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® cancer as a multi-dimensional ecosystem involving
complex interactions between cancer cells and host
systems

® genotoxic insult(s), mutations and genomic
Instability as drivers of initiation and progression

® progressive evolution of genomic and phenotypic
diversity (tumor subtypes and clonal heterogeneity)

® tumor-progression is a dynamic process with
adaptive evolution of tumor cell clones to diverse
selection pressures (fithess)

® clonal heterogeneity and phenotypic diversification
pose formidable therapeutic challenges



Complicated Systems

Versus
Complex Systems




what is the difference between complicated and
complex systems?

what features of cancer make it a complex
system?

what is meant by “emergence” in complex
systems?

what are the implications of the complex
behavior of cancer for diagnosis, treatment and
prevention?
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predictable s _ _ _

® proactive awareness of tolerance limits and likely failure points

® performance of the system is fixed and not capable of autonomous
evolution
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® new properties emerge from the interactions of
simpler units (molecules, cells, agents, people)

® properties (behavior) of the whole system cannot
be reliably predicted from knowledge of the
properties of the simpler isolated units

— “the whole is more than the sum of its parts”

® new and unexpected patterns of interactions
between components can shift the system to an
new state with very different properties
(emergence)



Host-Pathogen Physiological
Interactions Regulatory Networks

Signaling Network Dysregulation
in Disease







 selection by variation
e adaptation
« evolvability

» “fitness” for selection pressures
operating in a particular
environment
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Evolution and Phenotypic Diversification of
Tumor Clones and Subclones
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network topology state shifts

Emergence(E) E,, E,....E,

® Black Swans phase shifts @® critical thresholds

® dislocations perturbations ® bifurcations

@ tipping points inflection points o

® irreversible unintended
cascades consequences

trigger points
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Tumor Cell Heterogeneity:

The Greatest Obstacle
to Curative Cancer Therapy




Ill - u

1Ll I | I IlI l IIIIII!'\ llllv
LI II 11
| | ||IIl|IlH ll II

l IH w Hl Ir Il

] | n .

lIl 11 I[ Illl-'

| il .
L Ilr

ST

) IIlII
llllllll IIII III |

i
] v l I 1 lIIlIII IIIII nil
o ew HLNTRD U I [ I L
> S I I | 111 i In

5 1l | Il 11 | II Im

I L | i [
¢ Sam LI (] LRI I!IIIIIIIIIIIIIIII-lllllllllllll_ H
" She | B
5 wo Il W II LoD I ema em | IIII HE I BT —-— _ bond

. I

| 1
llIIl el 1 II (I | |

Mutations in Individual Drug Targets in Individual
Non-Small Cell Lung Cancers

® “malignant snowflakes”: each cancer carries
multiple unique mutations and other genome

perturbations

® disturbing implications for therapeutic ‘cure’ and
development of new Rx

Non-small Cell Lung Cancer



From: M. Gerlinger et al. (2012) NEJM 366, 883




The Principal Challenge in Cancer Rx Therapy

The Co-existence of Multiple Tumor Cell Clones with
Varied Susceptibility to Different-Rx
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Tumor Cell Heterogeneity:
The Omnipresent and Greatest Challenge in Cancer Therapy




Tumor Cell Heterogeneity:
The Omnipresent and Greatest Challenge in Cancer Therapy
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® how to hit multiple tumor clones?

® how to hit multiple tumor clones at
multiple anatomic sites of metastatic
disease?

® how to hit each new variant clone that may
emerge as an escape variant driven by the
selection pressure of treatment?



® design a single drug that hits multiple clones and
multiple signaling pathways

— pharmacological promiscuity

— very low probability of technical success



® multi-drug combinations
— patient tolerance
— cost

® high probability that Rx-resistant variants will
eventually emerge

® RXx as selection pressure to generate Rx-resistant
‘escape’ clones



via

Molecular Sdubtyping Initial th-Response Rx-Resistance
an 0
RX Targets Targeted Rx Redundant

Molecular Pathways

B = 15 weeks Rx
(Zelboraf®)

C = 23 weeks Rx
and emergence of
MEK1C1215 mutant
(Wagle et al. (2011)
JCO 29, 3085)




Linkage (Connections) Between Different

Signaling Pathways Offers a Major By-Pass
Mechanism for Cancer Cells to Develop Rx Resistance
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The Urgent Need for New Diagnostic Tests
and Molecular Profiling Tools
for Improved Monitoring of Tumor Progression

From ‘Static Snap Shot’ at Initial Diagnosis to
Dynamic Monitoring of Clonal Population Changes




® initial diagnosis (‘static snapshot’)

® |ongitudinal profiling during treatment for earlier
detection of emergence of drug-resistant clones

® more agile shifts in Rx regiment to reflect changing
clonal dynamics driven by Rx selection pressure(s)
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® cell-free tumor nucleic acids
— DNA, miRNAS
® circulating tumor cells(CTC)

® exosomes






Rituxan Herceptin Revlimid

Taxotere Alimta

Arimidex Leuplin

Bl Responder
™ Non-responder




| )M.h“ (

US Cancer Deaths (2015)

595,000
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“Insanity is doing the same thing
over and over again
and expecting a different result.”

Albert Einstein




Gains in Progression-Free Survival (PFS) and Overall Survival (OS) for 71 Drugs Approved by the FDA
From 2002 to 2014 for Metastatic and/or Advanced and/or Refractory Solid Tumors
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Gains in Overall Survival, mo




® current clinical strategies for treatment have not
kept pace with advances in understanding the
biology of cancer

® cancer is a complex adaptive system with dynamic
properties shaped by Darwinian Evolution

— variation (clonal diversity)
— adaptation and evolvability (selection pressures)
— Immunoevasion and Rx-resistance (fithess)



Chemotherapy

® |ack of specificity

® impact on replicating normal cells (gut, b. marrow, hair
follicles)

Targeted Agents

® highly specific for altered molecular targets in cancer
cells

® |ack of efficacy against target-negative clones

Drug Resistance

® intrinsic (pre-existing before Rx begins)
® acquired (resistant clones selected by Rx regimen)




® harnessing the cognate (detection) and destruction
(killing) capabilities of the body’s immune system

® therapeutic targeting of neoantigens expressed on
tumor cells

— passive immunotherapy (designed antibodies)

— active immunotherapy (activation of immune
funcitons)



Passive Immunotherapy With Anti-tumor Antibodies




® direct destruction of tumor cells with or without “Rx
warhead”

® tag tumor cells for destruction by immune cells

® block host tissue stroma signaling pathways that
promote tumor proliferation (anti-angiogenesis
Mabs)

® restricted physical access to target tumor cells
® antigen-deletion clones escape destruction

® how to develop Mabs against the diverse
neoantigens expressed by tumor cells
(heterogeneity)



® “stealthy” tumor cell strategies that reduce
detection and/or killing by body’s immune
defenses

® avoiding detection

— loss or masking of abnormal tumor cell
surface proteins recognized by antibodies,
NK cells and/or killer T lymphocytes

® suppression of the host immune system

— tumor signaling to activate regulatory T cells
(Treg) and myeloid-derived suppressor cells
(MDSC) that suppress action of anti-tumor
Killer T cells



Setting the Immune System Free

to Combat Cancer
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Relentless Emergence of New Tumor Cell Clones
During Tumor Progression and Immune Evasion
versus
Activation of Host T Lymphocyte Clones to

Kill (Neo)Antigen-Specific Tumor Clones

Clone Wars




Recognition of Neoantigens (NA) by Cytotoxic (Killer) T Cells
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Activating receptors  Inhibitory receptors J
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More Responsive

melanoma
NSCLC
bladder

renal

head and neck

Less Responsive

® pancreatic
® colorectal
® ovarian



Immunogenic Non-Immunogenic

® ‘hot’ ® ‘cold’
® ‘inflamed’ ® ‘non-inflamed’
® ‘stimulatory’ ® ‘silent’
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- Transversion high (smokers)
-~ Transversion low (non-smokers)
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Immune Checkpoint Cancer Neoantigen
Modulation Vaccines
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® far greater technical challenge than most
antimicrobial vaccines

® antigenic variation in different tumor cell clones plus
Inter-patient variation (personalized vaccines)

® how to identify the best combination of antigens as
vaccine candidates

® high probability of antigen-negative/deletion variants
and tumor relapse

® analogy with the still unsuccessful quest for a HIV
vaccine

— same problem: massive antigenic heterogeneity
due to rapid evolution of new viral quasi-species



® capture, expand and re-infuse unmodified
tumor-infiltrating lymphocytes (TIL)

® genetic engineering of killer lymphocytes with
new T cell receptors (TCRs) to enhance tumor cell
detection and Kkilling



® killer T cells harvested from cancer patients

® harvested cells genetically engineered in vitro to
express T cell receptor(s) (TCRs) or chimeric
antigen receptors (CARs) that recognize tumor
antigen(s)

— TCR/CAR genes delivered by viral vectors

— TCRs must be genetically matched to the
patients immune type

® challenge of creating TCR/CARs for diverse
neoantigens

® cost and complexity of ‘individualized’ therapy



® direct Rx cost
® indirect care cost

@® escalating cost of combination
regimens (> $200K)

® extravagant cost of cell-based

Inside the = therapies ($500K - $1.5 million)
brutally . ® complex clinical management
?ﬁllggf;vea ! - challenges and compatibility
expensive, / with_community oncology
lifesaving services

trials of ‘
limmunotnerapy.

By Alice Park




Demographics of an Aging Society and
Increased Cancer Incidence

Cost of Care

Complex Clinical, Scientific, Economic,
Ethical and Legal Issues




Evan Johnson sits on a terrace at the Mayo Clinic Hospital, Methodist Campus
in Rochester, Minn. during the summer of 2014.

From: Winslow, R. (2016) Cancer Treatment's New Direction. WSJ

AML

An 18 month journey
to remission

3 approved drugs, 2
Investigational drugs

2 stem cell transplants

$4 million dollars



Summary and Key Points




| ® cancer as a complex
adaptive system

clonal evolutionary

YOU CAN'T CURE WHAT YOU dynamics as a complex
- DON'T UNDERSTAND - interp|ay between

| ‘ tumor (evasion) and

host (detection/

destruction) activities
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the evolution of clonal
heterogeneity is the
core problem in
curative cancer therapy




® maximize the efficacy and safety of Rx
Interventions against advanced (metastatic)
disease

— circumventing variability in tumor cell clones to
the selected Rx regimen (overcoming the
heterogeneity problem)

— dynamic monitoring of changing clonal
dynamics during treatment for faster detection
of drug-resistant clones and more agile,
anticipatory shifts in Rx regimen



® in the majority of cancers the efficacy of single
therapies is either short-lived or completely
Ineffective

® mutations that confer Rx resistance may pre-exist
prior to treatment (intrinsic resistance) or arise as
de novo mutations conferring selective survival
during treatment (acquired resistance)



® how to design new strategies to hit multiple clones
and every new clonal variant that emerges

® the promise of immunotherapy

— leveraging the detection and destruction
capabilities of the host immune system

— reactivation of immune system following
suppression by tumor

— highly promising early results but long term
evaluation needed to assess risk of relapse due to
Immuno-evasive clones

— value of new combinations of drug and
Immunotherapies?



