therapy with taxotere?. In this population,
patients with visceral metastases have
worse outcomes than those without. The
study demonstrated a survival difference
with a delayed separation of curves for the
intention-to-treat population (HR 0.85),
but this separation was greater for patients
with better prognostic parameters (HR
0.62). Treatment of the intention-to-treat
population did not achieve statistical
significance (p=0.053) and therefore did
not alter the standard of care. Data from
another Phase III study in patients with
CRPC, who received ipilimumab before
treatment with docetaxel (Taxotere,
Sanofi), are yet to be publicly disclosed.
The recent studies of nivolumab in

patients with metastatic melanoma*** and
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advanced squamous non-small cell lung
cancer (NSCLC)* showed superiority

over chemotherapy standards of care, with
higher rates of survival observed in patients
treated with nivolumab compared to those
previously observed with ipilimumab

(HR 0.42 and 0.59, respectively), thus
formally eliminating chemotherapy as a
standard of care in these settings. Further,
the direct comparison of pembrolizumab
versus ipilimumab in metastatic

melanoma showed a survival advantage

of pembrolizumab over ipilimumab

(HR 0.63)*". Overall, these data dramatically
changed the treatment landscape for

Breadth of
modalities

investigation

metastatic melanoma, and emerging data Patient
suggest a similar development for the populations
treatment of NSCLC. Over time, it can be
expected that standards of care utilizing

Efficacy

chemotherapy or targeted therapy will

be replaced or at least challenged by
immunotherapy regimens. New standards
of care may utilize monotherapy with
immunotherapeutic agents, as shown

thus far, or gradually shift to combination
therapies. These may include combinations
with the current standard agents or

new immuno-immuno combinations.
The first data from a Phase III study of a
combination of ipilimumab plus nivolumab
were first presented at the 2015 ASCO
conference and indicated a benefit on

PES for the combination over each agent
alone (ipilimumab plus nivolumab versus
ipilimumab alone, HR 0.42; nivolumab
versus ipilimumab, HR 0.57; ipilimumab
plus nivolumab versus nivolumab alone,
HR 0.74 (no formal comparison))*.
Survival data were not presented. Within
the known and manageable categories

of irAEs, the toxicity of the combination
therapy with ipilimumab plus nivolumab
was substantially increased compared to
the toxicity of the agents as monotherapy*.
Opverall, these data indicate the power of
immunotherapies to alter existing (and
often very unsatisfactory) standards of
care. Current immunotherapy drugs

and treatment regimens are likely to be
followed by more effective future therapies
or combinations.

Important to note is the universal nature
of the checkpoint-modulatory antibodies
discussed above. Their mechanisms
of action are entirely centred on the
immune system and are independent of

Safety

Phases of clinical

Clinical end points

Pharmacodynamics

Pharmacokinetics

Table 2 | The immuno-oncology clinical development paradigm

Paradigm components

* Avery broad range of modalities with, in some cases, distinct
characteristics; only new characteristics not seen with
chemotherapy are mentioned here

Two phases:

* Proof-of-principle trials: first-in-human studies to initiate
the safety database, determine dose and schedule, ascertain
biological activity (pharmacodynamic effects on disease or
immune system) and show signals of clinical activity

e Efficacy trials: studies to establish clinical benefit; single-arm
studies are possible for high-response-rate agents, but
randomized trials are recommended for low-response-rate
agents (the category into which the majority of compounds
reported to date fall)

* An early focus (often in the first-in-human trial) on well-defined
populations, either owing to expression of the target antigen
or the advantages of homogenous populations on biological or
clinical effect evaluation

* Variable kinetics of response with at least four immune-related
response patterns (conventional orimmediate response;
delayed response; response with new lesions; and durable,
stable disease)

¢ Delayed effects on survival expressed as delayed separation
of Kaplan—Meier survival curves not following a proportional
hazards model

e Survival curves plateau, indicating a proportion of patients
with long-term benefit

¢ irRC can capture immunotherapy response patterns and are
applicable to WHO or RECIST criteria (irWHO or irRECIST);
irRC-based end points are irORR, irDCR and irPFS

e Overall survival end points in randomized trials may require
sensitivity analyses, to address a delayed effect, or modelling of
anon-proportional hazard based on available data

* Median survivalis a less informative data point than in
chemotherapy trials and may be replaced by milestone survival
assessments at 1,2 and 3 years

¢ Milestone survival may be a surrogate for overall survival

* Inflammatory adverse events termed irAEs, which can be
managed with irAE treatment algorithms; the range of irAEs is
broad and varies between immunotherapy modalities

* Biomarkers are focused on pathways and targets of the immune
system, and measurements are variable and context-dependent
owing to the dynamic nature of the immune system

* Novel biomarker assays require validation and harmonization
in use to achieve maximum utility

* Highly variable depending on the modality, for example:
protein or peptide vaccines are not metabolized to deliver a
clear pharmacokinetic profile; CAR-Ts or TCR-Ts are live cells
with dynamic dose and durability parameters in vivo; oncolytic
viruses have a first-pass effect after intravenous administration;
and antibodies and small molecules follow more standard
ADME kinetics

* Many modalities may not achieve a conventional MTD owing to
aplateau effect

Refs
TABLE 4

17

17

17,18,
21,22,

18,22,
24,84

25,26

87,88,
92,98

17,64,
65,71,
72

ADME, absorption, distribution, metabolism and excretion; CAR-Ts, chimeric antigen receptor-transduced
T cells; irAE, immune-related adverse event; irDCR, immune-related disease control rate;
irORR, immune-related overall response rate; irPFS, immune-related progression-free survival;
irRC, immune-related response criteria; MTD, maximum tolerated dose; RECIST, Response Evaluation
Criteria in Solid Tumours; TCR-Ts, T cell receptor-transduced T cells; WHO, World Health Organization.

cancer histology or specific mutations.
Consequently, these antibodies are
demonstrating clinical activity across a
broad range of different types of cancer.
In addition to the trials in melanoma and

NSCLC as described above, Phase II data
also demonstrate activity of checkpoint
inhibitors in genito-urinary cancers, such as
bladder cancer or renal cell carcinoma, and
in colon cancer and Hodgkin lymphoma,

among others®*". It may be expected

that this trend continues, with various
versions of next-generation checkpoint
modulators showing activity against a range
of cancer types.
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Generation 1 Generation 2

Ipilimumab (Bristol-
Myers Squibb)

Pembrolizumab
(Merck)

2011 2012 2013 2014

T-vec (Amgen)

2015

Generation 3

Atezolizumab
(Genentech/Roche)

Multiple therapies
under development

2016 2017 2018 2019

Sipuleucel-T Blinatumomab CAR-Ts
(Dendreon, now Valeant (Amgen) (Novartis)
Pharmaceuticals)

Nivolumab Durvalumab

(Bristol-Myers Squibb)

(AstraZeneca)

‘D Approved  [J Under investigation ‘

Figure 2 | Three generations of immuno-oncology drugs. The modern era of immuno-oncology
commenced with the approval of sipuleucel-T in 2010 and ipilimumab in 2011, providing the first
survival improvements by immunotherapies in randomized Phase lll trials. These therapies may be
summarized as generation 1. Although sipuleucel-T did not become a commercial success, ipilimumab
was transformational for the field and contributed to a model for further immuno-oncology drug
development. Generation 2 followed on the heels of ipilimumab with a wave of programmed cell death
protein 1 (PD1)- and PD1 ligand 1 (PDL1)-blocking antibodies as well as the bi-specific antibody bli-
natumomab, the oncolytic virus talimogene laherparepvec (T-vec) and emerging cell and gene thera-
pies using CD19* chimeric antigen receptor (CAR)-transduced T cells (CAR-Ts). Pembrolizumab,
nivolumab, blinatumomab and T-vec were approved in 2014-2015. Other pivotal programmes with
atezolizumab and durvalumab are ongoing and are being followed by many others. Generation 3 is
emerging with multiple drug programmes across several modalities (FIG. 3). The breadth and depth of
this third generation provides the opportunity for differentiation through diverse modalities, innova-
tive targets and novel combinations and is thus likely to expand the already demonstrated patient
benefit (TABLE 3) across various patient populations.

Generation 3: expanding the tool box
Unlike advances in oncology drug
development in the past, which have
been mostly incremental, the first two
generations of immuno-oncology agents
have already generated substantial benefit
over the previous standards of care.
Nevertheless, although some patients may
achieve cure or long-term disease control
with first- or second-generation treatments,
the majority of patients are still in need
of a beneficial next-generation treatment.
Specifically, many patients are not
responding to checkpoint inhibition or they
respond and subsequently relapse, thus
needing effective follow-on therapies.
FIGURE 3 shows the three main arms
of the immune system and how they
can be utilized by immunotherapeutic
modalities. To date, most of the activity
in this field has concentrated on the T cell
space. The second branch of the adaptive
immune system, B cell immunity, has not
yet received much attention for therapeutic
purposes. However, it has certainly proven
its utility for prophylactic vaccination
against infectious diseases, in which itis a
central mechanism®*®. Innate immunity

targets and drugs (for example, natural
killer (NK) cell-targeting therapies) are
gaining great interest, and novel approaches
are emerging®'. Overall, the variety of
modalities under investigation include
cytokines®, chemokines®, cell therapies
(including genetically engineered cells)**,
checkpoint modulatory antibodies',
cancer vaccines””*, BITEs that direct

T cells to cancer cells (connectors)%-42,
dual-specific antibodies that integrate two
targeting moieties into one molecule®”,
small molecules”, oncolytic viruses’ and
immune adjuvants (for example, toll-like
receptor (TLR) agonists)”. This wide range
of modalities can be used in various ways
to stimulate anticancer activity across the
different branches of the immune system.
It is likely that these new therapeutics will
enable further improvements over the
already successful generations 1 and 2.
However, the further differentiation of
new medicines in this fast-paced space

will depend on novel targets in each
category, the use of the different modalities
as shown in FIG. 3 and the development

of rational combinations, as well as the
determination of effective biomarkers

that allow physicians to direct patient
populations to the right therapies or
combinations. Novel targets for this range of
therapies can be found for each modality and
along the cancer immunity cycle’. TABLE 4
summarizes lead characteristics of different
immuno-oncology modalities, illustrating
the breadth of biological processes that are
being harnessed by these agents.

Some aspects of generation 3 immuno-
therapeutics are particularly noteworthy.
First, cancer vaccines designed to
induce T cell responses against tumour
cells have been at the centre of cancer
immunotherapy for decades but have
not yet delivered the desired clinical
results®”>. One prominent reason for
this may be that these vaccines did not
address the role of immunosuppression in
cancer, which can now be modulated by
checkpoint blockers. This hypothesis will
need to be systematically tested through
the use of combination therapies. Novel
approaches, such as neo-antigen vaccines,
which induce an immune response against
unique tumour-specific antigens that
have arisen through mutation, indicate
that more-individualized approaches
that are based on new scientific insights
into cancer vaccines are entering the
immuno-oncology stage”®. These
approaches carry new promise but also
have a greater level of complexity than
previously developed vaccines and,
consequently, they require a higher level
of technical innovation and investment
regarding CMC and regulatory aspects®'.

Second, oncolytic viruses thus far
have been an attractive concept and have
been intensively investigated’? however,
so far, only one of these has achieved a
positive result in a Phase III trial and
subsequent regulatory approval**-*2. The
main challenges to this approach have
been the clear characterization of the
immune response by which locally injected
oncolytic viruses achieve systemic effects
and the modification of virus properties
to allow systemic administration, thereby
achieving broader utility®’. These aspects
are under investigation and, together with
combination therapy, will probably define
how widely applicable oncolytic virus
therapy will be.

Third, cell therapies were initially
viewed as attractive options for use as
cancer vaccines. For example, it was
shown that sipuleucel-T delivered a
survival benefit in CRPC?*. Following this,
more-complex cell and gene therapies
emerged in the form of CAR-Ts and T cell
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receptor (TCR)-transduced T cells®-.

To build on the success story of CAR-Ts

in B cell malignancies, new targets need

to deliver similar effects in types of

cancer other than CD19* malignancies.
Furthermore, toxicity risks such as
cross-reactivity with healthy tissues require
mitigation or, preferably, preclinical
screening or clinical management processes
that avoid them altogether®. The cell and
gene therapy space is evolving rapidly

and receives substantial funding, enabling
the development of new technologies.
These technologies include gene editing

to more precisely insert gene constructs
into host cells independent of viral

vectors or to knock-out undesired genes;
the introduction of safety switches into
cells that allow control of the activity of
genetically engineered cells in vivo; and
parallel engineering of several genes (for
example, genes encoding for cytokines

or checkpoint blockers) to further
modulate cell functions. Although there

is still some way to go, and CMC as well

as commercial challenges for cell and

gene therapies are substantial, this area
represents a great expansion of our toolbox
and holds the promise to have a major

role in immuno-oncology in the long term.

Future directions for immuno-oncology
At least five key trends that drive the
directions of immuno-oncology have
emerged (FIC. 4).

Changes in standards of care. The
substantial improvements in survival
observed with checkpoint-modulating
immunotherapies are starting to

change standards of care in oncology.

This trend was initiated by first- and
second-generation agents and will probably
continue with generation 3. As discussed
above, new modalities, such as CAR-Ts,

are already showing attractive clinical
results. However, these new modalities may
also carry new toxicity risks, such as the
potential for induction of a cytokine storm
and cross-reactivity with healthy tissue, that
require careful mitigation®. Overall, this
trend will probably substantially change the
oncology-treatment landscape.

Improvement of end points and research
methods. The fast maturation of the
immunotherapy space requires reliable
tools and mechanisms for conducting
and reporting research?. Specifically,
the extended survival times and novel
activity patterns that are observed with

Adaptive immunity
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T cell immunity

B cell immunity

Cytokines ‘

T cell therapies H

- H NK cell therapies ‘

Cancer vaccines ‘

Checkpoint modulators ‘

‘Connecting’ bi-specific antibodies ‘ ‘

Dual-specific antibodies ‘

‘ T cell checkpoint modulators H

Small molecules ‘

‘ Oncolytic viruses ‘

‘ Adjuvants ‘

[ Clinically validated modalities through approved therapies
[0 Modalities under investigation

Figure 3 | Generation 3: various immuno-oncology modalities. The adaptive and innate arms of the
immune system provide ample opportunity for therapeutic intervention. Most of the focus of the field
is stillin the area of T cells. However, strategies targeting innate immune mechanisms, as well as B cell
therapies (which are currently receiving little attention for therapeutic use), are becoming increasingly
attractive. The range of modalities includes cytokines, cell therapies, cancer vaccines, checkpoint
modulators, ‘connecting’ bi-specific antibodies (also referred to as bi-specific T cell engagers (BITEs),
dual-specific antibodies, small molecules, oncoloytic viruses and immune adjuvants. The first approved
modalities using T cell mechanisms are cell therapies (sipuleucel-T), checkpoint modulators (ipili-
mumab, pembrolizumab and nivolumab), connecting bi-specific antibodies (blinatumomab) and most
recently oncolytic viruses (talimogene laherparepvec). NK, natural killer.

new immunotherapies require a formal
adjustment of clinical end points to

allow timely and complete reporting of
efficacy in future randomized trials#,
Although exploratory end points such as
immune-related response and milestone
survival have been defined, consensus
initiatives by the CIC and others are
underway to support the validation of
these end points for use in pivotal studies
(A. Hoos, unpublished observations).
irRC have introduced new concepts

for measuring the clinical effects of
immunotherapy, including confirmation of
progression via subsequent scans to detect
delayed responses; measuring new lesions
to include them into the total tumour
volume; accounting for durable, stable
disease as a benefit; and treating patients
beyond conventional progression if the
clinical situation allows it.

It is noteworthy that, since the
introduction of irRC and related
immunotherapy end points in 2009,
several substantial advances have been
made. These include: the transferability
of irRC concepts between the WHO

(bi-dimensional tumour measurements)
and RECIST (uni-dimensional tumour
measurements) guidelines; the application
of irRC to diseases beyond melanoma (in
which they were first introduced); the
inclusion of irRC concepts into regulatory
guidance documents from the FDA and
the EMA; the expansion of irRC concepts
beyond their initial implementation; and
the demonstration of an irRC-detected class
effect across several immunotherapies®>*°.
Several other methodological
improvements have been made for cancer
immunotherapy development?'. For
example, immune biomarker development
has historically been quite variable and
burdened by inconsistent assay use
as well as inconsistent publication of
results. To address these inconsistencies,
community-wide initiatives have created
validation and harmonization processes
for immune biomarker assays to achieve
reproducible data generation (for example,
ELISPOT, intracellular cytokines and
tetramers) as well as consistent reporting of
results (for example, Minimal Information
About T cell Assays (MIATA)). These
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Table 3 | Outcomes of completed Phase lll trials with checkpoint-modulating agents as of December 2015

Disease

Ipilimumab

Pre-treated advanced
melanoma

Untreated advanced
melanoma

High-risk adjuvant
melanoma

Post-Taxotere CRPC

Nivolumab

Untreated advanced
melanoma

Pre-treated advanced
squamous NSCLC

Pre-treated advanced
non-squamous NSCLC

Pre-treated advanced
renal cell carcinoma

Pembrolizumab

Untreated or
pre-treated advanced
melanoma

Pre-treated advanced
NSCLC

Comparators

Ipilimumab versus
gp100

Ipilimumab plus DTIC
versus DTIC alone

Ipilimumab versus
placebo

Ipilimumab plus
radiation therapy versus
radiation therapy alone

Nivolumab versus DTIC

Nivolumab versus
docetaxel

Nivolumab versus
docetaxel

Nivolumab versus
everolimus

Pembrolizumab versus
ipilimumab

Pembrolizumab versus
docetaxel

Ipilimumab plus nivolumab

Advanced melanoma

Ipilimumab plus
nivolumab versus
nivolumab alone versus
ipilimumab alone

Hazard ratio n Impact Refs

Oos* PFS*

0.66 0.64 676 Proof of concept, initial 37
approval and new SOC

0.72 0.76 502 Proof of concept, 45
supportive for approval
and new SOC

Too early for 0.75 (RFS) 951 Proof of concept 46

results for effectiveness of
checkpoint modulators
in MRD

*(0.85(ITT) 0.7 (ITT) 799 Indication for clinical 47

* Lower-risk effects in CRPC

subgroup:
0.62

0.42 0.43 418 New SOC, replacing 48
chemotherapy

0.59 0.62 272 New SOC, replacing 50
chemotherapy

0.73 Not statistically different 582 New SOC, replacing 113
chemotherapy

0.73 Not statistically different 821 New SOC 114

0.63 0.58 834  Superiority of PD1 over 51
CTLA4 on OS

0.62 Not statistically different 1034 New SOC, replacing 115
chemotherapy

Too early for e |pilimumab plus nivolumab versus 945 Superiority of 52

results Ipilimumab: 0.42 the combination

* Nivolumab versus ipilimumab:

0.57

e |pilimumab plus nivolumab versus

nivolumab: 0.74 (no p value)

over nivolumab or
ipilimumab alone, but
increased toxicity with
the combination

CRPC, castration-resistant prostate cancer; CTLA4, cytotoxic T lymphocyte-associated antigen 4; DTIC, dacarbazine; gp100, a synthetic peptide cancer vaccine;
ITT, intention to treat; MRD, minimal residual disease; NSCLC, non-small cell lung cancer; OS, overall survival; PD1, programmed cell death protein 1; PFS,
progression-free survival; RFS, relapse-free survival; SOC, standard of care. "Hazard ratio for OS unless otherwise indicated. *Hazard ratio for PFS unless

otherwise indicated.

processes are based on extensive initiatives
including more than 100 participating
laboratories or scientific experts and are
described elsewhere® .

Immune biomarker development. Similar
to the overall drug-development effort,
there is substantial progress in immune
biomarker development, which was
influenced in part by the development of
targeted therapies. For targeted therapies,
biomarkers for patient selection were
urgently needed, and their utility for the
development of companion diagnostics
that are tied to new drug applications was

established”!. For immuno-oncology
agents, the first emerging clinical immune
biomarker is PDL1 expression in the
tumour, which enables the identification of
patients who are more likely to respond to
PD1- or PDL1-blocking agents. The data
gathered to date indicate that PD1- and/or
PDLI1-blocking agents achieve greater
response rates and better survival in patients
with PDL1* tumours**°>°-%; however,

the fact that this is a dynamic biomarker
for which expression may change has led

to some variable results, and its role as

a biomarker is still being discussed. For
example, for treatment with nivolumab,

there was no correlation of PDL1
expression with outcome in squamous
NSCLC, but a correlation was observed in
non-squamous NSCLC**®*. In a broader
analysis of PDL1-related biomarkers with
atezolizumab, a relationship between PDL1
expression, PDL1-suppressed anticancer
immunity and responses to PDL1 blockade
was suggested”. Some PD1-blocking
antibodies (such as nivolumab) have
obtained labels without a restriction by
PDL1 status, whereas others (such as
pembrolizumab) have obtained a PDL1
label restriction. However, companion
diagnostic assays for the determination
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Table 4 | Characteristics of immuno-oncology modalities

Modality

Cytokines

Cellular
therapies
(CAR-Ts and
TCR-Ts)

Vaccines

Checkpoint-
modulatory
antibodies

Connecting
bi-specific
antibodies

Dual-specific
antibodies

Small
molecules

Oncolytic
viruses

Adjuvants

Status

IL-2 and IFNa approved but
uncommonly used owing to
high toxicity and low efficacy

Multiple CAR-Ts and
TCR-Tsin clinical trials; high
complexity of manufacture
and supply chain; strong
target dependency; and few
clinically effective targets
(for example, CD19 and
NY-ESO-1)

Many types of cancer
vaccines in clinical trials
(including peptides, proteins,
viruses and cells)

Ipilimumab (targeting
CTLA4), pembrolizumab
(targeting PD1) and
nivolumab (targeting PD1)
approved; many compounds
(including PDL1 blockers) in
clinical investigation

Blinatumomab (BITE)
approved for CD19* B cell
malignancies

Multiple antibody formats in
discovery

Several small molecules in
clinical trials (for example,
targeting IDO) and multiple
small molecules in discovery

T-vec approved for
unresectable melanoma
recurrent after initial surgery;
several others under clinical
investigation, most for
intra-tumoural injection, with
some expanding to systemic
administration

None approved,
unsuccessfully tested

as monotherapies; new
investigations now underway
for combination therapies

Pre-clinical
findings

Moderate
effects

Moderate-
to-strong
effects

Clear effects in
mice, but these
do not directly
translate to
humans

Moderate
effects

Strong in
vitro cytolytic
activity

Good effects
(depending on
the target)

Strong effects
(depending on
the target)

Moderate-
to-strong
effects

Anti-tumour
effects in mice,
particularly in
combination*

Pharmacokinetics

Clear kinetics

In vivo tracing
and longevity of
infused cells

No direct
pharmacokinetics
for peptide- or
protein-based
vaccines

Clear kinetics

Clear kinetics

Clear kinetics

Clear kinetics

Clear kinetics

Clear kinetics

Pharmacodynamics

Multiple effects, MoA
is complex and hard
to attribute to one
mechanism

Clear MoA;
target-dependent
effects

Measurable immune
responses

Universal mechanism
not bound to
histology, specific
mutations or cancer
antigens; multiple
downstream

effects after target
engagement

Clear MoA;
activating and
connecting T cells
to target-expressing
cancer cells

Dependent on
targets; dual
checkpoint inhibition
being explored

Clear on-target
effects, with several
targets located

in the tumour
microenvironment

Systemic immune
responses induced
by intra-tumoural
injection are
insufficiently studied

Multiple effects, MoA
is complex and hard
to attribute to one
mechanism

Clinical
Efficacy

Low

High response
rates depending
on the target

(up to 90% for
CD19, 50-60% for
NY-ESO-1)'#

Minimal as
monotherapy;
combinations to
be explored

Strong effects

on survival with
long-term survival
in a subset of
patients

High response
rates

NA

Low as
monotherapy;
combinations
under exploration

Moderate
response rates
as monotherapy;
systemic effects
after local
injection

Low as
monotherapy;
combination
synergy

Safety

High unspecific
toxicity (for
example, whole
body oedema)

Cytokine
release
syndrome;
target-
dependent
cross-reactivity
with healthy
tissue

Minimal
toxicity

Distinct irAEs;
manageable
with treatment
algorithms

Moderate-
to-severe
toxicity

NA

Potential for
off-target
toxicities

Moderate
toxicity for
intra-tumoural
injection

High toxicity if
administered
systemically

CAR-Ts, chimeric antigen receptor-transduced T cells; BITE, bi-specific T cell engager; IDO, indoleamine 2,3-dioxygenase; IFNq, interferon-a; IL-2, interleukin-2;
irAE, immune-related adverse event; MoA, mechanisms of action; NA, not applicable; NY-ESO-1, cancer/testis antigen 1; TCR-Ts, T cell receptor-transduced T cells;
T-vec, talimogene laherparepvec. *In combination with with chemotherapy or checkpoint modulators.

of PDL1 status in tumours are based on
immunohistochemistry and demonstrate
some differences in assay characteristics.
As each registered therapy will have its own
customized companion diagnostic, this
creates complexity for patients in the use

of PD1- and PDL1-blocking agents if they
move from one PD1- or PDL1-targeted
therapy to another. The oncology
community has recognized this challenge
quickly and initiated a harmonization effort
with participation of the FDA and non-profit

organizations such as the AACR, the ASCO,
and CIC-CRI. Importantly, as new assays are

being introduced (for example, multi-colour

immunohistochemistry), new opportunities
emerge to better characterize the underlying
biology of PDLI expression through, for
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SOC replacements:
elimination of
chemotherapy for
SOC regimens

New technologies:
expansion of the
therapeutic toolbox

Immune profiling:
patient selection to
predict benefit

: Future Cure

Substantial survival
improvements across
wide populations

Improved end points:
accelerate development

Complex combinations:
maximise efficacy

Figure 4| Key trends defining the future of immuno-oncology. At present, several major trends are
apparent that will drive the directions of immuno-oncology. Although replacements of some chemo-
therapy standards of care (SOCs) have already taken place, the ongoing wave of studies will probably
continue this trend. Thus far, such changes to SOCs have come with substantial improvements in
patient survival (TABLE 3). For the further expansion of immunotherapy impact in new patient popula-
tions, additional trends come into play. These include rapid biomarker development for patient selec-
tion, the creation of combination therapies to maximize efficacy and the further improvement of end
points. With the substantialimprovements in survival provided by currentimmunotherapies like PD-1
blockers, future trials will take much longer to demonstrate additional survival improvements. New
endpoints with earlier readouts such as milestone survival at 1, 2 and 3 years are needed to provide
realistic study timelines. The last trend is the introduction of several new technologies that expand
the toolbox of immunotherapies and underlie the continued progress in the space. Ultimately, the

prospect of a cure — functional or real— has never been better for cancer patients.

example, determination of the cell type on
which it is expressed and its co-expression
with other markers.

Besides PDL1, several other important
biomarkers are emerging. For example, the
characterization of the immune infiltrate in
the tumour has been recognized as a possible
prognostic and predictive factor. It can be
described in the form of an immunoscore
comprised of the frequency of CD3* and
CD8" cells in the tumour microenvironment.
In resected primary colorectal cancer
specimens, the immunoscore has shown
stronger prognostic value than the
established TNM (tumour, node, metastases)
histopathological staging system. The
practical utility of this immunoscore will
depend on whether it can also be reliably
assessed from tumour biopsies®”*. Another
central observation is the identification
of an immunogenic mode of cell death
induced by non-immunotherapies, which
is characterized by damage-associated
molecular patterns (DAMPs), including
high mobility group protein B1 (HMGB1),
calreticulin and extracellular ATP released
from dying tumour cells. Induction of
immunogenic cell death by chemotherapy
or targeted therapies may contribute to
immune responses that can be modulated
by immunotherapies and could guide
potential combination strategies with
immunotherapeutics®. A recent clinical
observation relates to the mutation load
in colorectal tumours that, in the case of a
high rate of mutations, may provide a pool

of targets to enable a higher rate of possibly
effective immune responses. Naturally
occurring immune responses against

these targets may be enhanced by
checkpoint-modulating drugs and may
lead to clinical activity®. A further example
of an emerging biomarker is inducible

T cell co-stimulator (ICOS), the expression
of which is upregulated on activated
immune cells, which may help to identify
subsets of patients who are likely to benefit
from checkpoint modulation'**'*'. ICOS
has recently expanded its utility from

a predictive biomarker to a potential
therapeutic target that can be stimulated
with agonistic antibodies. Another clinical
biomarker observation in patients treated
with ipilimumab suggests that high levels of
soluble CD25, a subunit of the IL-2 receptor,
may indicate IL-2 neutralization, thus
contributing to resistance to ipilimumab
therapy'””. The repertoire of biomarkers
for immuno-oncology is continuously
increasing, and rapid progress can be
anticipated in this area.

Rational combination strategies.

A growing trend in immuno-oncology
drug development is the investigation of
combination therapies. Immunotherapy
modalities are commonly being tested
for rational combinations with either
chemotherapies or targeted therapies or
with other immunotherapies. Meaningful
synergistic effects are anticipated with
such strategies'™!*; for example, the

use of targeted therapies that elicit
fast-occurring responses may increase

the time to progression and thus afford
patients time to build immune responses
to immunotherapies. Moreover, the use

of combination immunotherapies may
convey long-term survival benefits that
the targeted therapy may not deliver
alone. A desired immunotherapy effect

is the plateau at the end of Kaplan-

Meier survival curves (which may be
further elevated through combinations

of immunotherapeutics) representing a
greater proportion of patients who achieve
long-term survival. It is not yet clear
which combinations will be most effective;
it seems plausible that combinations

of different immunotherapeutic agents
may be particularly effective with

regard to long-term survival — this was
suggested by the elevation of the survival
plateau in metastatic melanoma from
approximately 20% for ipilimumab alone
to approximately 70% for ipilimumab plus
nivolumab (Phase I data)!®> — however,
Phase III survival data for this combination
are still outstanding.

The first chemotherapy-immunotherapy
combinations in the clinic were ipilimumab
plus dacarbazine in metastatic melanoma*
and ipilimumab plus carboplatin or
paclitaxel in advanced NSCLC and
SCLC'. These combinations demonstrated
some increases in efficacy, albeit with
a concurrent (but still manageable)
increase in toxicity. Beyond combinations
with chemotherapy, combinations with
targeted therapies were also tested. In
melanoma, combinations of ipilimumab
with the BRAF inhibitor vemurafenib'®”’
or with the BRAF inhibitor dabrafenib
and the MEK inhibitor trametininb'®®
were the first combinations of targeted
therapy with immunotherapy that
were clinically tested. The Phase I
study for the former combination
closed during dose escalation owing
to increased hepatotoxicity'”, and the
Phase I trial for the latter closed the
arm for the triplet combination owing
to its incidence of colonic perforations.
However, a manageable safety profile
was demonstrated for the doublet of
dabrafenib and ipilimumab'*®. Many other
combinations of targeted therapy with
immunotherapy are in clinical testing and
will read out results in the foreseeable
future. As mentioned above, the first
immuno-immuno combination to reach
the clinic — ipilimumab and nivolumab
in metastatic melanoma — delivered
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promising efficacy data with regard to
response and survival (Phase I data,
presented at the 2013 ASCO conference)'®
and PFS (Phase III data, presented at the
2015 ASCO conference)®?. However, this
combination also substantially increased
the rate of high-grade irAEs, which, to
date, have remained manageable with

the established treatment algorithms®.

On the heels of these studies follow

a variety of combinations with new
checkpoint-modulatory antibodies targeting
0X40 (also known as tumour necrosis
factor receptor superfamily member 4
(TNESF4)), T cell immunoglobulin mucin
receptor 3 (TIM3, also known as HAVcr2),
lymphocyte activation gene 3 protein
(LAG3), 4-1BB (also known as CD137 or
TNFRSF9) or others, which have shown
synergy in murine models and are fuelling
the rapid trend toward the development of
combination therapies'®-'2,

Expansion of the toolbox of novel immune
therapies. As discussed above, the toolbox
of novel immune therapies (FIG. 3) is
expanding, a trend that underlies the
continued rapid progress that is anticipated
for this field. This toolbox contains multiple
modalities but also novel targets and broad
combination opportunities. It is likely

that checkpoint modulation will become
the backbone of cancer therapy and will

be supplemented by combinations with
synergistic agents from the toolbox. Clear
trends for combinations of checkpoint
inhibitors with cancer vaccines, small
molecules, oncolytic viruses or other
checkpoint inhibitors are evident, and
other trends are emerging.

Conclusions

Most of the clinical success in the
immunotherapy area is still based on the
universal checkpoint modulatory antibodies,
but this success promises to expand to
other modalities. It remains important to
remember that immuno-oncology agents
across different modalities, and even
within the same modality (for example,
different checkpoint modulators), can
show distinct clinical efficacy and safety
profiles (TABLE 4). Some agents, such as
PD1 and PDL1 blockers, can deliver high
conventional response rates as a first
indicator of efficacy®#5*¢, whereas others,
such as CTLA4 blockers or cell therapies
such as sipuleucel-T, have a more complex
efficacy profile with conventional response
rates of 10% or less but a broad effect on
patient survival*”**. The most unifying

feature of those agents for which clinical
activity is established is their effect on
survival. Given the diversity of compounds
under investigation, the development
of immuno-oncology agents either as a
monotherapy or in combination with
other agents needs careful evaluation using
all available tools at our disposal. For a
comprehensive characterization of the
range of clinical activity patterns that may
be induced by different immunotherapies,
tools such as irRC may be used. This may
enable the detection of activity patterns
beyond conventional response, even for
agents for which the conventional response
rates are commonly high (for example, PD1
blockers). The recent data from nivolumab
and pembrolizumab, showing significant
improvements in survival but not in
PFS!'3-115 (TABLE 3), suggest that even for PD-1
blockers a divide between response-based
end points and survival exists in some
settings. Similarly, adverse event profiles
across different immunotherapy modalities
will vary greatly but may share important
immune-related features. irAE management
principles may therefore be a valuable
basis to ensure patient safety in clinical
trials. In the case of both irRC and irAE
management algorithms, concepts
may get expanded and adapted to new
immunotherapy modalities and their unique
clinical characteristics. For combination
therapies, investigations may be designed
with an understanding of the underlying
mechanism of action, the expected clinical
profile and the potential synergistic activity
of the agents involved. The resulting effects
of these combinations may well exceed the
expectations for the individual agents on
pharmacodynamics, efficacy and safety
when the sum of the combination effect is
biologically and clinically different to the
simple added effects of both agents. These
combination choices should be driven by an
understanding of the underlying science'®.
Overall, immuno-oncology agents have
the potential to transform cancer care and it
is likely that they will become the backbone
of cancer therapy in the future. The
potential for cure, either on a functional
level by turning cancer into a controllable
chronic disease (similar to achievements
with HIV drugs) or in the true eradication
of the disease, may now be a prospect for
large numbers of cancer patients''*!"”. Much
more work needs to be done to achieve
this; however, the field is moving rapidly,
the directions are reasonably clear and the
outlook for cancer drug development has
never been as good.

PERSPECTIVES

Axel Hoos is at Oncology Research and Development,
GlaxoSmithKline, 1250 South Collegeville Road,
Collegeville, Pennsylvania 19426, USA.

axel.x.hoos @gsk.com

doi:10.1038/nrd.2015.35
Published online 11 Mar 2016

1. Balkwill, F. & Mantovani, A. Inflammation and
cancer: back to Virchow? Lancet 357, 539-545
(2001).

2. Coley, W. B. Contribution to the knowledge of
sarcoma. Ann. Surg. 14, 199-220 (1891).

3. Koehler, G. & Milstein, C. Continuous cultures of
fused cells secreting antibody of predefined specificity.
Nature 256, 495-497 (1975).

4. Atkins, M. B. et al. High-dose recombinant
interleukin 2 therapy for patients with metastatic
melanoma: analysis of 270 patients treated between
1985 and 1993. J. Clin. Oncol. 17, 2105-2116
(1999).

5. Kirkwood, J. M. et al. High- and low-dose interferon
alfa-2b in high-risk melanoma: first analysis of
intergroup trial E1690/S9111/C9190. J. Clin. Oncol.
18, 2444-2458 (2000).

6. Rosenberg, S. A,, Yang, J. C. & Restifo, N. P. Cancer
immunotherapy: moving beyond current vaccines.
Nat. Med. 10, 909-915 (2004).

7. Narang, A.S., Desai, D. in: Pharmaceutical
Perspectives of Cancer Therapeutics (Eds Lu, Y.

& Mahato, R. 1) 49-92 (Springer, 2009).

8. Sharma, P. & Allison, J. P. Immune checkpoint
targeting in cancer therapy: toward combination
strategies with curative potential. Cell 161, 205-214
(2015).

9. Brunet, J. F. et al. A new member of the
immunoglobulin superfamily — CTLA-4. Nature 328,
267-270 (1987).

10. Walunas, T. L. et al. CTLA-4 can function as a negative
regulator of T cell activation. Immunity 1, 405-413
(1994).

11. Krummel, M. F. & Allison, J. P. CD28 and CTLA-4 have
opposing effects on the response of T cells to
stimulation. J. Exp. Med. 182, 459-465 (1995).

12. Leach, D. R, Krummel, M. F. & Allison, J. P.
Enhancement of antitumor immunity by CTLA-4
blockade. Science 271, 1734—1736 (1996).

13. Keir, M. E., Butte, M. J., Freeman, G. J. &

Sharpe, A. H. PD-1 and its ligands in tolerance and
immunity. Annu. Rev. Immunol. 26, 677-704 (2008).

14. Mellman, ., Coukos, G. & Dranoff, G. Cancer
immunotherapy comes of age. Nature 480, 480-489
(2011).

15. Pardoll, D. M. The blockade of immune checkpoints in
cancer immunotherapy. Nat. Rev. Cancer 12,
252-264 (2012).

16. Topalian, S. L., Drake, C. G. & Pardoll, D. M. Immune
checkpoint blockade: a common denominator
approach to cancer therapy. Cancer Cell 27, 450-461
(2015).

17. Hoos, A. et al. A clinical development paradigm for
cancer vaccines and related biologics. J. Immunother.
30, 1-15 (2007).

18. Hoos, A. et al. Development of ipilimumab:
contribution to a new paradigm for cancer
immunotherapy. Semin. Oncol. 37, 533-546 (2010).

19. Weber, J. S. et al. Phase I/ll study of ipilimumab for
patients with metastatic melanoma. J. Clin. Oncol. 26,
5950-5956 (2008).

20. O'Day, S. J. et al. Efficacy and safety of ipilimumab
monotherapy in patients with pretreated advanced
melanoma: a multicenter single-arm Phase Il study.
Ann. Oncol. 21, 1712-1717 (2010).

21. Hoos, A., Britten, C. M., Huber, C. & O’Donnell-
Tormey, J. A. Methodological framework to enhance
the clinical success of cancer immunotherapy. Nat.
Biotechnol. 29, 867-870 (2011).

22. Wolchok, J. D. et al. Guidelines for the evaluation of
immune therapy activity in solid tumors: immune-
related response criteria. Clin. Cancer Res. 15,
7412-7420 (2009).

23. Finke, L. H. et al. Lessons from randomized Phase IlI
studies with active cancer immunotherapies —
outcomes from the 2006 meeting of the Cancer
Vaccine Consortium (CVC). Vaccine 25, B97-B109
(2007).

24. Hoos, A. et al. Improved endpoints for cancer
immunotherapy trials. J. Natl Cancer Inst. 102,
1388-1397 (2010).

25. Weber, J. S., Kahler, K. C. & Hauschild, A.
Management of immune-related adverse events

NATURE REVIEWS | DRUG DISCOVERY

© 2016 Macmillan Publishers Limited. All rights reserved.

VOLUME 15 | APRIL 2016 | 245


mailto:axel.x.hoos%40gsk.com?subject=

PERSPECTIVES

26.

27.

28.

29.

30.

32.

33.

34.

35.

36.

37.

38.

39.

40.

42.

43,

44,

45.

46.

47.

48.

and kinetics of response with ipilimumab. J. Clin.
Oncol. 30, 2691-2697 (2012).

Fecher, L. A, Agarwala, S. S., Hodi, F. S. & Weber, J. S.
Ipilimumab and its toxicities: a multidisciplinary
approach. Oncologist 18, 733—743 (2013).
Brahmer, J. R. et al. Safety and activity of anti-PD-L1
antibody in patients with advanced cancer. N. Engl.

J. Med. 366, 2455-2465 (2012).

Hamid, O. et al. Safety and tumor responses with
lambrolizumab (anti-PD-1) in melanoma. N. Engl.

J. Med. 369, 134—144 (2013).

Andtbacka, R. H. et al. Talimogene laherparepvec
improves durable response rate in patients with
advanced melanoma. J. Clin. Oncol. 33, 2780-2788
(2015).

Hoos, A. & Britten, C. The immuno-oncology
framework: enabling a new era of cancer therapy.
Oncoimmunology 1, 334—339 (2012).

US Department of Health and Human Services,
Guidance for industry: clinical considerations for
therapeutic cancer vaccines. US Food And Drug
Administration [online], http://www.fda.gov/downloads/
biologicsbloodvaccines/
guidancecomplianceregulatoryinformation/guidances/
vaccines/ucm278673.pdf (2011).

EMA. Guideline on the evaluation of anticancer
medicinal products in man (EMA/CHMP/205/95/
Rev.4). European Medicines Agency [online], http:/
www.ema.europa.eu/docs/en GB/document library/
Scientific_guideline/2013/01/WC500137128.pdf
(2012).

Maio, M. et al. Five-year survival rates for treatment-
naive patients with advanced melanoma who received
ipilimumab plus dacarbazine in a phase Il trial. J. Clin.
Oncol. 33, 1191-1196 (2015).

Schadendorf, D. et al. Pooled analysis of long-term
survival data from Phase Il and Phase lll trials of
ipilimumab in unresectable or metastatic melanoma.
J. Clin. Oncol. 33, 1889—-1894 (2015).
Couzin-Frankel, J. Cancer Immunotherapy. Science
342, 14321433 (2013).

Baum, A. S. Immunotherapy — the beginning of the
end for cancer. Citibank https://www.citivelocity.com/
citigps/OpArticleDetail.action?recordld = 209 (201 3).
Hodi, F. S. et al. Improved survival with ipilimumab in
patients with metastatic melanoma. N. Engl. J. Med.
363, 711-723 (2010).

Kantoff, P. W. et al. Sipuleucel-T immunotherapy for
castration-resistant prostate cancer. N. Engl. J. Med.
363, 411-422 (2010).

Poole, R. M. Pembrolizumab: first global approval.
Drugs 74, 1973—-1981 (2014).

Topp, M. S. et al. Targeted therapy with the T-cell-
engaging antibody blinatumomab of chemotherapy-
refractory minimal residual disease in B-lineage acute
lymphoblastic leukemia patients results in high
response rate and prolonged leukemia-free survival.
J. Clin. Oncol. 29, 2493-2498 (2011).

Topp, M. S. et al. Phase Il trial of the anti-CD19
bispecific T cell-engager blinatumomab shows
hematologic and molecular remissions in patients with
relapsed or refractory B-precursor acute lymphoblastic
leukemia. J. Clin. Oncol. 32, 4134—4140 (2014).
Topp, M. S. et al. Safety and activity of blinatumomab
for adult patients with relapsed or refractory
B-precursor acute lymphoblastic leukaemia:

a multicentre, single-arm, Phase 2 study.

Lancet Oncol. 16, 57-66 (2014).

Porter, D. L., Levine, B. L., Kalos, M., Bagg, A.

& June, C. H. Chimeric antigen receptor-modified

T cells in chronic lymphoid leukemia. N. Engl. J. Med.
365, 725-733 (2011).

Maude, S. L. et al. Chimeric antigen receptor T cells
for sustained remissions in leukemia. N. Engl. J. Med.
371, 1507-1517 (2014).

Robert, C. et al. Ipilimumab plus dacarbazine for
previously untreated metastatic melanoma. N. Engl.
J. Med. 364, 2517-2526 (2011).

Eggermont, A. M. et al. Adjuvant ipilimumab versus
placebo after complete resection of high-risk stage Il
melanoma (EORTC 18071): a randomised, double-
blind, Phase 3 trial. Lancet Oncol.16, 522-530
(2015).

Kwon, E. D., et al. Ipilimumab versus placebo after
radiotherapy in patients with metastatic castration-
resistant prostate cancer that had progressed after
docetaxel chemotherapy (CA184-043): a multicentre,
randomised, doubleblind, phase 3 trial. Lancet Oncol.
15,700-712 (2014).

Robert, C. et al. Nivolumab in previously untreated
melanoma without BRAF mutation. N. Engl. J. Med.
372,320-330 (2015).

49.

50.

52.

53.

54.

55.

56.

57.

58.

59.

60.

62.

63.

64.

65.

66.

67.

68.

69.

70.

72.

73.

4.

75.

76.

77.

Weber, J. S. et al. Nivolumab versus chemotherapy in
patients with advanced melanoma who progressed
after anti-CTLA-4 treatment (CheckMate 037): a
randomised, controlled, open-label, Phase 3 trial.
Lancet Oncol. 16, 375-384 (2015).

Brahmer, J. et al. Nivolumab versus docetaxel in
advanced squamous-cell non-small-cell lung cancer.
N. Engl. J. Med. 373, 123—-135 (2015).

Robert, C. et al. Pembrolizumab versus ipilimumab
in advanced melanoma. N. Engl. J. Med. 372,
2521-2532 (2015).

Larkin, J. et al. Combined nivolumab and ipilimumab
or monotherapy in untreated melanoma. N. Engl.

J. Med. 373, 23-34 (2015).

Bracarda, S. et al. Inmunologic checkpoints blockade
in renal cell, prostate, and urothelial malignancies.
Semin. Oncol. 42, 495-505 (2015).

Powles, T. et al. MPDL3280A (anti-PD-L1) treatment
leads to clinical activity in metastatic bladder cancer.
Nature. 515, 558-562 (2015).

Lipson, E. J. et al. Durable cancer regression off-
treatment and effective reinduction therapy with an
anti-PD-1 antibody. Clin. Cancer Res. 19, 462—-468
(2013).

Le, D. T. et al. PD-1 blockade in tumors with mismatch-
repair deficiency. N. Engl. J. Med. 372, 2509-2520
(2015).

Ansell, S. M. et al. PD-1 blockade with nivolumab in
relapsed or refractory Hodgkin’s lymphoma. N. Engl.
J. Med. 372,311-319 (2015).

Nabel, G. J. Designing tomorrow’s vaccines. N. Engl.
J. Med. 368, 551-560 (2013).

Henao-Restrepo, A. M. et al. Efficacy and effectiveness
of an rVSV-vectored vaccine expressing Ebola surface
glycoprotein: interim results from the Guinea ring
vaccination cluster-randomised trial. Lancet 386,
857-866 (2015).

Lanier, L. L. NKG2D receptor and its ligands in host
defense. Cancer Immunol. Res. 3, 575-582 (2015).
Zhang, J., Basher, F. & Wu, J. D. NKG2D ligands in
tumor immunity: two sides of a coin. Front. Immunol.
6,97 (2015).

Lee, S. & Margolin, K. Cytokines in cancer
immunotherapy. Cancers 3, 3856-3893 (2011).
Zlotnik, A. & Yoshie, O. The chemokine superfamily
revisited. Immunity 36, 705-712 (2012).

Restifo, N. P., Dudley, M. E. & Rosenberg, S. A.
Adoptive immunotherapy for cancer: harnessing the
T cell response. Nat. Rev. Immunol. 12, 269-281
(2012).

Gill, S. Going viral: chimeric antigen receptor T cell
therapy for hematological malignancies. Immunol. Rev.
263,68-89 (2015).

Rapoport, A. P. et al. NY-ESO-1-specific TCR-
engineered T cells mediate sustained antigen-
specific antitumor effects in myeloma. Nat. Med. 21,
914-921 (2015).

Melero, |. et al. Therapeutic vaccines for cancer: an
overview of clinical trials. Nat. Rev. Clin. Oncol. 11,
509-524 (2014).

Melief, C. J., van Hall, T., Arens, R., Ossendorp, F.

& van der Burg, S. H. Therapeutic cancer vaccines.

J. Clin. Invest. 27, 1-12 (2015).

Kontermann, R. E. & Brinkmann, U. Bispecific
antibodies. Drug Discov. Today 20, 838—-847
(2015).

Weidle, U. H., Kontermann, R. E. & Brinkmann, U.
Tumor-antigen—binding bispecific antibodies for cancer
treatment. Semin. Oncol. 41, 653-660 (2014).
Adams, J. L., Smothers, J. Srinivasan, R. & Hoos, A.
Big opportunities for small molecules in immuno-
oncology. Nat. Rev. Drug Discov. 14, 603-622
(2015).

Lichty, B. D., Breitbach, C. J., Stojdl, D. F. & Bell, J. C.
Going viral with cancer immunotherapy. Nat. Rev.
Cancer 14, 559-567 (2014).

Kaczanowska, S., Joseph, A. M. & Davila, E. TLR
agonists: our best frenemy in cancer immunotherapy.
J. Leukocyte Biol. 93, 847—-863 (2013).

Chen, D. S. & Mellman, |. Oncology meets
immunology: the cancer-immunity cycle. Immunity 39,
1-10 (2013).

Goldman, B. & Defrancesco, L. The cancer vaccine
roller coaster. Nat. Biotechnol. 27, 129-139 (2009).
Gubin, M. M. et al. Checkpoint blockade cancer
immunotherapy targets tumour-specific mutant
antigens. Nature 515, 577-581 (2014).

Linnemann, C. et al. Highthroughput epitope discovery
reveals frequent recognition of neo-antigens by CD4*
T cells in human melanoma. Nat. Med. 21, 81-85
(2015).

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94,

95.

96.

97.

98.

99.

Alexandrov, L. B. et al. Signatures of mutational
processes in human cancer. Nature 500, 415-421
(2013).

Carreno, B. M. et al. Cancer immunotherapy. A
dendritic cell vaccine increases the breadth and
diversity of melanoma neoantigen-specific T cells.
Science 348, 803-808 (2015).

Schumacher, T. A vaccine targeting mutant IDH1
induces antitumour immunity. Nature 512, 324-327
(2014).

Britten, C. M. et al. The regulatory landscape for
actively personalized cancer immunotherapies.

Nat. Biotechnol. 31, 880-882 (2013).

Zamarin, D. et al. Localized oncolytic virotherapy
overcomes systemic tumor resistance to immune
checkpoint blockade immunotherapy. Sci. Transl. Med.
6, 226ra32.(2014).

Linette, G. P. et al. Cardiovascular toxicity and titin
cross-reactivity of affinity-enhanced T cells in myeloma
and melanoma. Blood 122, 863—-871 (2013).

Chen, T. T. Milestone survival: a potential intermediate
endpoint for immune checkpoint inhibitors. J. Nat/.
Cancer Inst. 107, djv156 (2015).

Hoos, A., Wolchok, J. D., Humphrey, R. & Hodi, F. S.
Immune-related response criteria — capturing clinical
activity in immuno-oncology. Clin. Cancer Res. 21, 1-3
(2015).

Nishino, M. et al. Developing a common language for
tumor response to immunotherapy: immune-related
response criteria using unidimensional measurements.
J. Immunother. Cancer 19, 3936-3943 (2013).

Van Der Burg, S. H. et al. Harmonization of immune
biomarker assays for clinical studies. Sci. Transl. Med.
3, 108ps44 (2011).

Janetzki, S. et al. Guidelines for the automated
evaluation of Elispot assays. Nat. Protoc. 10,
1098-1115 (2015).

Britten, C. M. et al. T cell assays and MIATA: the
essential minimum for maximum impact. Immunity
37,1-2(2012).

Chapman, P. B. et al. Improved survival with
vemurafenib in melanoma with BRAF V60OE
mutation. N. Engl. J. Med. 364, 2507-2516 (2011).
Robert, C. et al. Improved overall survival in
melanoma with combined dabrafenib and trametinib.
N. Engl. J. Med. 372, 30-39 (2015).

Horn, L. et al. Clinical activity, safety and predictive
biomarkers of the engineered antibody MPDL3280A
(anti-PDL1) in non-small cell lung cancer (NSCLC):
update from a phase la study. J. Clin. Oncol. 33
(Suppl.), 8029 (2015).

Spira, A. |. et al. Efficacy, safety and predictive
biomarker results from a randomized Phase Il study
comparing atezolizumab (MPDL3280A) versus
docetaxel in 2L/3L NSCLC (POPLAR). J. Clin. Oncol.
33 (Suppl.), 8010 (2015).

Spigel, D. R. et al. A phase Ill study (CheckMate 017)
of nivolumab (NIVO; anti-programmed death-1 [PD-1])
versus docetaxel (DOC) in previously treated advanced
or metastatic squamous (SQ) cell non-small cell lung
cancer (NSCLC). J. Clin. Oncol. 33 (Suppl.), 8009
(2015).

Paz-Ares, L. et al. Phase I, randomized trial
(CheckMate 057) of nivolumab (NIVO) versus
docetaxel (DOC) in advanced non-squamous cell
(non-SQ) non-small cell lung cancer (NSCLC). J. Clin.
Oncol. 33 (Suppl.), LBA109 (2015).

Herbst, R. S. et al. Predictive correlates of response to
the anti-PD-L1 antibody MPDL3280A in cancer
patients. Nature 515, 563-567 (2014).

Mlecnik, B. et al. Histopathologic-based prognostic
factors of colorectal cancers are associated with the
state of the local immune reaction. J. Clin. Oncol. 29,
610-618 (2011).

Angell, H. & Galon, J. From the immune contexture to
the Immunoscore: the role of prognostic and
predictive immune markers in cancer. Curr. Opin.
Immunol. 25, 261-267 (2013).

Kroemer, G., Galluzzi, L., Kepp, O. & Zitvogel, L.
Immunogenic cell death in cancer therapy. Annu. Rev.
Immunol. 31,51-72 (2013).

. Ng Tang, D. et al. Increased frequency of ICOS* CD4

T cells as a pharmacodynamic biomarker for anti-
CTLA-4 therapy. Cancer Immunol. Res. 1,229-234
(2013).

. Di Giacomo, A. M. et al. Long-term survival and

immunological parameters in metastatic melanoma
patients who responded to ipilimumab 10 mg/kg
within an expanded access programme. Cancer
Immunol. Immunother. 62, 1021-1028 (2013).

246 | APRIL 2016 | VOLUME 15

© 2016 Macmillan Publishers Limited. All rights reserved.

www.nature.com/nrd


http://www.fda.gov/downloads/biologicsbloodvaccines/guidancecomplianceregulatoryinformation/guidances/vaccines/ucm278673.pdf
http://www.fda.gov/downloads/biologicsbloodvaccines/guidancecomplianceregulatoryinformation/guidances/vaccines/ucm278673.pdf
http://www.fda.gov/downloads/biologicsbloodvaccines/guidancecomplianceregulatoryinformation/guidances/vaccines/ucm278673.pdf
http://www.fda.gov/downloads/biologicsbloodvaccines/guidancecomplianceregulatoryinformation/guidances/vaccines/ucm278673.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2013/01/WC500137128.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2013/01/WC500137128.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2013/01/WC500137128.pdf
https://www.citivelocity.com/citigps/OpArticleDetail.action?recordId=209
https://www.citivelocity.com/citigps/OpArticleDetail.action?recordId=209

102.

103.

104.

105.

106.

107.

108.

109.

Hannani, D. et al. Anticancer immunotherapy by
CTLA-4 blockade: obligatory contribution of IL-2
receptors and negative prognostic impact of soluble
CD25. Cell Res. 25, 208-224 (2015).

Vanneman, M. & Dranoff, G. Combining
immunotherapy and targeted therapies in

cancer treatment. Nat. Rev. Cancer 12, 237-251
(2012).

Liu, L. et al. The BRAF and MEK inhibitors dabrafenib
and trametinib: effects on immune function and in
combination with immunomodulatory antibodies
targeting PD1, PD-L1 and CTLA-4. Clin. Cancer Res.
21, 1639-1651 (2015).

Wolchok, J. D. et al. Nivolumab plus ipilimumab in
advanced melanoma. N. Engl. J. Med. 369, 122-133
(2013).

Lynch, T. J. et al. Ipilimumab in combination with
paclitaxel and carboplatin as first-line treatment in
stage I1IB/IV non—small-cell lung cancer: results from a
randomized, double-blind, multicenter Phase Il study.
J. Clin. Oncol. 30, 2046—-2054 (2012).

Ribas, A., Hodi, F. S., Callahan, M., Konto, C. &
Wolchok, J. Hepatotoxicity with combination of
vemurafenib and ipilimumab. N. Engl. J. Med. 368,
1365-1366 (2013).

Minor, D. R., Puzanoy, I., Callahan, M. K., Hug, B. A. &
Hoos, A. Severe gastrointestinal toxicity with
administration of trametinib in combination with
dabrafenib and ipilimumab. Pigment Cell Melanoma
Res. 28,611-612 (2015).

Chen, S. et al. Combination of 4-1BB agonist and PD-1
antagonist promotes antitumor effector/memory CD8
T cells in a poorly immunogenic tumor model. Cancer
Immunol. Res. 3, 149-160 (2015).

. Woo, S. R. et al. Immune inhibitory molecules LAG-3

and PD-1 synergistically regulate T-cell function to
promote tumoral immune escape. Cancer Res. 72,
917-927 (2012).

. Guo, Z. et al. Combined TIM-3 blockade and CD137

activation affords the long-term protection in a murine
model of ovarian cancer. J. Transl. Med. 11,
215 (2015).

12.

113.

114.

116.

17.

118.

122.

Shin, D. S. & Ribas, A. The evolution of checkpoint
blockade as a cancer therapy: what’s here, what's
next? Curr. Opin. Immunol. 33, 23-35 (2015).
Borghaei, H. et al. Nivolumab versus docetaxel in
advanced nonsquamous non-small-cell lung cancer.
N. Engl. J. Med. 373, 16271639 (2015).

Motzer, R. J. et al. Nivolumab versus everolimus in
advanced renal cell carcinoma. N. Engl. J. Med. 373,
1803-1813 (2015).

. Herbst, R. S. et al. Pembrolizumab versus docetaxel for

previously treated, PD-L1-positive, advanced non-
small-cell lung cancer (Keynote-010): a randomized
controlled trial. Lancet http://dx.doi.org/10.1016/
S0140-6736(15)01281-7 (2015).

Topalian, S. L. et al. Inmunotherapy: The path to win
the war on cancer? Cell 161, 185-186 (2015).
Eggermont, A. M., Maio, M. & Robert, C. Inmune
checkpoint inhibitors in melanoma provide the
cornerstones for curative therapies. Semin. Oncol. 42,
429-435 (2015).

Hoos, A. Proposal of a clinical development paradigm
for cancer immunotherapy: novel endpoints. In:
endpoints for immunotherapy studies: design and
regulatory implications (poster presentation).
American Society of Clinical Oncology (ASCO) Annual
Meeting (2008).

. Hoos, A. Evolution of end points for cancer

immunotherapy trials. Ann. Oncol. 23 (Suppl 8),
Viii47—-viii52 (2012).

. Wolchok, J. D. et al. Ipilimumab monotherapy in

patients with pretreated advanced melanoma: a
randomised, double-blind, multicentre, phase 2, dose-
ranging study. Lancet Oncol. 11, 155—164 (2010).

. Bristol-Myers Squibb. Ipilimumab risk evaluation and

mitigation strategy. US Food and Drug Administration
[online], http://www.accessdata.fda.gov/drugsatfda_
docs/rems/Yervoy_2012-02-16_Full.pdf (2011).
Topalian, S. L. et al. Safety, activity, and immune
correlates of anti-PD-1 antibody in cancer. N. Engl.

J. Med. 366, 2443-2454 (2012).

123.

124.

125.

126.

127.

128.

129.

PERSPECTIVES

Ribas, A. et al. Phase Il randomized clinical trial
comparing tremelimumab with standard-of-care
chemotherapy in patients with advanced melanoma.
J. Clin. Oncol. 31, 616-622 (2013).

Ribas, A., Hauschild, A., Kefford, R., Punt, C. J. A.

& Haanen, J. B. Phase Il open-label, randomized,
comparative study of tremelimumab (CP-675,206)
and chemotherapy (temozolomide [TMZ] or
dacarbazine [DTIC]) in patients with advanced
melanoma. J. Clin. Oncol. 26 (Suppl.), LBA9011
(2008).

Schreiber, R. D., Old, L. J. & Smyth, M. J. Cancer
immunoediting: integrating immunity’s roles in
cancer suppression and promotion. Science. 331,
1565-1570 (2011).

Yuan, J. Correlation of clinical and immunological data
in a metastatic melanoma patient with heterogeneous
tumor responses to ipilimumab therapy. Cancer
Immun. 10, 1 (2010).

Hodi, F. S. et al. Immunologic and clinical effects of
antibody blockade of cytotoxic T-lymphocte antigen 4
in previously vaccinated cancer patients. Proc. Nat!
Acad. Sci. 105, 3005-3010 (2008).

Ribas, A., Chmielowski, B. & Glaspy, J. A. Do we
need a different set of response assessment criteria
for tumor immunotherapy? Clin. Cancer Res. 15,
7116-7118 (2009).

Merchant, M. S. et al. Genetically engineered
NY-ESO-1 specific T cells in HLA-A201 * patients with
advanced cancers. J. Clin. Oncol. (Meeting Abstracts)
33 (Suppl.), TPS3102 (2015).

Acknowledgements

The author thanks the countless colleagues and collaborators
who have contributed to the evolution of the immuno-
oncology space and the patients and their families for their
bravery in fighting cancer and participating in life-saving
research.

Competing interests statement
The author declares competing interests: see Web version
for details.

NATURE REVIEWS | DRUG DISCOVERY

© 2016 Macmillan Publishers Limited. All rights reserved.

VOLUME 15 | APRIL 2016 | 247


http://dx.doi.org/10.1016/S0140-6736(15)01281-7
http://dx.doi.org/10.1016/S0140-6736(15)01281-7
http://www.nature.com/nrd/journal/vaop/ncurrent/full/nrd.2016.35.html#affil-auth

	Abstract | Since the regulatory approval of ipilimumab in 2011, the field of cancer immunotherapy has been experiencing a renaissance. This success is based on progress in both preclinical and clinical science, including the development of new methods of 
	Table 1 | Progress on two fronts: science and methods
	Figure 1 | Ipilimumab drug-development milestones. After basic and preclinical scientific advances, ranging from the cloning of the cytotoxic T lymphocyte-associated antigen 4 (CTLA4) gene in 1987 (REF. 9) to the elucidation of its role in tumour immunolo
	Three generations of therapies
	Box 1 | Lessons learned from ipilimumab and tremelimumab
	Box 2 | Biologic underpinnings of immunotherapy clinical responses
	Clinical practice-altering data
	Table 2 | The immuno-oncology clinical development paradigm
	Figure 2 | Three generations of immuno-oncology drugs. The modern era of immuno-oncology commenced with the approval of sipuleucel‑T in 2010 and ipilimumab in 2011, providing the first survival improvements by immunotherapies in randomized Phase III trial
	Generation 3: expanding the tool box
	Future directions for immuno-oncology
	Figure 3 | Generation 3: various immuno-oncology modalities. The adaptive and innate arms of the immune system provide ample opportunity for therapeutic intervention. Most of the focus of the field is still in the area of T cells. However, strategies targ
	Table 3 | Outcomes of completed Phase III trials with checkpoint-modulating agents as of December 2015
	Table 4 | Characteristics of immuno-oncology modalities
	Figure 4 | Key trends defining the future of immuno-oncology. At present, several major trends are apparent that will drive the directions of immuno-oncology. Although replacements of some chemotherapy standards of care (SOCs) have already taken place, th
	Conclusions



