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Invasion and Metastasis:
The Start of the Deadly Phase of Cancer Progression

Invasion Without
Metastasis

Invasion and Metastasis

glioblastoma

lung breast
basal cell carcinoma lung breast 

glioblastoma prostatecolorectal
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Cancer as a Complex Adaptive System 

http://www.google.com/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&docid=1JDF0tSfsZp1RM&tbnid=rqmiYeefu8RRkM:&ved=0CAUQjRw&url=http://people-who.tumblr.com/&ei=aR4ZUae5BOXDigKT7oGgDw&bvm=bv.42080656,d.cGE&psig=AFQjCNHZKDADyBI-OmD5-_AFibn5BaUqkA&ust=1360687074988971
http://www.google.com/url?sa=i&source=images&cd=&cad=rja&docid=2FhYUlh5NGvtGM&tbnid=UphPWkoZPpxoRM:&ved=0CAgQjRwwAA&url=http://www.mypacs.net/cases/OVARIAN-CANCER-MALIGNANT-MIXED-MULLERIAN-TUMOR-MMMT-68313.html&ei=FfZFUs23Ao7LqAHA14GoAQ&psig=AFQjCNEH6KJVnecFwXsUZbpJnjbsSRUd4g&ust=1380403093106582






Complicated Systems 
Versus 

Complex Systems







Complicated Systems: 
Low Degrees of Design Freedom

 behavior of components and the assembled whole system is 
predictable

 proactive awareness of tolerance limits and likely failure points
 performance of the system is fixed and not capable of autonomous 

evolution

http://alanzhu.files.wordpress.com/2010/10/101018-engineering-marvel-grid-6x21.jpg?attachment_id=101
http://www.genomicon.com/2009/08/mega-micro-fluidics/
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Dynamic Complex (Adaptive) Systems:
Exhibit Behaviors Created by Constantly Changing Patterns 

of Interactions Between the Components of the System

predator-prey relationships epidemics/pandemics disease pathogenesis

weather/climate stock markets geopolitical/
national security



Evolvability and Emergence: 
The Hallmarks of Complex Systems

new properties emerge from the interactions of 
simpler units (molecules, cells, organs, organisms)

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 a new 
state with very different properties (emergence)
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Understanding Emergent State Shifts in Molecular Signaling 
Networks and Identification of Triggers of Rx- Resistance (R)

Emergence(E) R1, R2,….. Rn

• intrinsic resistance (pre-exist prior to Rx)
• acquired resistance (Rx as selection pressure)

dynamic molecular signaling
network topologies

new network topologies
to bypass Rx-vulnerable pathways
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“It is not the strongest of the species that survives, not 
the most intelligent, but most responsive to change.” 
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3E’s: The Interplay Between Cancer and 
the Body’s Defense Mechanisms 

 elimination  
 equilibrium  
 escape  



3E’s: The Interplay Between Cancer and 
the Body’s Defense Mechanisms 

 elimination (detection, surveillance and destruction) 
 equilibrium (cancer cells present, but contained)
 escape (breakout and evasion of destruction by 

body’s immune system)





Mapping Tumor Heterogeneity: Zonal Variation



The Extravagant Landscape of Genomic Alterations in Cancer
Cell (2012) 150, 1107 and 1121

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

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

Mutations in Individual 
Non-small Cell Lung Cancer

Drug Targets in Individual 
Non-Small Cell Lung Cancers 



Genetic and Functional Drivers of Different 
Large B Cell Lymphomas

From: A. Reddy et al. (2017) Cell 171, 481



Evolution and Phenotypic Diversification 
of Tumor Clones and Subclones



Mapping the Dynamics of Clonal Evolution in the 
Progression of Malignant Tumors: Clonal Branching

 timing of mutational events

– ‘early events’ present in 
clones in both primary tumor 
and metastases

– private mutations (unique to 
individual patients or 
individual metastatic lesions 
in same patient) likely have 
occurred later in progression



From: J. Zhang et al. (2014) Science 346, 256

Wagner Parsimony Profiling of Intratumoral Clonal 
Heterogeneity in 11 Lung Adenocarcinomas and Different 
Trunk (Blue), Branch (Green) and Private (Red) Branches 



Lineage Trees and Clonal Diversification 
in Tumor Progression 

• normal DNA replication error rates 10-6 per cell/generation

• tumor DNA replication error rates 10-2 per cell/generation

c.109

cells





Clonal Heterogeneity:
The Ubiquitous Challenge in Cancer Diagnosis and Treatment 

 (epi)genetic and phenotypic changes in tumors 
arising in different cell types
- inter-patient heterogeneity 
- intra- and inter-lesional heterogeneity in the 
same patient

- effect of Rx on clonal composition 





Three Generations of Cancer Therapeutics  

• no selectivity for cancer cells versus dividing 
normal cells (gut, bone marrow, hair follicles) 

• Rx designed to inhibit one or a few molecular 
targets/pathways altered in cancer cells

• molecular profiling to ID patients with relevant 
Rx targets

• (re) activation of body’s immune defenses to detect 
and destroy cancel cells 

immunotherapy

targeted agents  

cytotoxic agents (“chemo”) 







The Principal Challenge in Cancer Rx Therapy

The Co-existence of Multiple Tumor Cell Clones with 
Varied Susceptibility to Different-Rx



Flying Blind:
Historical “One-Size-Fits All” Rx Approaches to Cancer Therapy



From: T. Mitsudomi et al. (2013) Nat. Rev. Clin. Oncol. 10, 235

Molecular Profiling and Classification 
of Subtypes of NSCLC



Distribution of Kinase Fusions Across Primary Tumor Sites and Rationale 
for Use of Mutation Specific Rx in Fusion –Positive Patients  

From: A.M. Schram et al. (2017) Nature Reviews Clin Onc. Dec 2017



Molecular Profiling of Cancer 

Adapted from : M. Cieślik and A. M. Chinnaiyan (2018) Nature Reviews Genetics 19, 93 





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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X
X

X

X
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‘Compensatory’ Pathways in Molecular Signaling 
Networks and Evolution of Drug Resistance

Linkage (Connections) Between Different 
Signaling Pathways Offers a Major By-Pass

Mechanism for Cancer Cells to Develop Rx Resistance



Understanding Emergent State Shifts in Molecular Signaling 
Networks and Identification of Triggers of Rx- Resistance (R)

Emergence(E) R1, R2,….. Rn

• intrinsic resistance (pre-exist prior to Rx)
• acquired resistance (Rx as selection pressure)

dynamic molecular signaling
network topologies

new network topologies
to bypass Rx-vulnerable pathways





T1 T3T2

Mapping Molecular Signaling Pathways and 
Networks in Tumor Progression and Treatment 







Design of Cancer Treatments to Hit Multiple Targets

 multi-drug combinations
– patient tolerance of side effects 
– cost

 high probability that Rx-resistant variants will eventually 
emerge

 Rx acts as a selection pressure to generate Rx-resistant 
‘escape’ clones
– direct drug effect to cause mutations and new resistant 

clones (acquired resistance) 
– Rx elimination of ‘dominant’ clones allows pre-existing 

‘minor’ clones to prosper (intrinsic resistance) 



Knowing When to Stop!

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

- Albert Einstein



The Therapeutic Challenge of Circumvention of 
Tumor cell Heterogeneity

 moving from classical ‘chemo’ and “targeted” 
agents to devise new ways to attack every clone

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

 therapeutic targeting of neoantigens expressed on 
tumor cells
– passive immunotherapy (designer antibodies)
– active immunotherapy (activation of immune 

functions)



Passive Immunotherapy With Antibodies



Antibody-Drug Conjugates for Cancer Therapy 

A. Beck et al. (2017) Nature Reviews 16, 315



Monoclonal Antibodies (Mabs)
and Cancer Immunotherapy

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

 tagging tumor cells for destruction by immune cells
 blocking tumor cell signaling pathways to halt 

proliferation (anti-EGFR Mabs) 
 blocking host tissue stroma signaling pathways that 

promote tumor proliferation (anti-angiogenesis 
Mabs) or suppress anti-tumor immune defenses 
(immune checkpoint inhibitors) 



Antibody Therapy in Cancer 
by Targeting Tumor-Specific Neoantigens  

 intrinsic limitations 
 Mab or bi-specific Mabs target only one of the many 

neoantigens expressed by different clones 
 high probability of neoantigen-negative Mab-

resistant clones emerging in similar fashion to 
resistance to targeted anti-cancer drugs 





Balancing The Body’s Immune Response 

excessive 
suppression

excessive 
activation

optimum defense

• autoimmunity

• chronic 
inflammation

• life - threatening 
activation:

- sepsis
- organ failure  



Balancing The Body’s Immune Response 

excessive 
suppression

excessive 
activation

optimum defense

• autoimmunity

• chronic 
inflammation

• life - threatening 
activation:

- sepsis
- organ failure  

• HIV

• cancer

• radiation

• corticosteroids

• aging

• predisposition 
to infections



The Immune System and Host Defense 

 recognition of diverse ‘non-self entities
– infectious agents, parasites, cancer 

 ‘rapid on’ (and memory of past encounters) 
 ‘switch off’ when the threat is eliminated
 without efficient down-regulation (“off”) unchecked 

activation of immune system is dangerous
– acute overdrive: sepsis and shock 
– chronic overdrive: inflammation, autoimmunity,      

increased cancer risk, neurodegeneration  



Immune Checkpoint Controls 

cancer

health
 preventing uncontrolled activation of immune 

system

 cancer cells send molecular signals to switch off 
immune system

 cancer cells ‘hijack’ host tissue cells and other 
immune cells (Tregs, MDSCs) to switch off immune 
system and inhibit infiltration of killer T cells into 
the tumor 





Setting the Immune System Free
To Combat Cancer





Rx1

Rx2

Rx3

Rx4

Rx5

targeted 
drugs

clones

Therapeutic Strategies for Circumvention of  Clonal Diversity in Malignant Tumors:
Single Target Drugs (Rx) versus Immunotherapeutics (Irx)

clones Cytotoxic 
T cells 

immuno-
therapeutics



Circumventing the Inevitable Drug Resistance Problem in Targeted Rx 
Therapy versus Restoration of Effective Immune Surveillance

Rx1

Rx2

Rx3

Rx4

Rx5

Rx-resistant
clones/

Rx refractory
disease

tumor clones tumor
neoantigens cytotoxic 

T cells 
NA1

NA2

NA3

NA4

NA5

NAn1

NAn2

adaptive
evolution

of immune
response

and expanded
cytotoxic

T cell
responses



Adapted From: T. N. Schumacher and R. D. Schreiber (2015) Science 348, 69

Immunotherapeutic Strategies to Enhance Immune 
Responses to Patient-Specific Tumor Neoantigens

Adoptive Cell Therapy
TILs, TCRs, CARs

Immune Checkpoint 
Modulation







Immune Checkpoint Inhibitors in Cancer Treatment 



 melanoma
 NSCLC
 bladder
 renal
 head and neck
 colorectal (MSI-high)

 pancreatic
 colorectal (MSI-low)
 ovarian

Why Are Some Cancer Types 
More Responsive to Immunotherapy?

More Responsive Less Responsive



Immunogenic Versus Non-Immunogenic
Tumor Microenvironments

 ‘hot’
 ‘inflamed’
 ‘stimulatory’

 high mutagenic 
burden

 high tumor 
neoantigen 
expression

 ‘cold’
 ‘non-inflamed’
 ‘silent’

 low mutagenic 
burden

 low tumor 
neoantigen 
expression

Immunogenic Non-Immunogenic







The Ethics of Hype and Hope









Understanding the Complex Ecosystem of 
Constantly Changing Tumor and Host Interactions 

host
immune

response

tumor
microenvironment

tumor

Rx micro-
biome•lineage and 

subtype
•clonal 
heterogeneity

•mutagen 
burden

•neoantigen 
profile

balance of 
stimulatory 

and 
suppressive 

factors

• localization of immune cells/soluble mediators and impact of Rx





Cancer Rx: Ugly Realities

 in the majority of cancers the efficacy of Rx therapies 
(except immunotherapies) is either short-lived or 
completely ineffective

 mutations that confer Rx resistance may pre-exist 
prior to treatment (intrinsic resistance) or arise during 
treatment (acquired resistance)

 mutations are typically present in multiple pathways 
 intrinsic and/or acquired mutations in non-targeted 

pathways can enable ‘by-pass’ signaling circuits that 
ensure tumor cell survival and  ever-broadening 
resistance Rx spectrum



Aspirations for Improved Cancer Treatment

 how to maximize the efficacy and safety of 
therapeutic 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

– mobilization (reactivation) of body’s immune 
defenses to detect and destroy all clones 





The Future Landscape for Cancer Care

Defining Treatment Value: 
Cost, Quality-of-Life and Outcomes

Complex Clinical, Scientific, Economic, 
Ethical and Legal Issues
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