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Finding the Next Bullseye

No two cancers are the same, making the disease very difficult to treat with standard therapies
that have ruled the clinic for decades. Precision oncology offers great promise for improving patient
outcomes because it seeks to understand the plethora of factors that drive an individual’s cancer in
order to develop a personalized therapy.

Approaches that harness the power of the patient’s own immune system to identify and target cancer
cells have shown marked promise in the clinic and have revolutionized therapeutic outlook in cancer.
Most notably, tremendous research has led to widespread clinical success and adaptation of immune
checkpoint blockade therapies, as well as therapies engineering T cells expressing chimeric antigen
receptors that recognize tumor cells and allow tumor eradication.

In this edition of Research Arc, we highlight advances in potential targets that may expand applicability
of cancer immunotherapy for different cancers, improve clinical responses, and surmount mechanisms
of resistance. These approaches seek to harness the potential of alternative immune cells and
metabolic responses in the tumor microenvironment, as well as consider the order of events in the
cancer-immune cycle, among other emerging and critical factors.

Ultimately, the goal of precision medicine is to develop approaches that can target each individual’s
unique form of cancer. We hope that these articles that explore potential emerging targets and
therapeutic avenues will inspire a richer understanding of the role of the immune system in cancer and
how it can be harnessed to eventually eradicate the disease. Be sure to visit cell.com/research-arc to
find other high-quality research and review content to drive your business forward.

Anh Nguyen
Scientific Editor, Cell Stem Cell
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On the Cover: A 3D rendering of a dividing cancer cell. The advent of immunotherapy has allowed
researchers and clinicians to develop treatments that combat cancer in new and personalized ways,
with the hope that this unchecked growth can be thwarted. Image courtesy of Wild Pixel/iStock.
Cover design by Kip Lyall.
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Clinically approved checkpoint inhibitors

Agent Mechanism of action Approved for

Ipilimumab (Yervoy) mAb targeting CTLA-4 Metastatic melanoma

Pembrolizumab (Keytruda) mADb targeting PD-1 Metastatic melanoma, non-small-cell lung cancer, head and
neck squamous cell cancer, classical Hodgkin’s lymphoma

Nivolumab (Opdivo) mADb targeting PD-1 Metastatic melanoma, non-small-cell lung cancer, renal cell carcinoma, Hodgkin’s
lymphoma, head and neck cancer, urothelial carcinoma

Atezolizumab (Tecentriq) mADb targeting PD-L1 Non-small-cell lung cancer, bladder cancer

Avelumab (Bavencio) mADb targeting PD-L1 Urothelial carcinoma, Merkel cell carcinoma

Durvalumab (Imfinzi) mADb targeting PD-L1 Urothelial carcinoma

See online version for
Cancer Cell 317, June 12, 2017 ©2017 Elsevier Inc. DOI http://dx.doi.org/10.1016/j.ccell.2017.05.010 legends and references
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Challenging Standard-of-Care Paradigms in

the Precision Oncology Era

Vivek Subbiah™* and Razelle Kurzrock?®

The pace of genomic and immunological breakthroughs in oncology is accel-
erating, making it likely that large randomized trials will increasingly become
outdated before their completion. Traditional clinical research/practice
paradigms must adapt to the reality unveiled by genomics, especially the need
for customized drug combinations, rather than one-size-fits-all monotherapy.
The raison-d'étre of precision oncology is to offer ‘the right drug for the right
patient at the right time’, a process enabled by transformative tissue and blood-
based genomic technologies. Genomically targeted therapies are most suitable
in early disease, when molecular heterogeneity is less pronounced, while
immunotherapy is most effective against tumors with unstable genomes.
Next-generation cancer research/practice models will need to overcome the
tyranny of tradition and emphasize an innovative, precise and personalized
patient-centric approach.

Clinical Trial Paradigms in the Era of Targeted Therapies and
Immunotherapies

“Victorious warriors win first and then go to war, while defeated warriors go to war first and
then seek to win” — Sun Tzu, The Art of War

Between 2003 and 2013, new cancer drugs approved by the European Medicines Agency
(EMA) or the United States Food and Drug Administration (US FDA) produced a total mean
improvement in overall survival of only 3.4 months relative to the treatments that were available
in 2003 [1]. Routinely, new medicines that confer an additional survival of mere weeks with
statistical P value victories are hailed as major breakthroughs in oncology. The randomized
controlled trial (RCT), considered the gold standard for cancer clinical trials, has failed to render
cures or long-term survival for the majority of patients suffering from advanced malignancies. In
diseases such as metastatic pancreatic cancer, >90% of patients are dead at 2 years, despite
a multitude of traditional trials [2]. The high costs of conventional trials, the large number of
patients receiving futile therapy on control arms, and the lack of biomarker (see Glossary)
selection hampers progress. In this Opinion, we critically appraise the state of standard-of-care
therapies, and present an overview of current clinical trial design paradigms in the era of
genomically targeted therapies and immunotherapy.

Targeted Therapies

Over 100 years ago, Paul Ehrlich introduced the concept of ‘magic bullet cures’ in oncology [3].
Realization of this idea remained elusive until the last decade, with the advent of drugs such as
imatinib targeting the altered Bcr-Abl tyrosine kinase, which is pathognomonic of chronic
myelogenous leukemia (CML). CML became a poster-child for precision oncology. Before
the imatinib era, median survival was ~4 years; today, life expectancy for patients with CML

CrossMark Trends in Cancer, February 2018, Vol. 4, No. 2

https://doi.org/10.1016/j.trecan.2017.12.004
© 2017 Elsevier Inc. All rights reserved.
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The central tenet of the precision
oncology paradigm requires the deliv-
ery of the right drug at the right time to
the right patient.

The current model for precision oncol-
ogy usually matches single agents to
patients with late-stage, refractory,
molecularly complex disease. This is
suboptimal.

Optimizing targeted therapy requires a
departure from traditional paradigms:
(i) deploying gene-targeted agents
early in the disease course when the
tumor is less complicated at the geno-
mic level; (i) administration of immune-
targeted therapies to patients with
complex cancers harboring high tumor
mutational burden; and (i) moving
from monotherapy to customized
combinations.

Genomics represents the tip of the
iceberg. In the future, panomic testing
that includes transcriptomics, proteo-
mics, metabolomics, and immunoge-
nomics will paint a more complete
portrait of each tumor.
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approaches normal, provided that treatment is started at the time of diagnosis [4]. Delaying
treatment until late-stage disease (as is standard in solid tumors) renders even the break-
through targeted therapies for CML ineffective. Other early examples of precision oncology
efforts included the success of trastuzumab in Her2-positive breast cancer, and epidermal
growth factor receptor (EGFR) and anaplastic lymphoma kinase (ALK) inhibitors in EGFR- and
ALK-aberrant lung cancers [5-7]; all of which have significantly impacted outcome, albeit not to
the extent seen in CML.

In parallel, massive sequencing efforts have mapped the genome. The sequencing costs of a
single human genome have dropped in a breathtaking manner, from 3 billion US dollars over a
decade ago to about one thousand US dollars today. Hundreds of actionable genes have been
discovered and thousands of new drugs with novel mechanisms of action, including gene-
targeted agents and immunotherapy, are being identified. Yet, although we have witnessed a
few remarkable triumphs by utilizing genomics, other high-throughput omics technologies such
as proteomics, transciptomics, and metabolomics are in nascent stages.

Immunotherapies

Immunotherapy may be the ultimate example of a precision treatment. Checkpoint inhib-
itors, for instance, activate the immune machinery, enabling its innate ability to recognize and
destroy tumors [8,9]. The immune system is both personalized and precise. Furthermore, we
now realize that the immune apparatus distinguishes malignant cells from their normal counter-
parts because the cancer cells present neoantigens, which are produced as a result of the
mutanome [10]. Additionally, specific genomic alterations, such as PD-L 71 amplification (asso-
ciated with aimost a 90% response rate in refractory Hodgkin’s disease treated with anti-PD-1
checkpoint inhibitors) and high tumor mutational burden are greatly predictive or response
[9,11-13]. Most striking is the ability of immunotherapy to induce durable complete remissions,
even in patients with advanced metastatic cancer. The recent US FDA approval of
pembrolizumab, an immune checkpoint inhibitor for microsatellite instability high
(MSI-H) cancers across all solid tumor types (histology-agnostic approval) in pediatric and
adult patients is an attestation to the power of precision medicine' [14—16]. This approval also
demonstrates that genomics and immunotherapy are wedded to each other, and their
successes epitomize the power and potential of this marriage.

Conventional Clinical Trial Paradigms

Unfortunately, conventional clinical trial strategies may not be the best way to evaluate the new
generation of genomically or immune-targeted agents. Indeed, genomics has unveiled a reality
that is incompatible with canonical trial design — every metastatic tumor is both unique and
complex at the molecular level [17-20] (Figure 1, Key Figure, Table 1). Furthermore, drugs that
are highly effective in small subpopulations of patients are not amenable to randomized trials in
unselected patient populations. Under such circumstances, trials must first identify response
biomarkers and then individualized combination therapy needs to be given.

The central premise of precision oncology is to offer ‘the right drug for the right patient at the
right time’ Ironically, traditional models for clinical research are almost diametrically opposed to
those needed based on the science of precision medicine: (i) in conventional models, com-
monalities are found between patients in order for them to receive the same drug regimen,
instead of individualizing therapy; and (i) targeted monotherapies are matched to one specific
molecular alteration in a patient’s tumor, rather than giving combination treatment optimally
tailored to the entirety of the tumor genomic portrait. Regarding timing of therapy, genomically
targeted agents are often applied to heavily pretreated patients, rather than early in the course
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Glossary

Precision medicine: ‘an emerging
approach for disease treatment and
prevention that takes into account
individual variability in genes,
environment, and lifestyle for each
person’ (definition of the National
Institutes of Health, NIH); ‘a form of
medicine that uses information about
a person’s genes, proteins, and
environment to prevent, diagnose,
and treat disease’ (definition of the
National Cancer Institute, NCI).
Precision oncology: field in
oncology defined by customizing
treatment to an individual’s molecular
profile.

Biomarker: characteristic that is
objectively measured or evaluated as
an indicator of abnormal biological
processes or pharmacological/
biological responses to a therapeutic
intervention.

Randomized controlled trial: trial
in which two treatment groups (an
experimental group versus control
group; sometimes given a placebo or
a traditional therapy regimen) are
compared. The only expected
difference between the control and
experimental groups in RCTs is the
treatment effect of the experimental
therapy being studied.

Genomics: study of genes.
Targeted therapy: drugs that either
target molecular alterations specific
to cancer cells (e.g., mutated,
amplified or epigenetically up- and/or
downregulated signaling proteins), or
target immune cells to increase
anticancer immunity.
Immunotherapy: prevention or
treatment of disease with agents that
stimulate the immune response of
the host.

Tumor mutational burden: number
of mutations in a tumor.
Vemurafenib and dabrafenib:
tyrosine kinase inhibitor of aberrant
BRAF.

Trametinib and cobimetinib: MEK
inhibitor.

Panomics: informal name for
technological fields in biology that
end in omics, such as genomics,
proteomics, and metabolomics.
Proteomics: study of proteins.
Transcriptomics: study of
transcripts.

Metabolomics: study of
metabolism.
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Key Figure Drug-centric approach: approach
- - to treatment centered on a drug or
The Snowflake Theory and Changing Drug Development Paradigms drug regimen.
Patient centric approach:
approach to treatment centered on
the patient.
Checkpoint inhibitor: agent that
inhibits an immune checkpoint and
hence can reactivate the immune
One treatment for all Customized therapy system.
Pembrolizumab: antibody that
works as a checkpoint inhibitor.
Microsatellite instability:
microsatellites represent repeated
sequences of DNA that are one to
six base pairs in length. Microsatellite
instability is a condition of genetic
predisposition to mutation in
microsatellites that results from an
impaired DNA mismatch repair gene.

Metastatic cancer = Snowflakes at molecular level

Current paradigm Future paradigm

Paen t-centric therapy

Drug-centric trial (tradional) We already customize treatment
Patient 2 Metformin Metformin
Patient 1 Patient 3 Fluoxetine
Paen t2
Drug Fashitd Diabetes, infection
Regimen Diabetes, CHF, RA o ’
A depression
Strategy: Find common feature between [B-blocker
patients (e.g. type of cancer or type of molecular Tofacitinib Clarithromycin

aberration) and place all on same drugs

Trends in Cancer

Figure 1. Top panel: cancers are akin to malignant snowflakes. No two snowflakes are identical, and it seems that it is also
extremely unusual for two metastatic tumors to have the same genomic fingerprint. As it turns out, if metastatic tumors are
akin to malignant snowflakes in their distinctiveness, individual tumors become the ultimate extrapolation of rare and ultra-
rare tumors — n-of-one malignancies. Bottom panel: moving from drug-centric to patient-centric trials and care. If each
cancer is unique and complex, precisely targeting it requires personalized combination therapy regimens. Bottom panel
shows that personalized therapy is already routine in patient care outside the oncology setting. Abbreviations: CHF,
congestive heart failure; RA, rheumatoid arthritis.

of the disease, when tumors are less heterogeneous, and the targeted drugs are more likely to
be effective [21,22]. Tumor mutational burden and complexity, on the other hand, may be an
advantage for immunotherapy. Importantly, standard-of-care therapies deny and/or delay
evaluation of new drugs in patients with lethal cancers by making the tumors more drug
resistant, impairing the immune system, and/or rendering the patients too sick to be eligible for
innovative treatment.

In order to unlock the potential of precision oncology, profound changes in our traditional
approaches need to occur. These changes start with universal genomic testing at the time of
diagnosis of cancer [23] (Table 2) and include customizing drug combinations, with genomically
targeted treatments given early in a patient’s disease course, and immunotherapy using
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Table 1. Redefining Clinical Trial Paradigms and Standard of Care

Subject matter

The definition of personalized treatment is
inconsistent with canonical trial/practice
paradigms, where patients are grouped together
based on a biologic commonality.

Monotherapy is unlikely to cure patients with
advanced/complex malignancies

The inimitability of tumors means that each cancer
is akin to a malignant snowflake — both unique and
complex in its genomic portrait

Dosing of combinations of anticancer drugs has
traditionally required a phase | study

If tumors are defined by their molecular makeup,
advanced molecular tests should be considered a
standard diagnostic tool for patients with cancer

Solution

A patient-centered, n-of-one approach is needed
to optimize therapy.

Combination therapies needed

Unique/complex tumors require individualized
combination regimens

Outside of oncology, patients regularly receive de
novo combinations of drugs based on
understanding impact on metabolic enzymes etc.
The average oncology patient is already on eight
medications, which have not been assessed
together in a phase | study, but are given safely
together. Dosing algorithms for anticancer drug
combinations can be similarly derived from a variety
of sources including the literature [57-60].

Universal genomic testing of cancers
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Challenge

Current treatment paradigms, including precision
oncology trials, are drug centered rather than
patient centered.

Matched customized combinations for n-of-one
tumors require evaluation of the strategy of
personalization or an algorithm for matching, rather
than the drug regimens themselves

With 300 drugs, there are ~4.5 million three-drug
regimens

The pathway to approval and payer acceptance of
drug combinations is unclear

Points and counterpoints in Table 2

checkpoint inhibitors administered to patients with evolved cancers harboring high mutational

burdens or microsatellite instability.

Standard of Care, Standard of Proof, and Proof of Standards
Evidenced-based, standard-of-care guidelines/pathways are promulgated by a variety of
organizations and emphasize consistency' [24,25]. Departure from these guidelines may leave
the physician legally liable and justify insurers’ refusal to pay. Yet, the standard-of-care
oncology treatments are associated with >90% mortality at 2 years for some metastatic

cancers.

Importantly, in their present rendition, standard-of-care pathways, by virtue of their emphasis
on uniformity of management, are antithetical to precision oncology, which requires personali-
zation of therapy. Indeed, if each patient’s tumor is complex and unique, then, in order to
precisely target that tumor, one must apply medicines that affect the distinct alterations of the
tumor, and this requires customized treatment.

Moving Precision Oncology Forward
Precision oncology trials test feasibility of matching drugs to targeted therapy [26-29]. The
evidence for this matching strategy is rapidly accumulating, both from these trials and from
literature data mining [30,31]. Indeed, large meta-analyses of ~85 000 participants in phase 1,
2, and 3 studies demonstrated that biomarker selection was the single most significant
independent factor predicting improvement in all outcome parameters. Of equal importance,
the use of genomically targeted therapy without a biomarker produced negligible response
rates, which were also worse than the results with cytotoxic agents [32-35].
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Table 2. Case for Universal Genomic Testing of Tumors: Points and Counterpoints

Points Counterpoints Refs
Obtaining knowledge of genetic aberrations is not worthwhile if Genomics is the diagnosis. Every patient with cancer deserves a [23]
no action can be taken in terms of treatment diagnosis.

Genetic abnormalities also predict prognosis.

Genomics can also predict contraindicated drugs, e.g., EGFR

therapy in KRAS-mutant colorectal cancer
Prohibitive cost precludes universal genomic testing Cost of testing has decreased precipitously

Financial burden of cancer therapy is massive

Cost of testing for a complete diagnosis and to select appropriate

therapy is tiny compared with the money squandered on ill-

chosen treatments
Genomic testing has not been validated in prospective trials In comprehensive meta-analyses of ~85 000 patients treated on [33-35]

clinical trials, genomic biomarkers were an independent factor
associated with improvement of all outcome variables

Genomic testing may benefit only a subgroup of patients or may
be germane to only rare diseases

Virtually impossible to know in advance of testing who will benefit
Options that may not exist at the time of a patient’s initial
diagnosis may become available before the patient’s disease
progresses

Universal genomic testing of malignancies will enable curating
clinically relevant data in large databases

The Right Drug at the Right Time for the Right Patient

The Right Drug

The discovery of BRAF9°F mutations as a bona fide oncogenic driver in 50% of melanomas
led to a drug development race in order to target the product of this gene. Treatment with the
potent BRAF inhibitor vemurafenib showed high response rates leading to FDA approval in
2011 [36,37]. Since then, the BRAF inhibitor dabrafenib and two MEK inhibitors (trametinib
and cobimetinib) have also been approved [38-40]. Yet, most patients fail to achieve
complete or long-term partial remission. This is likely due to the fact that the majority of
metastatic melanomas harbor several genomic alterations [41]. Hence, patients require com-
bination therapy tailored to the biomarker portfolio of their tumor. Indeed, a recent study
demonstrates that higher matching scores (number of matches divided by number of alter-
ations) independently correlates with better outcomes [26].

The Right Time

Timing is vital in cancer therapy. Tumor complexity increases with time and under the pressure
of therapy. CML epitomizes this evolution with three well-defined stages: chronic phase,
accelerated phase, and blast crisis. Other cancers almost certainly undergo a similar evolution,
but it is not as well delineated clinically [42]. In recent years, the clinical outcome of CML has
been transformed. Three major steps enabled this transformation: (i) discovery of the underlying
genetic defect (BCR-ABL); (ii) identification of a targeted agent (imatinib) that obviated the
aberrant enzymatic activity of Ber-Abl; and (i) administration of imatinib to patients with newly
diagnosed disease. The third step, that is treating early disease, is the one that is most
frequently not addressed in solid tumors.

As an example, BRAF inhibitors in patients with BRAF-mutant melanoma can result in
responses so remarkable that they have been designated as the oncological equivalent of
the Lazarus syndrome [43]. This syndrome refers to the spontaneous return of circulation
after failed attempts at resuscitation. Patients near death from melanoma can experience
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dramatic tumor reduction. Unfortunately, these patients are not usually cured, and the
disease almost inevitably returns after a few months and results in the patient’s demise. If
the experience with CML holds true, durable responses in solid tumors will require either
administration of targeted agents such as BRAF inhibitors to newly diagnosed disease and/or
giving customized combinations of drugs to patients with advanced disease in order to block
resistance pathways.

The Right Patient (and the Right Cancer)

Most novel drugs are tested in patients who have exhausted standard-of-care therapies. At this
time, not only is the cancer refractory, but the patient’s performance status and biological/
immune reserve may also be too poor to realistically expect the best outcomes. For these
reasons, patients should be treated with novel therapies earlier in their disease course.

Advanced Cancers Are Akin to Malignant Snowflakes — Complex and

Unique

No two snowflakes are identical, and it seems that it is also extremely unusual for two
metastatic tumors to have the same genomic fingerprint [17-20,44] (Figure 1). For example,
in 57 patients with advanced breast cancer, 216 somatic aberrations were observed (131 being
distinct) in 70 different genes; no two patients had the same molecular signature [17]. A study in
advanced osteosarcoma with multiple molecular profiling technologies showed similar results
[20]. Furthermore, we may be viewing only the tip of the iceberg. As new technologies emerge
beyond limited panel genomic sequencing, both the complexity and the individuality of tumors
are likely to be ampilified (Figure 2).

Customized Combination Therapy: From Drug-Centric to Patient-Centric
Research and Care

One of the major stumbling blocks in precision oncology is that there are intrinsic and acquired
resistance mechanisms to targeted therapy. One drug matched to a driver aberration may not
realistically be expected to cure patients or achieve remissions if each tumor has distinct and
complex alterations [31,41]. Other drugs must be added to overcome resistance [31,45,46]

A paradigm of individualized therapy means that the traditional way that drugs/drug regimens
become standard of care no longer works. Canonical drug development paradigms are drug-
centered (Figure 1). The drugs are the focus of the trial and each patient enrolled receives the
same regimen, regardless of their genomic and phenotypic heterogeneity. However, if each
tumor is different, we may need to test thousands of regimens in increasingly small subsets of
patients. Indeed, if there are ~300 drugs in oncology, there are ~45 000 two-drug regimens
and ~4.5 million three-drug regimens. The traditional clinical trial design model breaks down.
However, the conundrum is solvable. Precision medicine implies patient-centered trials and
care. The patient is the focus and the drugs can therefore vary from patient to patient. In this
model, it is not the drug regimen that is evaluated, but rather the strategy of individualization.
The question then becomes what is the standard of proof for this strategy? In the era of
precision oncology, new clinical trial designs need to evaluate personalized care performance
so that standard-of-care guidelines can include, emphasize, or even mandate individualized
treatment.

The One-Size-Fits All Treatment Model in Oncology Is an Anomaly

In daily medical practice, physicians already use customized combinations to treat nonmalig-
nant conditions. A patient with diabetes, congestive heart failure, and rheumatoid arthritis
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Figure 2. Six Blind Men and Elephants

Beyond genomics — transcriptomics, proteomics, and more. The comprehensive molecular profile of the not-too-distant
future may include genomics, transcriptomics, proteomics, metabolomics, microbiomics, epigenomics, mutanomics,
lipidomics, and immunogenotyping, and may hence predict response to multiple modalities including immunotherapy and
chemotherapy [47-56]. Each of these modalities gives us a piece of the puzzle, akin to the parable of the six blind men who
each touch a different part of the elephant, such as the tusk versus the trunk, and therefore have vastly different views of the
elephant. Panomics testing is a requisite of comprehensive analysis and may require complex computer algorithms for
data integration and computation.

receives a different set of drugs than a patient with diabetes, infection, and depression
(Figure 1). The drug doses are adjusted to prevent drug—drug interactions based on known
factors such as impact on metabolic enzymes. The average patient enters the oncology clinic
on approximately eight drugs tailored to their specific health problems. These individualized
drug combinations have never been formally tested in phase | studies; yet physicians safely and
effectively administer them on a regular basis to the benefit of their patients.

In oncology, however, there is a cultural precept that, if a new drug combination has not been
tested in phase | studies, it should not be used because its safety is unknown. This precept may
be a legacy of the cytotoxic era, since combining cytotoxics could have serious safety
concerns. However, modern anticancer agents have fewer prohibitive adverse effects and
our understanding of drug combinations has grown. One size fits all is not the norm in medicine,
and, since advanced cancers are heterogeneous, it should cease to be the norm in oncology
care.

Immunotherapy: Yet Another Paradigm Shift

One of the most important mechanisms by which cancer cells evade the immune system is
exploitation of checkpoints by the tumor to disable T cells. The PD-1/PD-L1 axis is of particular
interest because of rapidly emerging data suggesting that inhibition of this checkpoint can
restore anticancer immunity. Impressively, clinical responses with checkpoint inhibitors have
been observed in multiple different malignancies. Remarkably, some patients with advanced
tumors can achieve durable complete remission.
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Marriage of Genomics and Immunotherapy

The major predictive markers for checkpoint inhibitor response include high tumor mutational
burden, either associated with microsatellite instability or not, CD8 infiltrates, and PD-L1 over-
expression or amplification [9,11,12]. These markers reflect the coupling of the immune system
and genomics. Once the immune system is reactivated with the use of checkpoint inhibitors, T
cells must still be able to differentiate tumor cells from normal elements. T cells distinguish tumor
cells from normal selfin large part through presentation of neoantigens created by the mutanome.
The more neoantigens, the better the chance of immune recognition. Hence, high tumor muta-
tional burden correlates with favorable outcome after checkpoint inhibitor treatment [13]. In
contrast, patients with lower number of genomic alterations appear to respond better to
gene-targeted therapy [26], presumably because, in malignancies with more genomic alterations,
the presence of resistance mutations abrogate the effects of treatment.

Concluding Remarks

Breathtaking advances in our understanding of genomics and the immune system have
brought us to the threshold of a tipping point in cancer treatment. It appears, however, that
our established models for clinical research and practice are a suboptimal fit for the reality of
tumor heterogeneity (see Outstanding Questions). In order to overcome the cancer problem, it
is important to break free from the tyranny of tradition, and construct novel paradigms for the
management of neoplastic disease.
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Outstanding Questions

Genomic sequencing is a basic diag-
nostic tool that delineates the under-
pinnings of malignancy and is therefore
crucial for classifying disease, predict-
ing prognosis, and directing therapy. If
a basic precept of medicine is that
each patient deserves an accurate
diagnosis, should not universal geno-
mic testing of tumors be necessary?

What adjustments to clinical trial
design and regulatory and care struc-
tures are needed to move from a drug-
centric approach to a patient-centric
approach, wherein each tumor is pros-
ecuted with a customized combination
of drugs?

Would finding patients with identical or
near-identical tumors treated in the
same manner still be feasible with a
new form of interrogation based on
mining of large, well-annotated data-
bases using computerized and artificial
intelligence algorithms?

What is the optimal approach to iden-
tifying  immunogenic,  mutanome-
derived neoantigens that induce a T-
cell response?
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Precision Oncology: The
Road Ahead
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Current efforts in precision oncology largely focus on the benefit of genomics-
guided therapy. Yet, advances in sequencing techniques provide an unprec-
edented view of the complex genetic and nongenetic heterogeneity within
individual tumors. Herein, we outline the benefits of integrating genomic and
transcriptomic analyses for advanced precision oncology. We summarize rel-
evant computational approaches to detect novel drivers and genetic vulner-
abilities, suitable for therapeutic exploration. Clinically relevant platforms to
functionally test predicted drugs/drug combinations for individual patients are
reviewed. Finally, we highlight the technological advances in single cell analysis
of tumor specimens. These may ultimately lead to the development of next-
generation cancer drugs, capable of tackling the hurdles imposed by genetic
and phenotypic heterogeneity on current anticancer therapies.

Precision Medicine Aims to Address Inter- and Intratumor Heterogeneity
Precision medicine aims to use multiple types of data to classify patients into groups that will
most likely respond to a given treatment. The identification of biomarkers (see Glossary) that
correlate with response to therapy or function in disease initiation and/or progression (therefore
representing therapeutic targets themselves) is fundamental in this process [1]. Determination
of molecular biomarkers is not limited to a specific methodology, and DNA, RNA, proteins,
metabolites, or microorganisms can individually, or in combination, serve as biomarkers. With
cancer primarily being a genetic disease, precision oncology has largely focused on the
determination of genetic biomarkers and multiple clinical trials test whether targeting these
genetic alterations in cancer can prolong survival. Remarkable success in applying genomics-
driven cancer therapy has been noted [2], yet, serious criticism remains regarding this geno-
mics-focused precision oncology concept, including scientific, social, ethical, and economical
aspects [2-5]. In this review, we focus on the biological rationale for precision oncology and
outline current efforts and achievements of implementing precision oncology in the clinic, while
highlighting promising routes to overcome the limitations of genomic-focused approaches. The
current availability of screening platforms and the armamentarium of anticancer drugs now
allows us to recognize and address intertumor heterogeneity (i.c., the different molecular
characteristics observed between patients). We outline how the simultaneous assessment of
genomic and transcriptomic data, combined with functional testing, can serve to overcome
hurdles imposed by intertumor heterogeneity. In addition, we discuss the major limitations of
prolonged response to current anticancer therapies, including intratumor heterogeneity
(ITH); namely, differences in the molecular make-up of tumor cells within individual patients. We
have only begun to decipher and address such challenges therapeutically.

The Technical and Molecular Basis for Precision Oncology
The ability to detect mutations in a tumor sample was one of the first milestones in recognizing
the genetic events that underlie the cellular transformation process, denoting an early phase of
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Genomics-driven cancer therapy ben-
efits a subset of patients, although
there are clear shortcomings to this
approach.

Using genomics as a single ‘biomar-
ker’ to inform therapy is insufficient to
comprehensively predict efficient ther-
apeutic approaches. By providing
information about active pathways,
the inclusion of transcriptomic data
reveals a more comprehensive and,
thus, accurate molecular profile, which
likely improves the choice of therapy.

Available patient-derived  functional
models (e.g., organoids or patient-
derived xenografts) are promising for
testing multiple drugs and/or drug
combinations in a clinically relevant
time-frame.

Mining available data sets can allow
researchers to comprehensively map
the processes that drive cancer and
reveal novel vulnerabilities.

Intratumor heterogeneity remains one
of the biggest challenges in reaching
sustained therapeutic responses to
cancer treatment. Integrating addi-
tional factors (immune, metabolome,
and microbiome) could pinpoint novel
putative therapeutic approaches and
combinational drug therapies, in an
effort to overcome tumor
heterogeneity.
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genetic-based evidence for cancer occurrence and development. Improved technologies
enabling the detection of such mutations in non-neoplastic tissues (including bodily fluids)
has allowed the early detection of somatic oncogenic mutations, such as Ras mutations and
hotspot p53 tumor suppressor mutations [6-8]. While these developments reflect advances
made already during the 1980s, it has taken another generation to better establish the
importance of mutation frequency, its variability in the transformed tissue, and its causative
role. This growing understanding has been a prerequisite for the introduction of mechanism-
based therapies into clinical practice. Commonly known as targeted therapies, these
therapeutic approaches are based on small molecules or monoclonal antibodies that inhibit
oncogenic drivers [9-14], or target genetic vulnerabilities [e.g., poly (ADP-ribose) polymerase
(PARP) inhibitors in tumors with homologous recombination deficiency [15]]. Several years
of clinical experience with targeted agents, and especially of the resistance to drugs, has led to
the recognition of the central role of genetic heterogeneity and plasticity of growth-promoting
signaling pathways in determining a patient’s individual response. A notable example is the
targeting of BRAF mutations, which are present in more than 40% of melanomas [16]. Although
targeting recurrent BRAF mutation(s) by mutant-specific BRAF inhibitors demonstrated great
clinical success [9,17], understanding the complex feedback and crosstalk between key
players of the altered RAS/RAF/MEK/ERK signaling axis became necessary for optimizing
therapy. Accordingly, in terms of clinical outcomes, combined BRAF and MEK inhibition proved
superior over single-agent use [18]. Furthermore, new generations of specific BRAF inhibitors
are currently in the pipeline, finely tuned to overcome mutation-driven altered signaling events in
the RAS/RAF/MEK/ERK pathway [18]; these might be expected to outperform previous
inhibitors of this pathway. Similar undertakings may be required to target deregulated signaling
pathways arising from other mutations in different tumors, where a driver mutation is known,
and where drugs targeting a given driver may exist.

Beyond direct targeting of genomic alterations, the impact of differentiation hierarchies,
epigenetic alterations and the role of the microenvironment in driving tumor pathogenesis
have become increasingly recognized. Accordingly, therapeutic approaches that aim to restore
normal differentiation programs, such as all-trans retinoic acid in acute promyelocytic leukemia
and neuroblastoma, have been developed [19]. Along these lines, drugs are and/or have been
developed to reprogram epigenetic marks and restore normal gene expression programs, such
as various histone deacetylase (HDAC) inhibitors [20], in addition to drugs that interfere with
tumor—microenvironment crosstalk, including angiogenesis inhibitors [21] and immunothera-
peutic agents [22].

The search for cancer vulnerabilities in specific cancer types has been facilitated by numerous
technological advances yielding large-scale molecular profiling of major cancer types [23,24].
This system-based analysis of tumor samples, together with massive hypothesis-based
research, has significantly changed our understanding of cancer biology (Figure 1, Key Figure):
carcinogenesis is generally considered to be driven by the natural selection of continuously
acquired genetic and epigenetic variation in individual cells [25]. These converge on common
phenotypic characteristics for cancer cells, including sustained proliferation, migration, inva-
sion, and/or resistance to apoptosis [26]. Tissue microenvironments provide the fitness
selection defining spatial and temporal changes in environmental pressures. These influence
the evolutionary path of any given cancer cell, resulting in (epi-)genetically heterogeneous
subpopulations. Diversity within cancer cell populations is not limited to the genome, and
dynamic variations in differentiation hierarchies, transcriptional signals, and the proteomic
landscape add to the phenotypic heterogeneity observed within tumors [27]. Indeed, cancer
cells do not exist as isolated entities, but rather, engage in heterotypic interactions with stromal
cells and cooperate with adjacent tumor subclones; this is important, because it can result in
the increased robustness of a tumor [28].
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Glossary

Acquired resistance: (or secondary
resistance) indicates that a tumor
that initially responded to therapy
becomes resistant to this treatment
during the course of therapy. By
contrast, in intrinsic (primary)
resistance, no responses against the
tumor are noted upon initiation of
therapy.

Actionable mutations: gene
alterations that can be specifically
targeted with an approved or
investigational drug. The term does
not provide information about drug
efficacy.

Afatinib: tyrosine kinase inhibitor of
EGFR (ErbB1), HER2 (ErbB2), and
HER4 (ErbB4).

Angiogenesis: blood vessel
formation.

Basket trial: histology-agnostic trial
design that tests the efficacy of
specific drug(s) in molecularly
stratified patients. It evaluates
whether a biomarker (signature) is
predictive for drug response
irrespective of tumor histology.
Binary alterations: binary
classification of a molecular event,
such as somatic mutations (present
or absent), gene expression
(upregulated or downregulated), or
DNA methylation (hypo- or
hypermethylated).

Biomarker: a molecular
characteristic with a correlative or
functional association with disease
risk, prognosis (prognostic
biomarker), or response to treatment
(predictive biomarker).
Canalization evolutionary
process: describes the stability of a
phenotype despite variation in the
genotype.

Cancer hallmarks: cellular and
molecular functions required for
cancer development and
progression. Hallmarks are
sometimes described by a set of
genes that perform a specific
function.

Cetuximab: anti-EGFR monoclonal
antibody that binds to the
extracellular domain of EGFR and
prevents its dimerization.
Circulating tumor cells (CTCs):
tumor cells that can be found in, and
isolated from, the circulation of blood
and/or lymphatic system of patients
with cancer.

Circulating tumor DNA (ctDNA):
circulating, cell-free tumor DNA that



Moreover, large-scale sequencing of human cancer genomes and transcriptomes have identi-
fied nearly 200 ‘consensus’ driver genes (of which ~15% were identified primarily using DNA
sequencing of cancer genomes [29]) and an additional 300 putative driver genes have been
suggested [30,31]. The pathways in which these genes function are also emerging [32-36].
Coupled with the success seen using targeted therapies in certain cancer subtypes [9-14],
these efforts laid the basis for precision molecular oncology: patients are treated according to
the molecular make-up of their tumors rather than solely based on tumor histology, type, grade,
and stage (Figure 1).

Clinically Relevant ‘Omics Approaches

Genomics-Driven Cancer Therapy in Clinical Testing

While at present only a small proportion of cancer patients benefit from targeted therapies,
great efforts are ongoing to extend the scope of precision oncology to a broader spectrum of
patients (reviewed in [2]). Massive intertumor heterogeneity has been rigorously documented
through large-scale DNA and RNA sequencing, as well as DNA copy number profiling and
DNA methylation profiling [e.g., The Cancer Genome Atlas(TCGA), International Can-
cer Genome Consortium(ICGC), and others] [23,24] (see Table S1 in the supplemental
information online for relevant data sources). However, unexpected similarities between tumors
of different tissues of origin have been uncovered, while certain tumors have been found to be
more similar at the molecular level to tumors from a different tissue of origin [37]. These
similarities, together with the detection of rare variants within well-characterized driver genes,
suggest that approved targeted therapies might be effective in diverse tumor types with distinct
molecular alterations [32,36]. This has resulted in the initiation of clinical programs that evaluate
whether molecular profiling of patients is clinically feasible and, importantly, whether treating
patients based on their genomic profiles might be beneficial relative to a given standard of care,
or a physician’s treatment choice (see Table 1 for examples of programs and/or studies). In
addition, the identification of new putative driver genes found in a low percentage of patients
with less-common cancer types or subtypes has generated several novel clinical hypotheses
that await verification. Recently, Foundation Medicine reported that, in a targeted sequencing
study of 63 220 tumors, more than 75% of patients presented a mutation in at least one of ten
cancer driver genes, and more than 25% of patients presented a known driver mutation within
these genes [38]. Accordingly, in silico computational studies predict that up to 90% of patients
may benefit from molecularly guided therapy when biomarkers of uncertain clinical significance,
as well as off-label and investigational drugs are considered to inform therapy [39,40]. To test
this multitude of novel clinical hypotheses, new adaptive trial designs, including basket and
umbrella trials, have been used [41,42] (Table 2). Basket trials are designed to test the effects
of a single (or a few) drug(s) in a variety of cancer types (or possibly subtypes) using specific
mutation(s) as biomarker(s). By contrast, umbrella trials are designed to test the impact of
specific drugs on different mutations within the same cancer type.

Figure 1. The genetic and phenotypic characteristics of a patient’s tumor are influenced by tissue- and/or cell type-
specific factors, germline genetic background, lifestyle factors, as well as the number and type of previous anticancer
drugs received [25,27,28]. Each individual cell is further influenced by, first, the proximity to and the integrity of the tumor
vasculature; second, the biochemical and biophysical properties of the surrounding extracellular matrix (ECM); third,
competing and/or cooperating interactions between individual tumor cells or tumor and stromal cells [among which are
cancer-associated fibroblasts (CAFs), endothelial cells (ECs), and bone marrow-derived cells (BM-DCs)]; and fourth,
antitumor immunity. These factors further shape the geno- and phenotypic properties of a tumor in a spatial and temporal
manner. While the genomic analysis of a tumor biopsy at the time of diagnosis identifies genetic vulnerabilities, the inclusion
of transcriptomic data holds the additional potential of identifying nongenetic vulnerabilities by considering pathway activity
and the composition of the tumor microenvironment. Therefore, the integrated analysis of genomic and transcriptomic
data is a valuable tool to inform precision therapy. Abbreviations: seq, sequencing; UV, ultraviolet.
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can be isolated from whole blood of
patients with cancer.

Clone: one or more cells derived
from, and genetically identical to, a
single ancestor cell. Accordingly,
subclones share many of the genetic
features of the initial ancestor cell,
but contain additional genetic
alterations.

Conditional reprogramming:
technique used to establish patient-
derived cell cultures from healthy or
diseased (e.g., tumor) tissue.

Deep neural nets: neural network
of multiple layers often used for
supervised learning; at each layer, a
function is applied to the input from
the previous layer.

Differentiation hierarchies: relates
to differences in the impact of
phenotypes seen in an isogenic
population of cancer cells, such as in
their ability to metastasize or form
tumors upon serial transplantation on
immunodeficient mice (i.e., cancer
stem cells).

Dimension reduction: selecting a
subset of features, or combining
features, from a data set (e.g.,
principal component analysis).

DNA copy number profiling: the
genome-wide screening for gene
copy number variations (gains or
losses).

DNA methylation profiling:
genome-wide screening for variations
in DNA methylation status (hyper- or
hypomethylation).

Driver: usually refers to a genetic
event that is shown to elicit
phenotypic changes associated with
tumor initiation and progression (see
‘oncogenic drivers’). In a broader
definition, the term can also be used
to describe nongenetic and/or non-
cell autonomous alterations that can
alter certain aspects of disease
progression.

Epigenetic alterations: heritable
trait not explained by changes in
DNA sequence but by changes in
gene expression. Common examples
often observed in cancer cells
include promoter hypermethylation or
aberrant histone modifications (e.g.,
acetylation).

Evolutionary pressure: (or selection
pressure) any change in the
microenvironment (e.g., cancer
therapies) that leads to a selection of
clones that have a growth advantage
under these new conditions.
Functional mutations: mutations
that change the phenotype of a
cancer cell or tumor.
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The majority of these studies profile the mutation status of a few dozen or hundreds of selected
genes [2]. This is based on the fact that, although whole-genome sequencing (WGS) can detect
DNA sequence variants as well as focal and large chromosomal rearrangements, deletions, or
amplifications, it is difficult to identify driver events within large chromosomal abnormalities.
Therefore, clinically valuable sequencing approaches can be reduced to either the whole
exome (WES) or targeted exomes (panel sequencing) of cancer-related genes (Figure 1).
These approaches are often combined with the analysis of some well-characterized intronic
regions (e.g., ALK, RET1, ROS, or BCR) that are frequently rearranged in cancer genomes [2].
Furthermore, targeted sequencing has the advantage of yielding a high sequencing depth,
which is important to be able to infer the clonality of a detected driver event. Determining the
clonal distribution of identified alterations should be a priority in precision oncology trials, given
that targeting trunk mutations appears to be crucial to maximizing the efficacy of targeted
therapies [43].

Most studies demonstrated that genomics-guided therapy improves patient outcomes when
well-characterized biomarker—drug pairs, supported by strong clinical or preclinical evidence,
are used (Table 1). For example, the MOSCATO 01 trial [44], which used only last-generation
drugs with high affinity to a specific target, achieved positive results, whereas the SHIVA trial
[45], which heavily relied on everolimus, a drug weakly affecting the PIBK/AKT/mTOR pathway,
indicated that genomic profiling did not result in patient benefit. Furthermore, emerging
evidence suggests that targeting multiple drivers by combination therapy is superior over
single-agent use [46], because patients with advanced tumors frequently exhibit multiple
aberrations detected by genomic profiling. Despite these advances, several challenges remain.
First, trial recruitment of patients with rare mutations is difficult [47] and only a small percentage
of patients (2-5%) undergoing genomic profiling have subsequently been treated with off-label
drugs or been enrolled in genotype-matched trials [46,48]. Noteworthy, the recent report on
the positive outcomes of the MOSCATO 01 trial indicates that match rate can be improved
(19%) when performed within a cancer center offering access to a variety of clinical trials [44].
Second, the presence of validated genetic biomarkers does not strictly predict a response to
targeted therapies in different tumor types [49], given that the effect of therapies is context
dependent [as seen, e.g., by the lack of response of BRAF¢°-positive colorectal cancer (CRC)
to BRAF inhibitors, which show good clinical responses in melanomas carrying the same
mutation [50]. On a positive note, identifying such genomic-context effects has already
expanded the use of inhibitors, such as against BRAF [49] or PARP [51], and may result in
the expedited approval of investigational drugs. Finally, identifying high-confidence biomarkers
to guide specific drug treatments remains a challenge. One approach to expanding the
biomarker landscape may be to determine the differential molecular profile of patients showing
a dramatic response to targeted therapy versus nonresponsive patients. An increasing number
of publications report such ‘exceptional responders’, which has led to the identification of rare
genomic events likely to predict the response or resistance to targeted therapies [52-62].
Taken together, sequencing efforts of cancer genomes within clinical trials or by research
initiatives, such as the TCGA and ICGC initiatives (Table S1 in the supplemental information
online) are expected to improve the identification of driver mutations, as well as patient
stratification strategies associated with these. This in turn may expand the scope of geno-
mics-based precision oncology to a broader spectrum of patients.

Limitations of Using Genomics As a Single Approach for Biomarker Identification

While genomic profiling provides valuable information regarding genetic mutation, amplifica-
tion, deletion, and certain epigenetic modifications (e.g., methylation), there are certain inherent
limitations of using an approach that simply tests the presence or absence of genetic driver
events to inform therapeutic decision-making. This includes limitations of using genomics as a
single platform for biomarker identification; indeed, in some cancer types, such as prostate
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Gene fusions: hybrid genes that
combine parts of two or more
original genes. Fusion genes
originate from chromosomal
rearrangements (i.e., deletions,
translocations, tandem duplications,
or inversions).

Genetic interaction: functional
interplay between multiple genes and
their corresponding gene products
that impacts the cellular phenotype.
Genotype-matched trials: when a
clinical trial is selected for a patient
based on their genotype. This can
be a study that only accepts patients
with a given mutation, but also any
study that either analyses a drug
likely to be effective in the context of
a given genotype, or inhibits a
pathway that is directly linked to a
mutation identified in the patient can
be considered genotype matched.
Histone deacetylase (HDAC)
inhibitors: HDACs remove acety!
groups from histone lysine residues,
but also from nonhistone substrates.
HDAC inhibitors can have not only
transcription-dependent effects (e.g.,
relief of transcriptional repression of
tumor suppressor genes), but also
transcription-independent effects due
to altered acetylation (and activity) of
nonhistone substrates, such as those
involved in cell proliferation or cell
death.

Homologous recombination
deficiency: a defect in double-
strand break repair by homologous
recombination repair associated with
high levels of genomic instability.
These defects were originally
identified in BRCA1/2-deficient
tumors, but can also be observed in
the absence of BRCA mutations, a
phenomenon generally referred to as
‘BRCA-ness’.

ICGC-TCGA DREAM Somatic
Mutation Calling Challenge -
RNA: the DREAM Challenges are
crowdsourcing (open science efforts)
challenges examining questions in
biology and medicine. In the ‘RNA-
Challenge’, leaders from ICGC and
TCGA have come together to
develop a Challenge to assess the
accuracy of methods to work with
cancer RNA-seq data.
Immune-checkpoint inhibitors:
drugs that block immune-inhibitory
signals (such as PD1, PD-L1, or
CTLA4) expressed on and/or by
tumor or immune cells. Inhibition of
these factors can unleash, in some
cases, a robust and durable
antitumor immune response.



cancer or some pediatric malignancies, few or even no recurrent mutations have been
detected, indicating that other types of somatic variation may be potent drivers of oncogen-
esis [36]. Furthermore, no genetic alterations have been found to correlate with well-charac-
terized predictive biomarkers, such as the expression of estrogen receptor or androgen
receptor in breast or prostate cancer, respectively. In addition, genomic profiling does not
provide sufficient information regarding the activity of actual protein products mediating
oncogenic or tumor suppressor gene functions. In other words, variations in oncogenes
and/or tumor suppressor genes do not necessarily predict activation of the corresponding
biological pathway, and vice versa: cancer driver pathways can be active without the presence
of amutation(s) [63]. Finally, novel biomarkers linked to nongenetic vulnerabilities, such as those
involving cancer cell reliance on stress response or metabolic pathways, that may be able to
predict responses to autophagy inhibitors or drugs inhibiting antioxidant enzymes need to be
defined [64].

The most comprehensive approach to overcome these challenges and to elucidate cancer
vulnerabilities is the simultaneous characterization of the genome, epigenome, transcriptome,
proteome, and metabolome of tumors and their surrounding stroma; indeed, these are all
crucial parameters to defining cellular phenotypes involved in cancer pathogenesis, as well as in
characterizing responsiveness to therapy [65] (Box 1). Given that these parameters are
dynamic entities (e.g., change in responses to external stimuli), they are expected to show
spatial heterogeneity (geno- or phenotypic distinct clones may show different growth kinetics
or survival rates dependent on their location). Consequently, an analysis of multiple biopsies

Box 1. Relevant ‘Omics for Precision Oncology

Epigenetic profiling holds great promise in deciphering cellular states and characterizing phenotypic heterogeneity. The
importance of epigenetic reprogramming in cancer is evidenced by the fact that chromatin regulators are often mutated
[32,36] and widespread epigenetic changes throughout cancer genomes can be identified, intricately linked to the
activity of known tumor promoters and/or suppressors, such as EGFR [200] or TP53 [201]. There are two general
classes of drugs targeting the epigenome: (i) broad reprogrammers, which include inhibitors of DNA methyltransferases,
histone deacetylases, or bromodomain and extraterminal motif proteins; and (i) targeted therapies that pin specific
activating mutations in DNA-modifying enzymes, such as EZH2, or in enzymes whose mutations have a profound effect
on epigenetic pathways, such as IDH1/2 [20]. Currently, there are no epigenetic drug-sensitivity biomarkers that would
predict the response to these approved or investigational drugs. Therefore, the addition of epigenetics in clinical practice
awaits the identification of epigenetic marks that mediate distinct tumor phenotypes of clinical relevance (such as
mesenchymal differentiation, stemness, dormancy, or therapy resistance) [65].

Proteomics combined with genomic data likely reveal the most accurate information on the activity state of individual
genes. The proteome represents the ideal readout to define the functional state of a cell in response to internal or
external perturbations, and proteogenomic analysis is being integrated in large-scale characterization efforts of the
TCGA [202-204]. This integration has the power to nominate driver genes from large chromosomal deletions or
amplifications and can identify new driver clusters that are not easily found in transcriptomics signatures [202,203,205].
Although TCGA analysis has long included antibody-based phosphoprotein analyses, the comprehensive proteomic
characterization based on mass spectrometry increases the breadth of phosphoproteomics data and, importantly,
allows for the identification of post-translational modifications beyond phosphorylation [206]. The latter may represent
important biomarkers for drugs that do not target kinases, such as the identification of ‘acetylation signatures’ in serous
ovarian cancer, and which may predict responses to HDAC inhibitors [204]. While it is expected that future technologies
will provide the platform for large-scale proteomic assessment of tumor samples, current proteomic analysis requires a
large amount of tissue, is costly, labor-intensive, and lacks the analytical validity and sensitivity that genomics provides.

Emerging metabolome and microbiome data are expected to provide important additions to genomics: Rewired
metabolic pathways in tumors provide alternate fuel sources that can be targeted, and the mutations and/or
deregulated expression of metabolic genes have been linked to tumor propensity for metastasis or therapeutic
resistance [207]. Translating this knowledge in the clinic will require further preclinical analysis, especially given the
differences between cancer cell metabolism in vitro and in vivo [208,209]. Microbiome-based data are a likely addition in
the more distant future, which might provide novel putative biomarkers and means to monitor predicted therapeutic
responses and, possibly, lead to the development of new therapeutic modalities.
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‘Integrated’ subtype: a subtype of
cancer that includes patients with
tumors from multiple tissues of
origin.

International Cancer Genome
Consortium (ICGC): has the goal to
generate comprehensive catalogs of
genomic abnormalities (somatic
mutations, abnormal expression of
genes, and epigenetic modifications)
in tumors from 50 different cancer
types and/or subtypes and make the
data available to the entire research
community to accelerate research
into the causes and control of
cancer.

Intertumor heterogeneity:
differences in the molecular make-up
of tumor cells between patients.
Intratumor heterogeneity (ITH):
differences in the molecular make-up
of tumor cells within individual
patients.

Match rate: frequency by which
genomic alterations detected in a
patient cohort can be matched to
targeted therapies.

Methylome: collection of all DNA
methylation markers in a single cell
or a population of cells.

MOSCATO 01: prospective clinical
trial evaluating whether high-
throughput genomic analyses can
improve patient outcomes.
‘Multiview’ matrix factorization:
the ability to factor multiple data
matrices into a lower-dimensional
space, where each data matrix gives
a different ‘view’ of the data (e.g.,
gene expression and DNA
methylation views).

Off-label (drug use): a drug is used
for a purpose not specified in the
marketing authorization determined
by a licensing body, such as the FDA
(e.g., drug used for a different type
of cancer than the one it is approved
to treat).

Oncogenic drivers: genetic events
associated with tumor initiation and
progression, including metastasis
and therapy resistance.

Orthotopic implantation: a form of
xenograft experiment where (patient-
derived) tumor cells are implanted
into the organ of origin to maintain
the tissue-specific environment.
Paclitaxel: chemotherapeutic drug
that binds tubulin and inhibits the
disassembly of microtubules, thereby
resulting in the inhibition of cell
division.

Panitumumab: monoclonal antibody
that binds to and inhibits (autocrine)
stimulation of the EGFR.
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and longitudinal follow-up of patients would ideally be performed to predict the initial responses
to therapy and to identify putative mechanisms of drug resistance. Although such compre-
hensive approaches are not yet feasible for routine clinical practice, current state-of-the-art
technologies are already enabling the combination of at least two different ‘omics platforms for
cancer analysis, genomics with epigenomics, and/or transcriptomics. As discussed below,
combined genomic and transcriptomic analysis, together with functional testing of ‘omics-
derived treatment predictions, are expected to overcome many of the challenges that current
precision oncology-based trials face.

Transcriptomics As a Valuable Measure to Improve Biomarker Identification

At present, the most common way to enhance genomic information is by the inclusion of
transcriptomic analyses (Figure 1). RNA sequencing (RNA-seq) technologies allow the mapping
of the entire transcriptome or select gene expression networks, and are readily available and
becoming economically feasible. The ability to decipher the landscape of gene expression
offers important steps over acquiring genomic data alone. First, aside from the ability of RNA-
seq to detect splice variants [66], it can also detect novel or known gene fusions, which have
been identified as drivers of disease in a variety of rare and common tumors [66-69]. Gene
fusions are promising therapeutic targets because the inhibition of fusion genes is often
associated with striking efficacy, as exemplified by targeting the BCR-ABL fusion in chronic
myeloid leukemia, or targeting RET, ALK, ROS, FGFR, or BRAF fusions in various malignancies
(reviewed in [2]). Second, transcriptomics can provide indirect information about protein
expression status; knowing that a candidate gene harboring certain mutation(s) is also
expressed (and to what level) is valuable in establishing the importance and contribution of
this gene to the tumor phenotype. Third, beyond providing information about the expression of
tumor driver genomic variations, the inclusion of transcriptomics allows the mapping of non-
oncogene vulnerabilities, and provides information about oncogenic pathway activities, evenin
the absence of mutated driver genes [63,70]. One such example is the BRAF mutation
signature in colon cancer, which can be found in not only BRAF mutated but also BRAF
wild-type tumors, and characterizes (in addition to the KRAS and PI3K signatures) patients
resistant to EGFR inhibition [71]. The BRAF signature can not only serve as a resistance
biomarker, but has also been recently suggested to serve as a sensitivity biomarker for mitotic
poison drugs, such as vinorelbine [72]. Another notable example is that of BRCA-associated
signatures [73], where tumors (such as breast, ovarian, or prostate tumors, among others
[66,73]) sharing similar molecular signatures to BRCA mutant tumors may also respond to
similar therapeutic approaches, even when lacking specific BRCA mutations [73-75]. Fourth,
transcriptomes, by contrast to DNA, are tissue and cell type specific [65]; this is often
considered a disadvantage for RNA analysis of bulk tumor samples because, in samples with
a high proportion of stromal cells, massive computational deconvolution is necessary to extract
the transcriptional profile of interest, given that all cells within the biopsy contribute to the RNA
pool [65]. However, tissue specificity can provide important clinical information about tumor
histology and tumor origin, which is of relevance in patients with cancer of unknown primary
tumors [37]. Additionally, cell type-specific transcriptomes can reveal certain aspects of the
immune status of tumor samples that may be of therapeutic relevance [76,77]. High overall
mutational load within tumors (e.g., highly mutated human tumors, such as melanoma, lung
cancer, or mismatch-repair deficient colon cancer) has been reported to correlate with
therapeutic responses to immune-checkpoint inhibitors (e.g., drugs targeting CTLA-4 or
the PD1/PDL1 axis) [76,77]; however, these factors have not been strictly linked, and long-term
responses to checkpoint inhibition have been observed for a broad mutational spectrum of
cancers [76,77]. Integrating genomic and transcriptomic data holds promise for the identifica-
tion of patients who can benefit from immune-checkpoint inhibitors. For example, the tran-
scriptomic analysis of responders to CTLA-4-blockade (ipilimumab) revealed that the
expression of cytolytic effector genes (e.g., those encoding granzyme A and perforin) positively
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Passenger mutations: somatic
mutations with no obvious role
(owing to their inability to cause
phenotypic changes) in cancer.
Patient-derived xenograft (PDX):
xenograft model where tumor cells
(derived from a biopsy or bodily
fluids) are subcutaneously or
orthotopically engrafted into immune-
incompetent mice, without any
intermediate growth or modification
in culture.

Phenotypic heterogeneity:
differences in phenotypic
characteristics (e.g., potential to form
metastasis or resist therapy) of
genetically diverse but also isogenic
tumor cells.

Rare variants: genetic variations (i.
e., mutations) within a particular gene
that occur in <1% of patients.
Recurrent mutation: somatic
mutation that occurs in a statistically
significant number of times in a
cohort of sequenced tumors.
Sample-level events:
measurements of individual tumors,
patients, or cancer cell lines (e.g.,
drug sensitivity).

Saturation analysis: modeling of
sample complexity to determine the
number of samples required to
detect some event as statistically
significant.

Sequencing depth: reflects the
average number of times a given
region has been sequenced by
independent reads.

Serial passaging: serial
transplantation of tumors (usually in
the flank of nude mice) for tumor
expansion.

SHIVA study: the first randomized,
open-label, controlled Phase Il study
that evaluated whether targeted
treatment based on molecular testing
improved patient outcomes
compared with conventional
treatments across all tumor types.
Somatic variation: alteration
(genetic, epigenetic, or signaling)
occurring in a somatic (body) cell.
Splice variants: transcripts (MRNASs)
resulting from the alternative splicing
of different exons in genes.
Suppression interactions:
phenotypic defects caused by a
mutation in a particular gene are
rescued by a mutation and/or
deregulation in a second gene.
Synthetic rescue: type of genetic
interaction where the mutation and/
or deletion of one gene rescues the
lethality or growth defect of a cell



correlate with patient response (complete or partial response to ipilimumab, or stable disease
with overall survival >1 year by RECIST criteria) [76]. Furthermore, the expression of immune
checkpoint regulators has correlated with increased patient survival [76]. In addition, tran-
scriptomic signatures that significantly correlate with resistance to anti-PD1 therapy in mela-
noma have also been identified [77].

Although the practical utility of RNA-seq in the clinic has been challenging, technological
advances allowing the application of RNA-seq to clinically relevant specimens (including
formalin-fixed, paraffin-embedded tissues), along with efforts to benchmark data analysis
pipelines (ICGC-TCGA DREAM Somatic Mutation Calling Challenge — RNA) [78], have
set the basis to move RNA-seq into routine clinical practice. Thus, valuable transcriptomic
information can be combined with genomic data to establish new blueprints that provide
multidimensional insight into the characteristics of a given tumor biopsy. Such combinations
can benefit from innovative computational approaches that may identify novel master regu-
lators, not seen in either analysis alone.

Analysis Approaches to Determine Molecular Subtypes and Cancer
Vulnerabilities

To overcome the challenges of intertumor heterogeneity in determining molecular-guided
therapy, the identification and characterization of molecular subtypes of cancer and the
mutations that drive cancer have been an urgent priority. The promise of characterization
of tumors with molecular subtypes or biomarkers is twofold. The first major goal is to find
molecular biomarkers of patient prognosis or effective drug treatments. The second major goal
is to develop a better mechanistic model for understanding the role of the genome, tran-
scriptome, methylome, epigenome, and environmental alterations of the tumor in driving its
initiation and evolution. Extensive clinical efforts now provide an unprecedented view of the
genomic (and transcriptomic) landscape of all advanced cancer types [79], in addition to the
data sets provided by the TCGA and ICGC, which have focused on the sequencing of common
cancer types early in disease progression.

The following sections describe related computational approaches; for an expanded summary
of references on these and additional topics (ITH and single cell analysis approaches) the reader
is referred to Tables S1-S3 in the supplemental information online.

Approaches for Tumor Subclassification

Methods for identifying molecular subtypes generally fall into two categories, based on whether
data from a single platform or multiple platforms are being used. For single-platform data (e.g.,
gene expression), any off-the-shelf clustering algorithms can be used, although choosing the
method depends on the type of data being clustered. The more challenging case is clustering
patients with data from multiple platforms, especially because there is often a data type that is
missing, given that not all measurements are performed in every patient. Researchers have
taken multiple approaches (see references in Table S2A in the supplemental information online).
Some methods search for a ‘consensus’ after clustering patients by each platform separately
[37], or cluster with protein—protein interactions [29], or patient similarity networks [80,81].
Other methods formulate the problem as a ‘multiview’ matrix factorization and dimension
reduction (reviewed in [82]), or as a probabilistic model. In all cases, a key challenge is the
selection of features from each platform as inputs to the clustering algorithms; for example, it is
possible to summarize mutations, gene expression, and DNA methylation events as binary
alterations [80], and then treat any missing data as a nonalteration event. We anticipate that
recent advances in methods for learning low-dimensional representations of multiple data
types, such as deep neural nets [383], will soon be applied in molecular classification of tumors,
given the amount of molecular cancer data being produced and the successful application of
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mutated and/or deleted for another
gene.

Targeted therapies: drugs that
either target molecular alterations
specific to cancer cells (e.g.,
mutated, amplified or epigenetically
up- and/or downregulated signaling
proteins), or target immune cells to
increase anticancer immunity.
Temozolomide: chemotherapeutic
drug in the class of alkylating agents
exerting cytotoxicity by inhibiting
DNA replication.

The Cancer Genome Atlas
(TCGA): a collaboration between the
National Cancer Institute (NCI) and
the National Human Genome
Research Institute (NHGRI); it has
generated comprehensive,
multidimensional maps of key
genomic changes in 33 types of
cancer.

Trametinib: targeted therapy that
specifically binds and inhibits MEK1/
2.

Trunk mutations: genetic variations
occeurring in early tumor evolution
and are thus common to most
clones.

Umbrella trial: study design
evaluating the efficacy of multiple
drugs within a biomarker-stratified
single cancer type. It allows the
evaluation of multiple biomarker-drug
combinations in a histology-
dependent manner.
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Table 1. Studies Evaluating Feasibility and Clinical Benefit of Molecular Profiling®

Study

IMPACT; M.D. Anderson
[193]; NCT00851032;
retrospective,
nonrandomized

IMPACT/COMPACT [48];
NCT01505400;
retrospective,
observational,
nonrandomized

PREDICT [194];
NCT02478931
retrospective, correlative,
nonrandomized

Bisgrove [195];
NCT00530192;
prospective, single-arm
Phase |

Genomic Profiling in Phase
| [46]; NCT02437617;
prospective,
nonrandomized

MOSCATO 01 [44];
NCT01566019
prospective,
nonrandomized

WinTher; NCT01856296;
prospective,
nonrandomized

SHIVA [45]; NCTO1771458
prospective, randomized

NCI-MPACT;
NCT01827384;
prospective, Phase Il
randomized feasibility
study

Tumor type

All; advanced,
refractory

Advanced
cancers and
Phase |
candidates

All

All; advanced,
refractory

All; advanced,
refractory

All; advanced,
refractory

All; advanced,
refractory

All; advanced,
refractory

All, advanced
solid tumors

Screening platform

Hotspot sequencing
11 genes; FISH
(ALK)

MALDI-TOF MS
hotspot panel (23
genes) or targeted
NGS panel (48 or 50
genes)

NGS;

(182 or 236 gene
panel and 14 or 19
rearrangements

IHC, FISH, gene
expression

Panel NGS (236
genes); standard
biomarker

CGH array; panel
NGS (WES and
RNAseq in 2014
included)

DNA (236 genes)
and RNA in tumor
and normal
matched tissue

Panel hotspot NGS
(46 genes); CNV

NGS (4000 variants
across 143 genes);
activation of RAS/
RAF or PI3K
pathway;
inactivation of DNA
repair pathway

#Pts #Pts on matched
therapy

sequenced

1144 175
1640 245
347 87
86 68
339 122
843 199

To be 200 N.A.

741 99

To be 700 N.A.

Cell

Type of therapy

Mono and
combination; Phase
| therapies; N.S.

N.S.; investigational
agents of 277 trials,
including 89
genotype-matched
trials

N.S.

Mono and
combination; N.S.

Mono and
combination; Phase
I/Il therapies; N.S.

Phase | drugs and
off-label drugs; N.S.

N.S. Chosen based
on DNA analysis, if
no actionable
mutation, then
based on RNA
analysis

Erlotinib, lapatinib
+ trastuzumab,
sorafenib, imatinib,
dasatinib,
vemurafenib,
everolimus

Carboplatin,
everolimus,
temozolomide,
trametinib, veliparib,
AZD1775

REVIEWS

Endpoint/Results

Higher ORR and longer
PFS compared with
unmatched therapy

Genotyped matched
therapy improved
response

More patients with SD
>6 months; 45% with
extended PFS of 30%
compared with previous
therapy

27% with extended PFS
of 30% compared with
previous therapy

High matching score
associated with higher
SD >6 months/PR/CR,
longer PFS and survival

33% with extended PFS
of 30% compared with
previous therapy

Estimated completion in
2018

Median PFS in
experimental group
(matched therapy) not
significantly longer than
in control group

Estimated completion in
2019; outcome
measures: ORR;
compare genotype
matched versus
physicians choice

@Abbreviations: AZD1775, WEET inhibitor; CGH, comparative genomic hybridization; CR, complete response; FISH, fluorescent in situ hybridization; IHC, immu-
nohistochemistry; N.A., not applicable; N.S., not specified; NGS, next-generation sequencing; ORR, overall response rate; PFS, progression-free survival; PR, partial
response; Pts, patients; SD, stable disease; WES, whole-exome sequencing.

deep neural nets in areas of computer vision, natural language processing, and biology [84].
Initial molecular subtype studies have often focused on clustering samples into subtypes based
oNn gene expression in a single cancer type, which have provided robust biomarkers and
subgroups, coherent with patient survival profiles (e.g, in breast cancer [85] or CRC [86]). These
studies typically reveal a more refined set of clusters than those defined by known
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Table 2. Representative Basket and Umbrella Trials®

Study

BATTLE;
NCT00409968,
NCT00411671,
NCT00411632,
NCT00410059,
NCT00410189;
Prospective, adaptively
randomized, umbrella
trial

BATTLE-2;
NCT01248247; 2-
stage Phase Il umbrella
design

Lung-MAP;
NCT02154490
randomized phase II/1ll
umbrella design

I-SPY-2;
NCT01042379;
randomized open-label
Phase Il umbrella
design; (adjuvant
setting)

ALCHEMIST;
NCT02194738;
NCT02193282;
NCT02201992;
NCT02595944;
screening study and
accrual to Phase Il
randomized treatment
studies (adjuvant
setting)

SAFIRO2 Breast;
NCT02299999; Phase
Il randomized umbrella
design

SAFIR02 Lung;
NCT02117167; Phase
Il randomized umbrella
design

Lung MATRIX;
NCT02664935 Phase
Il; nonrandomized
umbrella design

Tumor type

Chemorefractory
NSCLC

Advanced NSCLC

Advanced, recurrent
squamous cell lung
carcinoma

Stage Il breast cancer

Resectable
nonsguamous NSCLC

HER2™ recurrent and/
or metastatic breast
cancer

EGFR and ALK WT
recurrent and/or
metastatic NSCLC

Advanced, pretreated
NSCLC

Screening platform

Non-NGS, mutation
analysis, FISH, IHC

NGS; DNA, mRNA,
RPPA, IHC

FMI FoundationOne
platform; IHC;

Conventional, MRI

NGS, tissue and
blood; germline
+ somatic
alterations

CGH array, hotspot
sequencing

CGH array, hotspot
sequencing

28-gene NGS
platform

Hotspot-seq
biomarker only; IHC

Biomarkers tested

Mutation/amplification:
EGFR, KRAS/BRAF,
CCND1; protein
expression: VEGF, RXR,
cyclinD1

IHC: pAKT, PTEN, HIF1a,
LKB1. Mutation: P13KCA,
BRAF, AKT1, HRAS,
NRAS, MEK1, MET,
CTNNBT1, LKB1;

PIBKCA, CDK4/6, CCND1/
2/3, FGFR1/2/3, HGF/c-
MET

HER2, hormone receptor,
and Mammaprint
Bayesian marker-adaptive
trial designs

EGFR mutation; ALK
rearrangements (FISH);
PD-L1 expression (IHC)

To be determined during
study

To be determined during
study

Mutation: FGFR2/3, TSC1/
2, LKB1, KRAS + Rb",
NF1, NRAS, PIK3CA,
AKT1, EGFR + EGFR""%;
LoF: p16 + Rb"Y', PTEN;
amplification: CDK4
+Rb™T, CCDN1 + RbV,
MET, PIK3CA; rearranged:
ROS1

BRAF, PIK3CA, KRAS,
NRAS; PTEN, MMR
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Drugs

Erlotinib, sorafenib,
vandetanib, erlotinib
+ bexarotene

Erlotinib (ctrl) sorafenib,
MK-2206 + erlotinib; MK-
2206 + selumetinib

Taselisib, palbociclib,
AZD4547, erlotinib,
erlotinib + rilotumumab,
ipilimumab, nivolumab,
durvalumab

HER2™: neratinib, MK2206
+ trastuzumab, T-DM1

+ pertuzumab, trebananib
+ trastuzumab,
pertuzumab

+ trastuzumab; HER2™:
veliparib, MK2206,
ganitumab + metformin,
trebananib

Erlotinib, crizotinib,
nivolumab

AZD2014, AZD4547,
AZD5363, sapitinib,
selumetinib, vandetanib,
bicalutamide, olaparib,
durvalumab

AZD2014, AZD4547,
AZD5363, sapitinib,
selumetinib, vandetanib,
durvalumab

AZD4547, AZD2014,
palbociclib, crizotinib,
selumetinib, AZD5363,
osimertinib, durvalumab

REVIEWS

Endpoint/Results

Better DCR for EGFR
+ erlotinib and KRAS/
BRAF +sorafenib

8-week DCR

PFS, ORR, OS

Pathological complete
response; several drugs
graduated to Phase I
trials

[196-198]

(OS]

PFS compared with
standard maintenance

PFS compared with
standard maintenance

ORR, PFS

ORR, PFS, OS
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Table 2. (continued)
Study

FOCUS 4 [199]; Phase
I/l randomized
umbrella design

Tumor type Screening platform

Advanced/metastatic,
untreated colorectal
cancer

V-BASKET [49];
NCT01524978; flexible,
early Phase II; basket

Solid tumors, multiple
myeloma

Mutation analysis
with local method

study
CUSTOM [47]; NSCLC, SCLC, thymic  NGS
NCT01306045; malignancy

biomarker-derived,
multiarm, multihistology
Phase I, basket trial

NCI-MATCH,; Advanced, recurrent, NGS (4000 variants
NCT02465060; refractory solid tumors, across 143 genes)
nonrandomized Phase lymphoma, myeloma

II; basket trial

Biomarkers tested

BRAF%%

Mutation: AKT1, BRAF,
EGFR, ERBB2, HRAS, KIT,
KRAS, NRAS, PDGFRA,
PIK3CA, PTEN;
amplification: ERBB2,
PIK3CA, PDGFRA; fusion:
ALK

Mutations: AKT1, BRAF
V600; BRAF non-V600,
BRCA1/2, cKIT, DDR2,
dMMR, EGFR,
EGFRT790 M, FGFR1/2/3,
GNAQ/GNA11, HER2,
MET ex14 sk, mTOR, NF1,
NRAS, PIBKCA, PTEN,
SMO/PTCH1, TSC1/2;
Translocations: ROS7,
ALK; amplification:
CCDN1/2/3, CDK4/6,
HER2, MET; loss: NF2,
PTEN; fusion: NFRK

Cell

Drugs

BRAFi + panitumumab +/—
MEKIi, aspirin, AKTi
+ MEKi, HER1/2/3i

Vemurafenib monotherapy;
vemurafenib + cetuximab
in CRC

Erlotinib, selumetinib,
MK22086, lapatinib,
sunitinib

Ado-trastuzumab
emtansine, afatinib,
AZD4547, AZD5363,
AZD1775, osimertinib,
binimetinib, crizotinib,
dabrafenib + trametinib,
dasatinib, defactinib,
GSK2636771, larotectinib,
nivolumab, palbociclib,
sunitinib, TAK-228,
taselisib, trametinib,
trastuzumab, vismodegib

REVIEWS

Endpoint/Results

Efficacy in NSCLC,
ECD, and LCH

Targeting EGFR and
ALK offers benefit;
design not feasible for
most arms

ORR

@Abbreviations: AZD4547, FGFR inhibitor; AZD5363, AKT1/2/3 inhibitor; AZD1775, WEET inhibitor; AZD2014, inhibitor of mMTORC1/2; CGH, comparative genomic
hybridization; DCR, disease control rate; ECD, Erdheim-Chester disease; GSK2636771, inhibitor of PI3K beta; LCH, Langerhans’ cell histiocytosis; MK22086, inhibitor
of AKT1/2/3; NGS, next-generation sequencing; NSCLC, non-small cell lung cancer; ORR, overall response rate; OS, overall survival; PFS, progression-free survival;
RPPA, reverse-phase protein array; SCLC, small cell lung cancer; TAK-228, dual mTORC1/2 inhibitor.

histopathological markers, with more-coherent survival profiles of the samples and/or patients
composing them. While some of the molecular clusters strongly overlap with known histologi-
cally based clusters, others surprisingly comprise samples with distinct histopathological
markers, but with similar transcriptomic profiles and survival rates. More recent analyses have
clustered multiple platforms across multiple cancer types and, as outlined above, identified
molecular similarities between tumors of different tissue of origin. For example, one study
analyzed TCGA data from >3000 samples across 12 cancer types, and found that, while most
cancers could be classified based on their histology, approximately 10% could be classified as
belonging to an ‘integrated’ subtype, that is, including cancers from multiple tissues of origin
in the same subtype [37]. Furthermore, grouping samples from different tissue types yielded
improved predictive power for patient prognosis, potentially reflecting the value of molecular
features (such as common mutations) for predicting survival [37]. The US Food and Drug
Administration (FDA) recently approved the drug pembrolizumab (an immune-checkpoint PD-1
blockade), used across many cancer types, with demonstrated effectiveness in CRC, endo-
metrial, pancreas, thyroid, and eight other cancer types, based on the presence of a specific
(mismatch-repair deficiency) signature [87]. These studies demonstrate the promise of classi-
fying tumors using molecular features, which can give additional insights into prognosis and
treatment beyond tissue of origin.
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Approaches to Identifying Genetic Drivers

While as few as three to eight somatic mutations are required to drive cancer [36], identifying the
entire set of driver mutations in any given tumor is a difficult biological and computational
problem. The observation that relatively few mutations occur in a significantly recurrent manner
across tumors holds, despite the development of sophisticated statistical tools for evaluating
the significance of mutations. Researchers have developed multiple different classes of tool that
consider different information about somatic mutations, including the predicted functional
impact [88] or conservation across populations [89]. Other methods attempt to classify driver
mutations by identifying hotspots in the protein sequence or structure [90-92], or targets of
recurrent copy number aberrations [93]. Some methods also consider side information, such
as the replication timing and expression of a gene [94,95], or per patient, and/or per gene
mutation rates [96] (see references summarized in Table S2B in the supplemental information
online).

Despite these advances, in most cancer data sets, there is a ‘long tail’ of genes with infrequent
mutations, where the drivers are statistically indistinguishable from passenger mutations [32].
One report illustrated the depth of this problem by estimating the number of samples required
to detect driver mutations with a given frequency in a given cancer type through saturation
analysis [34]. The cancer type in question was critical because of the high variance in
background mutation rates in different cancers (e.g., breast cancer, prostate cancer, etc.).
For example, the authors showed that up to 5300 samples would need to be sequenced to
detect drivers occurring at 2% above the high background mutation rate in melanoma [34]. This
presents a particular challenge for rare cancer types, especially since cancer types continue to
be divided into different subtypes [34].

The observed intertumor mutational heterogeneity is widely believed to be due, in part, to
mutations targeting pathways or ‘cancer hallmarks’ [26], where each pathway includes
multiple genes, such that many different combinations of aberrations can affect hallmark
pathways and drive cancer. Thus, by uncovering the genes in these pathways, it may be
possible to identify ‘hidden’ driver mutations in the ‘long tail’, that is, the set of mutations that
are indistinguishable from passengers without considering prior knowledge, such as pathways.
To date, researchers have developed multiple classes of method that use different side
information to identify the pathways and/or hallmarks targeted in cancer (Table S2B in the
supplemental information online). One group of methods searches for significantly mutated
groups of genes in known pathway databases [97] and protein interaction networks [35,93,98—
100]. Other methods search for functional mutations that co-occur with sample-level
events [101,102], which can be viewed as a supervised learning task. These approaches
have been used on cancer cell line drug sensitivity and gene dependency and/or addiction (i.e.,
conditional essentiality) data to generate testable hypotheses, but are less well suited for
predicting coarse measurements with many factors, such as overall survival. Another promising
approach has been to search for groups of genes with mutually exclusive mutations [103-107].
However, these approaches also require large sample sizes through saturation analysis [108]
and, depending on the relative rate of driver and/or passenger mutations, such sample sizes
can be even larger than those required by the recurrent mutation detection methods
described above. Finally, going beyond coding region mutations, researchers are beginning
to uncover recurrent and functional mutations in noncoding regions of the genome that might
have a role in dysregulated gene expression, as is the case of the TERT promoter, shown for the
first time to be mutated significantly in melanoma [109] and, more recently, in 43 tumor types
[79], with significant association with poor survival in cutaneous melanoma, bladder urothelial
carcinoma, and papillary thyroid cancer [79]. Larger whole-genome sequencing efforts, such
as those from the ICGC, are likely to uncover more of these noncoding mutations due to
increased statistical power.
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Integrating Genomic and Clinical Data

Current efforts linking genomic mutation data with clinical data to assist in therapeutic decisions
build and use knowledge banks (Table S3 in the supplemental information online). These
include web tools that provide data and text summaries of the frequency, mechanisms, and
druggable targets of known driver mutations [110]. Multiple tools now include ‘interpretations’
or summaries of the driver mutations written by clinicians, including the Precision Medicine
Knowledgebase (at Weill Cornell) and the Personalized Cancer Therapy knowledge base (at M.
D. Anderson), or by the ‘crowd’ [111,112] (see references in Table S2C in the supplemental
information online). A related approach recently explored leveraging existing ‘omics data sets
for the interpretation of variants in newly sequenced samples of acute myeloid leukemia [113].
For example, one study recently demonstrated the use of this approach by building survival
models that linked genomic and clinical data, and then using these models to choose treatment
(s) and predict survival for patients with newly diagnosed acute myeloid leukemia [113].
Regularized regression on both genomic and clinical features was performed on these models
to predict overall survival; the authors used these to identify additional interventions that could
increase overall survival, and extraneous interventions that could be removed for some patients
without decreasing overall survival [113]. However, effectively integrating annotations and
clinical knowledge of known variants with ‘omic databases in an automated manner for the
interpretation of patient molecular data, and creating features from molecular data for input into
survival models, remain key challenges. This appears to be largely due to the fact that most
clinical data still need to be extracted from free text, and the pertaining electronic medical
record (EMR) systems are mostly not standardized.

Identifying Cancer Vulnerabilities on the Basis of Genetic Interactions

Another way to guide precision therapy is based on identifying and utilizing genetic inter-
actions, in particular, by harnessing the concept of synthetic lethal interactions (SLi). SLi
describe the relationship between two genes where an individual inactivation of either gene
results in a viable phenotype, while their combined inactivation is lethal for the cancer cell
[114,115]. SLi have long been considered a foundation for the development of selective
anticancer therapies [64,114,115], which aim to inhibit the SL partner of a gene that is
inactivated de novo in cancer cells. Given that this SLi partner gene is most likely to be inhibited
only in the tumor, this treatment will primarily kill these cancer cells but not healthy ones. Thus,
this offers a complementary approach for predicting patient drug responses to sequence-
based cancer precision medicine strategies. This might be achieved by: () going beyond
existing precision oncology approaches based on actionable mutations (i.e., a mutation that
can be targeted by specific small-molecule inhibitors) in a few hundred cancer driver genes, and
examining the whole genome, thereby covering all possible changes that might have occurred
in atumor. These might uncover more treatment options for patients whose tumors do not bear
actionable mutations; and (i) SLi are well poised to offer effective options for potentially treating
heterogeneous tumors, impacting differentiating subclones and resulting overall in more
effective tumor eradication with a reduced likelihood of drug resistance.

Given this promising potential, extensive experimental efforts have aimed to tease out the wiring
of genetic interactions in cancer cells based on single (isogenic) cell lines [116-121] or on large-
scale genetic knockout-based screens [122-126]. However, due to the large combinatorial
space of pairwise interactions that need to be surveyed, these screens have probed only a
small fraction of the coverage offered by SLi: each screen typically scans a few thousand
candidate SL partners of just one ‘anchor’ cancer driver gene of interest (e.g., KRAS or VHL),
altogether covering a mere fraction of the 500 million gene pairings in the human genome. Yet,
with these screens, several SL interactions have been successfully uncovered to date; apart
from examining the effect of PARP inhibitors in patients with BRCA-mutated breast and
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pancreatic tumors, a growing number of other treatments targeting SL-based cancer specific
vulnerabilities are currently being clinically investigated [127].

Aiming to bypass the limitations of current experimental techniques in probing the vast space of
potential SLi, various computational approaches have been developed to identify such candi-
date SLi (see references in Table S2D in the supplemental information online). These include
applying various machine-learning methodologies to predict genetic interactions in different
species [128-131], and in cancer (using yeast SLi) [119,132], utilizihg metabolic modeling
[1383,134], evolutionary characteristics [119,129], and transcriptomic profiles [101,135], and,
more recently, by mining cancer patient data [136-138] (Table S2D in the supplemental
information online). One recent study evaluated the TCGA copy number and transcriptomics
data to identify as candidate SLis, gene pairs that are almost never found inactivated in the
same tumors [136]. The study demonstrated that gene pair interactions (a subset of which was
validated in experimental screens) could be successfully used to predict the survival of patients
with breast cancer in an independent data set [136]. The pair was also used to predict in vitro
drug responses to identify novel drug repurposing indications for potentially treating renal
cancer [136]. Unlike the approach of using expression and copy number data [136], an
algorithm was recently developed to mine pan-cancer human tumor data and define muta-
tion-specific SL interactions for specific cancers [139]. Its SL predictions were validated against
published SL screens and one specific SL gene pair interaction between mutated IDH7 and the
gene encoding acetyl-CoA carboxylase 1 (ACACA) in leukemia was experimentally validated;
this interaction attenuating tumor growth in patient-derived xenografts(PDX) [139]. Finally,
certain predicted SL interactions were shown to successfully predict drug sensitivity, thus
serving as biologically interpretable biomarkers of the latter [139]. Overall, while these studies
have laid a solid basis for some of these genome-wide approaches, extensive research is
warranted to further elucidate the potential of SLi-based approaches in precision oncology.
Moreover, for clinical trials, there is an important unmet need to specifically design and test SLi-
based approaches that may uncover a range of tumor-specific vulnerabilities.

The Use of In Vitro and In Vivo Models for Guiding Precision Therapy

The increased functional annotation of genetic variants of unknown significance [140], along
with systematic high-throughput drug screens in 1000 cancer cell lines [141] or 1000 PDX
models [142], has significantly increased our understanding of the relationship between
genotype and drug sensitivity. We are beginning to understand the molecular profiles of
patients responding to conventional chemotherapy, such as to temozolomide [143] and
other DNA-damaging agents [144]. Due to their well-characterized clinical benefit in unstratified
patient cohorts, these remain equally valuable therapy choices in addition to targeted therapies.
With this ever-increasing number of validated biomarkers and available drugs, it is expected
that molecular profiling will reveal multiple potentially actionable alterations, which may be
treated with a multitude of drugs and/or drug combinations. Prioritizing predicted treatments
requires functional testing, especially in cases where the drug-biomarker association has not
been clinically validated. Undoubtedly, there will still be patients whose molecular analysis is
either not feasible or does not reveal targetable alterations, for which alternate routes to inform
therapy are necessary. For this purpose, several in vitro or in vivo patient-derived functional
platforms (e.g., PDX or organoid models) have been developed that mimic the native features of
tumors more closely than conventional cell culture drug-screening platforms [145].

PDX models offer one attractive approach, because tumor heterogeneity is maintained in these
models at least in early passages (for a comprehensive review, see [146]). In addition, clinical
studies have demonstrated remarkable correlations between drug activity in the PDX model
and a patient’s clinical outcome [146-149]. However, not all human tumor samples grow in
mice following subcutaneous or orthotopic implantation, and the long time span needed for
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tumor development and expansion to test multiple drugs and/or drug regimens restricts this
approach to patients with a less aggressive disease course [146]. Serial passaging is not only
accompanied by the substitution of human stroma with murine components, eventually
affecting clonal evolution [146], but also results in extensive mouse colonies and, hence,
logistical difficulties and rapidly expanding costs. Finally, although humanized mouse models
with a (partially) competent ‘human’ immune system have been developed, the remaining
technical and biological difficulties of generating these mice restrict the use of PDX models in
studying immunotherapeutic approaches as well as the effects of immunity on the efficacy of
other drugs in preclinical models [146]. Nonetheless, alternate, in vitro or ex vivo models may
substitute the extensive use of PDX.

Patient-derived 3D organoids provide a practical alternative (see other models discussed in Box
2). Organoids are established by dissociating and embedding tissue in an cell-free extracellular
matrix (matrigel or collagen), which can be expanded in a growth factor-enriched medium [150].
Organoids from pancreatic [151], colon [152—-154], gastric [155], prostate cancer [156], and
brain tumors and/or metastasis [157] have been established, and have the advantage of 3D
growth of normal and cancer tissue, recapitulating copy number and mutation spectra, as well
as other physiologically relevant aspects of disease progression in vitro [150-158]. Organoids
can be established in culture from needle biopsies within a relative short time period, and have
also been generated from circulating tumor cells(CTCs) [156]. Organoids can serve as a
model system to perform high-throughput screens within a clinically relevant time frame: in a
larger precision oncology study, organoids were established from fresh tissue available from
38% of 145 patients [158]. In addition, PDX models were successfully established from these
organoids in 19 of 22 attempts [158]. High-throughput drug screens were performed (160
drugs, including chemotherapy and targeted therapy) in 2D cultures from four patients, and the
best ‘hits’ (drugs that most effectively decreased cell viability in vitro) were verified in 3D
organoid cultures. Selected treatments were then tested in combination to identify effective
combination therapies. The best hits of single and combination therapies from two patients
were further tested in 3D organoids and PDX models, validating tumor responses in vivo, and
compared with the efficacy of current patient treatments [158]. In addition, potential drug

Box 2. Valuable Models for Guiding Precision Therapy

In addition to PDX and organoids, conditional reprogramming(CR) of patient-derived primary epithelial tumor cells or
organotypic cultures are among the possibilities to test selected treatments. Patient-derived cell lines via CR can be
rapidly established [210] and are suitable to screen large drug libraries [211,212], or to test drug combinations to
overcome acquired resistance to targeted therapy [213]. While phenotypic features and the genetic heterogeneity of the
original tumor are retained in short-term CR cultures, the enrichment of specific cell populations, including nontrans-
formed epithelial cells in this model, requires the crossverification of pheno- and genotypic features of donor tissues and
CR cells. The lack of a 3D environment may be partially overcome by culturing CR cells in sophisticated 3D artificial
organotypic cultures [214], of which fully automated 1536-well high-throughput screening platforms have recently been
described [215]. Although these artificial microenvironments lack the heterogeneity observed in patient tumors, they
may allow testing tumor cell behaviors in the context of different organ microenvironments shown to influence drug
responses [215].

In organotypic slice cultures [216] or organ explants [217], either thin slices of the tumor sample or minced tumor tissues
are maintained in culture. The biggest advantage of these culture types is that they retain cancer associated stromal
cells, preserve tumor—stroma interactions, signaling pathways, and gene expression profiles [218]. Improvements
include the use of autologous serum and patient-specific stromal-matrix proteins to more closely resemble individual
microenvironmental conditions [219], aiming to accurately predict responses to anticancer drugs. However, not all
tissues are suitable to generating thin slices (e.g., soft, mucinous, or fatty tissue), where firm tissue consistency is
required [220,221]. Another drawback of slice cultures is the loss of viability within 5-7 days [218]. Given that the median
time frame for molecular profiling and data processing in precision oncology trials is 2-4 weeks, the method is not
suitable for testing genomics-guided therapies derived from the same biopsy, unless combined with other models.
Recently, organotypic slice cultures established from pancreatic ductal adenocarcinoma PDX models were used to
screen against clinically relevant drug regimens in a 96-well format, demonstrating consistency between sensitivity of
organotypic cultures and the clinical responses of donor patients [222].
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toxicities were evaluated (e.g., trametinib and afatinib led to significant weight loss in mice)
[158]. For both cases, the combination of targeted therapies was superior over standard
chemotherapy [158]. This study underscores the potential use of functional screens in patients
where no targeted therapies are available, and the possibility of identifying effective drugs and/
or drug combinations [158]. The study further demonstrated that therapy recommendations
could be retrieved within a clinically relevant time frame (between 7 and 13 weeks) [158],
highlighting the importance of defining regulatory routes that might simplify off-label drug
access for late-stage patients, who are often not eligible for clinical trial enrollment (see
Outstanding Questions). Therefore, the combination of molecular profiling (genomics and
transcriptomics) and functional testing holds promise for determining effective combination
therapies for individual patients with cancer.

Clinical Management of Therapy Resistance in the Precision Oncology Era

Although genomics-guided therapy is associated with prolonged progression-free survival,
patients with cancer can generally develop resistance to drugs within 6-12 months, even when
trunk mutations are targeted (Figure 2). Such acquired resistance to targeted drugs may be
explained by the selection of resistant cancer cells that are present before therapy or that are
generated de novo as a result of genomic instability. Sequential therapy of second-, third-, and
even fourth-generation inhibitors that specifically address emerging mutations within the
original target (i.e., EGFR inhibitors [159-163]) or drugs targeting newly established driver
mutations (e.g., MET amplification in EGFR inhibitor-resistant CRCs [164]) have been used to
overcome resistance. Alternatively, combined inhibition of multiple pathways [165] or vertical
pathway inhibition (targeting multiple proteins within one pathway) have been suggested to
prolong progression-free survival by pre-empting resistance in a pro-active manner and
inhibiting the selection of resistant clones [166]. As an example, targeted therapy has been
used against BRAF and MEK in melanoma to counteract feedback regulatory loops and
achieve efficient pathway inhibition [18]. Although these approaches are suitable to prolong
progression-free survival, management of resistant disease remains dismal and/or short-lived,
partly because multiple resistance mutations (in addition to other mechanisms) can occur
simultaneously. This heterogeneity was recently demonstrated in a patient with CRC, where a
MEK1 mutation was detected in a liver metastasis biopsy, conferring resistance to cetuximab
[167]. Treatment of this patient with the combination of panitumumab and trametinib resulted
in regression of the biopsied liver metastasis; however, other liver metastases progressed while
on treatment. Analysis of circulating tumor DNA(ctDNA) revealed a previously unrecognized
KRAS mutation, which was later found in a biopsy from a progressing liver metastasis,
highlighting the challenges of combating polyclonal resistance [167]. To address these issues,
more general approaches have been suggested, such as interfering with tumor evolutionary
programs, for instance, by increasing genomic instability to lethal levels (e.g., PARP inhibitors in
tumors with homologous recombination deficit) [25]. These have been promising strategies to
exploit genome instability, as one driving force of heterogeneity, therapeutically [25]. However,
even this approach is accompanied by resistance [25]. Finally, there is growing interest in
applying intermittent treatment doses, or adjusting drug doses to limit the evolutionary
pressure imposed by a given drug [25]. Such adaptive therapy may serve to maintain a
drug-sensitive population, with the goal of stabilizing the tumor size rather than eliminating the
tumor. Preliminary evidence for the putative benefit of such drug ‘holidays’ comes from patients
with CRC receiving EGFR therapy [168], which was also suggested for melanoma [169,170]
and, recently, breast cancer models [171]. Advances in the characterization of ctDNA now
make it possible to carefully evaluate these different methods to combat genetic resistance to
targeted drugs in the clinical setting [167,168,172—-175]. Furthermore, the reappearance of the
driver mutation or the appearance of previously undetected mutations associated with resis-
tance to targeted therapy in the blood can enable early detection of therapy failure (before tumor
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Figure 2. Targeted Therapy and Mechanisms of Acquired Resistance. Major classes of current US Food and
Drug Administration (FDA)-approved targeted therapies include (A) drugs targeting oncogenic drivers or drugs targeting
other genetic vulnerabilities, such as poly (ADP-ribose) polymerase (PARP) inhibitors in tumors with homologous
recombination (HR) deficiency; (B) drugs that aim to increase the antitumor immune response or (C) inhibit neoangiogen-
esis. Numerous genetic as well as nongenetic mechanisms (green boxes) of acquired resistance to targeted therapeutics
are known, which likely act in concert to mediate the largely short-lived response to these drugs. (D) Routes to monitor
emerging resistance as well as the suitability of liquid biopsies compared with tumor biopsies to inform second-line therapy
are displayed. Abbreviations: APC, antigen-presenting cell; CAFs, cancer-associated fibroblasts; CTC, circulating tumor
cell; ctDNA, circulating tumor DNA; EMT, epithelial-mesenchymal transition; NSCLC, non-small cell lung cancer; RTK,
receptor tyrosine kinase; SCLC, small cell lung cancer.
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imaging indicates relapse [173,174]), and might also identify new potential drivers suitable for
guiding second-line therapy [167,168,172-175], a promising approach for the management of
resistant disease.

In addition to the Darwinian-like evolution of genomic alterations in resistant clones under
therapeutic pressure, tumors evolve resistance to therapy by adaptively rewiring transduction
networks to support the signaling processes required for survival and/or tumor maintenance
in a postgenomic, transient, and dynamic manner [176] (Figure 2; Tables S2F and S3 in the
supplemental information online). One such example is the ability of BRAF-inhibitor sensitive
MITFS"/AXL'*Y melanoma cell populations to readily switch into a MITF"/AXL"" drug-
resistant population [177,178]; these cells have been shown by single-cell RNA-seq to pre-
exist in treatment-naive samples [179]. Another example of such phenotypic plasticity was
reported in ERTHER2™ breast cancers [180]. Following multiple courses of therapy, HER2*
cells lacking gene amplification have been found to emerge in addition to HER2™ cells in
patient tumors and among CTCs; this may be indicative of nongenetic mechanisms involved
in HER2 upregulation [180]. Furthermore, characterization of patient-derived CTCs revealed
that, although both HER2* and HER2~ CTCs maintained tumor-initiating potential in ortho-
topic xenograft experiments, HER2™ cells were highly proliferative and sensitive to chemo-
therapy, whereas HER2™ CTCs exhibited a slow proliferation rate, upregulated NOTCH
signaling, and were chemoresistant [180]. Of note, cells could interconvert between a
HER2*-chemosensitive, and a HER2™-chemoresistant state, and, with chemotherapy, a
HER2* population could shift towards a HER2™ phenotype [180]. Accordingly, targeting
NOTCH in combination with chemotherapy (paclitaxel) suppressed tumor growth in mice,
whereas either treatment alone was inefficient in limiting tumor growth [180]. Therefore, rapid
interconversion of CTCs between distinct functional states may contribute to acquired
resistance to therapy; consequently, it is possible that combination therapy might improve
therapeutic responses and delay the onset of resistance. Other nongenetic routes to escape
targeted therapy can include the epithelia-mesenchymal transition (EMT), a developmental
program that is often hijacked by cancer cells [181]. Preclinical models have associated the
EMT program with chemoresistance [182,183] and a subset of patients with non-small cell
lung cancer (NSCLC) resistant to EGFR-targeted therapy were shown to display an increase
in ‘mesenchymal’ cancer cells [184]. Additionally, tumors can also undergo ‘histological
transformations’, as shown for patients with EGFR inhibitor-resistant NSCLC whose tumors
converted to a small cell lung cancer (SCLC) phenotype, escaping therapy [184]. Finally,
vascular mimicry, a phenomenon where tumor cells transdifferentiate into endothelial-like
cells that can form matrix-rich, vascular-like, perfused channels, has also been proposed to
contribute to resistance to antiangiogenic therapy, but further testing of this mechanism is
required to better understand its role in resistance [185].

Multiple resistance mechanisms (genetic and nongenetic) can act in concert to confer resis-
tance to targeted therapy (Figure 2). Indeed, in a recent melanoma study [186], analysis of
patient-matched melanoma tumors biopsied before therapy and during disease progression
demonstrated that, in contrast to heterogeneous genetic mechanisms that could result in
acquired resistance, transcriptomic signatures were highly recurrent in serial biopsies; these
indicated that a multitude of genetic and epigenetic events within the tumor compartment
converged on specific genes (c-MET, LEF1, and YAPT) and pathways to mediate resistance,
consistent with a canalization evolutionary process [186]. Additionally, this acquired
resistance signature correlated with changes in the tumor immune microenvironment, including
depletion of intratumoral CD8™ T cells, exhaustion of tumor-reactive CD8* T cells, and loss of
antigen presentation; these have been previously linked to resistance to anti-PD-1 salvage
therapy in biopsies of patients with melanoma, in support of the presumed role of CD8™ T cell
exhaustion in the development of resistance [77,186]. Furthermore, these findings suggest that
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first-line therapy with immune-checkpoint inhibitors followed by BRAF-targeted therapy upon
relapse in BRAF-mutant melanomas, may be superior over BRAF-inhibitor frontline therapy, a
hypothesis that is currently being tested in a clinical trial (NCT02224781).

The mere follow-up of genomic alterations in ctDNA is unlikely to result in the satisfactory
management of resistant disease because adaptive mechanisms on transcriptional and
signaling levels can be missed by genomic analysis alone (Figure 2). The use of CTCs may
be preferred to monitor resistant disease, because they have a better overall prognostic value,
provide an additional opportunity to characterizing genetic and nongenetic ITH, and are
suitable for functional studies [187]. The previously described in vitro and/or ex vivo models
may serve to detect relevant signaling nodes and counteract adaptive signaling by combina-
torial therapy to delay onset of resistance. As suggested for the selection of first-line therapies, a
comprehensive genomic, transcriptomic, and functional analysis of resistant disease is
required to overcome these challenges. In that case, it may be possible to mine the increasingly
available ‘omics data from large cohorts of patients and identify genetic interactions that
mediate network-wide signaling alterations conferring resistance. Such an approach could
exploit the much less-studied type of genetic interactions, termed synthetic rescues (SRs),
also known as suppression interactions [188-192]. Such SRs denote a functional interac-
tion between two genes where the targeting of one gene is compensated by the altered activity
of another gene (termed the ‘rescuer gene’); this can restore and rescue cell fithess, leading to
drug resistance. Similar to SLs, SR interactions could in principle be identified by mining ‘omics
data from large cohorts of pretreated tumor samples, taking into consideration that functional
alterations might already be occurring during the natural evolution of tumorigenic populations.

Concluding Remarks: The Road Ahead

Despite the limitations of genomics-driven cancer therapy, current efforts have demonstrated
that this approach has the potential to improve clinical outcomes, although at this time, only for
a minority of patients. Future precision oncology treatment will need to include the broader
landscape of genetic and epigenetic changes that take place in a tumor. Those include the
tumor microenvironment, which comprises metabolic as well as immunological changes, in
addition to the influence exerted by the microbiome. Consequently, we must understand that
targeting a single pathway in a tumor is, in most cases, not sufficient to achieve a sustained
response. We have outlined how the inclusion of transcriptomic data could serve to stratify
patients, suggest combination therapies, or define novel vulnerabilities to improve upon current
precision oncology trials (Figure 3 and Box 3). Patient-derived ex vivo and/or in vivo models can
serve to identify the toxicity and efficacy of combination therapies, link genomics to drug
responses, and, when such information is included in a mineable database, could serve to
inform therapeutic decision-making. The limiting factor in performing multiple ‘omics
approaches and functional testing, aside from cost, is tissue availability, highlighting the need
to improve methods to retrieve sufficient tumor material. As such, the use of CTCs is appealing,
because these can be non-invasively isolated and may better reflect the prevailing ITH (see
Outstanding Questions).

At present, ITH appears to be the biggest obstacle we need to overcome to achieve a sustained
therapeutic response. With rapid technological advances, we are acquiring the toolbox to
comprehensively characterize the complex heterogeneity of tumors at the single cell level (Box
4). However, computing the data from different platforms of 1000 cells or more remains a
challenge. Among the questions that emerge is whether it will be possible to develop multiplex-
based approaches, or use machine-learning techniques to compute tumor trends to predict
subcluster and clonal behaviors (see Outstanding Questions).
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Figure 3. Precision Oncology Work-
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Among the first series of steps needed to provide important insights into the complex nature of
malignancies, the inclusion of technological advances and computational approaches in clinical
trials stands out. We should aim to map and analyze the impact of complex genetic and
nongenetic heterogeneity during cancer progression and therapy regimens to help pave the

Box 3. Clinicians Corner

Targeted drugs are largely based on defined drugs (small molecules or biologics) designed to inhibit specific oncogenic
mutations or target key regulatory nodes that drive tumorigenesis or underlie cancer vulnerabilities. Usually, the
presence of drug-specific biomarkers enables stratification of patients for therapy and monitoring drug effectiveness.
Given the success of targeted therapies, together with the recognition that different tumor types share driver and/or
master regulators, the use of drugs that target common regulatory nodes in a histology-agnostic manner is being
evaluated in clinical trials.

Clinical experience with genomics-guided cancer therapy supports the notion that genomic profiling can improve
patient outcomes. The degree of success can be associated with the ability to verify the role of a targeted mutation and/
or alteration in tumor development, or vice versa; that is, whether the drug can efficiently attenuate the tumorigenic
effects orchestrated by the genetic alteration.

Precision oncology cannot be limited to genetics to predict responses to therapy, neither can it be limited to a single
‘omics-based approach. Multiple drivers can underlie tumor heterogeneity, which in turn can confer resistance,
metastasis, and dormancy. It also requires the targeting of master regulators that are influenced by epigenetic and
microenvironmental-based pathways. The inclusion of additional platforms, of which at this time the most suitable
appears to be transcriptomics, (with future inclusion of metabolome and microbiome analysis), is highly desirable to
identify such master regulators and design more-precise therapeutic modalities.

Advances in computational approaches to mine and integrate the multitude of data sets that become available to us are
expected to allow better subclassification of patient cohorts into subpopulations able to respond to a given therapy. In
addition, integration of multiple data platforms is expected to drive the identification of novel vulnerabilities, which will
further add to the armamentarium of current anticancer therapies. This may likely result in newer stratification methods
to identify patients who might benefit from a given precision oncology approach.

The implementation of powerful ex vivo or improved in vivo PDX models in the planning of clinical practice is encouraged.
By using these models, a multitude of available drugs and predictive biomarkers might be assessed to evaluate
therapeutic options, as well as their combinations and delivery sequence and/or approaches.
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Box 4. Available Tools to Decipher Intratumor Heterogeneity

ITH manifests as differences in genetic, epigenetic, and signaling networks of individual tumor cells coupled with
heterogeneity within the stromal compartment [25,27]. While ITH is influenced by the inherent tumor genetic make-up,
epigenetic states (influenced by the location of tumor cells) and microenvironmental factors have been recognized as
being equally important in dictating the diverse cellular states that drive the primary tumor or its metastatic lesions.
Those include the proximity to endothelial cells, cancer-associated fibroblasts, immune cells, as well as the nutrient and
oxygen availability and biophysical properties of the extracellular matrix [28,207]. The development of single cell
separation and analysis methods has provided critical insights into the complex heterogeneity of tumors, where
multiple clusters of genetically [223] and (more so) phenotypically distinct populations exist. The resulting cell-to-cell
variability in stemness and differentiation programs, proliferation. and quiescence markers, as well as in the expression
of predictive biomarkers [179,180,224,225] define the propensity of a tumor for therapeutic resistance, metastasis, and
dormancy.

Active research is being undertaken to overcome limitations in single cell methods. These include (i) improving
throughput of single cell DNA- [226-228] and single cell RNA-seq [229-231] methods; (i) limiting sampling bias,
which can partially be resolved with liquid biopsies [187]; and (i) minimizing tissue dissociation and disruption of spatial
information [232].

way towards the next generation of cancer therapeutics, capable of overcoming the challenges
imposed by the defying intratumor heterogeneity of cancers.
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What, Why, Where, and VWhen: Bringing

Timing to Immuno-Oncology

Adrienne M. Rothschilds' and K. Dane Wittrup'*

A plethora of new cancer immunotherapies are under clinical development
individually and in combination for a wide variety of indications, but optimizing
therapeutic outcomes will require precise consideration of timing in treatment
schedule design. In this review, we summarize the current understanding of the
temporal rhythms of the anticancer immune response. Lessons learned in
preclinical and clinical studies begin to define a framework for incorporating
duration and sequencing into immunotherapy. We also discuss key challenges
and opportunities for translation of temporally programmed treatment sched-
ules to the clinic, including alignment of immunological timescales in preclinical
models and humans, and the use of current and emerging biomarkers.

The Need for ‘When’ in Cancer Immunotherapy

Immuno-oncology is progressively becoming synonymous with clinical oncology practice. The
what of cancer immunotherapy includes multiple modalities, including cytokines, antibodies,
vaccines, and cell therapies — often used in combination. Recent clinical successes with
combinations of checkpoint blockade (see Glossary) antibodies targeting programmed
cell death protein (PD)-1 and cytotoxic T lymphocyte associated protein (CTLA)-4 have
validated why immunotherapy is important by demonstrating the ability of the immune system
to durably control tumors with cure rates of up to 58% in advanced melanoma [1]. Antibodies
targeting the PD-1 pathway have been approved for 15 different indications to date and have
received nine new FDA approvals so far in 2018 (https://www.cancerresearch.org/scientists/
clinical-accelerator/landscape-of-immuno-oncology-drug-development). Despite these suc-
cesses, many patients and tumor types still do not respond to immunotherapy or have to
exit treatment due to adverse events. Numerous efforts are underway to restrict where immune
activation occurs, in order to achieve improved safety and efficacy focused on tumor tissues [2—
5]. However, insufficient attention has been paid so far to the critical issue of ‘when’. Successful
immunotherapies of the future could orchestrate an immune response by resonating with the
natural rhythms of innate and adaptive immune responses, amplifying and driving therapeutic
effects by rationally timing combination immunotherapy dose schedules. Efforts invested in
examination of combination dose scheduling can return qualitatively significant returns with
respect to improved efficacy and decreased toxicity; all without necessitating approval of new
agents. Understanding the timing of the immune system as it pertains to cancer therapy is not
an insurmountable challenge; some preclinical and clinical examples provide exemplary guid-
ance. In this review, we highlight critical aspects of therapeutic timing already understood to be
significant, provide some vignettes of immunotherapies that leverage temporal aspects of
immunity, and identify challenges meriting focused efforts.

Natural Rhythms of Immunity
To begin to address timing in immunotherapy treatment regimens, let us first consider
examples where the duration or sequence of events is critical for innate and adaptive immune
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activation. Changing the duration of an activating signal can lead to diametrically opposed
outcomes. In the innate immune system, the duration of exposure to lipopolysaccharides (LPS)
can promote dendritic cells (DCs) either to stimulate CD4* T cells to produce interferon (IFN) y
(DC LPS exposure for 8 h) or to produce interleukin (IL)-4 (DC LPS exposure for 48 h) [6].
Similarly to LPS, IFN signaling can play opposing roles in immune activation depending on
duration. Brief IFN signaling is essential for immune activation (both type | and type Il) [7-9], but
persistent IFN signaling of either type by tumor cells can contribute to resistance to checkpoint
blockade therapy [10]. Bolus intravenous administration of small cytokines can provide brief
cellular stimulation, but numerous strategies are available for extended pharmacological
exposure to immunomodulatory agents; namely: (i) continuous infusion (e.g., of bispecific T
cell engagers) [11]; (i) injection of cytokine fusion proteins to extend lifetime (such as IL-2 to
albumin or Fc domains) [12]; or (iii) slow cytokine release from biomaterials such as polyethylene
glycol [13-15]. These precedents have demonstrated how more is not always better in immune
activation, depending on the cytokine used for stimulation.

The adaptive immune system relies on precisely sequenced cues for effective CD4* and CD8*
T cell activation. Dosing strategies that ignore these specific windows of opportunity may
achieve lesser therapeutic effects — or worse, inadvertently suppress important effector
responses. For CD4" T cells, exposure to IL-2 prior to priming and costimulation actually
results in impaired activation, proliferation, and memory formation [16]. Timing of IL-2 exposure
is also important for preferentially activating CD8™ T cells over regulatory T cells since, unlike
the constitutive expression in regulatory T cells, CD8" T cells only transiently express the high-
affinity IL-2 receptor CD25 after T cell receptor (TCR) engagement [16]. Specifically, when CD8*
T cells upregulate CD25, maximal downstream STATS signaling can be detected from a pulse
of IL-2 exposure for 1 hin vitro due to IL-2 recycling; this indicates that there is an optimal time
to dose IL-2 to activate CD8* T cells without extended IL-2 exposure that could activate
regulatory T cells [17]. Similarly to CD4* T cells, CD8* T cells have an optimal time window for
cytokine exposure. In vitro assays have shown that IL-12 receptor signaling is needed for a
period of 24-60 h after antigen recognition and priming in order for CD8* T cells to proliferate
and gain full effector function [18,19]. In addition, in a mouse model of influenza A virus infection,
CD4* T cells could avoid apoptosis and transition into memory cells with exposure to antigen or
IL-2, approximately 1 week after initial infection [20]. Thus, from this example among many, the
memory response of adaptive immunity also requires particular temporal interactions.

Beyond the examples of the critical importance of timing in T cell cytokine responses, a
temporal framework for understanding the progression of innate and adaptive events has
been proposed for the anticancer immune response [21]. Since cancer often suppresses the
immune system into an equilibrium phase [22,23], the first step in an immune response against
cancer is the generation of antigen through initiation of a tumor cell death event [21]. Prior to
treatment, the system may be asynchronous, but commencement of treatment can initiate a
timed series of responses in which the duration of delays between milestones is reasonably
predictable, as the following examples describe. An initiating wave of cell death can be
achieved by a variety of cytotoxic agents including chemotherapy, radiotherapy (RT), and
tumor-cell-targeting antibodies. Next, antigen presenting cells (APCs) such as DCs sample
the bolus of tumor debris released in the microenvironment and traffic to lymph nodes to
present antigen and prime T cells. This process is not instantaneous, and may take hours or
days to align with recently characterized circadian fluxes of lymphocytes through the lymph
nodes [24] to reach a maximal level of APC/T cell interactions. Immunotherapy can potentiate
these processes with administration of stimulator of interferon genes (STING) agonists or
cytokines such as type I IFNs to mature APCs, or administering immunomodulatory antibodies
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Glossary

4-1BB (also known as CD137):
costimulatory receptor expressed on
the surface of a variety of cell types
including T cells, NK cells, and DCs.
Antigen presenting cells (APCs):
cells such as DCs that take up
antigens and are subsequently
involved in priming and costimulation
of T cells.

Bispecific antibodies: antibodies
that have two different target
specificities because they have a
different variable region on each of
their two arms.

Checkpoint blockade: a class of
immunotherapy involving
antagonizing receptors that stop or
weaken lymphocyte activity (e.g.,
PD-1 and CTLA-4).

Circulating tumor DNA (ctDNA):
DNA released from tumor cells found
systemically, often identified by
known tumor mutations.

Cytokine release syndrome: a
harmful condition where the body
produces excess inflammation in
response to immunotherapy.
Cytotoxic T lymphocyte
associated protein 4 (CTLA-4): a
checkpoint receptor expressed on
regulatory T cells and activated CD8*
and CD4* effector T cells that blocks
T cell costimulation.

Duration of treatment: period of
time for which a particular treatment
is administered.

Immune escape: process by which
cancer escapes the immune system
through soluble factors that suppress
immune cells or cancer cell surface
receptors that prevent immune
recognition.

Interleukin 2 (IL-2): an inflammatory
cytokine with many functions
including enhancing antibody-
mediated cell killing and proliferation
of lymphocytes.
Neutrophil-lymphocyte ratio
(NLR): Ratio in the blood of
neutrophils to lymphocytes.
Programmed cell death protein
(PD)-1: checkpoint receptor
expressed on the surface of T cells
that inhibits T cell activation.
Regulatory T cells: type of immune
cells that restrain activation of the
immune system.

Sequence of treatments: order in
which individual agents in
combination therapies are
administered.
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such as tumor necrosis factor receptor (TNFR) superfamily agonists that can enhance
signaling during T cell priming [25].

Once T cells are primed by APCs in the draining lymph nodes within the first few days after
tumor cell death [26], these lymphocytes re-enter circulation until they find and can infiltrate the
tumor, which can be enhanced by gradients of local chemokines such as CXCL9 or CXCL10
[27]. After the wave of infiltration of freshly primed T cells into the tumor within 4-7 days after
tumor cell death, cytotoxic T lymphocytes (CTLs) engage tumor cells through their TCRs. This
wave of tumor cell killing by CD8* CTLs, which can persist when checkpoint blockade anti-
bodies block negative signaling, can then reset the clock of the anticancer immune response to
begin again and even help spread the response to new tumor antigens [28]. Despite awareness
of the cyclic nature of the immune response, current immunotherapy schedules are often stuck
in a traditional ‘persistent dose to maximum tolerated dose’ perspective that squanders
opportunities to exploit potential golden windows of timing.

Preclinical Examples of Duration or Sequencing in Immunotherapy

How can lessons learned about the natural rhythms of the immune system be applied to cancer
immunotherapy treatment schedules? Such lessons are especially important for combination
therapies (anti-PD-1 and anti-CTLA-4 [29]; anti-PD-1/CTLA-4 and IL-2 (clinical trial
NCT02983045)), which are increasingly recognized as critical for preventing tumor immune
escape. Combination therapy agents are valuable because they activate different steps of the
anticancer response, yet these combination agents are most often dosed simultaneously or in
treatment schedules dictated by the FDA approval process of each individual agent, instead of
aligning with the underlying immune temporal dynamics. Such disruption of the naturally timed
interplay of innate and adaptive immunity may harm therapeutic efficacy and lead to toxicity
from futile overstimulation. A handful of preclinical and clinical studies offers vignettes of
successful incorporation of timing into both the duration of treatment and sequence of
treatments for combination immunotherapy (Figure 1, Key Figure).

Optimal duration of immunotherapy is essential for synergizing with the timing of the immune
system. Using checkpoint blockade as an example, reports suggest that anti-PD-1 antibodies
might curtail the memory response in some circumstances, as in the case of the therapeutic
survival benefit of a 4-1BB antibody, which was diminished when combined with anti-PD-1
treatment compared to anti-4-1BB treatment alone in the Ep.-myc transgenic C57BL/6 murine
spontaneous B cell lymphoma model [41]. Although anti-PD-1 is generally dosed clinically every
2-4 weeks until disease progression or intolerable toxicity ensues, the extended duration of
anti-PD-1 treatment merits further scrutiny if it has the potential to impair immune memory
formation. Of note, a meta-analysis of the combination treatments of ipilimumab (anti-CTLA-4)
and nivolumab (anti-PD-1) in the CheckMate 067 (advanced melanoma, NCT01844505) and
069 (unresectable or metastatic melanoma, NCT01927419) clinical trials showed that patients
who discontinued treatment due to adverse events did not present different outcomes than
patients completing the full treatment [42]. Consequently, this questions the paradigm that
toxicity and efficacy are a priori linked, and suggests that a shorter treatment duration might not
necessarily compromise efficacy.

Sequencing of immunotherapies, defined here as purposefully choosing an order of adminis-
tration for individual agents, has shown success in enhancing therapeutic efficacy. Combina-
tion therapies incorporating TNFR superfamily agonists have benefitted from such approaches
in several recent preclinical studies. Combination of the antitumor antibody trastuzumab
(targeting HER2) with anti-CD137 agonistic antibodies, in vitro and in the BT474M1 cell line
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Tumor necrosis factor receptor
(TNFR) superfamily: group of
receptors exerting related
costimulatory effects on either APCs
or T cells. Members of this family
include 4-1BB (also known as
CD137), OX40, CD40, and CD30.
Type | interferons (IFNs):
inflamsmatory cytokines such as IFNa
with many functions including
activation and maturation of APCs.
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Key Figure

Preclinical and Clinical Examples of Temporally Programmed Combina-
tion Cancer Immunotherapies
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Figure 1. These therapies are superimposed along the steps of the anticancer immune response. Although many
immunotherapies such as the anti-CTLA-4 antibody have the potential to affect more than one step, they are positioned
coincidentally with combination partners (such as anti-PD-1 antibody treatment) to reflect the particular treatment
schedule used in the reference. Placement of each arrow along the anticancer immune clock signifies the step when
that particular therapy might be most useful. Although not every therapy has been iterated in combination with every other
therapy in preclinical or clinical studies, the combinations that have been sequentially tested (indicated by arrows within
each individual color) align a timing framework for future combination partners. The references to these examples are color-
coded: red: [30]; orange: [31,32]; yellow: [33], NCT02677155; green: [34,35]; cyan: [36,37]; blue: [38]; purple: [26]; and
magenta: [39,40]. Abbreviations: APCs, antigen presenting cells; CTL, cytotoxic T lymphocyte; DCs, dendritic cells; i,
inhibitor; IFN, interferon; IL-2, interleukin-2; PD-1, programmed cell death protein-1; RT, radiotherapy; TCB, T cell
bispecific antibody; TCR, T cell receptor.
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breast cancer xenograft model injected into athymic nude Foxn1™ mice, has shown that
efficacy depends on dosing the anti-CD137 antibody after trastuzumab treatment, given that
natural killer (NK) cells upregulate CD137 only after they initiate tumor cell death through
trastuzumab [39]. The importance of delaying anti-CD137 to align with the natural rhythm of NK
cell activation was also confirmed with the EGFR antibody cetuximab in peripheral blood
mononuclear cells isolated from head and neck cancer patients, in which increased NK cell
expression of CD137 correlated with increased percentages of EGFR-specific CD8* T cells
after treatment, relative to before treatment [40].

Following these data, since agonist antibodies targeting TNFR superfamily members may exert
their effects mostly after tumor antigen generation, but before or during CTL-induced tumor cell
killing, we posit that using these agents after a tumor targeting antibody but before checkpoint
blockade makes sense. Indeed, in a PD-1 refractory, orthotopic mammary cancer mouse
model, anti-PD-1 combination treatment abolished the efficacy of agonistic OX40 antibody
alone [36]. However, when anti-PD-1 was given after anti-OX40 (but not concurrently or in
reverse order), the two synergized, resulting in improved animal survival (Figure 2). In addition, in
a syngeneic mouse TC-1 tumor model, intraperitoneal administration of anti-PD-1 antibody
concurrent with anti-OX40 and an HPV16 E7 peptide vaccine decreased the number of tumor-
infiltrating, E7-antigen-specific CD8" T cells compared with anti-OX40 and vaccine treatment
[37]. However, many ongoing clinical trials of OX40 agonist antibodies in combination with
checkpoint blockade have not, to our knowledge, incorporated sequencing, which may not
bode well for the predicted outcomes.

From another angle, preclinical studies in syngeneic mouse tumor models have demonstrated
that staggering IFNa 2 days after the combination of IL-2 and a cytotoxic agent (such as murine
anti-TRP1 antibody TA99 in the B16F10 model in C57BL/6 mice) dramatically improved
survival from 0 to 60-100% relative to that with concurrent administration of all three agents
[26] (Figure 2). The mechanism for the survival advantage of delayed IFNa likely involves DC
maturation after (instead of before) exposure to antigens, since administration of IFNa 1 day
before ovalbumin vaccination lowered the numbers of antigen-specific CD8* T cells in the
blood compared to no IFNa, or administering IFNa 1 day after the vaccine [26]. Toxicity in the
form of 10-20% weight loss associated with this combination therapy independent of the
presence of tumors, and in several mouse species, could be eliminated without affecting
antitumor efficacy (in the B16F10 model in C57BL/6 mice) by IL-2 administration with or after
(delayed) IFNa in this triple combination [43]. Although IFNa and IL-2 were some of the first
FDA-approved immunotherapies, combinations of these two therapies with chemotherapy,
compared to IFNa and chemotherapy without IL-2, exhibited increased toxicity and failed to
improve efficacy in a clinical trial of metastatic melanoma (NCT00002669) [44]. Collectively,
these findings suggest that properly phasing dosing regimens might potentially revive combi-
nation strategies that have failed in the past by revisiting different clinical dose scheduling.

Other preclinical studies in the CT26 colon cancer model in BALB/c mice examining combi-
nations of immunotherapy with RT have suggested that agents such as anti-CTLA-4 used to
deplete regulatory T cells as well as TGFB inhibitors can help precondition the tumor microen-
vironment to respond to RT, if they are optimally delivered before RT [34,35]. For example,
delivering anti-CTLA-4 7 days before RT compared with 1 or 7 days after RT in the same CT26
model system improved survival from 50% to 100% [35]. Tumor cell debris after RT-induced
killing might be taken up by APCs (such as DCs, which promote a subsequent T cell response
against cancer), if cells such as regulatory T cells are first depleted [45]. One way this could be
accomplished is by administering anti-CTLA-4 antibodies [46]. Although we do not yet have the
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Figure 2. Sequencing Combination Immunotherapies. Two examples of sequenced combination immunotherapies
demonstrate the principle that treating with all combination agents earlier does not necessarily result in an improved
survival. Delayed anti-PD-1 antibody intraperitoneal treatment (days 13, 15, and 17) resulted in improved survival over
concurrent treatment in combination with anti-OX40 antibody intraperitoneal treatment (days 7, 9, and 11) in the MMTV-
PyMT mammary cancer model orthotopically transplanted into naive FVB/NJ mice (day 0) [36]. In addition, delayed retro-
orbital IFNa administration (days 8 and 14) resulted in improved survival relative to concurrent treatment in combination
with retro-orbital antitumor antibody and IL-2 administration (days 6 and 12) in the syngeneic B16F10 melanoma model
subcutaneously injected into C57BL/6 mice (day 0) [26]. Abbreviations: a-tumor ab, antitumor antibody; elL-2, extended
half-life IL-2; IFN, interferon; IL-2, interleukin-2; PBS, phosphate-buffered saline (control).

tools to precisely predict responses to temporal sequencing of every immunotherapy combi-
nation, these preclinical examples begin to indicate when along the anticancer immune
response, each type of therapy might be most valuable.

Clinical Examples of Temporally Programmed Treatment Schedules

Clinical examples exploring duration or sequencing of combination immunotherapies have
often been motivated by attempted avoidance of adverse events. For example, the recently
published results of the CheckMate 067 trial (see above) combining ipilimumab and nivolumab
for advanced melanoma documented grade 3 or 4 adverse events in 59% of combination-
treated patients, which was double the rate for either individual therapy [1]. The unmet clinical
need to maintain or improve combination checkpoint blockade efficacy while reducing adverse
events inspired trials such as CheckMate 064. In this Phase |l trial, administering nivolumab
before ipilimumab resulted in a higher proportion of responding patients at week 25 compared
to administering these agents in the reverse order (41% compared with 20%), although grade 3
or higher adverse events stayed high at 50% and 43% for the respective groups [38].
Interpretation of the results from CheckMate 064 is complicated because grades 3-5 adverse
events were highest during ipilimumab treatment (whether before or after nivolumab) [38], but
this study is still an important step towards bringing timing to the clinic. It is not just combi-
nations of two or more immunotherapies that can benefit from sequenced approaches in the
clinic. A Phase |l trial showed that cycles of treatment with the BRAF inhibitor vemurafenib
dosed prior to ipilimumab lowered hepatotoxicity relative to concurrent dosing of these two
agents in BRAF-mutated advanced or metastatic melanoma (NCT01673854) [31]. Another
ongoing Phase |l clinical trial is exploring BRAF-mutated metastatic melanoma, and investi-
gating double combinations of targeted therapies (BRAF and MEK inhibitors) sequenced with
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nivolumab and ipilimumab (NCT02631447) [32]. Lastly, a Phase lll clinical trial in BRAF-mutated
stage IIlI/IV melanoma is also testing combinations of BRAF inhibitors before or after nivolumab
and ipilimumab (NCT02224781). Although timing studies for immunotherapy are still in their
infancy, these ongoing trials will be instructive for future combinations of cytotoxic agents with
checkpoint blockade, and may provide further encouragement and validation for sequenced
combination therapies in general.

Challenges to Using Time for Synergizing Combination Therapies in the
Clinic

Armed with the knowledge of the progression of events in the anticancer immune response,
and inspired by a small number of examples of temporally designed immunotherapy treatment
schedules, how can time become regularly incorporated into clinical dosing regimens? Bringing
immunotherapy timing principles to the clinic necessitates confronting a few key challenges.
First, we need to characterize the allometric scaling between murine and human immunological
clocks —in what way, if any, do key time scales differ from mice to humans? Finding informative
biomarkers to assist in monitoring the timing of responses would help ensure appropriate
exploitation of these opportunities for temporal synergies.

Although caution is required in generalizing murine lessons on duration or sequencing of
immunotherapies into humans, timescales of some cellular or system-level processes may be
similar between the two species. In a HIV DNA vaccine system tested in humans, dosing
plasmid IL-2/immunoglobulin as an adjuvant elicited optimal responses dosed 2 days after
antigen DNA administration [47]. The same finding has been reflected in preclinical HIV vaccine
studies in nonhuman primates [48] and mice [49]. This timing suggests a mechanism of action
involving IL-2 support of freshly primed effector T cells; a process that apparently requires a
similar length of time in mice and humans. One recent area where cancer immunotherapy
sequencing has been successfully translated from mouse models to clinical studies is step-up-
dosing, or pretreatment strategies for bispecific antibodies. For instance, after observing
cytokine release syndrome in mice treated with a newly developed, extended half-life T cell
bispecific antibodies against CD20, a new treatment schedule was developed. A monoclonal
antibody against CD20 (obinutuzumalb) administered 5-7 days prior to the bispecific antibody
ameliorated toxicity in mice and cynomolgus monkeys relative to monotherapy with the CD20
bispecific antibody [30]. Indeed, this proof of concept is now in a Phase | clinical trial for patients
with relapsed or refractory B cell non-Hodgkin's lymphoma (NCT03075696). Hence, the reset
time for substantial clearance, and then replenishment of the CD20-positive cell pool, appears
to be roughly similar across these organisms. One more example that incorporates timing into
clinical immunotherapy combinations is the exciting, ongoing Phase Il Lymvac-2 trial for
follicular lymphoma (NCT02677155). This trial built a sequential treatment schedule on past
in vitro [50], preclinical [51], and clinical studies (NCT01926639) [33], where intranodal injection
of rituximab (anti-CD20 antibody) occurred 1 day prior to and 1 day after RT, followed by
intranodal injection of autologous DCs, subcutaneous GM-CSF, and intravenous pembrolizu-
mab, all staggered 1 day apart (NCT02677155). The immunological clock in these examples
was not found to be significantly different between mice, monkeys, and humans, since the
ongoing clinical trials mentioned above reflect treatment schedule timing developed in preclini-
cal models. Thus, it may be possible to utilize emerging preclinical data to revive combinations
of immunotherapies previously abandoned for lack of therapeutic index, if a rational treatment
schedule design is incorporated. Examples such as these provide further validation that
timescales in the order of days used to sequence combination immunotherapies in mice might
be tested in monkeys for safety, and then, potentially translated to humans for efficacy and
toxicity improvements in treating certain malignancies.
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Another challenge in increasing confidence in moving rationally designed dosing schedules to
the clinic is the development of appropriate biomarkers that could yield real-time feedback to
identify optimal timing. One parameter that may hold promise as a harbinger for tumor cell
death or response to therapy is circulating tumor DNA (ctDNA). A serum BRAF VE0OE ctDNA
concentration spike within the first month (that subsequently disappears) after administration of
tumor-infiltrating lymphocyte therapy in human metastatic melanoma has been reported to be
predictive of improved survival in response to therapy, relative to a serum spike that does not
disappear, or to no initial spike in BRAF V60OE ctDNA [52]. Since BRAF VE0OE ctDNA could be
released due to tumor cell death from the cellular therapy, clearance of the ctDNA after the first
month may indicate that the tumor is gone or receding. With further validation under different
tumor and cytotoxic settings, serum PCR for ctDNA in tumors with known mutations might be
considered as a simple proxy for antigen release, and could inform appropriate timing for
combination partners enhancing APC priming of T cells, such as via type | IFNs [26]. During this
priming phase, activated effector T cells may upregulate members of the TNF or TNFR
superfamily such as CD40L, 4-1BB, OX40, and CD30. As these proteins are cleaved by
proteases and have known associations with flare-ups in certain autoimmune diseases such as
rheumatoid arthritis and lupus [25,53,54], we posit that it may be feasible to monitor their
concentration in the circulation; presumably, this could be evidence of immune activation in
cancer as well. Biomarkers characterized from standard blood cell counts also have the
potential for predictive staging of the immune response and deserve more attention. One
metric termed the neutrophil-lymphocyte ratio (NLR), typically measured in the blood, has
recently been shown to be negatively correlated with clinical response to high-dose IL-2
therapy in renal cell carcinoma [55]. A retrospective analysis of renal cell carcinoma patients
treated with anti-PD-1 or anti-PD-L1 checkpoint blockade indicated that a 25% or greater
reduction in the blood NLR from baseline to 6 weeks after therapy was predictive of improved
clinical outcome [56]. Similarly, baseline NLR <5 has been associated with improved overall
survival in response to nivolumab therapy in melanoma patients relative to baseline NLR >5
[57]. In addition, analysis of melanoma patients treated with ipilimumab has shown that a higher
NLR in circulation either before treatment or increasing during treatment is associated with
worsened response to therapy [58]. The rationale for this metric is that when circulating
lymphocytes are higher relative to neutrophils, the anticancer immune response to immuno-
modulatory agents may be primed to induce T cell infiltration or prevent T cell exhaustion, and at
this point, IL-2 or checkpoint blockade may be efficacious. Thus, ctDNA, inflammatory serum
proteins such as TNF superfamily members, and NLR are examples of potential biomarkers
that could offer a window into the patient’s immune response and inform regimens that involve
timing of different combination therapy agents.

As discussed, aligning preclinical and clinical immunological timescales as well as finding
biomarkers to classify the stage of the immune system are both significant challenges to the
field. However, many other challenges remain to move temporally designed treatment sched-
ules from an instantiated concept into regular clinical practice. One challenge for bioinforma-
ticians and immunologists is to find a way to leverage the plethora of sequencing data in publicly
available resources such as The Cancer Genome Atlas, especially for any studies with data at
multiple time points within a given tumor type and treatment schedule. An additional challenge
is that many immunotherapies are designed for optimally long pharmacological residency after
administration. Taking into account the ideal time window for each drug for the immune system
would mean designing (or redesigning) drugs for controlled (perhaps shorter) exposure win-
dows without compromising biodistribution. Confronting these obstacles to incorporating
rationally designed treatment schedules will require concerted efforts by clinicians, bioinfor-
maticians, engineers, and other scientists.
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Concluding Remarks

Putting the ‘when’ into the cancer immunotherapy paradigm will require synthesizing existing
knowledge of the progression of the anticancer immune response with timing principles
established in preclinical and clinical examples, and validating new putative biomarkers to
help classify stages of the immune response against tumors. Although the studies described
herein begin to establish frameworks for when to administer therapeutic agents along the
anticancer immune cycle, many open questions remain (see Outstanding Questions).
Combinations of agents do not always act the same together as their individual components,
so how can rational decisions be made about these agents instead of using a guess and test
approach? Many individual immunotherapy agents have pleiotropic roles and the potential to
enhance multiple steps of the immune response. Can biomarkers be developed to indicate not
only the stage of the anticancer immune response, but which agent or agents would enhance
that stage”? How can researchers and clinicians work together to establish a set of guidelines
drawing parallels between the timescales of preclinical and human immune responses for
efficient clinical translation of rationally designed treatment schedules?

The time has never been more appropriate to bring these new timing concepts to the clinic.
Immuno-oncology garnered international attention in 2018 with the Nobel Prize in Physiology or
Medicine, but escalating drug costs and dose-limiting toxicities in regimens indicate that there
is significant room for improvement. Immunotherapies such as combination nivolumab and
ipilimumalb are estimated to cost up to $300 000 per patient [59] and cancer care in the US is
estimated to cost $174 billion in 2020 [60]. In recent immuno-oncology trials such as the
CheckMate 067 trial, 39% of patients discontinued treatment due to adverse events [1]. Thus,
next-generation immunotherapies incorporating timing have the potential to address these
economic and toxicity roadblocks through careful duration and sequencing choices that may
enable equal or better outcomes from fewer total doses. It will thus be exciting to see some of
these testing strategies come into action.
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Outstanding Questions

How can dose schedules optimized in
mice be translated to the time scales in
human patients?

What serum biomarkers might be use-
ful for real-time assessment of ongoing
therapeutic responses to fine-tune
dose schedules?

Can biomarkers be developed to indi-
cate not only the stage of the antican-
cerimmune response, but which agent
or agents would enhance that stage?

What is the best way to leverage
knowledge of timing in the immune
response into rational combination
treatment schedule design to obviate
empirical guess and test approaches?

How can researchers and clinicians
work together to establish a set of
guidelines drawing parallels between
the timescales of preclinical and
human immune responses for efficient
clinical  translation  of rationally
designed treatment schedules?
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The Emergence of Natural Killer Cells as a
Major Target in Cancer Immunotherapy

Fernando Souza-Fonseca-Guimaraes,’?* Joseph Cursons,?® and Nicholas D. Huntington

Immune ‘checkpoint’ inhibitors can increase the activity of tumor-resident
cytotoxic lymphocytes and have revolutionized cancer treatment. Current
therapies block inhibitory pathways in tumor-infiltrating CD8* T cells and recent
studies have shown similar programs in other effector populations such as
natural killer (NK) cells. NK cells are critical forimmunosurveillance, particularly
the control of metastatic cells or hematological cancers. However, how NK cells
specifically recognize transformed cells and dominant negative feedback path-
ways, as well as how tumors escape NK cell control, remains undefined. This
review summarizes recent advances that have illuminated inhibitory check-
points in NK cells, some of which are shared with conventional cytotoxic T
lymphocytes. It also outlines emerging approaches aimed at unleashing the
potential of NK cells in immunotherapy.

The Success of Immune ‘Checkpoint’ Blockade (ICB): Fueling a
Renaissance in Natural Killer (NK) Cell-Based Cancer Immunotherapies
Immunotherapies have arguably provided the most significant advance in cancer therapy from
the last 30 years. Monoclonal antibody therapies, collectively known as ICB treatments,
alleviate repression by regulatory receptors on immune effector cells, predominantly cytotoxic
CD8"* T lymphocytes (CTL) (see Glossary). Metastatic melanoma is a clear example where
ICB has revolutionized clinical treatment, with durable responses for over 50% of patients
surviving past 4 years, compared with historical survival rates below 10% for chemotherapy/
targeted therapy (CheckMate 067; NCT01844505; [1]) (Boxes 1 and 2). Despite the promise of
immunotherapy, effective treatment is restricted to a subset of patients and cancer types.
Robust responses are seen against tumors with both high mutational load and a high frequency
of infiltrating effector lymphocytes, but tumor initiation and growth of such tumors can proceed
via immunosuppression (either through changes in the microenvironment and/or the acquisi-
tion of mutations that allow immune evasion) and this must be overcome to achieve effective
patient responses [2-4].

A wide array of immune cell types contribute to cancer prevention and spread through
immunosurveillance. Innate immune cells, which include macrophages, dendritic cells (DC),
and NK cells, contribute to spontaneous and acute antitumor responses by releasing mediators
of inflammation, such as cytokines and chemokines, that activate local immune cells and recruit
additional immune cells. In addition, NK cells also directly kill malignant or transformed cells by
releasing cytotoxic granules to ultimately generate cell debris for capture by antigen-presenting
cells, including macrophages and DCs (Figure 1, central panel). NK cells are a critical compo-
nent of the innate immune system, and while they share many features with CTLs, they can
detect and kill transformed cells that do not depend on specific neo-antigen recognition. The
function of NK cells is modulated by a range of germline-encoded inhibitory and activating
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Highlights

NK cells possess the innate ability to
detect transformed cells, and thus, are
key to cancer immunosurveillance and
antitumor immunity, particularly in
hematological cancers and the control
of metastatic dissemination.

Immune checkpoint inhibitors that
function by enhancing cytotoxic
immune responses of tumor-infiltrating
lymphocytes have revolutionized the
cancer therapy landscape.

Seminal discoveries in NK cell biology
have culminated in recent break-
throughs with the identification of potent
‘checkpoints’ for NK cell activation, sev-
eral of which may be shared with T cells.

Giventhe ability of NK cells to detect and
destroy a range of cancerous tissues,
mechanistic insight into how cancer
cells regulate NK cell checkpoints and
the pharmacological modulation of
these checkpoints represents an unmet
need for immunotherapy development.
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Box 1. Current Clinical Cancer Therapies

The most effective cancer treatment at an early stage is surgical resection, while many patients with stage Ill disease
(where the cancer has spread to draining lymph nodes) can also be treated or cured with lymphadenectomy (e.g., for
melanoma, lung cancer, and breast cancer). Once cancer cells have metastasized to other parts of the body, however,
therapeutic options are more limited, requiring systemic treatments such as immunotherapy or chemotherapy [110].
Current clinical therapies boost a patient’s immune response against tumor cells primarily through targeting cytotoxic T
lymphocytes, acting to alleviate the repressive effect of inhibitory receptors (in particular CTLA-4 and the PD-1:PD-L1
axis; see Figure 1) and reinstate optimal T cell response to neo-antigen-expressing tumor cells [4]. Other approaches
showing promise in clinical trials are immunomodulatory agents that directly increase effector lymphocyte priming/
activity/frequency, including treatment with stimulatory interleukins (e.g., IL-2/IL-15) or interferons, vaccination with
tumor antigens (cancer vaccines), antibodies linking T cells to tumor cells (CD3-targeted bispecific antibodies), or cell
therapies including autologous tumor resident T cells and chimeric antigen receptor (CAR) T cells [111-113].

Box 2. Mechanisms for Immune Checkpoint Inhibitors Used Clinically

Arobustimmune response must be initiated in a timely manner to effectively control pathogenic microbes. However, the
immune system must subsequently be downregulated to limit damage of the surrounding healthy tissue; this is partly
achieved through a series of intercellular interactions, with cellular immune checkpoints (e.g., PD-1 and CTLA-4
checkpoints). Current immunotherapies that boost a patient’s immune response against tumor cells use antibodies that
interfere with activation of immune checkpoints. These checkpoints form part of the physiological regulatory mechan-
isms that are in place to prevent the damaging effects of immune hyperactivity, and they are often hijacked by tumor
cells to facilitate immune evasion. Approved therapies include: ipilimumab (anti-CTLA4); nivolumab or pembrolizumab
(anti-PD-1), or atezolizumab (anti-PD-L1). While the dominant mechanism of action for CTLA4 inhibition is contentious,
there is good evidence that it acts, at least in part, by modulating a natural feedback system within the lymph nodes
(Figure 1B). Activation of the T cell receptor (TCR) complex by MHC-mediated antigen presentation also depends upon
the TCR cofactor CD28, which is activated by CD80 on the antigen-presenting cell. This triggers the production of
CTLA4, which subsequently competes for CD80, acting to downregulate T cell activation and prevent immune
hyperactivation. While inhibition of these checkpoints can be advantageous for T cell-mediated tumor control, it
can also contribute to autoimmunity that can arise following immunotherapy (e.g., type 1 diabetes).

receptors that allow them to recognize and respond to changes in the expression of ligands on
pathogenic cells, with regulation emerging from the integrated balance of activating and
inhibitory signals stemming from the NK cell-tumor interface [5]. These features are key to
tumor immunosurveillance, providing NK cells with the capacity to rapidly identify newly
transformed cells. Cancer cells can, however, evade NK cell detection by dysregulating this
intricate balance to allow disease progression and metastasis to vital organs.

NK cells are an attractive alternative to T cell immunotherapies because they preferentially
target ‘altered’ cells in the body, without the need for prior sensitization or knowledge of specific
cancer cell antigens. In numerous preclinical studies, NK cells have shown an exceptional
capacity to resist the hematogenous spread of experimental and spontaneous tumor metas-
tases [6,7]. Clinically, NK cell activity has been inversely correlated with cancer incidence [8],
and emerging evidence shows that NK cell infiltration into squamous cell lung, gastric, and
colorectal carcinomas is associated with better patient outcomes [5,9]. NK cells are activated
by inflammatory cytokines, immunoglobulin Fc, as well as endogenous ligands that are
upregulated in response to stress (e.g., from viral infection, DNA damage, or TNF signaling).
NK cells are inhibited by classical and nonclassical human leukocyte antigen (HLA) proteins
that are highly expressed on healthy cells and engage NK cell inhibitory receptors [killer-cell
immunoglobulin-like receptor (KIR), CD94/NKG2A)] to prevent NK cell activation in healthy
tissue [10-13] (Figure 1C). When researchers interrogated HLA-I in human melanoma biopsies,
they found specific allelic losses of HLA-I in several samples [14]. Similar data have also been
reported in other cancers, such as breast cancer [15], lung cancer [16], ovarian cancer [17], and
others (recently reviewed in [18]). Further, in some cases when specific HLA-I molecules were
present on melanoma cells, they were unable to inhibit NK cell-mediated cytotoxicity due to
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Glossary

Activin-A: dimeric protein complex
of two inhibin beta A subunits linked
by a disulfide bond, recognized by
the ALK4/ALK7 heterodimeric
complex, triggering phosphorylation
of SMAD2/3 signaling in response to
the ligand.

Antibody-dependent cellular
cytotoxicity (ADCC): innate immune
system feature that can be exploited
in NK cells but not in adaptive T
cells; this program uses IgG
antibody-mediated recognition of
specific antigens in target tumor
cells, followed by NK cell-dependent
recognition of those antibodies and
cytotoxic activation through Fc
receptors (FcR).

Anti-PD-1/PD-L1 therapies: see
‘immune “checkpoint” inhibitors’
below.

Bispecific killer cell engager
(BiKE): small molecules containing
single variable portions (Vy and V) of
an agonistic antibody to NK cell (e.g.
, anti-CD16) linked to another
antibody which recognizes specific
tumor antigens (e.g., CD33), to
maximize NK cell activation and
target cell recognition.

Chimeric antigen receptor (CAR):
engineered receptor proteins
displaying customized responses
upon recognition to specific antigens
(e.g., CD19, commonly expressed in
B cell ymphomas). This technology
has been extensively used to
maximize T cell-related adoptive
therapies, and is now being
investigated in NK cells.
CRISPR/Cas9: clustered regularly
interspaced short palindromic
repeats (CRISPR) are DNA
sequences discovered in prokaryotic
organisms. CRISPR-associated 9
(Cas9) is an enzyme that identifies
these sequences to recognize and
cleave DNA sequences
complementary to the CRISPR
sequences, which are used as a
guide.

Cytotoxic CD8* T lymphocytes
(CTL): a subset of the CD8" T cells;
they are important effectors and
regulators of the adaptive immune
response. Cytotoxic T lymphocytes
are cells with the ability to directly Kill
target (tumor) cells.
Epithelial-mesenchymal
transition (EMT): oncogenic cellular
process commonly induced by TGF-
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Figure 1. Natural Killer (NK) Cells Are Important Mediators of Antitumor Immunity. Middle panel: NK cells play a
central role in recognizing and killing tumor cells without prior antigen recognition, and in recruiting other immune cells such
as conventional type 1 dendritic cells (cDC1). These DCs can subsequently migrate to lymph nodes, mediating T cell
activation and expansion, and further recruitment of effector lymphocytes to the tumor. They also uptake apoptotic tumor
cells. NKand T cells secrete cytotoxic perforins and granzymes. Interferon-y (IFN-+) is also secreted by T cells. NK cells

(Figure legend continued on the bottom of the next page.)
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B signaling, where cells from
epithelial origin lose their polarity and
intercellular adhesions, gaining
invasive and migratory
(mesenchymal) potential.
Graft-versus-host disease
(GvHD): major clinical complication
where donor T cells react against the
recipient tissue by reacting to
nonshared histocompatibility
antigens.

Graft-versus-leukemia (GvL): after
transplantation, allogeneic
lymphocytes can trigger a strong
reaction against host-derived
leukemic cells, but the beneficial
effects can be limited by an
additional GvHD response.

Human leukocyte antigen (HLA):
gene complex encoding MHC in
humans.

Immune checkpoint inhibitors:
drug category, often composed of
antibodies (e.g., anti-CTLA-4, anti-
PD-1, anti-PD-L1, etc.) that target
and neutralize immune checkpoint
proteins present in the tumor
microenvironment, which inhibit the
antitumor responses of immune cells.
Induced pluripotent stem cell
(iPSC): stem cells generated from
adult cells (e.g., skin or blood cells),
allowing the development of a long-
term source of other cell types to be
engineered for therapeutic purposes.
Innate lymphoid cell (ILC)1:
previously named ‘tissue resident NK
cells’, these are derived from a
common lymphoid progenitor (CLP),
with an absence of antigen specificity
and sharing characteristics with NK
cells.

Invariant T cells: subsets displaying
innate/effector-like characteristics, for
example, mucosal-associated
invariant T cells (MAIT), found in
circulation and mucosal or lung
tissues; they have a critical role in
antimicrobial defense.

Killer-cell immunoglobulin-like
receptor (KIR): family of type |
transmembrane glycoproteins
expressed in NK cells and some T
cells regulating cytotoxicity functions
by interacting with HLA | expressed
in all cell types.

Major histocompatibility complex
class | (MHC-I): identity protein
complexes found in the cell surface
of all mammalian nucleated cells.
They display peptides from expected
homeostatic patterns to cytotoxic T



their low expression [19]. These observations suggest that tumor evolution, or T cell immune
escape, could render some malignant tumors more sensitive to NK cell killing than others, and
accordingly, therapies enhancing NK cell activity or frequency within tumors deserve further
attention. An increased understanding of negative regulators of NK cell activity or ‘check-
points’, along with further insight into NK cell immune evasion mechanisms should lead to
innovative immunotherapy strategies aimed at synergizing with current ICB, and which might
further improve immunotherapy response rates. Here, we review the emerging role of NK cell-
based cancer immunotherapies and highlight the potential limitations as well as advantages of
this approach when compared with other therapies.

The Role of NK Cells in the Immune Activation Cascade and the Benefits of
NK Cell Infiltration in Patient Survival

Over the past year, landmark studies have suggested NK cells act as a ‘spark’ to ignite a robust
antitumor immune response through their interactions with DCs [20,21]. While NK cells have
the ability to spontaneously detect and kill tumor cells, they also release chemokines and
cytokines, including CCL5 (RANTES), XCL-1/XCL-2 [20], and FLT3 ligand [21], helping to
recruit a subset of conventional DCs and prime their function (Figure 1, central panel).
Responding DCs take up fragments of tumor cells and can subsequently migrate to secondary
lymphoid organs, with antigen presentation facilitating expansion of reactive T cells. Using
antibodies to deplete NK cells with genetically modified mouse strains that have NK and/or T
cell deficiency (Rag1 ~~and Rag2‘/ ‘//2rg‘/ 7), one report elegantly revealed that NK cells were
required for an optimal antitumor CD8™ T cell response by triggering the recruitment cascade
for cDC1s and CTLs [20]. This NK cell-dependent increase in CD8* T cell response was
observed in B16F10 melanoma [21], Ptgs 1/Ptgs2~'~ BRAF'®°°E melanoma and a transgene-
driven breast cancer model (MMTV-PyMT) [20]. The effects of this immune signaling cascade
are highlighted by patient survival effects associated with marker genes for these immune cell
subsets in melanoma samples [22]. This effect can be observed with selected cell marker genes
(Figure 2), although it should be noted that many NK cell and T cell marker genes are expressed
across both cell types (albeit at different concentrations), and accordingly, their contributions
can be difficult to distinguish in bulk tumor samples. Moreover, higher NK cell infiltration was
recently associated with a significantly better response in melanoma patients treated with ICB
relative to controls [21]. A mechanism by which tumor-resident NK cells may be further
activated is the STING (stimulator of interferon genes) pathway. Using a major histocom-
patibility complex class | (MHC-I)-deficient lymphoma mouse model, the detection of
cytosolic DNA in dying tumor cells by the enzyme cGAS was shown to result in cGAMP
production; cGAMP was taken up by nontumor cells, activating STING, and leading to type-I

spontaneously detect and kill tumor cells and they also release chemokines and cytokines, including CCL5 (RANTES),
XCL-1/XCL-2, and FLT3 ligand, helping to recruit cDC1s and prime their function. (A) The activation of NK cells depends
upon the presence of local cytokines such as IL-15, IL-12, and IL-18. Resultant signaling also induces the suppressor of
cytokine signaling (SOCS) family gene CISH, which provides negative feedback to downregulate this pathway. Other
environmental cytokines such as transforming growth factor (TGF)- can suppress the activation of NK cells through IL-15.
(B) The activation of T cells by antigen presenting cells (APC) within the lymph node also triggers the expression of CTLA4,
which competes with CD28 for the binding of CD80, providing a negative feedback mechanism for regulating T cell
activation (inset). (C) Regulation of NK cell and T cell activity is achieved in part via binding of inhibitory cell surface receptors
such as the killer-cell immunoglobulin receptors (KIRs) and NKG2A (KLRCT), which bind to different human leukocyte
antigen (HLA) complexes on tumor cells. (D) An important component of the inflammatory response is secretion of IFN-y,
which binds to its receptor on tumor cells and induces the expression of genes with interferon-responsive elements (IREs).
These genes, including those encoding programmed death-1 receptor (PD-L1) (CD274) or PD-L2 (not shown), mediate a
negative feedback pathway through PD-1. While still contentious, there is evidence that PD-1 is also expressed in NK cells
(see main text), and accordingly, a number of immune checkpoints are shared between T cells and NK cells and are being
explored as potential therapeutic targets.
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cells, which will only trigger clonal-
dependent rejection and responses if
these peptides are immunogenic
neo-antigens or non-self. During
events of oncogenesis, tumor cells
routinely stop expressing the whole
MHC-I complex, avoiding T cell
recognition but rendering them still
visible to NK cell immunosurveillance.
Myeloid-derived suppressor cell
(MDSC): heterogeneous and
unconventional group of immune
cells derived from the myeloid
lineage; they can infiltrate the tumor
microenvironment and can display
protective inhibitory functions against
antitumor effector lymphocytes.
Neo-antigen recognition: specific
antigens expressed by mutated
tumor cells, discovered by tumor
genomic sequencing, can trigger
neo-antigen-specific T cell
recognition and clonal expansion.
Neo-antigen-specific T cells can be
potentially generated/expanded ex
vivo and infused back into patients
as adoptive cell transfer therapy.
NKG2D: killer cell-lectin-like receptor
subfamily K, member 1, is a
transmembrane receptor that
belongs to the CD94/NKG2 family of
C-type lectin-like receptors and
recognizes induced-self proteins from
MIC and RAET1/ULBP families,
commonly expressed on the surface
of stressed or malignant cells.
Stimulatory receptors to stress
ligands: the activity of effector CTLs
is regulated by the balance of
opposing stimulatory and inhibitory
cell receptors. NK cell receptors
such as NKG2D, NKp44, and
NKp46 are considered activating
receptors that recognize specific
antigens to overcome inhibitory
receptor signals to elicit cytotoxicity.
STING: intracellular DNA sensor
inducing type | IFN expression when
cells sense foreign (e.g., virus or
intracellular parasite) or dying cell-
DNA.

Trispecific killer engager (TriKE):
BIKE display ‘one’, while a TriKE
display two variable portions of an
antibody of different specificity.
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Figure 2. Natural Killer (NK) Cells and Recruited Immune Cell Types Are Associated with Improved Cancer Patient Outcomes. NK cells can play a
pivotal role in the recruitment of dendritic cells (DCs) into tumors, contributing to robust antitumor immune responses. Scatter plots show the relative transcript
abundance of selected marker genes within patient samples from the cancer genome atlas (TCGA) metastatic melanoma and estrogen receptor-positive (ER™) breast
cancer cohorts. The coordinated nature of immune cell recruitment is apparent in the associations between marker genes for NK cells (NCR1, also known as NK-p46 or
LY94); DCs (FLT3 and CLEC9A); and T cells (CD3D); as well as genes for secreted ligands that mediate immune cell recruitment, including putative NK secreted factors
(XCL1,FLT3LG, and CCL5). The critical role of this intercellular signaling axis in tumor controlis illustrated by Kaplan-Meier curves showing survival for patients from their
respective TCGA cohorts, partitioned by age and relative abundance of indicated genes (top and bottom 40% as high/low, respectively). Data were downloaded directly
from http://portal.gdc.cancer.gov/.
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interferon (IFN) production. Moreover, type-I IFN has pleiotropic effects on the immune system,
and in this lymphoma model, type-l IFN augmented NK cell antitumor responses [23].

In summary, therapies that increase NK cell frequency, function, and/or migration into tumors
may have great potential as part of combinatorial strategies to complement T cell immuno-
therapies for cancer treatment. There is, however, a clear need to further improve our
understanding of how lesser-studied immune subsets, such as NK cells, can function in
the context of human tumor control, in order to further test these approaches.

Identification of Novel NK Cell Inhibitory Checkpoints

The Transforming Growth Factor (TGF)-B Superfamily

The TGF-B superfamily of cytokines represent a pleiotropic class of biomolecules which are
essential for developmental patterning and adult wound-healing (Box 3). Signaling through this
pathway appears to be dysregulated across a wide range of cancers where it can contribute to
immunosuppression [24] and tumor progression through programs such as epithelial-mes-
enchymal transition (EMT) [25].

Interest in clinical modulation of the TGF-B superfamily has recently been reinvigorated [26].
Two recent studies independently showed that combination treatments of anti-PD-1/PD-L1
therapies with TGF-B blockade could increase CTL infiltration and antitumor responses to
prevent growth and metastatic spread of both murine EMT6 breast mammary carcinoma and
orthotopic colorectal cancer inoculation models [27,28]. Indeed, TGF-B small molecule inhib-
itors or antibodies are currently being investigated in a number of Phase I-lll clinical trials [29]
for: anaplastic astrocytoma (NCT0O0761280, trabedersen), glioblastoma (NCT00761280, tra-
bedersen and NCT02423343, galunisertib), hepatocellular carcinoma (NCT01246986, galu-
nisertib and NCT02423343, galunisertib), metastatic breast cancer (NCT01401062,
fresolimumab), metastatic melanoma (NCT00356460, fresolimumab and NCT00844064, tra-
bedersen), non-small cell lung cancer (NCT02423343, galunisertib; NCT00676507, lucanix;
and NCT02639234, vigil), ovarian cancer (NCT02346747, vigil), pancreatic adenocarcinoma
(NCT01373164, galunisertib and NCT02734160, galunisertib), and renal cell carcinoma
(NCT00356460, fresolimumab).

TGF-B signaling is an important suppressor of NK cell function, where it acts to inhibit
metabolism, proliferation, cytotoxicity, cytokine production, and antimetastatic functions in
murine models of B16F10 melanoma, NEU15 breast cancer, and RM-1 prostate carcinoma
[30]. Our group and others observed that this cytokine can induce cellular plasticity by
upregulating innate lymphoid cell (ILC)1-like tissue residency characteristics. This includes
expression of CD49a, CD69, DNAM-1, and TRAIL, and loss of eomesodermin in SM1WT1
melanoma, MCA1956 fibrosarcoma, or de novo 3-methylcholanthrene-induced fibrosarcoma
murine tumor models, ultimately resulting in a reduction in NK cell antitumor functions [31,32].

Box 3. The TGF-B Cytokine

TGF-B is a pleiotropic cytokine with three different isoforms (TGF-B1, TGF-B2, and TGF-B3; encoded by three separate
genes) and is expressed by several cell subsets present within the tumor microenvironment, including tumor cells,
regulatory T cells, stromal fibroblasts, and various myeloid subsets [114]. The transmembrane receptors TGF-BRI and Il
are associated with intracellular serine/threonine kinases, and upon ligand binding, this initiates a signal transduction
cascade that leads to phosphorylation of several SMAD-family transcription factors. This process begins with TGF-8
ligand binding to TGF-BRII, which is activated, followed by subsequent recruitment and activation/phosphorylation of
TGF-BRI. The final complex, consisting of TGF-B: TGF-BRI: TGF-BRI, then mediates the phosphorylation and activation
of the SMAD transcription factor family, leading to its respective downstream signaling [115].
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Recently, we refined an NK cell signature using the TCGA human metastatic melanoma data
and showed, in agreement with recent studies [20,21], that high NK cell infiltration was
associated with significantly improved overall patient survival relative to controls [22]. We found
that the protective effect of NK cell infiltration was lost in melanoma samples where there was
clear transcriptomic evidence of TGF-B-mediated EMT (TGF-B signature) [22]. Although
pending full validation, this finding suggested that TGF- itself, or the associated EMT process
(melanoma phenotype switching) hindered the ability of NK cells and other downstream
effectors to control tumor growth and metastasis. Such preclinical models show clear evidence
that TGF-B suppresses NK cell effector functions, and inhibitors of this pathway can enhance
endogenous tumor control and immunotherapy efficacy against certain tumors, in particular
those derived from epithelial origins (e.g., breast/lung cancer, melanoma, ovarian cancer,
sarcomas). Of note, the TGF-B superfamily has many additional members, such as activins and
their respective receptors. A previous study reported that activin-A (a dimer of inhibin-
proteins) could weaken human peripheral NK cell-cytokine production in vitro, as well as
B16F10 melanoma NK cell killing in vivo, at least in part through inhibitory signaling via type | and
Il activin receptors [33]. Extending these observations, activin-A signaling was reported to
efficiently upregulate ILC1-like tissue residency features (e.g., upregulation of CD49a and CD69
while simultaneously downregulating eomesodermin) and suppress proliferation and cellular
metabolism functions (lowering extracellular acidification and oxygen consumption rates) in
both human or murine NK cells, although these findings await full confirmation [34]. Accord-
ingly, activin-signaling appears to be an alternative SMAD2/3-related pathway that mediates
TGF-B-like immunosuppressive effects independently of the conventional TGF-B/TGF-BRll
interaction; this may provide further avenues to identify treatments that enhance the efficacy of
current immunotherapies.

Regulators of Interleukin Signaling

IL-15 Signaling

NK cells are unable to survive for an extended period of time without IL-15 signaling, which
promotes the sustained expression of critical antiapoptotic proteins, including MCL-1 [35].
IL-15 is known to be essential for NK cell function; it binds to IL-15RpB4 heterodimers on the
surface of NK cells inducing the activation of the pA-associated JAK1 and JAKS tyrosine
kinases. This, in turn, leads to the recruitment and activation of STAT5, culminating in the
transcription of STAT5-target genes required for survival and cytotoxicity, such as Bcl2, GzmB,
ldb2, Mcl1, Pim2, and Prf1 in murine NK cells [36-38]. IL-15 treatment will promote expansion
of lymphocytes that express IL-15Rp4, such as CD8" T cells, invariant T cells, and NK cells,
through a JAK1/3 and STAT5-dependent signaling pathway [39,40]. The benefits of IL-15 in
boosting antitumor effector lymphocytes and optimizing CD8™ T cell and NK expansion is
currently under clinical investigation (NCTO1727076) in patients with advanced melanoma,
kidney cancer, non-small cell lung cancer, as well as squamous cell head and neck cancers
(HNC) [41]. Recently, the potential of IL-15 as a combinatorial treatment with CTLA-4 (ipili-
mumab) and PD-1 (nivolumab) blockade immunotherapies is also being clinically investigated in
patients with refractory cancers that are not curable or that do not have known clinical
approaches associated with potential survival benefits (NCT03388632) [42]. IL-2 is considered
by some as the first effective immunotherapy for cancer, being FDA approved for kidney cancer
in 1992 and melanoma in 1998 [43]. Although given the serious toxicities associated with its
dosing and the modest response rate, there has been heavy investments in investigating
modified/engineered IL-2 formats that address these short-comings. Engineered IL-2 formats
include those with altered binding affinity to IL-2Ra versus IL-2RB, and altered pharmacoki-
netics with several formats are currently in clinical trials (recently reviewed in [44]). Furthermore,
super agonists of IL-15R have been undergoing preclinical development by creating fusion

148  Trends in Immunology, February 2019, Vol. 40, No. 2

Cell

REVIEWS



complexes between IL-15 and IL-15Ra domains that mimic the more bio-active endogenous
trans-presented IL-15 format. Indeed, these highly potent IL-15 formats can overcome TGF-
B-mediated inhibition of NK cell cytotoxicity against four human tumor cell lines (H460, LNCaP,
MCF7, and MDA-MB-231) [45].

The kinetics of IL-15 signaling are rapid and transient and conserved between mouse and
human lymphocytes, with receptor/JAK/STAT phosphorylation observed within minutes of
cytokine:receptor docking and lasting for up to 1 h [46]. The SOCS (suppressor of cytokine
signaling) family proteins (Cish, Socs1-7) are rapidly induced in response to cytokine stimula-
tion, acting as a negative feedback to limit the duration of cytokine signaling [47,48]. Cish is a
STAT5-target gene induced by IL-2 and IL-15, and has been previously shown to bind to the
IL-2RB chain [49]. Cish is induced by IL-15 in NK cells and it regulates IL-15 responses by
inhibiting JAK1 activity, subsequent NK cell activation, and antimetastatic function; thus Cish
can be considered as an intracellular ‘checkpoint’ that limits IL-15-induced NK cell function [50]
(Figure 1A). These murine findings are in agreement with a recent study reporting preliminarily
that when Cish was efficiently deleted by CRISPR/Cas9 genomic editing in human NK cells,
this resulted in enhanced IL-15 signaling, proliferation, and cytotoxicity relative to controls [51].
This would seem to validate the role of Cish as a checkpoint in NK cell activation, providing, to
our knowledge, the first evidence that human NK cells can be efficiently genome-edited using
CRISPR/Cas9, although awaiting full confirmation. Given the unmet need for complementary
therapies that can maximize antitumor responses and potentially synergize with current gold
standard immunotherapies (e.g., anti-PD-1), IL-15-based therapies are emerging as leading
immunotherapy candidates.

IL-12 and IL-18 Signaling

IL-12 is another JAK/STAT-related interleukin signaling through JAK2/STAT4. In this
signaling cascade, the p35/p40 IL-12 complex binds to an IL-12RB2:IL-12RB1 hetero-
complex, thus allowing STAT4 phosphorylation and subsequent translocation to nucleus,
where it can exert its transcriptional activity [52]. IL-12 is a critical activating cytokine for NK
cells, driving their cytokine production (e.g., IFN-y and GM-CSF), and initial clinical studies
have shown that a tolerated dose of recombinant IL-12 in advanced renal cell and colorectal
carcinomas and in melanoma patients could reactivate NK cell function (e.g., increased
IFN-v production) and promote significant immune activity [53,54]. Recently, the applica-
tions of IL-12 have been revisited as a putative approach to potentiate checkpoint block-
ade- or adoptive cell-based immunotherapies; indeed, it can simultaneously rescue NK
and/or T cell cytotoxicity and induce the development of an unconventional IL-12-depen-
dent NK cell population in vivo, recognizing and controlling experimental 4T1 breast cancer-
, Lewis lung carcinoma-, and B16F10 melanoma-induced metastases [55-57]. Recently,
patients with recurrent ovarian carcinoma receiving intraperitoneal treatment with an IL-12
plasmid (GEN-1) administered with PEGylated liposomal doxorubicin have displayed clini-
cal benefits without excessive toxicity [58]. Thus, IL-12-based therapy may also be a
potential candidate to enhance immunotherapy with immune checkpoint inhibitors in
combination immunotherapies.

In contrast, IL-18 is a JAK/STAT-independent interleukin related to the IL-1 family, critical for NK
cell priming and IL-12-induction of IFN-vy/cytokine production [59]. Once bound to the IL-18Ra/
B heterocomplex, IL-18 signals by a downstream pathway shared with toll-like receptors (TLR),
leading to the recruitment of the MyD88 adaptor followed by NF-kB complex activation and
metabolic priming of NK cells to enhance effector functions [60]. IL-1R8 was recently identified
as an inhibitory checkpoint for IL-18 signaling in NK cells, such that deletion of IL-1R8 enhanced
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NK cell metabolism and promoted hyperactivity in experimental MC38-induced liver metasta-
ses, MN/MCA1 sarcoma-induced lung metastasis, and diethylnitrosamine-induced de novo
liver carcinogenesis [61]. Several new NK cell checkpoints have thus been revealed by studies
on the JAK/STAT and NF-«B pathways, as well as the TGF-BR superfamily ligands/receptors in
immune cells; it may be thus possible to target these pathways to complement current
immune-therapeutic interventions.

Shared Checkpoints between T and NK cells

Ipilimumab (anti-CTLA-4) received FDA approval in 2011, followed by five additional checkpoint
blockade therapies targeting the PD-1/PD-L1 members, to treat a range of different advanced
cancers (including melanoma, non-small lung cancer, renal cell carcinoma, and Hodgkin
lymphoma) [4]. Although blocking these inhibitory checkpoints in tumor-infiltrating lymphocytes
(TILs) has revolutionized clinical practice, there are still conceptual gaps in our understanding of
the mechanisms of action that underlie this practice, particularly with respect to how these
checkpoints influence other immune cell subpopulations [4]. For instance, there are conflicting
data on the mechanism of action of ipilimumab in depleting CTLA-4-expressing regulatory T
cells versus blocking this receptor on CTLs [62-64]. NK cells have also been implicated in anti-
CTLA-4 actions via antibody-dependent cellular cytotoxicity (ADCC) of CTLA-4 express-
ing melanoma cells [65]. However, while NK cells express very low levels of CTLA-4 and PD-1, a
recent study using murine RMA-S or CT26-derived primary tumors, revealed that PD-1 was
expressed by tumor-infiltrating NK cells, and further, anti-PD-1 therapy could improve their
responsiveness and tumor control even in the absence of T cell cells [66]. In Hodgkin
lymphoma, CD56%™ NK cells expressed higher concentrations of PD-1 than diffuse large B
cell lymphoma, and PD-L1-expressing myeloid cells could efficiently suppress these PD-1" NK
cells in vitro, while anti-PD-1 reversed this effect [67]. Further evidence for the PD-1 signaling
axis in NK cells comes from another study reporting PD-1 upregulation during NK cell
recognition of cetuximab-opsonized HNC [68]. This was associated with an activated phe-
notype during ADCC, and PD-L1 binding to PD-1* NK cells suppressed their activity, suggest-
ing that blocking PD-1 could enhance NK cell-induced immunotherapy against HNC together
with cetuximab. Similarly, other lymphocyte checkpoints, such as the lymphocyte-activation
gene 3 (LAG3), have been previously shown to mediate an inhibitory checkpoint in T lympho-
cytes by overcoming TCR/CD3-induced activation [69,70], such that anti-LAG3 (or LAGS3-
blocking) antibodies synergistically restored T cell responsiveness in cancer when combined
with anti-PD-1 antibodies in established SaiN fibrosarcoma or MC38 tumors [71]. Our group
has observed upregulation of CTLA-4, LAG-3, and PD-1 in infiltrating NK cells from established
fiorosarcoma tumors in mice [31], and we believe that the effects of checkpoint-neutralizing
antibodies are yet to be fully explored in the context of NK cell biology.

KIRs are a family of receptors heterogeneously expressed on NK cells, and to a lesser extent T
cells, which can regulate lymphocyte cell cytotoxicity by interacting with HLA expressed on cells
(Figure 1C). Inhibiting the interaction between KIRs and HLA class | molecules was previously
shown to enhance NK cell-mediated control of acute myeloid leukemia (AML) and increased
patient survival upon transplantation with KIR mismatched donors [72]. KIRs have been viewed
as a checkpoint in cytotoxic lymphocyte activation, thus, a blocking antibody targeting
KIR2DL1/2/3 was engineered to interfere with HLA-C binding. Although anti-KIR antibodies
have displayed potent NK cell-mediated antitumor efficacy in preclinical models (e.g., AML [73],
multiple myeloma [74], and B lymphoma experimental models [75]), and Phase | clinical trials
demonstrated satisfactory safety in patients [76,77], subsequent clinical trials in AML patients
have failed to show clinical effects (NCT01687387 and [78]).
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A different family of paired receptors, including TIGIT [T cell immunoglobulin and immunor-
eceptor tyrosine-based inhibitory motif (ITIM) domain] [79,80] and DNAM-1 (DNAX accessory
molecule-1, or CD226) [81], bind target receptors that are weakly expressed in normal human
tissues, but are often upregulated in tumor cells due to stress [e.g., poliovirus receptor (PVR or
CD155), or less frequently, poliovirus receptor-related 2 (Nectin-2 or CD112 [82])]. These
receptors can exhibit opposing functions (e.g., TIGIT suppresses lymphocyte activity, while
DNAM-1 is activating; recently reviewed in [83]). DNAM-1 activation through PVR ligands was
initially noted based on the observation that mouse and human lymphomas expressing these
ligands were more susceptible to activated T and NK cell-mediated cytotoxicity, while blocking
DNAM-1 would prevent killing [84]. An early study revealed that both human and murine tumor-
infiltrating CD8™ T cells expressed high concentrations of TIGIT, preventing DNAM-1-mediated
activation by competing with the CD155 ligand, and accordingly, dual antibody therapy with
simultaneous blockade of TIGIT and PD-1 could elicit CD8* T cell antitumor control [85]. A
subsequent study showed that TIGIT-expressing NK cells were highly susceptible to inhibition
by CD155" myeloid-derived suppressor cells (MDSCs), as the presence of MDSC in co-
culture systems prevented NK cell activation and cytotoxicity against target tumor cells; indeed,
blocking this checkpoint restored NK cell effector function during human cytomegalovirus
infection [86].

Tactile (or CD96) can also bind to CD155, although this receptor is not deemed to have a
significant contribution as a checkpoint in human NK cells. It is thought that NK cell function is
primarily regulated by TIGIT, as human NK cells can recover some function through TIGIT
blockade, but no effect has been observed upon blockade of CD96 in CD1557CD96" MDSC
co-culture assays [86]. A role for TIGIT is supported by another study using several experi-
mental models (murine CT26 colon cancer, 4T1 breast cancer, B16 melanoma, and MCA
filorosarcoma) to demonstrate that TIGIT blockade in NK cells, alone or in combination with
other checkpoint blockade, promoted increased antitumor responses [87]. Accordingly, tar-
geting this pathway may constitute a promising putative therapeutic strategy in certain cancers.

Transformed cells tend to upregulate a number of molecules in response to abnormal cellular
stress, and many of these act as ligands for NKG2D (e.g., MICA, MICB, and ULBP1-6), a
receptor present in both NK and T cells [88]. Although the recognition of these ligands can
trigger immune responses, a recent study demonstrated that human and murine tumor cells
exploit mechanisms to shed MICA/B from their surface [89]. This can prevent NK cell recogni-
tion and tumor cell binding, either by releasing the membrane-bound MICA/B expression
required for NK recognition, and/or by increasing soluble MICA/B, which can bind NKG2D and
limit NK' cell interactions with tumor cells. To overcome this, bispecific antibodies were
developed (e.g., 7C6-mligG2a) to boost NK cell immunosurveillance by binding distinct epit-
opes in different regions of NKG2D ligands and preventing their shedding from the tumor cell
surface; this resulted in enhanced antitumor immunity and control of metastases in B16F10
melanoma and CT26 colorectal cancer models [11,89]. However, these data are at odds with
earlier preclinical work demonstrating that soluble MULT1, a high affinity mouse NKG2D ligand
enhanced NK cell tumor immunity by stimulating NKG2D in distant NK cells [90]. These
inconsistencies may be explained by differences in the binding affinities between NKG2D
and the ligands in question. Contrasting NKG2D, NKG2A is a receptor from the same family
that heterodimerizes with CD94 and acts as an inhibitory checkpoint on NK cells and CTL upon
recognition of HLA-E [91] (Figure 1C). A recent study revealed that neutralizing antibodies to
NKG2A promoted both NK cells and CTL effector functions in various preclinical models by
enhancing killing activity and synergizing with anti-PD-1 therapy. The clinical anti-NKG2A agent
(monalizumab) was also combined with cetuximab (anti-EGFR) in patients with squamous cell
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carcinoma of head and neck, in which the combined therapy response was encouraging, and
reported to be superior to that of historical data on cetuximab alone (with the caveat that the
comparison was done against historical data) [92]. Considering the critical role of NK cells for
innate surveillance and control of cancer metastases, we believe that novel therapeutic
opportunities exist for optimizing antitumor immunity and preventing cancer reoccurrence
by unraveling shared mechanisms of immune checkpoint blockade across T cells and NK cells
(Figure 3).

Adoptive NK Cell Therapy

Adoptive CTL therapies have been investigated over the past 30 years [93], and more recently
this approach has been applied to NK cells (Figure 4). NK cells offer several advantages in the
adoptive cell therapy setting, including transplantation safety. Cytokine-release syndrome
(CRS) is a serious clinical complication that can be induced by allogeneic T cells responding
to mismatched MHC and which can contribute to graft-versus-host disease (GvHD) [94].
Clinical evidence suggests that allogenic NK cells are safe, with neither CRS or GvHD being
observed in various cancer patients receiving in vitro expanded allo-NK cells [95]. Furthermore,
high-risk leukemia patients receiving allogeneic NK cells with no KIR-ligand reactivity in their
donor hematopoietic graft exhibited improved donor engraftment, reduced GvHD, and
reduced probability of relapse compared with grafts with KIR reactive NK cells [72]. Similarly,
the introduction of grafts depleted of o/ T cells and B cells, but containing fully functional
alloreactive NK cells, can contribute to an optimal graft-versus-leukemia (GvL) effect, where
donor NK cells react strongly to HLA disparate leukemic cells [96]. Not surprisingly, multiple
studies have now been performed using adoptive NK cell infusions in leukemia, often from a
HLA-mismatched donor, since alloreactive NK cells will receive activating signals from stress
ligands on the surface of leukemia cells without the inhibitory signals from KIRs binding
matched HLA [97].

Recently, chimeric antigen receptor (CAR) T cell immunotherapies have also provided a
powerful alternative to treat cancer in an antigen-specific manner. The CAR consists of an
antigen-binding fragment fused to the T cell receptor, signaling components to generate a
potent antigen-specific T cell response upon ligand binding [98]. Following highly successful
clinical trials, CD19-CAR T cell adoptive therapy has been FDA approved for acute lympho-
blastic leukemia and diffuse large B cell lymphoma [99]. There have been considerable
drawbacks, however, with hyperactive CAR T cells leading to important side effects, such
as CRS (leading to immune hyperactivation) and neurological toxicities [100]. Given these
limitations, CAR NK cell products have recently been developed, showing promising antitumor
efficiency and good safety profiles in terms of CRS and GvHD (reviewed in [101,102]).
Preliminary observations for CD19-CAR engineered human NK cells have indicated persis-
tence and antitumor control activity against murine or human CD19* leukemia in mouse and
humanized mice settings in two independent studies [103,104]. Another recent report used
induced pluripotent stem cell (iPSC) as an efficient off-the-shelf source of expanding NK
cells to optimize the process of NK-CAR engineering, producing NK-CAR-iIPSC cells in vivo
with a remarkable efficiency that was comparable with CAR T cells in controling CD19*
leukemia progression in humanized mouse models, but with far less evident CRS [105].

Although cellular or adoptive immunotherapy and synthetic biology or cell engineering are
relatively novel approaches, the infusion of genetically enhanced lymphocytes is a promising
tool for the long-term treatment and prevention of cancer occurrence. Novel technologies such
as CRISPR/Cas9 now provide an unprecedented and relatively simple approach to gene
editing (e.g., introduction of specific CAR receptors or deletion of inhibitory checkpoints),
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Figure 3. Natural Killer (NK) Cells at the Crossroads of Tumor Immunity. The spontaneous ability for NK cells to
detect and respond to cancer cells, and recruit additional immune effectors, is controlled by numerous signals. ‘GO
signals’ in green represent soluble and membrane factors increasing NK cell activation and tumor infiltration/inflammation.
NK cell activation is controlled by soluble cytokines and membrane ligands. NK cell recruitment into tumors and the ability
to recruit other effector immune cells is governed by their chemokine receptor expression and the production of
chemokines. ‘STOP signals’ in red represent soluble and membrane factors reducing NK cell activation, fitness, viability,
and ultimately, their ability to contribute to tumor immunity. NK cell suppression is controlled by soluble cytokines/growth
factors and membrane ligands.
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Figure 4. Adoptive Natural Killer (NK) Cell Therapies. (A) NK cells can be isolated from patients or unrelated donors and expanded in vitro using cytokines (IL-15,
IL-2, IL-12, IL-18) alone or with a ‘feeder’ cell line. Clinical NK cell products typically require several weeks of in vitro expansion in bioreactors before adequate cell
numbers are available for multiple infusions into the cancer patient. Cytokines used in this protocol not only result in NK cell proliferation but reduce their subsequent
threshold for activation (Activ.) when detecting tumor cells (e.g., via NKG2D-L). This increases the likelihood of tumor killing even in the presence of inhibitory (Inhib.)
signals [e.g., human leukocyte antigen (HLA)]. (B) Primary human NK cells or NK cell lines can be genetically modified to improve their activation, expansion, persistence,
and tumor recognition. CAR genes can be integrated into the NK cell genome using high viral titers, whereas nucleofection technologies are emerging as an efficient
approach to delete genes in NK cells via CRISPR and Cas9/gRNA ribonucleoproteins. Thus, human NK cells can be genetically modified to harbor a reduced activation
threshold (e.g., deletion of a checkpoint gene) or improved tumor targeting (e.g., expression of a CAR), increasing the likelihood of tumor killing. IFN, Interferon; KIR,
killer-cell immunoglobulin receptor; scFv, single-chain variable fragment.

facilitating the production of products for cell-based therapies [106]. These approaches
highlight the exciting potential offered by NK cell adoptive transfer, which may be an efficient
alternative to current approaches with presumably lower toxicity. Given the early stages of
these technologies, however, extensive and robust testing is warranted and consideration
should be given to minimizing product development costs while maximizing cellular response to
ensure that basic and checkpoint research can aid in the rapid translation of such approaches.

Improved NK Cell Targeting to Cancer Cells

As exemplified above, checkpoint inhibition, cytokine-driven activation, and adoptive cellular
therapies present us with possible new horizons in the application of NK cell-based immu-
notherapies that might enhance the efficacy and longevity of current therapies. There are a
number of processes that can be considered in the field to optimize NK cell responses, such as
ADCC [107]. Taking advantage of NK cell-mediated ADCC may be facilitated by novel antibody
engineering approaches that can maximize NK cell responses to targets, with the development
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of bispecific killer cell engager (BiKEs) or trispecific killer engager (TriKEs) antibodies.
A BIKE is produced from the fusion of a single-chain variable fragment (scFv) to an anti-CD16
recognition site, connected with a linker to the scFv of a specific tumor-expressed antigen (e.g.,
CD19/CD20 for non-Hodgkin lymphomas, CD30 for Hodgkin lymphoma, or CD33/CD123 for
acute myelogenous leukemia/AML), facilitating enhanced NK cell-recognition of target cells
through FCR mechanisms. The novel TriKE approach consists of a modified BiKE, which also
includes the cytokine IL-15 attached through a linker between the two scFv components,
acting to boost NK cell function, survival, and priming by additional IL-15 signaling [108]. The
overall goal of these approaches is to increase the magnitude of NK cell activation in close
proximity to a tumor target. By engaging a strong activation receptor on NK cells (CD16),
bridging it to a tumor target (CD19/CD33), and assuming the NK cell can also detect the target
via the array of stimulatory receptors to stress ligands (NKG2D, NKp44, NKp46), this
technology should presumably lower the threshold for NK cells to degranulate and lyse target
cells. By introducing IL-15 into the TriKE, this could further reduce the activation threshold
required for NK cells to kill target cells, result in more targets being killed, and ultimately reduce
tumor burden; this has been shown for CD33-expressing myeloid cancers, such as AML and
myelodysplastic syndrome following CD16-IL-15-CD33 TriKE-enhancement of NK cell killing
kinetics [109]. Thus, while NK cells can spontaneously detect tumors, novel agents that can
increase the frequency of interactions, strength, or functional quality of the NK' cell:tumor
interface hold promise for further exploiting NK cell-dependent cytotoxicity, especially in tumors
expressing a well-defined antigen, such as CD19.

Concluding Remarks

Checkpoint inhibitors primarily block inhibitory pathways in tumor-resident T cells, however
there is growing interest in other effector populations such as NK cells. In part, NK cells provide
an attractive alternative to T cellimmunotherapies because they preferentially target ‘altered’ or
transformed (e.g., tumor) cells in the body without the need of prior sensitization and with a
reduced risk of autoimmune disease. The innate ability of NK cells to detect cellular transfor-
mation is critical for cancer immunosurveillance, particularly in settings of metastasis or
hematological cancers, and it has become clear that cancer cells produce immunosuppressive
factors that can impair antitumor immune responses. Accumulating data suggests that target-
ing NK cells in vivo is achievable and may provide an alternative or complementary immuno-
therapy approach to the class-leading ICB. Our understanding of the dominant inhibitory/
regulatory mechanisms in NK cells is still incomplete and more basic research is required to
stratify which pathways are most likely to yield therapeutic benefit when successfully drugged
(see Outstanding Questions). The potential for staggered or sequential immunotherapy
approaches, targeting NK cells then CTLs or vice versa, to counter immune resistance in
cancer is an interesting possibility. Moreover, it is possible that combination therapies targeting
different cytotoxic effectors may prove to be more rational than combination therapies against
the same effector population; it will thus be exciting to follow the path of future research in this
arena.
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Can public tumor data be leveraged
using computational methods (e.g.,
deconvolution or NK cell infiltration
scores) to identify novel mechanisms
of tumor immune evasion or activation
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therapies for specific patient groups?

Can side effects to inhibitors of the
TGF-B superfamily, JAK/STAT regula-
tors, and/or NF-kB be limited by tar-
geted treatment of specific immune
cells rather than systemic treatment?

Given the role NK cells play by initiating
a robust immune response against
tumors, do they represent an ‘efficient’
target forimmunotherapy, with indirect
benefits for systemic immune activity?

Which checkpoints (either shared with
T cells or restricted to NK cells) might
be simultaneously targeted to maxi-
mize antitumor immune activity against
advanced cancers?

Can off-the-shelf technologies allow
NK cell gene editing and ex vivo expan-
sion for clinical adoptive transfers at an
accessible price?
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patient groups?
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Separate research fields have advanced our understanding of, on the one hand,
cancer immunology and, on the other hand, cachexia, the fatal tumor-induced
wasting syndrome. A link between the host’s immune and metabolic responses
to cancer remained unexplored. Emerging work in preclinical models of colo-
rectal and pancreatic cancer has unveiled tumor-induced reprogramming of
liver metabolism in cachexia that leads to suppression of antitumor immunity
and failure of immunotherapy. As research efforts in metabolism and immunol-
ogy in cancer are rapidly expanding, it is timely to discuss the metabolic and
immunological determinants of the cancer-host interaction. We also present
the hypothesis that the convergence of host metabolism and antitumor immu-
nity may offer a platform for biomarker-driven investigations of new combina-
tion therapies.

Cancer Is a Systemic Disease

Historically, cancer has been considered to be a consequence of systemic pathology. At his
time, the physician Claudius Galen (AD 129-200) documented the consensus that cancers
arose from over-abundance of a particular bodily fluid, which he designated as ‘black bile’ [1].
This theory remained largely unchallenged until the mid-19th century, when cancer became
understood not as an aberration of its host’s fluid composition, but as a consequence of
acquired cellular abnormalities [2—4]. Heralded by this paradigm shift, subsequent generations
of scientists proceeded to unravel the cellular and genetic basis of cancer at ever-increasing
levels of molecular precision. The most relevant clinical consequence of this was the develop-
ment of oncogene-targeted therapies that have in some instances proved both safe and
effective [5-7].

Efforts to target the cancer cell, either through oncogene inhibition or traditional chemotherapy,
are often undermined by therapeutic resistance (see Glossary), which may manifest either at
treatment initiation or following a period of disease control. Factors that underlie this phenom-
enon include genomic instability and genetic heterogeneity, which fuel the emergence of
therapy-resistant clones through Darwinian selection processes [8-10]. For these and other
reasons, the perspective of cancer research has been widened to include the genetically stable,
non-cancer cell types that contribute to the tumor microenvironment [11]. A variety of
innovative therapies have been derived through this approach, but it is the emerging data from
the current generation of immunotherapies [12] that have reset the focus of research and
therapeutic development in cancer toward the biology of the cancer host, emphatically
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The scope of cancer research is
expanding to include the molecular
circuitry of both cancer cells and
non-cancer cells, as well as non-tumor
tissues of the cancer host.

The current generation of immune
therapies target cells of the cancer
host. These therapies achieve durable
remissions of advanced cancers, but
the majority of patient subsets remain
unresponsive.

Tumors affect their hosts” metabolism,
often leading to the lethal wasting syn-
drome, cachexia. In recent years, the
biology of cachexia has become an
increasingly active field of mechanistic
research, but still defies a unifying
explanation.

Preclinical studies have now con-
nected the host's metabolic and
immune responses to cancer. Tumors
reprogram the normal metabolic
response to caloric deficiency in
cachexia, leading to suppression of
the antitumor immune reaction.
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reversing the historical trend. The most successful immunotherapies block T-cell checkpoint
molecules that exist to curtail evolving immune reactions to foreign and self-antigens [13].
Blockade of these molecules leads to a prolonged T-cell response against cancer cells, and
durable remissions in subsets of patients with melanoma, lung, renal, and urothelial cancers,
often in the metastatic setting [14—17]. The mutability of the cancer genome once paved a near-
inevitable pathway toward escape from treatment control. In the era of immunotherapy, this
same escape mechanism has been transformed into a critical therapeutic vulnerability,
because it provides target neoantigens for the extensive T-cell receptor repertoire of the
cancer host [18-20].

Host cells are critical determinants of cancer growth, but the consequences of the reciprocal
influence of the cancer on its host organism are just as profound. Systemic effects of tumors on
their host organism include anemia, fever, inflammation, coagulopathies, ectopic hormone
secretion, neuropathies, and psychiatric disturbances. However, the weight loss condition
cachexia is probably cancer’s most prevalent and lethal systemic consequence, affecting
50% of cancer patients, and directly accounting for an estimated 22% of cancer deaths (Box 1)
[21,22].

Cachexia has traditionally been dismissed by researchers and clinicians as a terminal syn-
drome, rather than being understood as a tractable consequence of an underlying disease
process [23]. More recently, however, mechanistic and translational inquiries into cachexia are
rapidly gaining momentum. The proof of principle in mouse models that reversal of wasting can
be achieved and can dramatically prolong survival irrespective of tumor progression [24], and
the development of an international consensus definition [25] of cachexia have increased
enthusiasm for clinical trials. However, while a set of two Phase Il clinical trials of anamorelin, a
ghrelin analog designed to stimulate appetite, demonstrated feasibility of late-phase clinical
trials in this challenging clinical setting, neither extended survival nor functional recovery were
achieved [26]. The contemporary view of cachexia is that of a multifactorial syndrome, driven by
molecular alterations within a number of organ systems including muscle, fat, gut, and brain
[27,28]. The challenge is to draw such disparate threads of biological narrative into a dominant
causal sequence, so as to generate therapeutic targets that are both appropriate and action-
able, as well as mechanism-guided end points in clinical trials.

The host response is indispensable to the study of cancer. At one extreme, the host eradicates
the tumor through the action of its immune system, and at the other, the host succumbs to the
devastating effects of cachexia. These are not separate systemic phenomena though. The
basis for a mechanistic connection between these two responses is provided by the clinical
literature, where the deleterious effects of poor nutritional status on systemic immunity are well-
documented [29]. It is thus conceivable that there exists a set of continuous variables that
determine the balance between wasting and immunological clearance in cancer, and that they
may be targeted for benefit of the host, and the detriment of the tumor.

Box 1. Clinical Definition of Cachexia

Cachexia is ‘characterized by a negative protein and energy balance driven by a variable combination of reduced food
intake and abnormal metabolism’ [25].

The international consensus criteria [27] for diagnosis of cancer cachexia include any one of the following:

e Weight loss >5% over the past 6 months (in absence of simple starvation); or

e Body mass index < 20 kg/m? and any degree of weight loss >2%; or

e Sarcopenia (i.e., low muscle mass) as determinable by various modalities of body composition analysis [27], and any
degree of weight loss >2%.
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This review examines the fields of cachexia and immunity, as they relate to cancer. The
discussions of cachexia will consider to what extent its molecular features are accounted
for by raised glucocorticoid levels and other elements of the physiological response to
caloric deficiency. Conversely, discussions of immunity will focus on the apparent necessity
of intratumoral T-cell infiltration for immune control of cancer. We will conclude with a
discussion of recent findings [30] demonstrating how the glucocorticoid response to caloric
deficiency can determine intratumoral T-cell infiltration and immune control of tumor growth in
mouse models of cachexia. As a result of this connection, exciting potential lines of scientific
and therapeutic inquiry may arise, and these will also be addressed.

Caloric Deficiency: The Primary Defect of Cachexia

Cachexia, by international consensus, is a clinical syndrome that is defined principally by weight
loss (Box 1), and is ‘characterized by a negative protein and energy balance driven by a variable
combination of reduced food intake and abnormal metabolism’ [25]. Reduced food intake is
frequently reported in patients with cancer [31], and is considered to be a key underlying
mechanism of cachexia, as well as a risk factor for progression from the precachectic to the
cachectic state [25]. Reduced food intake is also a common finding across murine models of
cachexia [30,32-35].

Reduced food intake in patients with cancer can be multifactorial, with causes including
mechanical disruption of the gastrointestinal tract, paracrine dysfunction and malabsorption,
nausea and vomiting due to anticancer therapy, pain, anxiety, depression, and fatigue [36].
However, it frequently manifests in the presence of none of these associated factors, and is
often attributed to negative regulation of central appetite control [37], the definitive cause of
which is yet to be discovered.

It has been proposed that cancer-induced reductions in food intake, combined with the
energetic burden of the tumor, may lead to an energy deficit, the normal physiological response
to which accounts for the cachexia syndrome [38]. Many of the biological alterations that
characterize cachexia, at both systemic and tissue levels, are shared with the normal response
to caloric restriction. In terms of whole-body metabolism, both responses in humans exhibit
loss of fat and muscle mass [39], impaired glucose disposal [40], low serum levels of leptin [41],
raised serum levels of ghrelin [42], and activation of hepatic gluconeogenesis [43]. Further
parallels from studies of murine cachexia models include high levels of corticosterone (the
murine equivalent of cortisol) and low levels of insulin, insulin-like growth factor 1, and thyroid
hormones [44-47]. These latter changes, and in particular, those of insulin and glucocorticoids,
are understood to account for the depletion of muscle and fat tissue in caloric restriction
[48,49], and may therefore contribute to the depletion of these same tissues in cachexia.

The parallels of cachexia and the normal response to caloric restriction are not restricted to
systemic metabolism. Recent molecular studies in mice have further highlighted the similarities
of the two processes at the level of individual tissues. Muscle atrophy in response to caloric
restriction, as in cachexia, can be abrogated either through myocyte-restricted knockout of the
glucocorticoid receptor (GR) [50,51] or through myocyte-restricted overexpression of the
super-repressor inhibitor of kappa Ba (IkBa) that potently inhibits nuclear factor-«B [52,53].
The two conditions also share multiple transcriptional features in common; in mice, these
include downregulation of mMRNAs for the anabolic factor insulin-like growth factor 1 [54] and
upregulation of MRNAs for the catabolic factors myostatin, Forkhead box protein O1 (FOXO1),
atrogin-1, muscle RING-finger protein-1 (MuRF1), and cathepsin L, as well as several subunits
of the 20S proteasome and its 19S regulator [55-58]. In vivo mouse muscle transfection
experiments using either dominant-negative signal transducer and activator of transcription 3
(STAT-3) or constitutively activated STAT-3 have demonstrated a dependency of myocyte
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Glossary

Adipose triglyceride lipase:
catalyzes the first step in triglyceride
breakdown, converting one
triacylglycerol to one diacylglycerol
plus a fatty acid.

Autochthonous tumor: arises in the
location where it subsequently grows
and develops. Includes spontaneous,
carcinogen-induced and genetically
engineered tumors, but not
transplantable or injected tumors.
Cachexia: syndrome of involuntary
weight loss involving depletion of
both muscle and fat tissue. It is
common in patients with cancer,
where it is termed ‘cancer cachexia’
(see clinical definition in Box 1).
Caloric deficiency: describes a
state where the total of energy
expenditure and energy loss from an
organism exceeds its energy intake
from the environment.

Caloric restriction: refers to an
experimental reduction in the food
intake of an organism.
Cancer-associated fibroblasts: a
subpopulation of non-cancer, non-
hematopoietic mesenchymal cells
within the tumor microenvironment
that modulate cancer progression.
CD8*T-cell: a subset of T
lymphocyte. In cancer, effector-
differentiated CD8" T-cells produce
cytotoxins in response to ligation of
their T-cell receptor by cancer cells
that express their specific antigenic
peptides on MHC Class | molecules.
Chemotaxin: a substance that
induces movement of responsive
cells toward its site of production.
Circadian rhythms: cycles in
physiological processes of
approximately 24 h in duration. They
occur spontaneously, but can also
be entrained by external cues.
Clonal expansion: of lymphocytes
in cancer, describes the proliferation
that occurs following stimulation with
antigen at the level of the tumor or
lymph node. Each daughter cell
shares the same antigen specificity.
Contact hypersensitivity: T helper
cell-mediated immune response; in
this review, a mouse model of
human allergic contact dermatitis is
described.

CXCR3 ligands: chemokines that
potently attract CXC motif chemokine
receptor 3 expressing cells including
T-cells, natural killer cells, and
subsets of dendritic cells. These
include CXCL9, CXCL10, and
CXCL11.
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atrophy in cachexia on upregulated signaling of the STAT-3 transcription factor [59]. This may
result from an elevation of systemic cytokines, including interleukin-6 (IL-6), IL-11, and IL-1,
which would not be observed with caloric restriction [60]. However, STAT-3 activation has also
been observed in muscles from mouse models of chronic kidney disease and type | diabetes
[61]. The latter observation suggests a more general role for this transcription factor in muscle
catabolism that may ultimately prove to be nutrient sensitive. Reversal of muscle catabolism
through administration of the soluble myostatin-family protein receptor, sActRIIB, drastically
prolongs survival in transplantable mouse models, including the C26 model of colorectal
adenocarcinoma [24]. This result challenges the hypothesis that muscle is being broken down
in cachexia primarily to meet the energetic needs of the host organism. However, increases in
food intake have been reported in both tumor-bearing and non-tumor-bearing mice following
administration of this therapy, which may compensate for the loss of nutrients derived from
muscle breakdown [62,63].

The parallels extend to adipose tissue as well, as both caloric restriction and cachexia involve
activation of the rate-limiting lipase, adipose triglyceride lipase [33,64], as well as activation
of the thermogenic program, as confirmed by elevated uncoupling protein 1 (UCP-1)
expression at the mRNA and protein level in white adipocytes [65,66]. Upregulation of
thermogenesis increases energy expenditure, contributing to the negative energy balance
of cachexia. This may seem perverse at a time of caloric need, but this increased heat
generation may be interpreted, both in the cachectic and calorically restricted setting, as
an appropriate thermoregulatory response to the depletion of insulating adipose tissue [67].
Depletion of insulating tissue would also shift the location of the thermoneutral zone,
potentially compromising single temperature-point thermoneutrality experiments that seek
to exclude a primarily thermoregulatory response [68]. In the transplantable Lewis lung
carcinoma mouse model, cancer cell secretion of parathyroid hormone-related protein
has been studied using cell cultures as well as in vivo receptor knockout, antibody neutraliza-
tion, and gain-of-function experiments. This work demonstrated that parathyroid hormone-
related protein can directly act on adipocytes to upregulate the thermogenic program, leading
to energy loss and muscle wasting [69,70]. Nonetheless, it remains to be clarified to what extent
the browning reaction in cachexia is cause or consequence of the underlying caloric-deficient
state.

One undeniable point of distinction between cachexia and caloric restriction is that both muscle
wasting and survival in cachexia are resistant to conventional nutritional support [21]. There
may be elements of wasting in cachexia that operate independently of caloric deficiency, but
cachexia may equally exhibit an aberration in the response to caloric deficiency that prohibits
conversion of raw metabolic substrates into usable energy [30]. It is reasonable to suppose that
such an aberration might lead to a failure of exogenous substrate to downregulate the normal
catabolic response to caloric deficiency, thus enabling a continuation of the wasting process.

Cachexia demonstrates extensive similarities to the normal response to caloric restriction at the
level of whole-body metabolism, and at the level of muscle and fat tissues. Resolving the true
molecular distinctions between the two processes is a priority for the field, as their correction
may render weight loss reversible through conventional nutritional support.

T-Cell Infiltration: The Critical Event in Immune Control of Cancer

A similar point of mechanistic convergence can be sought for the determinants of antitumor
immune control. For the adaptive immune system to generate an effective antitumor response,
a number of requirements must be met. Cancer cells must express either nonmutated self-
antigen or mutated neoantigens that can be recognized by the host repertoire of cytotoxic
CD8"* T-cell receptors once they are processed and presented on major histocompatibility
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Ghrelin: hormone secreted by an
empty stomach that acts on the
hypothalamus to promote appetite.
Glucocorticoids: hormones
synthesized in the zona fasciculata of
the adrenal gland. They function as
the effector component of the
hypothalamic—pituitary—adrenal (HPA)
axis. Stimuli activating the HPA axis
include psychological, inflammatory,
and metabolic stress.
Glucocorticoids influence various
aspects of metabolism, innate and
adaptive immunity, as well as
psychological states. Corticosterone
and cortisol are the major murine
and human glucocorticoids,
respectively.

Hapten: a small molecule that elicits
an immune response only when
attached to a large carrier, such as a
protein.

Immune privilege: sites within the
body that tolerate the introduction of
antigens without eliciting an effective
immune response.

Immunogenic: defines any
substance capable of producing an
immune response. Not all antigens
recognized by the immune system
are immunogenic.

Immunotherapy: in cancer, refers to
any therapy that exploits the immune
system to control cancer growth.
Interleukin-6: cytokine secreted by
a number of cell types including
cancer cells, myeloid cells, and
cancer-associated fibroblasts. A
variety of metabolic and
immunological roles have been
described for IL-6 in cancer,
including promotion of cancer cell
survival, modulation of hepatic
metabolism, and suppression of
antitumor immunity.

Ketogenesis: essential component
of the mammalian response to
caloric restriction. It refers to the
process of conjugation of two-
carbon products to four-carbon
ketone bodies such as
B-hydroxybutyrate and acetoacetate.
A common source of the two-carbon
products is fatty acids released from
adipose tissue and metabolized in
the liver, where they are first
subjected to beta-oxidation;
however, other molecules such as
certain amino acids are also
ketogenic precursors.

Leptin: hormone secreted by
adipocytes in the fed state; serves to
inhibit appetite and thus maintain
energy balance.



complex (MHC) Class | molecules [18]. Cancer-associated antigens must then be cross-
presented by a specialized population of dendritic cells, a process that is dependent on
the basic leucine zipper ATF-like transcription factor 3 (BATF-3) transcription factor in mice
[71,72], permitting clonal expansion and effector differentiation of cancer-specific cytotoxic T
cells either within the tumor or within tumor-draining lymph nodes [73]. Following cytotoxic T-
cell effector differentiation, these lymphocytes must be able to migrate into and/or within the
tumor site, so as to ligate their T-cell receptors with cancer cell MHC Class | molecules, thus
releasing their cytolytic contents [74].

An extensive preclinical literature has highlighted a number of endogenous, modulatory
influences over this process in cancer. These include effects on antigen presentation from
the host microbiota [75], effects on clonal expansion through ligation of checkpoint molecules
such as cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) at the priming stage [76], as well
as local suppressive actions of intratumoral myeloid cells [77,78], cancer-associated fibro-
blasts [79], endothelial cells [80], T-regulatory cells [81], cancer cells [82,83], and formation
of abnormal vasculature [84]. It is clear from these studies that at each stage of the immune
response to cancer, there exist physiological counter-regulatory mechanisms that in turn
present opportunities for therapeutic intervention. What is not clear at this point in time is
to what extent each stage of the immune response can compensate for the impairment of
another step, and if there is a hierarchy of events or a dominant rate-limiting step for the
immunological eradication of cancer. The resistance of the majority of solid cancers to the
current generation of licensed checkpoint antagonists — anti-CTLA-4, anti-PD-L1, and anti-PD-
1 — requires explanation. Responders and non-responders to these therapies are distinct in
terms of their burden of predicted neoantigens [18,85], but the present literature also indicates
an important role for the exclusion of T cells from areas of the tumor that contain cancer cells
[74]. Stringent spatial exclusion would mean that even cancer antigen-reactive, effector-
differentiated cytotoxic CD8" T-cell clones would be prevented from engaging cancer cell
MHC Class | molecules with their T-cell receptors. The absence of the formation of this
immunological synapse would prevent release of their cytotoxic contents and thereby, curtail
anticancer activity.

Exclusion of T cells from the vicinity of their target cells is common to sites of intense immune
privilege such as the eye, brain, and placenta. In line with these examples from normal
physiology, the local infiltration of T cells, as assessed through immunohistochemistry of tumor
sections of patients with cancer, has proven to be a strong, independent predictor of survival
across multiple cancer types [86-89]. The stages of immunogenic antigen expression,
antigen presentation, clonal expansion, and effector differentiation may be bypassed through
mass transfer of cancer-reactive CD8" T cells, yet the efficacy of this therapy in transplantable
tumor models is absolutely dependent on the ability of the transferred population to migrate into
the tumor in response to local chemotactic signaling via C-X-C motif chemokine receptor 3
(CXCRB3) [90]. Conversely, ectopic expression of CXCR3 ligands in an autochthonous
mouse model of melanoma has been shown to lead to T-cell-dependent control of tumor
growth [91], and elevated tumoral expression of the mRNA for chemokine (C-X-C motif) ligand 9
(CXCLY9) is strongly predictive of responses to programmed death ligand 1 (PD-L1) blockade in
clinical studies of melanoma [16]. Furthermore, epigenetically silenced expression of major
chemotaxins has been associated with the near-absolute T-cell exclusion from the maternal—-
fetal interface of ovalbumin-immunized mice bearing ovalbumin-expressing concepti
(embryos) [92]; taken together, these data suggest that evolution may have selected migration
of T cells as a focus of immune regulation. It follows that cancers must exploit migratory control
to evade host immunity. Studies of programmed cell death protein 1 (PD-1)-PD-L1 axis
blockade provide further evidence for this, because tumor control appears inextricably linked
to the magnitude of the T-cell infiltrate: initial responses in clinical studies are contingent on a
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Metyrapone: Food and Drug
Administration-approved drug that
blocks the synthesis of
corticosterone and cortisol through
reversible inhibition of steroid 11B-
hydroxylase.

Microbiota: refers to all
microorganisms that live in or on a
particular multicellular organism.
Myostatin: protein produced and
secreted by myocytes that reduces
muscle mass.

Neoantigen: in cancer, they are
mutated peptides that are capable of
being presented on host MHC
molecules and may therefore elicit an
immune response.

Ovalbumin: protein found in egg
whites commonly used in research
as a model antigen.

Parathyroid hormone-related
protein: multifunctional; best known
as the source of raised serum
calcium in patients with cancer.
Recent mouse experiments have
implicated it in the development of
cachexia, independent of its effect
on serum calcium.

Peroxisome proliferator-activated
receptor alpha: ligand-activated
transcription factor essential for
activation of ketogenesis in the
fasting state. Mice with germ-line
deletions of this protein fail to
produce ketones or upregulate
ketogenic enzymes when subjected
to caloric restriction.

Precachectic: state of altered
metabolism observed in patients
prior to their fulfiling the diagnostic
criteria for cachexia.

Relative hypoketonemia: reduced
levels of circulating ketone bodies
relative to a suitable control group. In
the case of fasted tumor-bearing or
IL-6-infused animals, the respective
control groups would be non-tumor-
bearing or saline-infused littermates.
sActRlIlb: engineered, soluble form
of ActRIlb; a transmembrane
receptor for transforming growth
factor-B superfamily members,
including myostatin.
Steatohepatitis: liver inflammation
with concurrent fat accumulation.
T-cell checkpoint molecules:
expressed on the surface of T-cells.
They interact with surface ligands on
other cells to regulate T-cell function.
Key examples in CD4" and CD8" T
cells include CTLA-4, or PD-1, which
interacts with PD-L1 on tumor cells,
immune cells, and certain non-
immune cells.
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pre-existing T-cell infiltrate [93], and late on-treatment progression is characterized by loss of
the T-cell infiltrate [94]. Furthermore, responses in nonsensitive tumors can, in preclinical
settings, be exposed through coadministration of novel therapies that act to increase the
T-cell infiltrate. This appears to occur irrespective of the molecular target, and irrespective of
whether its cellular source is the cancer cell, the myeloid cell, or the cancer-associated
fibroblast [95-98].

Although it is unclear to what extent mechanisms of T-cell exclusion in cancer converge onto a
common mechanism [99], stringent T-cell exclusion appears common to immune-privileged
tumors and immune-privileged normal tissues alike, and represents a significant bottleneck in
the path toward immune control of cancers [100].

Connecting Caloric Deficiency and T-Cell Infiltration in Cancer

The observations of cachexia may be accounted for by a normal response to caloric deficiency
that is compounded by aberrant processing of metabolic substrates, whilst failures of immune
control under checkpoint blockade are robustly associated with relative failure of T-cell
infiltration. Through a mechanistic dissection of host metabolism in cachexia, our work in
mice has uncovered a tumor-induced systemic immune suppression that causes loss of
effector T-cell infiltration, and abolishes responses to immunotherapy [30].

In two mouse models of cancer cachexia — the ectopic, C26 colorectal tumor and an
autochthonous pancreatic ductal adenocarcinoma — tumor-induced IL-6 suppressed hepatic
expression of peroxisome proliferator-activated receptor-« (PPAR-«), the transcriptional
master regulator of hepatic beta-oxidation and ketogenesis [30,101,102]. Challenging these
mice with caloric deficiency led to a relative hypoketonemia that could not be corrected
through excess provision of fatty acid substrate, and that triggered a marked rise in glucocorti-
coid levels [30]. This hormonal stress response was necessary and sufficient to suppress
multiple markers of the intratumoral immune reaction. These included those representative of
CXCR3-dependent T-cell chemotaxis (Cxcl9, Cxcl10, and Cxcl11 mRNA), T-cell infiltration
(Cd3e and Cd8a mRNA as well as the percentage of intratumoral CD8* T cells), and T-cell
cytolytic activity (ifng, Gzmb, and Prf1 mRNA) [30]. Administration of glucocorticoids to levels
lower than those which occur in cachectic mice — but comparable to the fold elevations of
glucocorticoids observed in patients with pancreatic cancer and cachexia — abolished the
response of an autochthonous murine pancreatic cancer to combination immunotherapy [30].
The work suggests the existence of a sequence by which cancer may alter the host metabolism
to foster its own survival (Figure 1).

Systemic glucocorticoids, induced by metabolic stress, thus connect the host’s metabolic and
immune responses to cancer and may account for failure of immune therapies in the clinical
setting. Factors from the tumor microenvironment that influence T-cell infiltration together with
the response to immunotherapy have been described, examples of which include CXCL12,
colony stimulating factor 1 receptor (CSF-1R), CXCR2, focal adhesion kinase (FAK), and
vascular endothelial growth factor (VEGF) [95-98,103], but not one of them has been proposed
to exert its effects at the systemic level. Exactly how glucocorticoids promote suppression of
the antitumor immune reaction is unclear, but current data point toward a primary suppressive
effect of glucocorticoids on myeloid cell production of the CXCR3 ligands, CXCL9-11, that
would be indispensable for CXCR3-mediated T-cell chemotaxis into tumor sites [90]. This
hypothesis is supported by the proportionate suppression of intratumoral markers of cytotoxic
T-cell infiltration (Cd3e and Cd8a) and cytotoxic T-cell function (Ifng, Prf1, and Gzmb) in murine
cachexia [30]. It is also supported by a murine study of contact hypersensitivity, another T-
cell-dependent sterile inflammatory reaction; conditional GR knockout mice were exposed to
dexamethasone-induced ear swelling in response to a hapten that the mice had previously
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T-cell infiltration: process whereby
T cells move to be within close
proximity to cancer cells to establish
a direct contact that is required for
the effector function of cytolytic
CD8* T cells.

Therapeutic resistance: exhibited
by tumors that are resistant to
control by a particular therapy.
Thermogenic program: in adipose
tissue, refers to the pattern of mMRNA
and protein expression of factors
associated with upregulation of
mitochondrial respiration and
mitochondrial uncoupling, leading to
increased generation of heat energy.
UCP-1 upregulation is the primary
biomarker.

Thermoneutral zone: the range of
temperatures for an organism where
temperature regulation is achieved
without regulatory changes in
metabolic heat production or
evaporative heat loss. It is dependent
on posture, insulation, and the basal
metabolic rate.

T-regulatory cells: immune
suppressive subset of CD4* T
lymphocytes that stains positive for
the Foxp3 transcription factor.
Tumor microenvironment:
describes all the cellular and non-
cellular components of a tumor
mass.

Uncoupling protein 1 (UCP-1):
dissipates the proton gradient across
the inner mitochondrial membrane,
uncoupling cellular respiration and
thus heat production from ATP
production.
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Figure 1. Proposed Sequence for
the Perpetuation of Cancer in the
Host Organism. The tumor reprograms
host metabolism; for example, tumor-
induced IL-6 can downregulate hepatic

. ketogenesis. In patients with cancer
and anorexia, this leads to elevation of
metabolic stress and circulating gluco-
corticoid levels. This hormonal response
is sufficient to suppress antitumor immu-
! nity. IL-6, interleukin 6.
—>
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been sensitized [104]. The data demonstrated an absolute requirement of the myeloid GR, but
not the lymphocyte or epithelial GRs, in suppressing the contact hypersensitivity reaction [104].

Irrespective of the underlying mechanism by which glucocorticoids exert immune suppression,
these data suggest that endogenous glucocorticoids may compromise outcomes for patients
with cancer. They motivate not only further mechanistic inquiries into the regulatory mecha-
nisms at play, but also translational inquiries into the relevance of these mechanisms for
patients with cancer, each of which will be discussed below. More pressing however, they
caution against pharmacological prescription of glucocorticoids as antiemetics and/or appetite
stimulants, which frequently occurs in patients with cancer. Though this may still be appropriate
in the palliative setting, or in managing acute or chronic autoimmune complications in the
context of checkpoint immunotherapy, clinicians should be mindful that glucocorticoid admin-
istration may ultimately favor tumor progression through suppression of antitumor immunity.

Unresolved Mechanistic Questions of Host Modulation in Cancer

The discovery of endogenous glucocorticoids as a candidate continuous variable that deter-
mines the balance between wasting and immunological control of cancer, and of the factors
that promote their biosynthesis, raises a number of further mechanistic questions that require
evaluation. The mechanism underlying the spontaneous reduction in food intake in cachexia is
a priority for future research. Reduced food intake is prevalent in patients with cancer, and
reduced food intake in precachectic tumor-bearing mice has revealed the systemic conse-
quences of tumor-induced liver reprogramming: suppressed ketogenic potential, raised glu-
cocorticoids, and immune suppression [30]. The hypothalamus is the site of the brain where
metabolic demand is transduced into behavioral change, yet it appears insensitive in cachexia
to signals that would be anticipated to promote appetite; most significant of these are the low
leptin levels that have been reported in human and murine studies [41,105]. Pharmacological
studies of transplantable methylcholanthrene-induced sarcomas in rats suggest that this
insensitivity to nutritional state may stem from the intracerebral action of serotonin and IL-1
[106], or the systemic action of tumor necrosis factor family cytokines [107]. Alternatively, it may
arise from other, potentially undiscovered factors.

Of similar importance to the appetite question is the interrogation of the paradoxical response of
the livers of fasted, precachectic mice to fatty acid substrate, where administration of fatty acids
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has been shown to lead to a fall in ketones [30]. This result was unexpected, as suppressed
ketogenic enzyme expression would instead predict a minimal increase or no change in
ketones upon substrate administration. It is tempting to speculate to what extent this result
models the unexplained clinical observation that administration of nutrients fails to elicit the
anticipated physiological response of preserving lean mass, and fails to extend survival. It may
even shed light on the observation that prolonged administration of total parenteral nutrition can
cause steatohepatitis and liver impairment in the clinical setting. The findings on ketogenesis
call for analyses of the exact mechanism by which IL-6 suppresses PPAR-a, the transcriptional
master regulator of ketogenesis, but do not, at this stage, exclude other mechanisms of
ketogenesis suppression. The effects of IL-6 on liver metabolism likely extend beyond the
response of ketogenic enzymes to reduced food intake, and may include broad changes in the
circadian regulation of insulin signaling, glucose tolerance, and lipid metabolism that have been
observed with IL-6-inducing murine lung tumors [108]. Other IL-6 family proteins such as IL-11
and leukemia inhibitory factor (LIF) are elevated in cachexia, and may also play a role, perhaps
converging with IL-6 onto the gp130-STAT-3 axis [60]. As the liver is an essential organ of
metabolic homeostasis, its apparent metabolic dysfunction in the context of cancer-induced
inflammation demands extensive, broad-based functional analyses supported by parallel
clinical validation.

Downstream of substrate-refractory relative hypoketonemia, future work may investigate how
the hypothalamic—pituitary—adrenal axis may be activated by reduced ketone levels, as has
been demonstrated in humans subjected to insulin-induced hypoglycemia, whereby co-infu-
sion of ketone bodies reduced the cortisol response to a given blood glucose level [109].
Another question is whether fatty acids liberated from adipose tissue that are not metabolized
by the liver are instead oxidized by skeletal muscle, leading to oxidative stress, p38 activation,
and an acceleration of muscle atrophy [110]. The consequences of stress-induced glucocorti-
coids on the intratumoral T-cell reaction might in turn be disentangled from their known effects
on T cells, peripherally and in lymphoid tissue [111,112].

The immune-suppressive effects of glucocorticoids are a consistent finding in immunology, but
they must be reconciled with other immunomodulatory effects of altered host metabolism in
cancer. One such effect has recently been demonstrated in mouse models; specifically, brief
periods of caloric restriction following transplantable tumor inoculation enhances the efficacy of
CD8* T-cell-dependent chemotherapy [113,114]. This effect was dependent on starvation-
induced activation of autophagy in the MCA205 sarcoma model and suppression of heme
oxygenase (HO) in the 4T1 breast cancer model, being abrogated following ATG5 knockdown
and HO overexpression in the respective cancer cells prior to inoculation [113,114]. HO has
been independently shown to suppress rejection of murine lung allografts [115]. There are other
potential ways in which reprogrammed metabolism during cancer may affect antitumor
immunity. In addition to effects on glucocorticoids and cancer cells, reprogrammed metabolism
during cancer may directly impact lymphocyte function by altering the availabilities of key
nutrients. For example, serine restriction impairs CD8* T-cell proliferation in vitro and in vivo
(transgenic mouse models of Listeria monocytogenes infection) [116]. Furthermore, culturing
human naive CD4* and CD8" T cells with increased I-arginine has been recently shown to
promote the development of a central memory-like phenotype, as well as enhanced CD8" T-
cell antitumor activity in transgenic mouse models of melanoma [117]. These results are of
potential relevance to host metabolism in cancer because circulating levels of serine and
arginine have been shown to be elevated in pancreatic cancer patients exhibiting cachexia as
opposed to those without cachexia [118].

From another perspective, the microbiota might provide an alternative conduit by which
cancer-induced reductions in food intake may affect the antitumor immune response. Indeed,
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the intestinal microbiota is profoundly immunomodulatory, as demonstrated by experiments
showing how the efficacy of anti-CTLA-4 immunotherapy is abolished in germ-free or antibiotic-
treated mice [119], and furthermore, its phylogenetic structure is sensitive to both content and
quantity of the dietary intake in humans and mice [120-122]. Consequently, the potential
mechanisms by which cancer may operate outside the tumor microenvironment to affect the
antitumor immune response are diverse, and need not be restricted to host metabolism.

Host-Targeted Biomarkers and Therapeutics in Cancer Immunotherapy

The dependence of preclinical immune therapies on circulating glucocorticoids provides a road
map toward the development of novel mechanism-based biomarkers and therapeutics
(Figure 2, Key Figure). The systemic determinants of glucocorticoid release present candidate
biomarkers for patient stratification in immunotherapy. As guided by our own preclinical work,
we would suggest that these candidate biomarkers include measurements of food intake,
energy expenditure, IL-6 levels, ketone levels, and ketogenic potential, together with any
alterations in the serum or urinary metabolomes that may signify PPAR-« dysfunction [123].
The nonmetabolic triggers of glucocorticoid release, such as disrupted circadian rhythms
and maladaptive psychological responses to cancer, may be of equal predictive value, because
the markers of the intratumoral immune reaction oscillate according to the diurnal glucocorti-
coid variations [30,124-127]. Once glucocorticoids are secreted by the adrenal glands, the
host’s diurnal exposure may be quantified through direct measurements in the serum or urine.

Key Figure
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Figure 2. Based on the hypotheses posited in this article, the sequence described in the concept column might be directly
translated into biomarker-driven therapeutic interventions. Examples of potential biomarkers and therapies are provided.
CXCRS3, CXC motif chemokine receptor 3; IL-6, interleukin 6; PPAR«, peroxisome proliferator-activated receptor-a;
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The consequences of glucocorticoid signaling might be then assessed through analysis of
peripheral immune cell populations [128], or through analysis of nonimmunological tissues such
as adipose tissue and skeletal muscle. These indirect assessments at the tissue level may be
more readily applicable to clinical practice, owing to the short (=60 min) half-life of cortisol in
plasma, and the practicalities inherent to rigorous diurnal blood sampling. In support of these
putative assessments, studies of patients with B-cell lymphomas have shown that low skeletal
muscle mass, a known result of glucocorticoid signaling, can be independently predictive of
reduced progression-free survival in the context of combination chemoimmunotherapy
[129,130]. Should such host-centric biomarkers prove to correlate with failure of immunother-
apy, they might provide the essential translational support for the relevance of reprogrammed
host metabolism in this clinical setting that is currently lacking. Moreover, and as with any
predictive biomarker, their measurement may help minimize costly false-negatives in clinical
trials through facilitating appropriate patient stratification, and ultimately serve to guide effective
treatment decisions.

In terms of therapeutic approaches (Figure 2), the critical proof of principle would involve
enhancing the response to immune therapy through resolution of the host’s metabolic
response to cancer in preclinical model systems. This might be potentially achieved by
targeting IL-6 production from cancer-associated fibroblasts, which are its dominant cellular
source in murine pancreatic tumors [131], or through directly targeting circulating IL-6 and/or its
downstream effects on liver metabolism. Although trials of anti-IL-6 are yet to demonstrate
clinical benefit [23], this therapeutic may need to be re-evaluated in the context of emerging
preclinical data, and combined with either checkpoint inhibition (to potentiate its putative
immunological effects) or with nutritional support (to exploit any normalization of liver metabo-
lism that may occur). As the effects of IL-6 likely predate the onset of clinical cachexia [30],
administration at early time points may also be required. As an alternative to resolving liver
metabolism, the consequences of impaired ketogenic potential may be circumvented through
administration of therapies that prevent cancer-induced appetite loss. Stimuli that elevate
glucocorticoids may also be intercepted at a downstream level, either though prevention of
glucocorticoid synthesis in the adrenal gland or through antagonism of the GR.

The feasibility of these approaches is supported by experiments in a K-RAS-driven mouse
model of lung cancer where anti-IL-6 therapy increased expression of markers of a cytotoxic T-
cellimmune response such as intratumoral Ifng and Gzmb mRNA [132], and in multiple mouse
models of pancreatic ductal adenocarcinoma where anti-IL-6 therapy synergized with anti-PD-
L1 to control tumor growth and prolong survival [133]. In other studies, administration of the
glucocorticoid synthesis inhibitor, metyrapone, was shown to suppress tumor growth in mice
inoculated with a murine sarcoma virus [134]. These preclinical successes notwithstanding, the
nature of systemic immune suppression in cancer, particularly following the development of
cachexia, demands a multifaceted approach. The effects of caloric deficiency are compounded
by a defective liver metabolism, and the release of glucocorticoids appears as an appropriate
response to the nutritional state. Resolution of systemic immune suppression may therefore
require correction of liver metabolism through administration of anti-IL-6 or another liver-
targeted agent, in combination with nutritional support.

As we are beginning to explore response to new therapeutic approaches, we should also
consider re-evaluating the classifications of cancers in a manner that is disease-site agnostic.
The focus on our emerging understanding of the unifying aspects of various cancers from the
perspective of immunotherapy or systemic disease may offer a guide for these attempts. A
simple implementation may be to conduct classifications using binary approaches, such as
high versus low neoantigen levels, high versus low T-cell tumor infiltration, high versus low IL-6,
or normal versus cachectic metabolism. Through deconvolution of trial design, and attempted
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Box 2. Clinician’s Corner

Oncologists and their patients are all too familiar with disease relapse or progression despite administration of
anticancer therapy. This is the case for a variety of malignancies. The challenges of therapeutic failure are universal
to all tumors and have been observed with chemotherapies, targeted therapies, and more recently, with immunothera-
pies — a renewed therapeutic strategy that can cause long-term remission. Insufficient therapies are not restricted to
tumor-directed therapy, however: systemic cancer effects, such as fatigue and pain, as well as anorexia and cachexia
are equally not met by sufficient therapeutic options.

Recent preclinical findings in mouse models of cancer mechanistically connect cancer cachexia, reduced anticancer
immunity, and failure to respond to cancer immunotherapy. Elevated IL-6 is associated with many cancers, including
nonsmall cell lung cancer and pancreatic cancer, and can induce molecular failure of hepatic ketogenesis. Such findings
correlate with results from patients with pancreatic cancer and cachexia. Furthermore, in preclinical studies, such
elevated glucocorticoid levels are sufficient to suppress intratumoral immunity and result in failure of cancer
immunotherapy.

To transform findings such as these for the benefit of patients, clinical research to deliver proof of principle and proof of
concept, as well as predictive biomarkers of therapeutic response is paramount. Efforts should include research on
markers of defective host metabolism, drawn, for example, from the circulating pool of lipid and protein metabolites or
hormone levels. These can include measurements such as plasma cortisol profiles, but could also rely on clinical
metadata such as continued weight loss.

Ultimately, improvement of cancer therapy may be achieved by combining normalization or amelioration of metabolic
stress with cancer immunotherapy. Several potential targets for combination therapy with T-cell checkpoint-targeted
immunotherapy can be derived from preclinical work and should be investigated in conjunction with the experimental
medicine efforts described earlier. These therapies might include administration of caloric supplementation together
with either anti-IL-6 agents, glucocorticoid synthesis antagonists, or GR antagonists, so as to optimize clinical
outcomes.

As a new generation of cancer therapies is being examined, we should not miss the opportunity to question and refine
the methodology employed to test their efficacy. We owe it to our patients to not restrict clinical trials solely to
conventional end points, but rather, we must be certain that we understand mechanistically both failure and success of
single and combination immunotherapy approaches. The clinical translation of the convergence of host metabolism and
host immunity may offer a new area in which to develop carefully designed clinical trials and ultimately, impactful
therapeutic strategies.

isolation of critical variables, such criteria may facilitate the successful implementation of clinical
treatment strategies.

Concluding Remarks

Recent trends in cancer research include expansion of focus beyond the microcosm of the
cancer cell, increased recognition of the response to caloric deficiency in cachexia as a
determinant of cancer outcome, and a convergence on T-cell infiltration as a requirement
for response to immunotherapies. Systemic glucocorticoids represent a confluence of these
trends, as they are induced by the response of precachectic mice to caloric deficiency, and act
to suppress both T-cell infiltration and responses to immunotherapy. As a result, a plethora of
exciting new approaches to stratifying and treating cancer patients are arising, with the focus of
discovery being the host, rather than the tumor (see Outstanding Questions and Box 2).
Together with the immunotherapeutic revolution, and recent insights into the manifold effects of
the host microbiota, such work may resurrect the classical understanding of cancer as a
disorder of its host’s biology.

Acknowledgments

We thank the University of Cambridge, Cancer Research UK, Hutchison Whampoa Limited, the Lustgarten Foundation for
Pancreatic Cancer Research, the Ludwig Institute for Cancer Research, the NIHR Biomedical Research Centre, and the
Cambridge ECMC. T.R.F. was supported by the Cambridge School of Clinical Medicine’s MB/PhD Programme, T.J. was
supported by the Wellcome Trust Translational Medicine and Therapeutics Programme and the University of Cambridge
Department of Oncology (RJAG/076). D.T.F. is a Distinguished Scholar of the Lustgarten Foundation.

Cell

Outstanding Questions

What is the mechanism that under-
lies the spontaneous loss of appe-
tite in cancer-associated anorexia
and cachexia?

Reduced food intake reveals the con-
sequences of tumor-induced hepatic
reprogramming in preclinical model
systems, which include substrate-
refractory hypoketonemia and intratu-
moral immune suppression.

What are the functional conse-
quences of tumor-induced hepatic
reprogramming?

Preclinical studies have defined sup-
pressed ketogenic potential due to
tumor-induced IL-6, as well as dis-
rupted circadian control of glucose
and lipid metabolism. Functional stud-
ies of substrate handling may explain
why wasting in cachexia is resistant to
nutritional support.

How do glucocorticoids act to
suppress the antitumor immune
reaction?

The antitumor immune response is
sensitive even to subtle, diurnal varia-
tions in glucocorticoids. What are the
cellular and molecular processes that
underlie this sensitivity? Does the criti-
cal glucocorticoid-sensor reside within
the tumor, within primary or secondary
lymphoid tissue, or elsewhere within
the body?

How do glucocorticoids interact
with other immunomodulatory
effects of the host metabolism in
cancer?

Reduced caloric intake can promote
subsequent CD8* T-cell-dependent
tumor control under chemotherapy. It
may also affect the intestinal micro-
biota, and circulating concentrations
of critical immunometabolites. Do
these changes act in concert with glu-
cocorticoids, oppose their effects, or
act at distinct phases of an immune
reaction to cancer?

Can the host metabolic response
to cancer provide the next genera-
tion of predictive biomarkers and
therapeutic targets in
immunotherapy?
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Owing to their tremendous diversity and plasticity, immune cells exert multifaceted functions in tumor-
bearing hosts, ranging from anti-tumor to pro-tumor activities. Tumor immune landscapes differ greatly be-
tween and within cancer types. Emerging evidence suggests that genetic aberrations in cancer cells dictate
the immune contexture of tumors. Here, we review the current understanding of the mechanisms whereby
common drivers of tumorigenesis modulate the tumor immune milieu. We discuss these findings in the
context of clinical observations and examine how cancer-cell-intrinsic properties can be exploited to maxi-
mize the benefit of immunomodulatory therapies. Understanding the relationship between cancer cell-
intrinsic genetic events and the immune response may enable personalized immune intervention strategies

for cancer patients.

Introduction

The recognition of cancer as a genetic disease is more than a
century old and stems from observations by David von Hanse-
mann and Theodor Boveri that cancer cells display chromo-
somal abnormalities (Boveri, 1914; von Hansemann, 1890). In
the early 20" century, Francis Rous revealed that retroviruses
could drive sarcoma formation in chickens (Rous, 1911). Many
decades later, in 1970, the Rous sarcoma virus was found to
carry a gene called v-Src, the first oncogene to be identified
(Duesberg and Vogt, 1970; Stehelin et al., 1976). Concurrently,
it was discovered that not only activation, but also inactivation
of so-called tumor suppressor genes (TSGs) can lead to tumor-
igenesis (Knudson, 1971). (Proto-)oncogenes and TSGs regulate
essential cellular processes like cell cycle, apoptosis, migration,
and survival, and genetic aberrations that lead to dysregulation
or loss of function of these genes can result in malignant trans-
formation. The generation of transgenic mice carrying an acti-
vated oncogene, also called oncomice, in the 1980s and TSG
knockout mice in the 1990s further substantiated the notion
that oncogene expression or loss of TSGs in normal mammalian
cells leads to cancer development (Adams et al., 1985; Done-
hower et al., 1992; Hanahan et al., 2007; Stewart et al., 1984).
The dependency of cancers on these dysregulated genes
was demonstrated in genetically engineered mouse models
(GEMMs) in which de-activation of oncogenes or re-expression
of TSGs in fully established tumors led to rapid tumor regression
(Fisher et al., 2001; Jain et al., 2002; Moody et al., 2002; Ventura
et al., 2007). These insights into the causal role of genetic aber-
rations in cancer initiation and progression spurred the long-held
belief that tumorigenesis is entirely driven by cancer-cell-intrinsic
genetic traits. However, over the past couple of decades, this
dogma has been challenged by new experimental evidence
demonstrating that genetic aberrations alone are required, but
not sufficient, for a cancer to develop. Like a seed needing fertile
soil for successful germination, cancer cells only survive and
develop into invasive tumors in an environment that provides
sufficient nutrients and oxygen, and that lacks strong cytotoxic
signals. In this review, we will focus on one of the most influential

cancer cell-extrinsic regulators of cancer biology, the immune
system.

Similar to its physiological function, the immune system exerts
multifaceted tasks in tumor-bearing hosts, with differentimmune
cells playing different and sometimes opposing roles. The
composition and function of immune cells in tumors differs
greatly between, but also within, cancer types. For example, of
the breast cancer subtypes, triple-negative breast cancer
(TNBC) presents with highest levels of tumor-infiltrating lympho-
cytes (TIL) and macrophages (Medrek et al., 2012; Stanton et al.,
2016). Striking differences in relative leukocyte composition be-
tween different tumor types were observed in a study that inte-
grated gene expression and clinical outcome data of over
18,000 human tumors (Gentles et al., 2015). Moreover, this study
revealed considerable variation in intratumoral presence of
certain immune cell subsets and how these were associated
with cancer-specific outcomes. For example, whereas memory
CD4* T cells were associated with adverse outcome in bladder
cancer patients, they correlated with favorable outcome in lung
adenocarcinoma patients (Gentles et al., 2015), suggesting
that differences in immune profile are not only phenotypically
distinct but are also of functional consequence. But what deter-
mines this substantial variation in immune contexture between
different tumors? Given the surge of interest in utilizing immuno-
modulatory drugs for the treatment of cancer patients, it is crit-
ical to understand the underlying tumor characteristics that
dictate the inter-tumor heterogeneity in immune landscapes
and to use this knowledge for rational decision-making in the
clinical use of immunomodulatory strategies.

In this review, we will discuss recent insights into how cancer
cell-intrinsic properties can dictate the immune landscape of tu-
mor-bearing hosts. Specifically, we will examine which genetic
aberrations correlate with immune cell composition in human
tumors. Next, we will discuss the current knowledge on onco-
gene- and TSG-dependent signaling pathways that underlie
the differential crosstalk of cancer cells with the immune system
as identified in genetically engineered mouse tumor models
(GEMMs). Finally, we will discuss how the growing insights into
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these mechanisms may open new avenues for personalized im-
mune intervention strategies for cancer patients.

Genetic Makeup Influencing the Immune Contexture of
Tumors—Observations from the Clinic

In 1863, the German pathologist Rudolf Virchow was the first to
hypothesize a link between the development of tumors and the
inflammatory state of their anatomical location (Balkwill and
Mantovani, 2001). Around the same time, William Coley, pioneer
of cancer immunotherapy, demonstrated that some patients
displayed tumor regression after being injected with immune
stimulatory Streptococcus pyogenes cultures (Coley, 1893).
Nowadays, it is fully established that inflammation can be caus-
ally linked with human cancers and that the immune infiltrate of
human tumors contains prognostic and predictive information
(Diakos et al., 2014; Gentles et al., 2015). Moreover, cancer
immunotherapy has revolutionized cancer treatment (Yang,
2015), illustrating that immune cells can be harnessed success-
fully to destroy tumors in a proportion of cancer patients.
Recently, studies have started to explore the cancer cell charac-
teristics—including the genetic makeup—that play a critical role
in dictating the heterogeneity in immune landscape between
different tumors. Studies aimed at assessing the link between
the genetics of human tumors and the immune infiltrate can be
roughly divided into three categories: (1) studies that have as-
sessed the extent of the mutational load of tumors with T cell
abundance, specificity and activity, (2) studies that have linked
distinct molecular tumor subtypes with a certain immune land-
scape, and (3) studies that have focused on the association be-
tween defined oncogenic driver mutations or loss of TSGs and
parameters of the inflammatory tumor microenvironment. In
this section, we will discuss the findings of these three different
strategies to assess the impact of genetic events on the cross-
talk with the immune system.

The core function of the adaptive immune system is to recog-
nize and destroy cells expressing non-self-antigens, while not
responding to self-antigens. Because cancers arise from host
cells, these cancer cells, with the exception of viral-associated
cancers, do not express the typical immunogenic foreign anti-
gens as seen in infections. The recent clinical breakthrough of
immune checkpoint inhibitors has fueled studies aimed at iden-
tifying the tumor antigens that are recognized by effective anti-
tumor immune responses. This resulted in the hypothesis that
a higher mutational load of a tumor will inevitably result in more
“foreign” peptide presentation and consequently higher immu-
nogenicity of the tumor. Mutations and other genomic rearrange-
ments in cancer cells can encode for neo-antigens, antigens
uniquely expressed by the tumor, that when presented by
MHC molecules can potentially be recognized by the endoge-
nous T cell repertoire (Schumacher and Schreiber, 2015).
Indeed, neo-antigen-specific T cells have been observed in mel-
anoma patients (Lennerz et al., 2005; Linnemann et al., 2015;
Robbins et al., 2013; van Rooij et al., 2013; Wolfel et al., 1995)
and tumor types with a relatively high mutational burden, such
as melanoma, non-small cell lung cancer (NSCLC) and microsat-
ellite-instable (MSI) tumors display increased T cell influx and
have an overall better response rate to immunotherapeutics
compared to tumors with a lower mutational load (Le et al.,
2015; Rizvi et al., 2015; Van Allen et al., 2015). Nevertheless,
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there is a substantial number of patients with good response
and low mutational load and vice versa (Balli et al., 2017;
Charoentong et al., 2017; Hugo et al., 2016; Rizvi et al., 2015;
Robinson et al., 2017; Spranger et al., 2016). These observations
suggest that for some tumors the mutational burden of tumors
can serve as a quantitative measure for T cell abundance and
likelihood to respond to immune checkpoint inhibitors. However,
there are clearly additional determinants of the immune contex-
ture in tumors besides mutational load.

Distinct molecular subtypes of human cancers can be associ-
ated with a defined immune composition and activation state in
the tumor microenvironment. Several cancer types can be
subtyped based on their molecular and genetic profile, thus
forming separate classes within a given tumor type, often with
distinct progression characteristics and treatment regimens.
For example, breast tumors can be classified as Luminal A
(ER/PR*, HER2"), Luminal B (ER/PR", HER2*/"), HER2-enriched
(HER2"), and triple-negative/basal-like (ER/PR/HER2") (Parker
et al., 2009). It has been reported that CD8" T cells preferentially
infiltrate in triple negative tumors and those patients with high in-
tratumoral T cell abundance show better disease-free survival
(Chen et al., 2014; Medrek et al., 2012; Savas et al., 2016; Stan-
ton et al., 2016). Breast tumors that express hormone receptors
or HER2 are more frequently infiltrated by FoxP3* regulatory
T cells (Tregs) compared to other subtypes, suggesting depen-
dency on these receptors in the establishment of an immuno-
suppressive milieu (Decker et al., 2012; Jiang et al., 2015).
Accordingly, the presence of Tregs in breast tumors predicted
metastatic progression and poor survival (Jiang et al., 2015;
Liu et al., 2011). For other cancer types, such as colorectal can-
cer, glioblastoma, and head and neck cancer, similar subtype-
specific tumor immune infiltrates have been observed (Becht
et al.,, 2016; Doucette et al., 2013; Keck et al., 2015; Wang
et al., 2017) (Table 1). These clinical observations indicate that
different molecular subtypes of tumors can be characterized
by distinct immune landscapes. However, due to the complex
nature that underlies molecular subtypes, the exact genes and
mechanisms that determine this immune heterogeneity cannot
be distilled from these studies.

A growing body of clinical observations indicates that defined
oncogenic driver mutations and loss of TSGs in human cancers
are also correlated with changes in immune composition and
immunotherapy response. For example, loss of NF1 in glioblas-
tomas associated with an increase in macrophages in the tumor
(Wang et al., 2017). Another study showed that loss of heterozy-
gosity (LOH) or mutation of TP53 in ER-negative and basal-like
breast tumors is associated with decreased intratumoral expres-
sion of a cytotoxic T cell signature and poor survival (Quigley
et al., 2015). These studies indicate that a single TSG can be
associated with the immune composition of the tumor, across
different tumor subtypes, and therefore might be a dominant
driving force of immune influx. Furthermore, in pancreatic ductal
adenocarcinoma (PDAC), expression of genes associated with
cytotoxic T cell function and immune checkpoint molecules
was inversely linked with amplification of MYC, NOTCH2, and
FGFR1, but not with mutational load (Balli et al., 2017). The
reduced expression of cytolytic immune response markers in
these MYC-, NOTCH2-, and FGFR1-amplified tumors was
observed across the different PDAC subtypes (Bailey et al.,
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Table 1. Clinical Observations on Tumor Subtype and Genotype-Immunophenotype Relations

Determinant of tumor immune
landscape

Cancer type

Immune cell subset

Effect on therapy/disease
outcome

Reference

Tumor subtype

CMSH1

Mesenchymal

Triple-negative/basal-like

ER/PR/HER2"

Inflamed/mesenchymal HPV*/~

CRC

Glioblastoma

Breast cancer

HNSCC

1 Cytotoxic T cells®

1 Immunosuppressive
cells®
1 T effector cells®

1 Macrophages,
neutrophils®

1 CD8" T cells,
macrophages

1 Tregs

1 CD8* T cells®

Overall favorable response

to immune checkpoint blockade

NA

High CD8* T cell abundance
gives high overall survival

High Treg abundance gives
poor overall survival

NA

(Becht et al., 2016)

(Doucette et al., 2013)

(Wang et al., 2017)

(Chen et al., 2014; Medrek
et al., 2012; Savas et al.,
2016; Stanton et al., 2016)

(Decker et al., 2012; Jiang
et al., 2015; Liu et al., 2011)

(Keck et al., 2015)

Mutated oncogenes or tumor suppressor gene

TP53 loss or mutation

MYC, NOTCH2, FGFR1
amplification
MYC amplification

PIK3CA, MET mutations
BRAF mutations

RAS mutations
VHL, STK11 mutations

ER™ & basal-like
breast cancer

Pan-cancer
PDAC

Neuroblastoma

Pan-cancer
Thyroid cancer

Pan-cancer

| Cytotoxic T cells®

| Cytotoxic T, NK cells®
| Cytotoxic T cells®

| T cells?

1 Cytotoxic T, NK cells®

1 Immunosuppressive
cells®

1 T cells®
| Macrophages?®

Poor survival

(Quigley et al., 2015)

NF1 loss Glioblastoma 1 Macrophages

NA (Rooney et al., 2015)

NA (Balli et al., 2017)

NA (Layer et al., 2017)

NA (Rooney et al., 2015)

NA (Charoentong et al., 2017)
NA (Rooney et al., 2015)

NA (Wang et al., 2017)

Abbreviations: CRC, colorectal cancer. HNSCC, head and neck squamous cell carcinoma. PDAC, pancreatic ductal adenocarcinoma. NA, Not

assessed.
glmmune cell composition based on gene expression signatures.

2016; Balli et al., 2017) and suggests that aberrant expression of
oncogenic pathways also dominantly impacts the composition
of the pancreatic tumor microenvironment (Table 1).

Genetic aberrations in tumors can also influence the T cell
response by altering expression levels of immune checkpoint
molecules by cancer cells. In a cohort of lung adenocarcinoma
patients, accumulation of p53 in tumor cells, which is indicative
of mutations in TP53, correlated with increased PD-L1 expres-
sion, while mutant EGFR tumors were characterized by low
expression of PD-L1 (Cha et al., 2016). In contrast, another study
showed that EGFR mutated lung tumors have high levels of PD-
L1 (Akbay et al., 2013), demonstrating that the role of mutant
EGFR in regulating PD-L1 expression is still under debate. In
metastatic neuroblastoma, amplification of MYCN correlated
with low expression of PD-L1 and a reduced T cell gene-expres-
sion signature in the tumor compared to MYCN-normal tumors
(Layer et al., 2017). Moreover, MYCN overexpression inversely
correlated with natural killer (NK) cell-activating factors such as
NKG2D in primary human neuroblastoma cell lines (Brandetti
et al., 2017). In addition, resistance to anti-PD-1 treatment in
melanoma and MSI CRC patients correlated with mutations in

JAK1/2 (Shin et al., 2017). Using human melanoma cell lines, it
was shown that JAK1/2 mutations led to an impaired IFN
signaling pathway-mediated PD-L1 expression, suggesting
that also JAK-STAT signaling is involved in regulating immune
checkpoint expression. These findings indicate that screening
for expression of certain oncogenes or loss of function of specific
TSGs might be exploited to improve the stratification of cancer
patients for therapeutic targeting the PD-1/PD-L1 axis.

The link between the genetic makeup of tumors and their im-
mune contexture was further strengthened by recent high-
throughput next generation sequencing (NGS) studies, which
allow an unbiased assessment of the genetics of tumors in par-
allel with high-resolution mapping of the tumor immune land-
scape. By correlating an RNA-based metric of immune cytolytic
activity (mainly associated with T and NK cell function) with ge-
netic data from the Cancer Genome Atlas (TCGA) dataset, it
was shown that immune activity varies substantially across tu-
mor types (Rooney et al., 2015). Consistent with the concept
that a higher mutational load increases tumor immunogenicity,
there was a positive correlation between adaptive immune acti-
vation gene signatures and mutational load across tumor types
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(Rooney et al., 2015). Interestingly, this study also revealed that
expression of genes associated with cytotoxic immune activa-
tion was elevated in tumors with mutations in PIK3CA or MET,
while TP53 mutant tumors displayed low levels of these genes
(Rooney et al., 2015). Additionally, mutations in VHL and
STK11 associated with reduced macrophage signatures (Roo-
ney et al., 2015). In another study into genotype-immunopheno-
type relationships, it was found that BRAF-mutated thyroid
tumors were characterized by infiltration of immunosuppressive
cells, while the RAS-mutated subtype contained higher T cell
influx and displayed downregulation of MHC molecules,
despite comparable mutational load (Charoentong et al., 2017).
Accordingly, oncogenic mutations also link with response to
immunotherapy. Using human datasets to predict response to
anti-CTLA-4 therapy in melanoma patients, it was demonstrated
that mutations in oncogenes such as KRAS, ATM, and mTOR
correlated with good immunotherapy response for some tumor
types (Ock et al., 2017). These studies demonstrate that NGS
studies can reveal relationships between cancer-associated
genes, activation of immune cells and response to immunother-
apies in a high-throughput and high-resolution manner.

Together, these observations suggest that mutational load, tu-
mor subtype, and aberrant expression of oncogenes and TSGs
highly impact the tumor microenvironment. Interestingly, for
certain tumors, the tumor driver genes, mutational load, and sub-
type are intrinsically linked, as for example aberrant expression
of BRCAT impairs the DNA damage repair machinery and there-
fore has consequences for the mutational load of a tumor.
However powerful, these genotype-immunophenotype studies
in human cancers leave several questions open. Due to the
descriptive nature of these analyses, these studies do not yield
mechanistic insights into causal relationships between tumor
genetics and the immune composition. From a therapeutic
perspective, it is important to assess whether a causal link be-
tween tumor genetics and immune contexture exists and to
elucidate the underlying molecular mechanisms, since this
would open new avenues for personalized immune intervention
strategies. Of note, the above described clinical studies often
rely on the analysis of a small tumor biopsy at a given time point,
and therefore may overlook intratumoral heterogeneity and tu-
mor evolution. For these reasons, mechanistic studies in relevant
GEMMs that mimic the development, heterogeneity and pro-
gression of human tumors in an immune-proficient setting are
key to understand how cancer cell-intrinsic properties can
dictate the tumor immune landscape (Kersten et al., 2017). In
the next sections, we will discuss recent insights into these
mechanisms and how these insights can be translated into
personalized immune intervention strategies. Given the growing
interest in the role of the immune system in tumorigenesis, we
anticipate that more pathways will be uncovered in the years
to come.

NF-«B and p53: Central Nodes in Cancer Cell-Mediated
Changes in the Inflammatory Microenvironment

The mechanisms by which oncogenes and TSGs orchestrate
the inflammatory tumor microenvironment are now being uncov-
ered. Specific cancer-associated genes, besides driving cancer
cell-intrinsic programs, also change the secretome of cancer
cells and thereby change the immune microenvironment
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(Figure 1, Table 2). One notable example is NF-«kB, a transcrip-
tion factor that controls cell survival and proliferation, but also
production of inflammatory cytokines. For example, NF-kB
signaling promoted tumor development in the Kras-S-G720/+;
Trp537F lung adenocarcinoma model (Meylan et al., 2009). Inter-
estingly, NF-kB activity was increased upon loss of p53, and
restoration of p53 expression reduced its activity. Cancer cell-
intrinsic NF-kB inactivation resulted in increased intratumoral
immune cell influx and impaired lung cancer formation in
KrastSt-C120-Trp53FF mice (Meylan et al., 2009), showing a link
between loss of p53, NF-kB pathway activation, and an inflam-
matory tumor microenvironment. As one of the most frequently
mutated genes in cancer (Kastenhuber and Lowe, 2017), the tu-
mor suppressor p53 can potentially regulate the immune infil-
trate in a wide variety of tumor types, through its interactions
with NF-kB or otherwise. Indeed, the control of the pro-inflam-
matory NF-kB pathway by p53 appears to be occurring across
cancer types (Cooks et al., 2014). For example, in the Pgr-
cre;Cdh1™F:Tro53™F mouse model for endometrial cancer, the
combined loss of E-cadherin and p53 resulted in increased
NF-«B activity, which correlated with elevated cytokine expres-
sion and increased influx of macrophages, as compared to dele-
tion of either gene alone (Stodden et al., 2015). However, in
another mouse model in which endometrial tumorigenesis is
driven by loss of PTEN, loss of p53 did not alter neutrophil influx
into early lesions (Blaisdell et al., 2015), suggesting that this ef-
fect might be context dependent. Together, these and other
studies show that NF-«kB, key regulator of immune signaling in
the tumor microenvironment, is controlled by p53. In several tu-
mor models, loss of p53 activates the NF-kB pathway, stimu-
lates the production of cytokines and other pro-inflammatory
mediators from cancer cells, which through paracrine interac-
tions modify the immune contexture.

Studies in mouse models in which chemical-induced inflam-
mation drives malignant conversion and progression show that
the NF-kB-mediated inflammatory response can also be a
driving force of tumorigenesis in p53-knockout models. For
example, azoxymethane (AOM)-induced colonic tumorigenesis
was enhanced in Villin-cre; Trp53™F mice that harbor p53 dele-
tion in intestinal epithelial cells, as compared to mice with p53
proficient intestinal epithelial cells (Schwitalla et al., 2013). Mech-
anistic studies in these mice revealed that loss of p53 impaired
the removal of pre-neoplastic transformed cells and induced
NFkB-dependent cytokine production, thus driving an inflamma-
tory tumor microenvironment (Schwitalla et al., 2013). Impor-
tantly, genetic ablation of IKKB, a protein involved in NF-kB
activation, in cancer cells or myeloid cells, reduced tumor prolif-
eration and invasion, demonstrating that NF-«B signaling in p53
null cancer cells or in surrounding myeloid cells plays a funda-
mental role in tumor progression (Schwitalla et al., 2013).

A critical feature of p53 biology in cancer not addressed in
these studies is its wide variety of both activating and inactivat-
ing mutations, leading to very diverse and sometimes even
opposing functions (Muller and Vousden, 2014). How one of
these p53 mutations affects NF-kB activation, was addressed
in a gain-of-function (GOF) mutant p53%°"* mouse model that
was repeatedly exposed to dextran sodium sulfate (DSS) to stim-
ulate colitis-induced colorectal cancer (CRC) (Cooks et al.,
2013). Repair of DSS-induced damaged tissue was impaired in
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Figure 1. Cancer Cell-Intrinsic Signaling
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(G) PTEN can negatively regulate NF-kB signaling. Therefore, loss of PTEN increases NF-kB-mediated expression of cytokines and growth factors that drive

macrophage, neutrophil, and Treg accumulation in the tumor (Ying et al., 2011).

(H) MYC can regulate macrophage recruitment, which is promoted by p53 loss (Yetil et al., 2015). Additionally, by inducing CCL5 and IL-1B, MYC can promote
mast cell recruitment and activation (Shchors et al., 2006; Soucek et al., 2007). MYC can also induce CCL9 and IL-23 expression, the former of which induces

macrophage recruitment, while the latter limits NK, T, and B cell accumulation in the tumor (Kortlever et al.,
macrophages by regulating PD-L1 and CD47 expression on tumor cells (Casey et al.

2017). MYC can also inhibit CD4* T cells and
, 2016). Lastly, the anti-tumor NK- and CD8" T cell-response to MYC

amplified tumors can be counteracted by additional loss of p53 in the tumor, while amplification of Bcl-2 promotes anti-tumor immunity (Schuster et al., 2011).
(I) SMADA4 can suppress YAP1 signaling, and loss of SMAD4 in tumors therefore drives YAP1-mediated CXCL5 production, which recruits immunosuppressive

neutrophils (Wang et al., 2016).

(J) PRKCI amplification can also induce YAP signaling. Activation of YAP1 here induces TNFa-mediated recruitment and activation of immunosuppressive

neutrophils (Sarkar et al., 2017).

(K) Activated Wnt signaling via B-catenin can limit the priming of CD8" T cells by suppression of CCL4 production, which would otherwise activate CD103* DCs

(Spranger et al., 2015).
p53%°7%A mice. Combined with enhanced NF-kB activity and
extended inflammation, this led to an increase in colorectal tu-
mor incidence in mice (Cooks et al., 2013). In addition,
p53%°7%4 mutant intestinal organoids derived from these mice
showed increased tumor necrosis factor alpha (TNF-o) and
CXCL1 production when compared to p53~~ cells, which could
be reverted by NF-kB knockdown (Cooks et al., 2013). In line
with these experimental findings, expression of mutant TP53
correlated with NF-kB expression in human CRC patients
(Cooks et al., 2013). These findings show that this GOF mutant
p53 induces aberrant NF-kB interactions, leading to different in-
flammatory phenotypes than observed after loss of p53. In a
mouse model for pancreatic cancer, p537'"?" has been re-
ported to elicit similar immune phenotypes as loss of p53.
Kras®'?P:p537772H mutant mouse pancreatic tumors drive in-
flammatory responses via ROS and JAK2-STAT3 activation
(Wérmann et al., 2016). Here, both p537172H mutant and p53-de-

fiencient tumors displayed similar STAT3-dependent immune
evasion and accelerated tumor growth, which both could be
reversed by pharmacological targeting of JAK-STAT signaling
(Wérmann et al., 2016). These findings indicate that different mu-
tations of p53 can shape the tumor microenvironment in a
distinct manner. In future studies, it would be interesting to sys-
tematically dissect the differences between gain- and loss-of-
function p53 mutations on NF-kB interactions and the immune
landscape of the tumor. Altogether, these studies demonstrate
the profound role of p53-mediated regulation of key immune
signaling pathways such as NF-kB and STAT signaling, and its
downstream effects on the tumor immune landscape.

MYC: A Key Controller of the Immune Microenvironment

The MYC oncogene is one of the most frequently amplified onco-
genes in several tumor types, such as lymphoma, breast cancer,
and NSCLC (Beroukhim et al., 2010). As a transcription factor,
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MYC regulates many essential processes in the cell. In addition,
recent studies revealed that it also has a strong hold on the
tumor immune landscape (Figure 1, Table 2). Using the RIP1-
Tag2; TRE-Omomyc;CMV-rtTA pancreatic B-cell cancer mouse
model, in which treatment with doxycyclin induces expression
of a dominant-negative MYC mutant, it was shown that inhibition
of endogenous MYC in established islet tumors resulted in tumor
regression, which was accompanied by a marked decrease in
infiltrating macrophages and neutrophils (Sodir et al., 2011).
This study illustrates that although MYC is not an oncogenic
driver in this tumor model, its endogenous expression is crucial
for tumor progression and has a profound effect on the inflam-
matory microenvironment. In another transgenic B-cell cancer
mouse model carrying a switchable form of the MYC oncopro-
teinin the pancreas, forced expression of MYC in B-cells resulted
in pancreatic cancer formation (Shchors et al., 2006). Impor-
tantly, Myc activation stimulated production of the potent pro-in-
flammatory cytokines CCL5 and interleukin-1 (IL-1p) by B cells,
which facilitated tumor angiogenesis and recruitment of pro-
tumoral mast cells to the tumor (Shchors et al., 2006; Soucek
et al., 2007). These studies demonstrate that MYC can drive
tumor progression at least in part through orchestrating pro-
tumoral inflammatory conditions.

The effects of MYC signaling on the tumor microenvironment
may not be limited to pancreatic cancer alone. In the Eu-tTA-
TRE-Myc mouse lymphoma model, inactivation of MYC in estab-
lished tumors resulted in a marked decrease in intratumoral
macrophages (Yetil et al., 2015). It would be of interest to assess
whether the same MYC-controlled inflammatory mediators are
involved in lymphoma and pancreatic cancer. Interestingly,
upon additional loss of p19ARF, but not p53, MYC-dependent
regulation of macrophage recruitment is not observed (Yetil
et al., 2015), suggesting that the ability of MYC to control recruit-
ment of immune cells to tumors can be counteracted by other
aberrantly expressed genes. This is also illustrated by the obser-
vation that the spontaneous anti-tumor T and NK cell response in
the Eu-MYC lymphoma model could only be elicited when Bcl-2
was overexpressed, but not when p53 was deleted (Schuster
et al., 2011). How p53 loss counteracts MYC activity in modu-
lating the tumor microenvironment however remains a subject
of future research.

MYC can also control the immune landscape of tumors by
regulating expression of immune checkpoint molecules. In the
Eu-tTA/tet-O-MYC lymphoma model and cell lines with switch-
able MYC expression, MYC increased the expression of both
PD-L1 and the “don’t eat me” receptor CD47 on cancer cells
by binding directly to their respective promoters (Casey et al.,
2016). Exogenous overexpression of PD-L1 and CD47 on cancer
cells limited the CD4* T cell and macrophage recruitment to the
tumor. Moreover, MYC inactivation downregulated CD47 and
PD-L1 expression and induced tumor regression, while exoge-
nous overexpression of PD-L1 and CD47 in cancer cells
enhanced disease progression (Casey et al., 2016). Although
not experimentally proven, this study suggests that MYC may
facilitate tumor immune escape by induction of immune check-
points. Similarly, a MYC amplification-dependent T cell-poor
environment has also been reported in human neuroblastomas,
but in these tumors genomic amplification of N-MYC inversely
correlated with PD-L1 expression, possibly due to MYC-induced

suppression of interferons and pro-inflammatory signaling path-
ways (Layer et al., 2017). These studies show that MYC activa-
tion in tumors can control immune checkpoint molecules and
T cell influx, but the underlying mechanisms may differ between
tumor types.

Another mechanism by which MYC regulates the immune
phenotype of tumors was recently demonstrated in the
Kras®'2P_driven lung adenocarcinoma model. Here, conditional
MYC amplification resulted in a rapid decrease of intratumoral B,
T, and NK cells, and an increase in macrophages (Kortlever et al.,
2017). Mechanistically, MYC amplification led to increased
expression of IL-23 by cancer cells, which inhibited B, T, and
NK cell recruitment, and increased expression of CCL9, which
recruited and activated macrophages in the tumor. These mac-
rophages inhibited T cells, while also promoting angiogenesis.
Interestingly, these tumors rapidly acquired dependency on
MYC amplification, and MYC de-activation resulted in tumor
regression in an NK cell-dependent fashion (Kortlever et al.,
2017). These findings suggest that targeting MYC in tumors
would be an attractive therapeutic strategy to unleash anti-tumor
immunity. While MYC is as of yet not directly targetable, indirect
therapeutic strategies emerge. One such strategy targets the
epigenetic modulators DNA methyl transferases (DNMTs) and
histone deacetylases (HDACs). Combined treatment of NSCLC
mouse models with DNMT and HDAC inhibitors reduced MYC
expression, increased CCL5 levels, decreased macrophage
influx, and increased cytotoxic T cell influx and inhibited tumor
growth (Topper et al., 2017). This study demonstrates that indi-
rect targeting of MYC might prove therapeutically beneficial by
limiting tumor growth and reversing immune evasion. However,
this study did not formally exclude a direct effect of the epige-
netic modulators on the immune system.

These studies show that in addition to the key role MYC has in
tumor cell-intrinsic processes, this transcription factor can exert
a wide variety of functions to modulate both the innate and the
adaptive immune landscape of several tumor types. While
MYC is not directly targetable, insights into these mechanisms
open up new ways to target MYC-regulated signaling.

Other Genetic Determinants of the Tumor Immune
Landscape

The effect of oncogenes and TSGs on the tumor immune land-
scape is not just limited to the abovementioned genes and path-
ways; several other genetic events and downstream immune
effects have been described (Figure 1, Table 2). One example
is the impact of the Ras oncogene on tumor-associated myeloid
cells. Mutated Ras strongly induces expression of IL-6 and IL-8
in in vitro models (Ancrile et al., 2007; Sparmann and Bar-Sagi,
2004). These Ras-controlled cytokines have been reported to
facilitate myeloid cell infiltration and tumor progression (Ancrile
et al.,, 2007; Sparmann and Bar-Sagi, 2004). Furthermore,
Kras®'?P-induced changes in cytokine expression resulted in
accumulation of CD11b*Gr1* immunosuppressive cells in a
variety of tumor models, including pancreatic and lung cancer
(Ji et al., 2006; Pylayeva-Gupta et al., 2012; Wislez et al.,
2006). Ablation of one of the Kras®'?P-induced cytokines, GM-
CSF, in tumor cells impaired immunosuppressive cells from
entering pancreatic tumors and consequently resulted in an in-
crease in CD8* T cells (Pylayeva-Gupta et al., 2012). These
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studies demonstrate the causal relationship between Ras onco-
genic signaling pathways, immune-stimulatory transcription pro-
grams and immune landscape. Another study revealed a role for
adherence junction protein a-catenin in inflammatory signaling.
In the K14-Cre;a-catenin™F mouse model for skin squamous
cell carcinoma (SCC), loss of a-catenin activates NFkB and
its downstream inflammatory target genes, such as IL-1f and
IL-6, and stimulates SCC, thus again linking tumor-initiating
oncogenic events with NF-kB-mediated immune signaling (Ko-
bielak and Fuchs, 2006). Likewise, by comparing the Pdx1-
cre;Kras"S-G'2P and the Pdx1-cre;Kras-S-"G"2P:Pten*’F mouse
models for pancreatic cancer, it was demonstrated that loss of
Pten resulted in increased activation of the NF-«B pathway,
driving expression of several immune regulators by cancer cells,
such as G-CSF, IL-23 and CXCL1 (Ying et al., 2011). Pten loss
and the downstream NF-kB activation not only accelerated tu-
mor progression, but also influenced the frequency of intratu-
moral neutrophils, monocytes, and Tregs (Ying et al., 2011).
Another study showed a profound role for the STK11/LKB1
tumor suppressor in NSCLC. Comparing Kras®?P™* with
Kras®'2P;1 bk1~'~ mice, it was found that loss of Lkb1 resulted
in increased IL-6 production, which resulted in higher intratu-
moral and systemic immunosuppressive neutrophil levels
(Koyama et al., 2016). Indeed, blockade of IL-6 resulted in
increased levels cytotoxic CD8* T cells and tumor control
(Koyama et al., 2016). Although not all of these studies eluci-
dated the functional consequence of the altered immune land-
scape on tumor growth, they demonstrate that a wide variety
of cancer-driving mutations can dictate the composition of the
tumor microenvironment.

Collectively, studies pertaining to cancer cell-intrinsic path-
ways and immune contexture are gaining ground and have iden-
tified various cancer-driving genes that orchestrate diverse
immune landscapes in the tumor. Thus far, many of these studies
have been relatively biased and focused on a single genetic
pathway in a single mouse tumor model. A more systematic
assessment of immune cell populations in relation to tumor
genotypes was recently performed in two studies. One com-
pared four independent lung cancer GEMMs: Ccsp-rtTA; TetO-
ngl’LBSBR, Rb1F/F,'TI’p53F/F, KraSLSL-G12D/+ and KraSLSL-G12D/+,'
Tro537F models, representing molecularly distinct human
SCLC and NSCLC subtypes (Busch et al., 2016). This approach
revealed key differences in immune cell content between the
different tumor genotypes, such as that Egfr-4°8R-driven tumors
showed lower frequencies and activation of CD8" T cells
compared to Kras-driven tumors, whereas NK cells in Kras-
driven tumors, but not EGFR mutants, show downregula-
tion of activation markers (Busch et al., 2016). A second
study compared the Pb-cre;Pten”F;zbtb7a™", Pb-cre;Pten™;
Trp537F and Pb-cre;Pten™ :PmI™F prostate cancer models
and observed profound differences in composition of the tumor
microenvironment (Bezzi et al., 2018). Mechanistic studies re-
vealed distinct chemokine production by tumors controlled by
loss of Zbtb7a, p53, or Pml and blockade of the respective
signaling pathways impaired innate immune cell recruitment
and tumor progression. These studies demonstrate the powerful
potential of GEMMs in identifying the complex mechanisms that
control the tumor microenvironment and potential for immuno-
modulatory therapeutic intervention based on genetic aberra-
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tions in the tumor. With the rapid developments in mouse
model-generating techniques (Huijbers, 2017), future systematic
approaches in GEMMs may increasingly reveal causal geno-
type-immunophenotype relationships, and its impact on tumor
progression.

The Role of Oncogene-Induced Senescence in
Promoting an Inflammatory Tumor Microenvironment

A cancer-cell-intrinsic pathway in which many of the above-
mentioned cancer-driving genes are involved and that strongly
influences the intratumoral immune landscape is cellular senes-
cence. In a process called oncogene-induced senescence (OIS),
precancerous cells undergo cell-cycle arrest upon activation of
oncogenic signaling. Cellular senescence is a physiological pro-
gram that can be activated in response to cellular stress and ag-
ing, leading to an essentially irreversible cell proliferation arrest
(Mufoz-Espin and Serrano, 2014). Senescent cells can persist
and actively secrete cytokines and other inflammatory and
growth-promoting factors, a process called the senescence-
associated secretory phenotype (SASP) (Pérez-Mancera et al.,
2014). Through their SASP, senescent cells can exert a signifi-
cant, and sometimes opposing, impact on the immune land-
scape of the tumor. SASP can lead to immune-mediated
clearance of pre-malignant cells, or via stimulation of chronic
inflammation promote tumor progression. Below we discuss
how oncogenes and TSGs, via SASP activation, shape the in-
flammatory microenvironment.

Several oncogenes and TSGs have been linked with SASP
activation (Figure 2). The p53 pathway plays an important role
in the induction of OIS. This was demonstrated by the induction
of senescence and tumor clearance upon doxycyclin-mediated
activation of p53 in a Hras®'2Y:TRE.shp53 inoculation model
for liver cancer (Xue et al., 2007). Activation of p53 did not lead
to tumor cell death in a cell-autonomous manner, but rather neu-
trophils, macrophages and NK cells were recruited to these tu-
mors by activated SASP and removed the senescent cells (Xue
et al., 2007). Indeed, maintenance of WT p53 was a prerequisite
of senescence induction, as also observed in other tumor
models (Cooks et al.,, 2013; Pribluda et al., 2013). Because
NF-kB is a key transcription factor in SASP activation (Chien
et al., 2011), the regulation of NF-kB by the p53 pathway might
play an important role in SASP regulation. In colorectal tumor
models, Wnt signaling can also regulate SASP induction. Villin-
creER™;CKlaF mice, which display hyper-activated Wnt
signaling due to loss of CKle, exhibit growth arrest of colorectal
tumors and induction of senescence, paired with an inflamma-
tory response (Pribluda et al., 2013). SASP is maintained upon
additional p53 deletion in this model, however, it dissociates
from growth arrest while the inflammatory response continues,
resulting in inflammation-accelerated tumorigenesis (Pribluda
et al.,, 2013). These findings illustrate that depending on the
genetic makeup of cancer cells, the senescence-associated in-
flammatory response can result in two opposing outcomes: tu-
mor inhibition or tumor promotion. In addition to p53 and Wnt,
mTOR signaling was shown to induce SASP in CRC and prostate
cancer cells in vitro (Laberge et al., 2015). mTOR inhibition by ra-
pamycin decreased mTOR-induced SASP and decreased influx
of macrophages, T, B, and NK cells into inoculated Nras®'2V
mutant liver tumors (Herranz et al., 2015). These studies suggest



Immunity

A Ras™

p53"T MYC

Whtactve

Notch*
Non-senescent

secretory pheno
malignant cell o,
Chronic inflammation

e e & immunosuppresion

clearance of
senescent cells

Senescent cell

Non-senescent
malignant cell

>

l (B) Loss or loss-of-function mutations in p53, or

Tumor

Figure 2. Relationship between Genetic
Events in Cancer Cells, the Dynamic
‘® Aspects of SASP and the Immune System
NK cell (A) Oncogene-induced senescence (OIS), in
(] combination with WT p53, activated MYC, low
CD8"T cell Notch signaling, active Wnt signaling, activated
& RAS, or active mTOR signaling induces a senes-
Macrophage cence-associated secretory phenotype (SASP)
that leads to the recruitment and activation of
macrophages, neutrophils, NK cells, and CD8"
T cells that clear senescent cells and thus limit
tumorigenesis.

Legend

Neutrophil

activated RAS, Notch, or mTOR signaling can
lead to an alternative SASP that also attributes to
a chronic inflammatory state that establishes an
immunosuppressive tumor microenvironment.
Immunosuppressive macrophages and neutro-
phils limit NK and CD8" T cell-mediated anti-tu-
mor response and thus promote tumorigenesis.

that targeted therapies, such as rapamycin, may reduce tumor-
induced inflammation, but potentially also reduce senescent
tumor cell clearance by infiltrating immune cells, thus demon-
strating the complexity of targeting SASP. Nonetheless, these
studies reveal the essential role of oncogenes and TSGs in
SASP induction and the potential of targeting these genes to
revert tumor-promoting SASP.

The composition of SASP mediators secreted by senescence
cells is dynamic and experimental evidence points toward
NOTCH?1 as one of the master regulators controlling this SASP
diversity. In Nras®'2¥ mutant tumor models, Nras®'?V-induced
senescence was accompanied by fluctuations in endogenous
Notch expression levels (Hoare et al., 2016). Ectopic expression
of active Notch in an Nras®'2V-dependent oncogene-induced
senescence liver model increased cancer progression in a
non-cell-autonomous fashion (Hoare et al., 2016). In this model,
Notch levels determined the composition of the SASP and sub-
sequentimmune function. Notch inhibited lymphocyte-mediated
clearance of senescent cells through repression of C/EBP.
Reversely, inhibition of Notch during senescence led to an in-
crease of lymphocyte-mediated senescent cell clearance (Hoare
et al., 2016). This Notch-dependent cytokine production and
shaping of the immune phenotype of tumors was also demon-
strated in breast cancer, where tumor-intrinsic Notch signaling
increased monocyte and macrophage accumulation by in-
creasing expression of IL-1p and CCL2 (Shen et al., 2017). These
studies demonstrate that immune cell influx can be strongly
influenced by SASP, but also that the activity of cancer cell-
intrinsic genes play important roles in determining the spectrum
of inflammatory mediators produced within the tumor. Indeed, in
the Ptf1a-cre;Kras-S--%"2P/* mouse model for pancreatic cancer,
genetic deletion of RelA, the gene that encodes the NF-«kB sub-
unit p65, abrogated senescence and SASP, thus enhancing pro-
gression of pancreatic tumors (Lesina et al., 2016). While
reducing SASP, RelA deletion led to a marked increase in
immunosuppressive cells and decreased T cell activation in
the pancreata of these mice (Lesina et al., 2016). Therefore,
in these tumors, the cancer-immune cell crosstalk is not limited
to SASP.

The infiltrating immune cells can also impact senescence it-
self. In Pten-induced senescent prostate tumors, CD11b*Gr-1*

NF-kB and STATS3 signaling in senescent cells is
key in SASP induction.

cells can actively counteract SASP by producing IL-1 receptor
antagonist (Di Mitri et al., 2014). Additionally, senescence pro-
grams in tumor-associated stromal cells also impact tumorigen-
esis through modulation of immune responses. In a carbon
tetrachloride (CCly)-induced liver fibrosis model, p53 activity in
hepatic stellate cells (HSCs) limits fibrosis and cirrhosis, and
reduced liver tumorigenesis in mice treated with CCl, and
diethylnitrosamine (DEN) (Lujambio et al., 2013). Here, wild-
type p53 cooperated with NF-kB to induce senescence and
SASP in HSCs, which induced a tumor-inhibiting phenotype in
macrophages. Loss of p53 in stromal HSCs changed their secre-
tome, induced the polarization of macrophages toward a tumor-
promoting phenotype and accelerated inflammation-induced
hepatocellular carcinoma (Lujambio et al., 2013), indicating
that also stromal cell-intrinsic p53 controls tumorigenesis via
modulation of the immune system.

Collectively, depending on the tumor type and oncogenic wir-
ing, the activated SASP-related genes and downstream inflam-
matory profile may differ, resulting in a wide spectrum of immune
responses that range from tumor-promoting chronic inflamma-
tory responses to immune-mediated clearance of cancer cells
(Figure 2). Deeper mechanistic insights into the causal relation-
ship between genetic events in cancer cells and the dynamic
aspects of SASP may open new avenues for therapeutic inter-
vention. Indeed, this is exemplified by a study showing that the
efficacy of docetaxel could be enhanced by pharmacologically
targeting Pten-loss-induced SASP in a transgenic prostate tu-
mor model (Toso et al., 2014). Important to note however, is
that senescent cells are not the only cells actively secreting in-
flammatory mediators in the tumor, and the cytokine milieu
and its net effect on the immune landscape is not only deter-
mined by SASP. Therefore, it is of key importance to delineate
how the tumor-promoting aspects of SASP can be reverted,
while enhancing the tumor-limiting aspects.

Mechanisms of Cancer-Cell-Intrinsic Regulation of
Parameters of the Cancer Immunity Cycle and Immune
Checkpoint Blockade Response

As discussed above, the mutational load of tumors is one of
the determinants linked with responsiveness to immune check-
point inhibition. The expectation is that many other parameters,
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including the activation of certain oncogenes or inactivation of
TSGs, are associated with therapeutic benefit as well, and that
they may differ per tumor (sub)type. As of yet, preclinical studies
focused on unlocking the relationship between tumor genetics
and response to immunotherapy are still relatively limited, how-
ever, the concept is emerging that genetic events in cancer cells
dictate various aspects of the tumor-immunity cycle (Chen and
Mellman, 2013), such as activation of immunosuppressive
myeloid cells, induction of immune checkpoint molecule expres-
sion, regulation of DC activation and T cell priming, and induction
of tumor resistance to T cell attack.

One such genetic event is mutation in the serine/threonine-
protein kinase ATR. ATR is a DNA damage sensor and is
frequently mutated in melanoma. It has been reported to influ-
ence important parameters of immunotherapy response, such
as intratumoral T cell influx and expression of immune check-
points. Transgenic expression of an ATR LOF mutant in the
Tyr::CreERT2; Braf’%°%F; Pten™F model for melanoma diminished
T cell influx in the tumor, while increasing B cells and macro-
phages (Chen et al., 2017). This was associated with an increase
in expression of Arginase 1, CD206, and PD-L1 in the tumor,
suggesting a more T cell suppressed environment. Cyclin-
dependent kinases (CDKs)—essential regulators of the cell
cycle—have also been shown to be involved in immune check-
point regulation. In medulloblastoma (MB) cell line inoculation
models, the anti-tumor function of CD4* T cells depends on
disruption of CDK5 in MB cells (Dorand et al., 2016). In this
model, CDKS5 is required for PD-L1 expression by MB cells, as
CDKS5 is a repressor of IRF2 and IRF2BP2, that both regulate
IFN-y-mediated PD-L1 expression (Dorand et al., 2016). Addi-
tionally, it was recently shown that the activating Ras®'?¥ muta-
tion can cause stabilization of PD-L7 mRNA via activation of
MEK (Coelho et al., 2017). However, the functional relevance of
these changes for immunotherapy and disease progression in
relation to ATR, CDKS5, and RAS remains unaddressed in these
studies.

Another mechanism by which tumor cells may regulate immu-
notherapy response is via establishment of an immunosuppres-
sive microenvironment. Overexpression of PRCKI, a protein
kinase, is frequently observed in a variety of cancer types,
including high-grade serous ovarian carcinoma (Sarkar et al.,
2017). Upon conditional overexpression of PRKCI in the Pax8-
rtta; TetO-Cre; Trp537/F;Pten™ mouse model for ovarian cancer,
tumors upregulated TNF-a, as a result of which tumors were
strongly infiltrated by immunosuppressive neutrophils, thus
decreasing CD8" T cell influx (Sarkar et al., 2017). This TNF-o-
mediated neutrophil recruitment was dependent on PRKCI-
induced YAP1—a key transcriptional regulator and onco-
gene—signaling in cancer cells (Sarkar et al., 2017). Likewise,
by comparing Pb-cre4;Pten™" with Pb-cre4;Pten™";Smad4™*
prostate cancer mouse models, a strong YAP1-dependent influx
of neutrophils was observed upon cancer cell-intrinsic Smad4
loss (Wang et al.,, 2016). Here, Smad4 loss caused YAP1-
mediated upregulation of CXCLS5 in tumor cells. This in turn re-
cruited CXCR2* neutrophils, which suppressed the CD8* T cell
response to the tumor (Wang et al., 2016). These studies show
that Smad4 and PRCKI both function as inducers of immunosup-
pression via cancer cell-intrinsic YAP signaling and that YAP in-
hibitors—which are currently in preclinical development—may
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prove beneficial to alleviate T cell suppression. Collectively,
these studies show that oncogenic pathway activation can
significantly impact on parameters of the cancer-immunity cycle.
However, the functional consequences of these genetic changes
on immunotherapy response have not been addressed in these
studies. Focal Adhesion Kinase (FAK) activity in cancer cells has
also been identified as an important regulator of immunosup-
pression in the tumor microenvironment, and its impact on
immunotherapy efficacy has been addressed experimentally.
FAK amplification was observed in the p48-Cre;Kras-SL-G720:
Trp537* model for PDAC, and therapeutic targeting of FAK
improved survival by alleviating the immunosuppressive micro-
environment, mainly by reducing macrophages, monocytes,
and neutrophils in the tumor (Jiang et al., 2016). This held true
for cancer-cell-specific ablation of FAK, indicating that immune
cell changes occur via FAK targeting in cancer cells. Importantly,
inhibition of FAK synergized with anti-CTLA-4/anti-PD-1 combi-
nation immunotherapy (Jiang et al., 2016), indicating that inter-
ference with this cancer cell-intrinsic signaling pathway renders
tumors sensitive to immunotherapy.

DC activation and T cell priming can also be influenced by
cancer cell-intrinsic signaling pathways. Using the Braf“®%%;
Pten™;CAT-STA mouse model for melanoma, which expresses
constitutively active B-catenin, it was revealed that B-catenin
signaling prevented expression of CCL4 by cancer cells, result-
ing in suppression of recruitment of CD103* DCs and impaired
priming and intratumoral accumulation of T cells (Spranger
et al., 2015). As a consequence, B-catenin-active tumors failed
to respond to anti-CTLA-4/anti-PD-1 treatment. In line with these
data, active WNT/B-catenin signaling in human metastatic mela-
nomas correlated with absence of a T cell gene expression
signature (Spranger et al., 2015). This study highlights the impor-
tance of cancer cell-intrinsic WNT/B-catenin signaling in immune
evasion of tumors, and suggests that targeting the WNT pathway
may improve the therapeutic benefit of immune checkpoint inhi-
bition in tumors with active B-catenin signaling.

Some oncogenes and TSGs have been demonstrated to regu-
late immune checkpoint molecule expression in a cell-autono-
mous fashion, and thus influence response to immunotherapy.
In EGFR-driven lung cancer mouse models, EGFR mutation
caused rapid induction of an immunosuppressive tumor micro-
environment (Akbay et al., 2013). The EGFR mutant lung tumors
displayed increased expression of immune checkpoint mole-
cules such as PD-1 and PD-L1, which led to an increased sensi-
tivity to anti-PD-1 monotherapy in these tumor-bearing mice. In
line with these pre-clinical findings, EGFR pathway activating
mutations in human lung tumors, and not the other prevalent
driver mutation KRAS®'?V, correlated with PD-L1 expression
(Akbay et al., 2013). Intriguingly, another study reported KRAS
mutant lung tumors in patients treated with anti-PD-1 to have
higher PD-L1 levels relative to EGFR mutated tumors (Garon
et al., 2015), potentially mediated by KRAS-induced stabilization
of PD-L1 (Coelho et al., 2017). The different levels of PD-L1 regu-
lation by mutated oncogenes and the underlying mechanisms
will therefore be an important topic of future research.

Similarly, PTEN status is implicated in immunotherapy
response due to its ability to render cancer cells resistant to
T cell attack. In a cohort of melanoma patients, PTEN loss corre-
lated with low TIL influx and poor response to anti-PD-1 therapy
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Figure 3. How to Exploit the Genetic
A Breast cancer B Makeup of Individual Tumors to Allow for
CDKA4/6i EGFR™ KRAS™: MYCamo Patient-Specific Inmune-Based
Il \? ‘ ] Therapeutic Interventions
JAnigenpresenationd @J poL11 @J Maximizing therapeutic efficacy by rational se-
IFN signaling @1 1 r lection of targeted drugs and immunomodulatory
1 o GBI ) ! compounds based on the genetics of the tumor.
oG ::l;‘:’lg_l Examples depicted here are mainly based on pre-
X’ ! clinical intervention studies, with therapeutic mo-
J_ - dalities highlighted in red. For every example a
Tumor progression m Tumor progression a9, mouse or human symbol is used to depict what is
@ based on clinical or pre-clinical evidence.
(A) In breast cancer, CDK4/6 inhibition increases
D - IMI oooe antigen presentation, interferon signaling, and
- @ R = ERA? CD8" T cell levels, while decreasing Tregs in the
c @ J i . { . tumor. Combined with anti-PD-L1 treatment, this
FAKe P53 or p5aRTEH PO-L11 :zgﬁ' *jw'?l‘(':i i leads to a marked tumor regression (Goel et al.,
¥ i J +aPD-1 2017).
|mmuno- JAK2-STAT3 (B) In _EGFR mutant lung cancer, RD—L1 hgs been
SRS 1 & +oPD-L1 described to be upregulated, increasing the
cells \ sensitivity to anti-PD-L1 therapy (Akbay et al.,
@f @T € 2013). KRAS mutation in lung cancer can also
1 Tumor progression % drive PD-L1 expression, to a higher extent than
| EGFR mutation (Garon et al., 2015). In MYC-driven
+ FAK1/2i Gemcitabine lung tumors, combined inhibitors against HDAC
+ aPD-1 JAT(Zi E and DNMT both target MYC and CD8* T cells, thus
+oCTLA-4 1 limiting tumor growth (Topper et al., 2017).
@ YAP1 (C) Pancreatic tumors with FAK amplification
\ l show an accumulation of immunosuppressive
Immuno- & cells in the tumor. FAK1/2 inhibitors alleviate this,
Tumor progression suppressive 1 and combined with anti-PD-1 and anti-CTLA-4
é& l treatment limit tumor progression (Jiang et al.,
+ CXCR2i 2016). Pancreatic tumors with p53 loss or muta-
Legend + YAP1i tion establish an immunosuppressive microenvi-
ronment by JAK-STAT signaling. Targeting JAK2
© e @ @ J_ in combination with gemcitabine reduces tumor
CD4'Treg CD8'Tcell Macrophage Neutrophil T st é% burden (Wérmann et al., 2016).
(D) In melanoma, ATR loss-of-function mutation
incr PD-L1 and thereby potentially sensi-

tizes these tumors to anti-PD-L1 treatment. In
PTEN null melanomas, the resulting activated AKT signaling can be reduced by PI3K inhibitors, which in combination with anti-PD-1 limits tumor growth (Peng
et al., 2016). Combining MEK and BRAF inhibitors in BRAFV6°° mutant melanoma also synergize with anti-PD-1 treatment (Hu-Lieskovan et al., 2015).
(E) In prostate tumors with loss of SMAD4, YAP1-mediated immunosuppressive neutrophil recruitment can be counteracted by YAP1 inhibitors or anti-CXCR2
treatment (Wang et al., 2016).

(Peng et al., 2016). Using xenograft mouse models for mela- those with mutations in DNA repair machinery, or mutations
noma, it was shown that PTEN loss in cancer cells reduced can be engineered in a tissue-specific manner. This would allow
T cellinflux, and resulted in reduced autophagy, leading to resis-  for physiological modeling and therefore correct assessment of
tance to T cell-mediated killing (Peng et al., 2016). Treating PTEN  pre-clinical immunotherapeutic strategies in an immunocompe-
null tumors with a PI3KB inhibitor, thus reducing the dysregu- tent setting.
lated AKT activity in these tumors, improved response to anti-
PD-1 therapy, highlighting a potential therapeutic approach for Targeting Genetic Pathways to Unleash Anti-Tumor
PTEN null melanoma in controlling resistance to anti-PD-1  Immunity
therapy. One major theme that emerges from the aforementioned studies
Altogether, these studies show that aberrant signaling path- is that many targeted therapies, specific for hyperactive
ways in cancer cells can impact the anti-cancer immune signaling pathways, are likely to also exert a major impact on
response and the response to immune checkpoint inhibition  the immune contexture of tumors. Most targeted drugs initially
(Figure 3). One aspect that needs to be taken into account induce very strong anti-cancer effects in patients, however, the
when using GEMMs to model human cancers with high muta- rate of durable clinical responses is disappointingly low (Groe-
tional load, is that the mutational load in transgenic mice may nendijk and Bernards, 2014). Given the previously unrecognized
not correspond to that of the human tumors, due to the strong impact of these targeted drugs on the immune landscape of tu-
driver mutations engineered in these mice. This could be over- mors, the question arises whether we can rationally induce a
come by for example exposing early melanoma lesions to UV ~ favorable immune environment in tumors or even sensitize tu-
irradiation, or early lung lesions to carcinogens. The drawback  mors to immunomodulatory drugs by selective usage of targeted
however, is that this may not result in clonal antigens and the therapy. In this regard, we can learn from the growing number of
mutational spectrum may be highly variable from one mouse to  pre-clinical studies that have addressed the impact of targeted
the next. Alternatively, transgenic models that are prone to drugs on the immune microenvironment of tumors and their
generate high mutational load tumors can be used, such as response to immunotherapy. For example, as described above,
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BRAF mutant thyroid tumors are characterized by infiltration of
immunosuppressive cells (Charoentong et al., 2017), raising
the question of whether inhibition of mutant BRAF in thyroid can-
cer would induce a more favorable immune contexture. Indeed,
combined targeting of BRAF'®°E and SRC increased influx of
CD8" T cells, B cells, and macrophages and reduced tumor
growth in an orthotopic inoculation model for anaplastic thyroid
cancer (Vanden Borre et al., 2014). Also in patients with
BRAFY6%%E mytated metastatic melanoma, BRAF inhibition with
vemurafenib enhanced melanoma antigen presentation by can-
cer cells, increased cytotoxic T cell influx, and decreased immu-
nosuppression (Frederick et al., 2013). This is in line with findings
in BRAF6%°E melanoma mouse models in which BRAF inhibition
improved adoptive T cell therapy (Koya et al., 2012) and BRAF
inhibition combined with MEK inhibition synergized with anti-
PD-1 treatment (Hu-Lieskovan et al., 2015). These studies
indicate that therapeutic targeting of cancer cell-intrinsic
oncogenic driver mutations can be exploited to induce a favor-
able immune environment and thus sensitize tumors to cancer
immunotherapy.

Other targeted therapies have also been reported to exert
strong effects on the cancer-immune cell crosstalk. For
example, CDK4/6 inhibitors were originally designed to selec-
tively inhibit cell-cycle progression, but emerging experimental
evidence reveals that part of the therapeutic benefit of these in-
hibitors lies in their anti-tumor immunity promoting capacity. In
the MMTV-rtTA/tetO-HER2 mouse model for breast cancer,
treatment with the CDK4/6 inhibitor abemaciclib leads to tumor
regression by inducing anti-tumor immunity (Goel et al., 2017).
In vitro studies revealed that CDK4/6 inhibition increased antigen
presentation and production of type Ill interferons by cancer
cells, which induced CD8" T cell proliferation and activation
(Goel et al., 2017). Simultaneously, CDK4/6 inhibition reduced
systemic and intra-tumoral regulatory T cell numbers, which
occurred independent of the presence of a tumor. Both the effect
of the CDK4/6 inhibitor on antigen presentation by cancer cells
and the impact on regulatory T cells was dependent on inhibition
of the RB-E2F-DNMT1 axis (Goel et al., 2017). Importantly, by
modulating the immune microenvironment, anti-CDK4/6 treat-
ment improved response to anti-PDL1 in MMTV-rtTA/tetO-
HER?2 mice (Goel et al., 2017). Also, in an in vitro small molecule
screen, CDK4/6 inhibitors were identified to directly enhance
T cell activity. Mechanistically, CDK4/6 inhibition resulted in
de-repression of NFAT activity in T cells, resulting in increased
T cell accumulation in lung tumors of Kras-St-G"2P:Trp53FF
mice, which synergized with immune checkpoint inhibition
(Deng et al., 2018). These two studies illustrate that CDK4/6
inhibitors, which were originally developed to induce cell-cycle
arrest in cancer cells, work in part by counteracting tumor im-
mune evasion. This is a result of combined targeting of cancer
cell-intrinsic pathways, changing parameters of the cancer-im-
munity cycle, and direct targeting of T cells.

Targeted therapies have also been reported to affect the abun-
dance and function of myeloid cells in tumor-bearing hosts,
since the signaling pathways targeted by these drugs also play
functional roles in the immune system (Munoz-Fontela et al.,
2016). For example, neutrophils in the Hgf-Cdk4724C model for
melanoma and cell line inoculation models impair the anti-tumor
CD8" T cell response (Glodde et al., 2017). In this study, cMET

412 Immunity 48, March 20, 2018

Immunity

inhibition enhanced the efficacy of adoptive cell transfer and im-
mune checkpoint therapies by direct targeting of immunosup-
pressive neutrophils that express the cMET receptor (Glodde
et al., 2017). However, targeting cMET-expressing neutrophils
in another study promotes tumor progression (Finisguerra
et al., 2015), highlighting the complex model-dependent and
dual role of neutrophils in cancer biology (Coffelt et al., 2016).
Likewise, it has been reported that the depletion of immunosup-
pressive CD11b*Gr1* cells as a bystander effect of other
targeted therapies, for example by ITK/BTK-inhibitor ibrutinib,
benefits the response to immunotherapies in cell line inoculation
models for breast cancer and melanoma (Sagiv-Barfi et al., 2015;
Stiff et al., 2016). Ibrutinib can also reprogram macrophages,
relieve immunosuppression, and facilitate CD8" cytotoxicity in
PDAC-bearing mice (Gunderson et al., 2016). These studies
highlight that targeted drugs can impact the immune contexture
of tumors via their working mechanism on cancer cells, which
indirectly changes the immune landscape, and via their direct
effect on immune cells. Insights into the complexity of the com-
bined effect of these targeted drugs on the cancer cells and tu-
mor microenvironment will help us to maximize the therapeutic
benefit of targeted drugs in combination with immunomodula-
tory strategies (Figure 3).

Conclusions and Future Directions

From the studies discussed in this review it has become clear
that activation of oncogenes or loss of TSGs not only exert an
intrinsic influence on the fate of cancer cells, but can have pro-
found effects on tumor-host interactions. Commonly mutated
genes that lie at the basis of tumorigenesis can actively partici-
pate in recruitment, activation, or dampening of the immune sys-
tem. This could in part explain the heterogeneity between and
within tumor types in immune infiltration and activation. From a
clinical perspective, these insights will help identify patients
that would or would not benefit from immunomodulation. More-
over, identifying the mechanisms underlying the causal relation-
ship between the genetic makeup of tumors and their immune
landscape may identify novel targets for anti-cancer immuno-
modulatory therapies. The studies presented here likely only
reveal the tip of the iceberg. Most studies focus on one particular
oncogene or TSG, and the majority of research is concentrated
on the primary tumor. This leaves the effect on the systemic im-
mune milieu and metastasis largely unaddressed. With increas-
ingly sophisticated methodologies to generate mouse models
that closely mimic the genetics and biology of human cancer
and approaches to analyze tumors in depth, it will be possible
to screen for a multitude of genetic and epigenetic alterations
and their effect on the immune system. /In vivo genetic manipula-
tion will be key to delineate the spatiotemporal regulation of the
tumor immune landscape, both in the primary as well as the met-
astatic lesion. This knowledge will help maximize the potential of
immunomodulatory therapeutics for cancer patients and provide
rationale for personalized combination therapies based on the
genetic profile of tumors.
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SUMMARY

Lymphocyte-activation gene 3 (LAG-3) is an immune
inhibitory receptor, with major histocompatibility
complex class Il (MHC-II) as a canonical ligand. How-
ever, it remains controversial whether MHC-II is
solely responsible for the inhibitory function of
LAG-3. Here, we demonstrate that fibrinogen-like
protein 1 (FGL1), a liver-secreted protein, is a major
LAG-3 functional ligand independent from MHC-II.
FGL1 inhibits antigen-specific T cell activation, and
ablation of FGL1 in mice promotes T cell immunity.
Blockade of the FGL1-LAG-3 interaction by mono-
clonal antibodies stimulates tumor immunity and is
therapeutic against established mouse tumors in a
receptor-ligand inter-dependent manner. FGL1 is
highly produced by human cancer cells, and elevated
FGL1 in the plasma of cancer patients is associated
with a poor prognosis and resistance to anti-PD-1/
B7-H1 therapy. Our findings reveal an immune
evasion mechanism and have implications for the
design of cancer immunotherapy.

INTRODUCTION

Lymphocyte-activation gene 3 (LAG-3, CD223) is a transmem-
brane protein primarily found on activated T cells (Anderson
et al., 2016; Andrews et al., 2017; Triebel et al., 1990). LAG-3
protein consists of four extracellular immunoglobulin (Ig)-like
domains (D1-D4) with high homology to CD4 (Triebel et al.,
1990). LAG-3 expression can be upregulated by interleukin
(IL)-2 and IL-12 on activated T cells (Annunziato et al., 1996,
1997; Bruniquel et al., 1998), where it mainly functions as a re-
ceptor that delivers inhibitory signals (Huard et al., 1994, 1996;
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Workman et al., 2002a). LAG-3 negatively regulates the prolifer-
ation, activation, effector function, and homeostasis of both
CD8" and CD4* T cells, as shown in LAG-3 knockout mice and
antibody studies (Huard et al., 1994; Workman et al., 2002a,
2002b, 2004; Workman and Vignali, 2003, 2005). LAG-3 may
represent an “exhaustion” marker for CD8* T cells similar to
PD-1 in response to repetitive antigen stimulation in chronic viral
infections or cancers (Blackburn et al., 2009; Chihara et al., 2018;
Grosso et al., 2007, 2009; Matsuzaki et al., 2010; Williams et al.,
2017). Additionally, LAG-3 is also constitutively expressed on a
subset of regulatory T cells and contributes to their suppressive
function (Camisaschi et al., 2010; Gagliani et al., 2013; Huang
et al., 2004). Currently, monoclonal antibodies (mAbs) that block
the interaction of LAG-3 with its canonical ligand, MHC-II, are
being evaluated for their antitumor activity in clinical trials
(Anderson et al., 2016; Ascierto et al., 2017; Rotte et al., 2018).

The major ligand that mediates the immune suppressive func-
tions of LAG-3, however, remains controversial. Initial studies by
Baixeras et al. (1992) showed an interaction between MHC-Il and
LAG-3 via a cell-cell adhesion assay, which was further extended
by studies indicating LAG-3 fusion protein binding to MHC-II*
B cell lines (Huard et al., 1995, 1996). However, there is a lack
of direct evidence for the protein-protein interaction between
LAG-3 and MHC-Il. MHC-II was proposed to interact with
LAG-3 through the residues on the membrane-distal, top face
of the LAG-3 D1 domain (Huard et al., 1997). Functionally, the
MHC-II-CD4 interaction supported helper T cell activation, while
overexpression of LAG-3 downregulated antigen-dependent
CD4* T cell responses in vitro (Workman and Vignali, 2003).
However, several mAbs that do not block the binding of LAG-3
to MHC-II nonetheless promoted T cell functions. For example,
C9B7W, a specific mAb against the murine LAG-3 D2 domain,
enhanced the proliferation and effector functions of T cells
in vitro and in vivo (Workman et al., 2002b, 2004; Workman
and Vignali, 2005). This antibody also increased the accumula-
tion and effector function of tumor-specific CD8* T cells in
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Figure 1. Identification of FGL1 as a Binding Partner of LAG-3 in the GSRA System

(A) Schematic representation of the GSRA system. Individual plasmids of genes encoding both transmembrane and secreted proteins were transfected into
293T.2A cells (see STAR Methods and Table S1) in 1,536-well plates. LAG-3-Ig as well as fluorescence labeled anti-Fc mAb were added into each well for rapid
detection of LAG-3-Ig binding. Human Fc receptors served as internal positive controls within each plate. Positive hits were confirmed by flow cytometry or Octet
bio-layer interferometry. TM, transmembrane domain.

(legend continued on next page)
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several tumor models (Grosso et al., 2007; Woo et al., 2012). The
effects of COB7W mAb on T cells are largely similar, if not iden-
tical, to those produced by LAG-3 genetic deficiency (Woo et al.,
2012; Workman and Vignali, 2005). A recent study also showed
that anti-LAG-3 mAb that do not block MHC-II binding could still
stimulate T cell activation and anti-tumor activity (Cemerski et al.,
2015). Given that LAG-3 also suppresses the function of CD8"
T cells and natural killer (NK) cells, which do not interact with
MHC-II (Anderson et al., 2016), these studies raise the possibility
that the immunological functions of LAG-3 might be mediated via
an unknown ligand.

Here, we report that fibrinogen-like protein 1 (FGL1) is a major
functional ligand of LAG-3. FGL1 belongs to the fibrinogen family
with high amino acid homology to the carboxyl terminus of the
fibrinogen beta- and gamma-subunits, but it does not have the
characteristic platelet-binding site, cross-linking region, and
thrombin-sensitive site necessary for fibrin clot formation (Yama-
moto et al., 1993). Under normal physiological conditions, FGL1
protein is primarily secreted from hepatocytes and contributes to
its mitogenic and metabolic functions (Demchev et al., 2013;
Hara et al., 2001; Li et al., 2010; Liu and Ukomadu, 2008; Yama-
moto et al., 1993; Yan et al., 2002). The immunological function
of FGL1, however, remains unknown. Our results demonstrate
that FGL1 is a major inhibitory ligand for LAG-3, revealing a
new mechanism of immune evasion.

RESULTS

FGL1 Is an MHC Class lI-Independent High-Affinity
Ligand of LAG-3

We employed our genome-scale receptor array (GSRA) technol-
ogy to search for LAG-3 binding protein(s) using an immunoglob-
ulin (Ig) Fc-tagged LAG-3extracellular domain fusion protein
(LAG-3-Ig) (Figure 1A). The GSRA is a semi-automatic gene
expression and detection system for rapidly identifying protein-
protein interactions, which has been modified from our previous
report (Yao et al., 2011). In this updated system, individual
human cDNA encoding transmembrane and secreted proteins
(upon addition of a transmembrane domain) were overex-
pressed on the surface of 293T cells. Several adaptor genes
were also expressed in 293T (293T.2A cells) to facilitate protein
expression on the cell surface (Figure 1A). An Ig-tagged protein
of interest can then be screened for interaction(s) using the

GSRA system in a high throughput fashion by the mix-and-
read laser scanning macro-confocal fluorescent plate reader.
The current version of the GSRA contains over 90% of annotated
genes encoding human transmembrane (~5,600) and secreted
(~1,000) proteins (Table S1). FGL1 was identified as a major
binding protein for LAG-3-Ig in the GSRA system (Figures 1B
and S1A). The FGL1-LAG-3 interaction is conserved across spe-
cies in both human and mouse (Figure 1B). This interaction was
further validated by flow cytometry, as indicated by a linear asso-
ciation between FGL1-lg and anti-LAG-3 staining on LAG-3*
cells (Figure 1C). The FGL1-LAG-3 interaction was shown to
have a Ky value of ~1.5 nM by Octet bio-layer interferometry
analysis (Figure 1D). Using an SEC650 size exclusion column,
the purified recombinant FLAG-tagged FGL1 (FLAG-FGL1)
showed an oligomeric state (peak 1-2) and a dimeric peak
(peak 3) (Figure S1B), which was validated via size exclusion
chromatography with multi-angle light scattering analysis
(SEC-MALS, data not shown). We observed stronger binding
of the oligomeric forms of FLAG-FGL1 (peak 1-2) than the
dimeric form (peak 3) to immobilized LAG-3-Ig in the Octet anal-
ysis (Figure S1C). In addition, the slow disassociation rate hints
at a stable interaction between FGL1 and LAG-3 in both human
and mouse (Figures 1D and S1D). FGL2, a homolog of FGL1 pre-
viously implicated in Treg functions (Shevach, 2009), as well as
other fibrinogen domain-containing family members such as
angiopoietin-related proteins, did not bind LAG-3 (Figure 1B
and data not shown), indicating that the FGL1-LAG-3interaction
is highly specific.

FGL1 is composed of a coil-coil domain (CCD) and a fibrin-
ogen-like domain (FD) (Yamamoto et al., 1993). Through domain
deletion studies, we demonstrated that the FD, but not CCD, is
responsible for LAG-3 binding (Figure S1E). The LAG-3 protein
consists of four Ig-like extracellular domains, D1-D4 (Huard
et al., 1997; Triebel et al., 1990) (Figure 1E, left). The deletion of
the D3-D4 domain in LAG-3 did not affect FGL1 binding, while
either D1 or D2 alone partially decreased the binding (Figure 1E,
right), suggesting that both D1 and D2 contribute to the FGL1-
LAG-3 interaction. A single point mutation (Y73F) in the C’ strand
of LAG-3 D1 domain was previously shown to disrupt MHC-II
binding (Huard et al., 1997; Workman et al., 2002a). However,
this mutation did not affect FGL1-Ig binding (Figure 1E, right),
indicating that the FGL1-LAG-3 interaction is non-redundant
with  MHC-II-LAG-3 binding. Furthermore, pre-incubation of

(B) Image of the FGL1-LAG-3 interaction in GSRA system. 293T.2A cells were transfected with human (h) or mouse (m) FGL1-TM or full-length LAG-3 as indicated
on they axis. Human FGL2-TM was included as a negative control. The indicated fusion proteins shown on the x axis were added to the culture to evaluate binding

to the transfectants by the cellular detection system (CDS).

(C) Representative flow cytometry dot plot of FGL1-Ig binding to mouse LAG-3" 293T.2A (blue) or mock cells (red). Control Ig binding to mouse LAG-3* 293T.2A is

also shown (brown).

(D) Representative Octet sensorgrams showing various amounts of FLAG-tagged mouse FGL1 (starting from 10 pg/mL, 2-fold serial dilutions) binding to

immobilized mouse LAG-3-Ig.

(E) Schematic representation of constructs coding full-length mouse LAG-3, LAG-3 Y73F mutant, or LAG-3 with different extracellular domain deletions (left).
LAG-3 full-length protein consists of four extracellular Ig domains (D1-D4), the transmembrane domain (TM), and intracellular domain (IC) (left). Quantification of
FGL1-Ig binding to 293T.2A cells transfected to express LAG-3 with domain deletion/mutation (right). Data were analyzed by CDS software and presented as the

mean + SEM. **p < 0.001, ***p < 0.0001, NS, not significant by Student’s t test.

(F) FGL1-Ig binding to mouse LAG-3* 293T.2A cells in the presence of control mAb (black line) or anti-LAG-3 (red line) by flow cytometry. Cells stained with control

Ig (shadow) served as a negative control.
All data are representative of at least two independent experiments.
See also Figure S1.
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Figure 2. FGL1 Mediates LAG-3-Dependent
T Cell Suppression

(A) Splenic T cells from WT or LAG-3-KO mice were
activated by immobilized anti-CD3 mAb for 24 hr,
stained with anti-LAG-3 mAb or FGL1-Ig fusion pro-
tein (blue) or control antibody/Ig (red), and analyzed by
flow cytometry.

(B) Splenic T cells from WT or LAG-3-KO mice were
activated by immobilized anti-CD3 mAb at suboptimal
concentration in the presence of soluble FGL1-lg or
control-lg (5 pg/mL) for 3 days before the addition of
SH-dTR. Thymidine incorporation of proliferated
T cells was analyzed 16 hr later.

(C) The 3A9-LAG-3 or parental 3A9 mouse T cell hy-
bridoma cells were co-cultured with LK35.2 B cell line
in CellGenix serum free medium in the presence
of HEL peptide and the indicated concentrations of
FLAG-tagged FGL1. Shown is the normalized % of
inhibition on the IL-2 levels in the supernatant at 24 hr
normalized to levels with 0 ng/mL FGL1.

(D) The 3A9-LAG-3 mouse T cell hybridoma cells were
co-cultured with LK35.2 B cell line in the presence of
HEL peptide, FLAG tagged FGL1 (50 ng/mL), anti-
FGL1, or anti-LAG-3 mAb (1 pg/mL). Shown are the
IL-2 levels in the supernatant at 24 hr.

Data are representative of at least two independent
experiments and are presented as the mean + SEM.
*p < 0.05, *p < 0.01; “**p < 0.001, NS, not significant
by Student’s t test.

See also Figure S2.
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LAG-3* 293T cells with CO9B7W, an anti- LAG-3 mAb that binds
the LAG-3 D2 domain without blocking the FGL1-MHC-II inter-
action (Andrews et al., 2017; Cemerski et al., 2015; Workman
et al., 2002b), led to complete abrogation of FGL1-LAG-3 bind-
ing (Figure 1F). Finally, LAG-3* cells stained with MHC-II (I-A®)
fusion protein did not show a significant decrease in binding
even in the presence of a 100-fold excess of FGL1-lg (Fig-
ure S1F). Taken together, our results indicate that FGL1 interacts
with LAG-3 in an MHC-IlI-independent manner, and this inter-
action involves the FGL1 fibrinogen-like domain and the LAG-3
D1-D2 domain.

FGL1 Inhibits Antigen-Mediated T Cell Responses via
LAG-3 In Vitro and In Vivo

LAG-3 is not found on resting T cells other than a subset of Tregs
but can be upregulated under various antigen stimulation condi-
tions (Baixeras et al., 1992; Triebel et al., 1990; Workman et al.,
2002b). FGL1-Ig fusion protein did not bind resting T cells that
express minimal LAG-3 levels (data not shown), although it did
bind activated T cells from wild-type (WT) but not from LAG-3-
KO mice, as determined via flow cytometry analysis (Figure 2A).
Inclusion of FGL1-Ig partially suppressed WT splenic T cell
proliferation under suboptimal anti-CD3 stimulation, but this
suppression was diminished using LAG-3-KO splenocytes (Fig-
ure 2B), indicating that the suppressive effect of FGL1-Ig is
dependent on LAG-3. Similarly, FGL1 better suppressed the

+ 1 o+

antigen-specific induction of IL-2 from a mu-
rine LAG-3 overexpressing 3A9 T cell line
(BA9-LAG-3) in a dose-dependent fashion
compared to the parental 3A9 cell line with low endogenous
LAG-3 expression (Figure 2C). We generated a mAb specific
for mouse FGL1 (clone 177R4) that blocks FGL1-Ig binding to
LAG-3" 293T cells in a similar manner to anti-LAG-3 mAb
C9B7W (Figures S2A and S2B). Both mAbs abrogated the
suppression of FGL1 on IL-2 production from 3A9-LAG-3 cells
(Figure 2D). Upon CD8* OT-1 transgenic T cell transfer into
syngeneic mice and subsequent immunization with chicken
ovalbumin peptide antigen, administration of anti-FGL1 mAb
177R4 significantly promoted antigen-specific OT-1 T cell acti-
vation in a manner similar to anti-LAG-3 mAb, as determined
by increased plasma levels of tumor necrosis factor alpha
(TNF-e) and interferon (IFN)-y (Figures S2C and S2D). Thus,
our results support that FGL1 is an inhibitory ligand of LAG-3.

Fgl1-Deficient Mice Slowly Develop Spontaneous
Autoimmune Symptoms

We generated a Fg/1 gene knockout mouse strain (FGL1-KO) on
the C57BL/6 background using an agouti color gene modified
mouse ESC line (JM8) (Pettitt et al., 2009). In WT mice, Fgl1
mRNA was detected in the liver but not in other organs or he-
matopoietic cells (Figure S3A). Soluble FGL1 was also detected
in mouse blood (Figure S3B) as previously reported (Liu and Uko-
madu, 2008). In contrast, FGL1 was not detected in the plasma
or liver of FGL1-KO mice via specific sandwich ELISA and west-
ern blot analysis, respectively (Figures S3B and S3C).
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FGL1-KO mice have an overall normal appearance, organ
size, and litters, indicating that FGL1 does not globally affect
the development and growth of mice. However, up to 40%
(8/20) of FGL1-KO mice developed spontaneous dermatitis at
the age of 8 months or older, showing lymphocyte infiltration in
the dermis (Figures S3D and S3E). At 14-16 months of age,
5/8 female, but not male mice, had elevated levels of anti-dou-
ble-stranded DNA autoantibodies in their plasma compared to
WT mice (Figure S3F). These findings are consistent with the
role of FGL1 as an immune suppressive molecule. To evaluate
overall changes in the immune system of this KO strain, we pro-
filed mouse peripheral blood cells by mass cytometry (CyTOF), a
single cell high dimensional analysis tool using 32 metal-conju-
gated mAbs to determine immune cell lineages as well as func-
tional molecules. A recently described unsupervised clustering
method named x-shift was also employed (Samusik et al.,
2016). Analysis of the total CD45" hematopoietic cells revealed
22 distinct cell type or subsets (clusters), with small but signifi-
cant increases in central memory-like CD8* T cells subsets
(cluster 14-15, CD44* CD62L* Ly6C* CD127™ Tbet* Eomes™)
and decreases in two B cell subsets (cluster 2 and 4) (Figures
3A-3E). All other clusters were similar in FGL1-KO compared
to WT mice (Figures 3A-3E). There were no major differences
in T cells or myeloid cell subsets in peripheral lymphoid tissues
including the spleen or liver (data not shown).

These findings indicate that endogenous FGL1 does not affect
mouse development and growth, although it may participate in
regulating autoimmunity and immune homeostasis in aged mice.

Fgl1 Silencing Promotes T Cell Immunity against Tumor
Growth in Mouse Models

FGL1-KO and LAG-3-KO mice were inoculated subcutaneously
(s.c.) with syngeneic murine MC38 colon cancer cells. Similar to
LAG-3-KO mice, FGL1-KO mice showed significantly slower tu-
mor growth in comparison to WT mice (Figure 4A). Whereas all of
the WT mice reached an endpoint (average mean tumor diam-
eter of 15 mm) within 60 days, ~50% of FGL1-KO or LAG-3-
KO mice were tumor-free beyond 200 days upon MC38 inocula-
tion (Figure 4B). Similarly, both anti-FGL1 and anti-LAG-3 mAbs
significantly controlled tumor growth of established MC38 mu-
rine colon (Figure 4C) and Hepa1-6 murine liver cell lines inocu-
lated s.c. in syngeneic C57BL/6 mice (Figure S4A). In contrast,
the anti-FGL1 and anti-LAG-3 mAb antitumor effect was abro-
gated in Rag1-KO C57BL/6 mice, which are devoid of T and B
cells (Figure 4D). Consistent with these findings, depletion of
either CD8" or CD4"* T cells by specific mAbs completely elimi-
nated the anti-tumor effect of both anti-FGL1 and anti-LAG-3
mADb in the MC38 tumor model, indicating that the anti-tumor
effect of these mAbs is dependent on both CD8" and CD4*
T cells (Figure S4B).

To exclude the possibility that additional ligands for LAG-3 are
functionally redundant to FGL1 and contribute to the anti-tumor
effect of the anti-LAG-3 mAb, we tested the effect of anti-LAG-3
mADb in FGL1-KO mice. While the anti-LAG-3 mAb suppressed
MC38 tumor growth in WT mice, this anti-tumor effect was
completely eliminated in FGL1-KO mice (Figure 4E). The effect
of anti-FGL1 was also dependent on LAG-3, as this mAb did
not have additive effects on tumor growth in LAG-3-KO mice
(Figure 4F). Therefore, the anti-tumor effect of anti-FGL1 mAb
is dependent on LAG-3, whereas the effect of anti-LAG-3 relies
on FGL1 but not MHC-II or other LAG-3 ligands. Altogether,
our findings support FGL1 as a major ligand for LAG-3 to induce
T cell suppressive function and immune evasion.

The deficiency of FGL1 significantly reduced MC38 tumor
growth while spleen size and the number of lymphocytes in either
tumor-draining or non-tumor-draining lymph nodes remained
similar (Figure S4C). Analysis of tumor-infiltrating leukocytes
(TIL) in tumors excised on day 17 from FGL1-KO and WT mice
by mass cytometry revealed a significant increase of CD45" leu-
kocytes in FGL1-KO tumors (Figure S4D). In 22 clusters across
CD45™ cells (Figures 5A and 5B), we found a significant expansion
of CD44" CD62L~ PD-1" Gata3* effector memory-like CD4+ TIL
(cluster 2 and 3), as well as CD44* Ly6C* memory-like CD8" (De-
Long et al., 2018; Pihigren et al., 1996; Walunas et al., 1995) TIL
populations (clusters 8-10) in FGL1-KO tumors (Figures 5B-5E).
In contrast, Treg (cluster 1), NK (cluster 11), or B cells (cluster
14) did not change significantly (Figures 5B-5E). Interestingly, a
natural killer T (NKT) population (cluster 12) was highly expanded
in the FGL1-KO tumors, in comparison with a significant decrease
of F4/80* CD11b* MHC-II* CD11c™ tumor-associated macro-
phages (cluster 15) (Figures 5C-5E). Confirming this data, we
also observed a significant increase in the absolute number of leu-
kocytes (CD45" cells), CD8*, and CD4" TIL per mg of tumor tis-
sues in mice treated with anti-FGL1 or anti-LAG-3 mAbs
compared to control treated mice (Figure S4E). Furthermore, there
was a significant increase in activation or functional markers, such
as CD69, Ly6C, granzyme B (GZB), CD4, and FAS, in CD4* or
CD8* TIL from anti-FGL1 or anti-LAG-3 treated mice (Figure S4F).
Our results indicate that silencing the FGL1-LAG-3 interaction by
either genetic knockout or antibody blockade promotes tumorim-
munity by stimulating T cell expansion and activation preferentially
in the tumor microenvironment.

FGL1 Is Upregulated in Human Cancers

FGL1 mRNA and protein expression is largely limited to the liver
and pancreas of human normal tissues according to the BioGPS
tissue microarray database and proteome analysis (Kim et al.,
2014) (Figure S5A). Meta-analysis of the Oncomine databases
revealed the upregulation of FGLT mRNA in human solid
tumors including lung cancer, prostate cancer, melanoma, and

Figure 3. Immune Cell Phenotyping of FGL1-KO Mice

A) Density t-SNE plots of an equal number of CD45* compartment in the peripheral blood from WT and FGL1-KO mice (n = 3).

B) t-SNE plot of CD45* compartment overlaid with color-coded clusters.

D) t-SNE plot of CD45" compartment overlaid with the expression of selected markers.

(
(
(C) Frequency of clusters grouped by indicated immune cell subsets. Data were shown as the mean + SEM. *p < 0.05; **p < 0.01 by unpaired t test.
(
(

E) Heatmap displaying normalized marker expression of each immune cluster.
See also Figure S3.
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Figure 4. Ablation of the FGL1-LAG-3 Interaction Inhibits Tumor Growth in Mouse Models
(A and B) FGL1-KO, LAG-3-KO, or WT littermates were inoculated with MC38 cells (0.5 x 108/mouse). The mean tumor diameters (A) and survival (B) of mice in

each group (n = 6) are shown.

(C and D) B6 (C) or Rag1-KO (D) mice were inoculated with MC38 cells (0.5 x 10%/mouse) at day 0 and treated with anti-FGL1, anti-LAG-3, or control mAbs every
4 days from day 6 to day 18. The mean tumor diameters in each group (n = 6) are shown.
(E) WT or FGL1-KO mice were inoculated with MC38 cells and were treated with anti-LAG-3 or control mAb as in (C). The mean tumor diameters in each group

(n = 6-8) are shown.

(F) LAG-3-KO mice were inoculated with MC38 cells and were treated with anti-FGL1 (n = 8) or control mAb (n = 7) as in (C). The mean tumor diameters in each

group are shown.

Data were representative of at least two independent experiments and are shown as the mean + SEM. *p < 0.05; **p < 0.01; NS, not significant. (A) and (C-F) by

two-way ANOVA; (B) by log-rank test.
See also Figure S4.
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Figure 5. Expansion of Tumor-Infiltrating T Cell Populations in FGL1-KO Mice
(A) Density t-SNE plots of an equal number of CD45* MC38 tumor-infiltrating leukocytes in WT (n = 4) and FGL1-KO (n = 5) mice. Size of unsupervised clusters

denotes the relative number of cells in that grouping.

(B) t-SNE plot of tumor infiltrating leukocytes overlaid with color-coded clusters.
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colorectal cancer compared to normal tissues, with the highest
percentage of upregulation (8/23, or 35%) in lung cancer data-
sets, while its expression appeared to be downregulated in
pancreas, liver, and head and neck cancers (Figure S5B).
Furthermore, FGL1 is one of the most upregulated genes in
The Cancer Genome Atlas (TCGA) database for lung adenocar-
cinoma (Figure S5C; Table S2). FGL1 is also significantly upregu-
lated in prostate or breast cancer but is downregulated in liver
cancer within this database (Figure S5C).

We established a multiplex quantitative immunofluorescence
(QIF) assay to detect FGL1 protein expression on cells and tis-
sues. In addition, a quantitative sandwich ELISA was also estab-
lished to detect secreted FGL1 in human plasma (see STAR
Methods). A 293T line constitutively expressing FGL1 and hu-
man tissue samples were utilized to standardize the assay in
FFPE preparations and establish the signal detection threshold
(Figure S6A). As expected, levels of FGL1 protein were highest
in a cell line transfected to express the FGL1 gene (Figure S6A)
and human liver (data not shown), but low or undetectable in
mock-transfected cells (Figure S6A) or samples from human
testis and skeletal muscle (data not shown). We then evaluated
the localized expression of FGL1 in 275 non-small cell lung car-
cinomas (NSCLC) presented in tissue microarray format (cohort
#1, from Yale University, also see Table S3) by simultaneous
staining of FGL1 and pan-cytokeratin using multiplex QIF stain-
ing. In NSCLC, FGL1 protein was found localized in tumor cells
(the pan-cytokeratin-positive) with minimal expression in the
stromal compartment (the pan-cytokeratin-negative) (Figure 6A)
and no expression in paired normal lung tissues (Figure S6B).
Tissue FGL1 levels showed a continuous distribution in this
cohort and ~15% of specimens from NSCLC patients showed
elevated expression (Figure 6B) which was associated with a
significantly decreased 5-year overall survival (Figure 6C). Inter-
estingly, there was no association between FGL1 and B7-H1
(PD-L1) expression levels, but high FGL1 in tumor tissue was
significantly associated with high LAG-3 levels (Figure S6C). In
addition, we also found significantly higher plasma FGL1 levels
in NSCLC patients compared to healthy donors in two indepen-
dent cohorts (see also Table S3): cohort #2 (n = 18) from Univer-
sity of Navarra, Pamplona, Spain (Figure 6D) and cohort #3
(n = 56) from Fujian Medical University, Fuzhou, China (Fig-
ure S6D). Of note, there was no difference in plasma FGL1 levels
among NSCLC patients with or without metastasis as well as
liver injury (Figure S6E). Furthermore, in cohort #2, we found a
positive association of tumor FGL1 QIF scores and plasma
FGL1 levels (data not shown). Our findings indicate that FGL1
is upregulated in human cancers, especially in NSCLC.

High Plasma FGL1 Is Associated with Poor Outcomes in
Patients with Anti-PD Therapy

To test if FGL1 acts independently from the B7-H1-PD-1
pathway to suppress tumor immunity, we evaluated the associ-

ation between the baseline plasma FGL1 levels and the efficacy
of the B7-H1-PD-1 blockade therapy (anti-PD therapy) in meta-
static NSCLC patients. In cohort #2 (see also Tables S3 and S4),
we found that higher plasma FGL1 levels were associated with
worse overall survival in NSCLC patients treated with anti-PD
therapy (hazard ratio [HR] = 6.8, 95% confidence interval
[Cl] = 1.1-42 and p value = 0.04) (Figure 6E). Similar results
were observed in an independent cohort (cohort #4, from Yale
University, see also Tables S3 and S4) of metastatic melanoma
patients (n = 21) treated with anti-PD-1 mAbs (HR = 7.9; 95%
Cl = 2.2-27.4 and p value <0.001) (Figure 6F). Our results sug-
gest that the FGL1-LAG-3 interaction is independent from the
B7-H1-PD-1 pathway and could potentially contribute to the
resistance of anti-PD therapy in human cancers.

We further tested the role of the anti-FGL1 or anti-LAG-3 in the
presence of the B7-H1-PD-1 pathway blockade using the MC38
tumor model. Mice were inoculated s.c. with MC38, and estab-
lished tumors at day 6 were treated with the mAbs. When applied
individually, anti-FGL1, anti-LAG-3, or anti-B7-H1 mAb slowed
tumor growth and minimally prolonged survival (Figure 6G).
However, anti-FGL1 or anti-LAG-3 mAb in combination with
anti-B7-H1 mAb significantly improved survival (Figure 6G) and
decreased tumor burden (Figure 6H) compared to single mAb
treatment. A significant proportion of mice (>30% of mice)
treated with the combination therapy were free of tumor
for over 150 days (Figure 6G). Our results suggest that the
FGL1-LAG-3 pathway is an independent tumor immune evasion
mechanism, and blockade of this interaction may synergize with
anti-PD therapy.

DISCUSSION

In this study, we have identified and characterized FGL1 as ama-
jor ligand of LAG-3 that is responsible for its T cell inhibitory func-
tion in a receptor-ligand interdependent manner both in vitro and
in vivo. Genetic ablation or mAbs blocking the FGL1-LAG-3 inter-
action enhanced T cell responses and promoted anti-tumor
immunity. With limited expression in the majority of normal
tissues, FGL1 is upregulated in several human cancers and is
associated with a poor prognosis and therapeutic outcome.
Together, our findings support the FGL1-LAG-3 pathway as an
immune escape mechanism and a potential target for cancer
immunotherapy.

Physiological functions of FGL1 are not well understood.
Soluble FGL1 protein can be detected in the blood plasma of
healthy donors at the ng/mL level, while FGL7T mRNA can only
be detected in liver and pancreas across a large panel of normal
tissues (Figure S5A), suggesting that FGL1 may be produced by
the liver and/or pancreas and subsequently released into the
bloodstream. In addition to the reported function in hepatocyte
regeneration and metabolism, our findings reveal for the first
time a prominent role of FGL1 in the negative regulation of

(C) t-SNE plot of tumor infiltrating leukocytes overlaid with the expression of selected markers.
(D) Frequency of clusters grouped by indicated immune cell subsets. Data were shown as the mean + SEM. *p < 0.05 by unpaired t test.

(E) Heatmap displaying normalized marker expression of each immune cluster.
See also Figure S4.
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inflammatory immune responses. FGL1-KO mice spontane-
ously developed several autoimmune symptoms including
dermatitis and anti-dsDNA autoantibodies (Figures S3D-S3F).
However, these symptoms developed only in the aged but not
in newborn or young adult mice, indicating that endogenous
FGL1 is not a major regulator for self-tolerance but may
suppress environmentally induced inflammation. Interestingly,
liver is considered an immune-privileged organ, as allogeneic
liver transplants can survive longer without immune suppressive
agents (Horst et al., 2016). The underlying mechanism for this
immune privilege, however, is largely unknown. We did not
observe significant liver inflammation in aged FGL1-KO mice
(data not shown), perhaps due to a lack of LAG-3 expression
on resting T cells in the liver. While FGL1 may play a local role
in maintaining the tolerogenic environment of the liver, its secre-
tion as a soluble factor allows for potential cross-talk between
the liver and other peripheral tissues that may help fine-tune
systemic inflammation. This normal physiological function of
FGL1 may be hijacked by several solid tumors that increase
FGL1 expression to suppress local anti-tumor immunity. In
this context, immune evasion may be mediated by high levels
of FGL1 in the tumor microenvironment through the interaction
with LAG-3 specifically expressed on tumor-infiltrating T cells.
Our results in mouse tumor models indicate a preferential acti-
vation of T cell immunity in the tumor microenvironment upon
FGL1-LAG-3 blockade while the effect of this blockade in
systemic immune suppression is minimal (unpublished data),
suggesting a major role for FGL1 in immune suppression of
the tumor microenvironment.

Our results support FGL1 as a major ligand for the T cell inhib-
itory function of LAG-3. First, FGL1-LAG-3 represents a high-af-
finity interaction that is specific and physiological, as indicated
by fusion protein binding experiments involving primary T cells
from WT or Lag3-deficient mice. Second, FGL1 mAb has similar
effects to anti-LAG-3 on the stimulation of T cell responses and
antitumor effect in our in vitro and in vivo experiments. Further-
more, anti-FGL1 mAb has no antitumor effect in LAG-3-deficient
mice while anti-LAG-3 mAb likewise loses efficacy in Fg/71-defi-
cient mice. Finally, our preliminary studies indicate that adult
Fgl1-deficient mice are also prone to the induction of autoim-
mune diseases (unpublished data), a phenotype similar to
LAG-3-deficient mice (Bettini et al., 2011; Woo et al., 2012).

To date, at least four different proteins have been reported
to interact with LAG-3 including MHC-II, galectin-3, LSECtin,
and a-synuclein. Galectin-3 and LSECtin have potential roles
in T cell regulation, while a-synuclein is possibly involved in
the neurological function of LAG-3 (Kouo et al.,, 2015; Mao
et al., 2016; Xu et al., 2014). The interaction modality of galec-
tin-3 and LSECtin to LAG-3 are less known, but both molecules
have previously been shown to have several other binding part-
ners (Kizuka et al., 2015; Li et al., 2009; Liu et al., 2004; Stillman
et al., 2006; Tang et al., 2010). It remains to be shown whether
their roles in the suppression of T cell-responses and antitumor
immunity are dependent on LAG-3. Although MHC-II is the first
identified ligand for LAG-3, the detailed biochemistry and affin-
ity of this interaction is still unclear. Given that FGL1 does not
compete with MHC-II for LAG-3 binding (Figure S1F), this opens
the possibility for the existence of a FGL1-MHC-II-LAG-3 tri-
molecular complex—open questions include the signaling
outcome of FGL1 versus MHC-II upon interaction with LAG-3
and how this complex could contribute to T cell suppression.
A detailed stoichiometry analysis may be required to under-
stand how soluble FGL1 triggers cell surface LAG-3 to transmit
signals for T cell suppression, which is currently unknown. We
found that FGL1 could form oligomers, and these oligomeric
forms of FGL1 bound to LAG-3 much better than the dimeric
form (Figures S1B and S1C), implicating that oligomeric FGL1
may be required for T cell suppression. The presence of native
oligomeric FGL1 may also explain our results in the Octet assay
showing a high-affinity interaction of purified soluble FGL1 with
LAG-3. Thus, increased avidity of FGL1, most likely through
oligomerization, but potentially through other mechanisms
such as attachments to the extracellular matrix, may facilitate
its interaction with LAG-3 in vivo. Currently, several MHC-II
blocking anti- LAG-3 mAbs are being evaluated in clinical trials
for the treatment of advanced human cancer. Preliminary data
of these trials showed minimal or modest effect as a single
agent (Ascierto and McArthur, 2017; Ascierto et al., 2017).
Based on our findings, a possible interpretation for the clinical
results could be that these mAbs block the MHC-II-LAG-3 inter-
action but do not block FGL1-LAG-3 binding. Thus, these mAbs
may still allow FGL1 to transmit inhibitory signals to LAG-3,
leading to an incomplete blockade of LAG-3-mediated immune
suppression. Our findings warrant careful re-evaluation of

Figure 6. Upregulated FGL1 in Human Cancers Is Associated with a Poor Prognosis

(A) Representative immunofluorescence staining of FGL1, DAPI (for nuclear counterstain), and pan-cytokeratin (CK) in FGL1-positive or -negative NSCLC cancer
sections.

(B and C) FGL1 expression as indicated by quantitative immunofluorescence (QIF) staining in NSCLC cancer tissues from cohort #1 (see also Table S3).
(B) Distribution of FGL1 expression and (C) association of high or low FGL1 expression with overall survival of the patients. The QIF visual detection threshold
(1010.27) was used as a cutoff as indicated by dotted line in (B).

(D) The baseline plasma FGL1 levels were determined by ELISA in cohort #2 (see also Table S3) of NSCLC cancer patients (n = 18) and healthy donors (n = 16).
Data were presented as the mean + SEM. **p < 0.001 by Student’s t test.

(E and F) Kaplan-Meier plots of overall survival stratified by median baseline plasma FGL1 levels in NSCLC (cut-point: 336.5 ng/mL) and melanoma (cut-point:
114 ng/mL) patients treated with single-agent anti-PD-1 therapy in NSCLC (D, cohort #2, n = 18) and melanoma (E, cohort #4, n = 21). See also Tables S3 and S4.
(G and H) B6 mice were inoculated s.c. with MC38 cells (0.5 x 10%/mouse) at day 0, followed by the treatment with anti-FGL1, anti-LAG-3, or control mAb (n = 6
per group) every 4 days from day 6 to day 18. In some groups, mice were also treated with a single dose of anti-B7-H1 (10B5) at day 6.

(G) Survival of the mice is shown. Survival analysis was conducted by log-rank test, **p < 0.01; ***p < 0.001. The presented data is representative of at least two
independent experiments.

(H) Tumor sizes are shown as the mean tumor diameter + SEM at day 22. **p < 0.01 by Student’s t test.

See also Figures S5 and S6 and Table S2.
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therapeutic strategies that aim to block the immune inhibitory
function of LAG-3.

Our findings support that the FGL1-LAG-3 pathway
maybe an important immune evasion mechanism and could
contribute to current cancer immunotherapy efforts for several
reasons. Our studies indicate that FGL1 is a major ligand for
LAG-3 to suppress T cell responses and constitute a new
target for immune modulation. Furthermore, upregulation of
FGL1 on tumor cells but not in normal tissues (Figure S5)
may allow for a highly tumor-selective targeting of antibody
therapy. In addition, tumor model studies using FGL1-KO
mice demonstrate that FGL1 has a potent immune suppressive
effect on anti-tumor immunity that is dependent on LAG-3.
FGL1-LAG-3 interaction may also affect the generation of
memory T cells as shown by our CyTOF data of increased
memory-like CD4+ and CD8+ T cells in TILs from FGL1 KO
mice during tumor growth (Figure 5) and an association of
low FGL1 level with long-term survival of cancer patients
upon anti-PD therapy (Figure 6E and 6F). Moreover, FGL1
may be a potential biomarker to predict the outcome of anti-
PD therapy, since high plasma FGL1 levels are associated
with a worse response to anti-PD therapy in NSCLC and mel-
anoma patients (Figures 6E and 6F). Lastly, FGL1 blockade
also synergizes with anti-B7-H1 blockade in animal models
(Figures 6G and 6H), suggesting that FGL1 and anti-PD dual-
blockade may be an alternative treatment for patients who
are resistant to anti-PD therapy. In summary, our findings iden-
tify a functional interaction of the LAG-3 pathway and reveal a
possible mechanism that tumors may employ for immune
evasion, with important implications for developing next gener-
ation cancer immunotherapies.
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