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THE BREAKTHROUGHS OF 2012 
Science Vol 338 21 Dec. 2012 pp 1524-1535 

1. The Discovery of the Higgs Boson 

2. A Homerun for Ancient DNA 

3. Genomic Cruise Missiles 

4. A Crash Project Opens a New Door in 
Neutrino Physics 

5. Genomics Beyond Genes 

 

 



BREAKTHROUGHS (CONTINUED) 

 6. First Protein Structure from an X-Ray Laser 

 7. Brain-Machine Interfaces Start to get a Grip 

 8. Majorana Fermions Quasi-Here at Last 

 9. Making Eggs from Stem Cells 

10. Scary Engineering Tames Martian Terror 

 

 



AREAS TO WATCH IN 2013 

• Cancer Immunotherapy 

• One Cell at a Time 

• Planck Maps the Cosmic Microwave 
Background 

• Connectomes 

• Piercing a Frigid Underworld 

• Plant Power 



THE BREAKTHROUGH(S) OF 2013 
Science Vol 342 20 Dec. 2013 pp 1432-1443 

1. Cancer Immunotherapy 

2. Genetic Microsurgery  for the Masses 

3. CLARITY Makes it Perfectly Clear 

4. Human Cloning at Last 

5. Dishing up Mini-organs 

 

 



BREAKTHROUGHS (CONTINUED) 

  6. Cosmic Particle Accelerators Identified 

  7. Newcomer Juices up Race to Harness   

      Sunlight 

  8. To Sleep, Perchance to Clean 

  9. Your Microbes, Your Health 

10. In Vaccine Design, Looks Do Matter  



SOME NOTABLE EVENTS, PEOPLE AND 
THINGS OF THE YEAR 2013 

• Fossil of the Year 

• Vertebrate of the Year 

• Invertebrate of the Year 

• Breakout of the Year 

• Politico of the Year 

• Breakup of the Year 

• Ruling of the Year 

• Breakdowns of the Year 

• Genomes of the Year 

 



2013 BREAKTHROUGHS 
DISCIPLINE TALLY  

• Biological sciences  8 

• Astronomy                1  

• Physics/Materials    1               



 



 FOR EACH “BREAKTHROUGH” A 
SUMMARY SLIDE 

 

• What is the “breakthrough”?:   

• How was it achieved?: 

• So what?: 



GROUPING “BREAKTHROUGHS” 

• Immune System 

– Cancer immunotherapy 

– Vaccine design based on structure 

• Stem Cells 

– Embryonic stem cells from human clones 

– Mini-organs from stem cells 

• Techniques 

– See-through brain 

– Genetic microsurgery 

 



GROUPING “BREAKTHROUGHS” 

• Biology of humans 

– A biological function of sleep 

– Microbiome promotion of health and disease 

• Origin of cosmic rays 

• Solar cell materials  



 



THE IMMUNE SYSTEM AND CANCER  
• The overall function of the immune system is to 

prevent or limit infection 

• The immune system can (usually) distinguish 
between normal, healthy cells and damaged cells 
sometimes including cancer cells 

• The adaptive immune system includes several 
specialized cells (lymphocytes): T-cells, natural killer 
cells, B-cells 

• B-cells make antibodies to target cancer cells 

• Cytotoxic T-cells and natural killer cells destroy 
cancer cells 

 

 





VACCINES 
• Biological preparations that improve immunity to a 

particular disease 

• Typically contain an agent that stimulates the 
immune system to recognize, destroy and remember 
a disease-causing agent 

• There are a number of ways to create the agent 

• There are preventative and therapeutic vaccines 
against certain forms of cancer 



STANDARD CANCER IMMUNOTHERAPIES 

• Cell based therapies 

• Antibody therapies 

• Cytokine therapy 

 

 



CANCER IMMUNOTHERAPY 

• The “breakthrough”: Successfully directing the 
human immune system to control or eliminate 
the spread of cancer 

• Achieved by a number of techniques several 
of which have resulted in successful clinical 
trials 

• So what?  Provides an entirely new approach 
to treating cancer that  augments surgery, 
radiation, and drugs 

 



TECHNIQUES  

• Blocking immune checkpoint inhibitors 

• Isolating, growing and re-injecting a patients 
tumor infiltrating lymphocytes (TIL therapy) 

• Modifying a patients T-cells (CAR Therapy) 

• Administering immunotherapeutic vaccines 

• Blocking the inhibition of immune response 
caused  by enzymes and soluble compounds in 
tumors  

 



I Mellman et al  Nature 2011 





R. Pillai Immune Checkpoint Inhibitors and Other New Agents in NSCLC 
(NSCLC Non Small Cell Lung Cancer) 



SOME CLINICAL RESULTS:  
CHECKPOINT INHIBITORS 

• CTLA4 Inhibitor  Ipilimumab (BMS) 
– Metastatic melanoma—median overall survival 10months vs 6 months 

– Serious, sometimes fatal side effects 

– Effective in less than half of patients 

– MSK study identified mutations related to ipilimumab response 

• PD1 inhibitors 
– Pembrolizumab (Merck) FDA approved for NSCLC and for melanoma –

173 patients 24% showed tumor shrinkage 

– Nivolumab (BMS) NSCLC one year survival rate increased from <20% to 
41%;  phase III 418 previously treated melanoma patients against 
chemo one year survival rate 73% vs 42% 

– MPDL3280A antibody (Roche) Phase 1 study of 68 patients; 43% were  
PD-L1 positive;  52% showed tumor shrinkage in 12 weeks 

 

 

 



SOME CLINICAL RESULTS:  
ADOPTIVE CELL TRANSFER 

• TIL therapy 

  --NCI study:  HPV caused cervical cancer 

– Nine subjects  

– Complete remission in 2 subjects 

• CAR therapy 
– CHOP study: refractory acute lymphoblastic leukemia  

– 30 children and adults  

– Complete remission in 90%  of subjects 

– 6-month event-free survival rate 67% 



CLINICAL RESULTS-VACCINES 

• One has been approved—Provenge for certain 
forms of prostate cancer 

• Clinical trials underway for vaccines to treat 

– Bladder        Cervix         Pancreas 

– Brain             Kidney       Prostate 

– Breast           Lung          Melanoma      

• There are hopeful but not outstanding results 
(yet) 





 



VACCINES 
• Biological preparations that improve immunity to a 

particular disease 

• Typically contain an agent that stimulates the 
immune system to recognize, destroy and remember 
a disease-causing agent 

• There are a number of ways to create the agent 

• There are preventative and therapeutic vaccines 
against certain forms of cancer 



CREATING VACCINE AGENTS 

• Inactivated: influenza (inject), cholera, 
bubonic plague, polio (Salk) 

• Attenuated: influenza (spray), yellow fever, 
measles, rubella, typhoid, polio (Sabin) 

• Toxoid: tetanus, diphtheria, rattlesnake venom 

• Subunit: Hepatitis B, human papilloma virus 

• Conjugate: Haemophilus influenzae Type B 



VACCINE DESIGN GUIDED BY STRUCTURAL 
BIOLOGY 

• The “breakthrough”: A scientifically successful 
vaccine against the RS virus designed from  
structural information  

• Designed a protein that in animal tests 
induces the production of antibodies against 
RS virus  

• So What?  First successful demonstration that 
structural information can be successfully 
used to design anti-viral antigens  



RESPIRATORY SYNCYTIAL VIRUS (RSV) 
• Very common infection especially in children 

younger than 2 years (200,000 deaths/yr) 

• In healthy children and adults the symptoms 
are like those of a cold 

• A very expensive medication is available— a 
mono clonal antibody palivizumab to prevent  
infection in high risk populations 

• A previous trial vaccine (inactivated virus) had 
a disastrous outcome (1960s) 

 



HOW WAS THE NEW VACCINE DESIGNED? 

• Identified a structure in the virus that is both 
antigenic and critical 

• Synthesized a protein that “looks like” that 
structure 

• Used the synthetic protein as a vaccine to 
generate antibodies  

• Tested in humans for safety 

• Plan to administer to pregnant women 



 



GROUPING “BREAKTHROUGHS” 

 

• Stem Cells 

– Embryonic stem cells from human clones 

– Mini-organs from stem cells 

• Techniques 

– See-through brain 

– Genetic microsurgery 

 



TYPES OF STEM CELLS 



STEM CELL BACKGROUND 

• Pluripotent stem cells can be 

   derived from 

– Embryos (Embryonic stem cells) 

    (SCNT) 

– Adult cells (Induced pluripotent  stem cells) 

• Both types have been derived from animals  
and used to create clones e.g. Dolly  1996 

 



PRODUCING HUMAN STEM CELLS 

• In 2007 human iPSCs were created in two 
laboratories 

•  In 2013 human embryonic stems cells were 
created at the Oregon National Primate 
Research Center in Oregon—”The 
Breakthrough” 

 

 



SO WHAT? 

• The properties of ESCs and iPSCs may be 
different 

• The safety of iPSCs for human therapy has 
been in question 

• But there will be no cloned human babies 

    (so far) 



 



MINIATURE ORGANS FROM STEM CELLS 
• The “breakthrough”: The growth of human organ-like 

structures—mini-guts, mini-brains, mini-kidneys, liver buds—
from iPSCs 

•  Conditions for culturing three dimensional tissue structures 
made this possible  

• So what?  

– Immediate application is to permit otherwise ethically 
impossible research on the early development of human 
organs.  

– Potential applications are numerous but largely speculative 





GROUPING “BREAKTHROUGHS” 

 

 

• Techniques 

– Genetic microsurgery  CRISPR   

– See-through brain CLARITY 



GENOME MODIFICATION -BACKGROUND 

• Genome engineering, genetic engineering, 
synthetic genomics 

– Inactivation-to eliminate a function 

– Insertion-to introduce a new function 

– Correction-to correct a defective function 

• Process steps: recognition, cleavage, 
recombination 

 





GENETIC MICROSURGERY 
 

• The “breakthrough”?: A new, relatively easy 
and rapid technique for specifically modifying 
double stranded DNA sequences  

• CRISPR combines a DNA-cleaving enzyme with 
a short RNA molecule that is tailored to 
recognize specific nucleotide sequences 

• So What? The new technique is fueling a 
“boom” in genome engineering and synthetic 
genomics  



HOW DOES IT WORK? 
 

DECEMBER 2014 SCIENTIFIC AMERICAN 



“EASY” GENOME MODIFICATION  
 • Average more than 5 papers/month:  mice, 

rats, bacteria, yeast, zebrafish, nematodes, 
fruit flies, plants, human cells, HIV virus 

• EXAMPLES 

– Directed mutation of cancer promoting and 
suppressing genes in livers of rats 

– Plants that produce human antibodies  

– Cultured human stems cells that eliminate the β-
thalassaemia gene 



 



HUMAN BRAIN  



STRUCTURE OF THE BRAIN 
• Gross structure 

– Forebrain: Cerebrum, Thalamus, Hypothalamus 

– Midbrain: Tectum, Tegumentum 

– Hindbrain: Cerebellum, Pons, Medulla 

• Cerebrum 

– Composed of neurons and glial cells 

– Can track activity by various techniques 

• Neuron: “an electrically excitable cell that 
processes and transmits information” 



GROSS STRUCTURE 



NEURONS 

• Structure: cell body (soma), dendrites, axon 

• Synapses: junctions between axon and 
dendrites 

• Myelin sheath: fatty layer around the axon 

• Types 

– Function 

– Kind of neurotransmitter 

• Histological techniques 



NEURONS 





CLARITY 

• The “breakthrough”: A technique that allows 
visualization of the neurons and organelles of 
an intact brain  

• Achieved by replacing the fat molecules in the 
intact brain with a clear gel 

• So What?: Permits rapid and precise 
determination of the location, interconnection 
and function of brain components 



CLARITY VIDEO 

 



SO WHAT?  

SOME BRAIN MAPPING PROJECTS 

• Brain Activity Map Project NIH 

• Human Connectome Project NIH 

• Big Brain EU Funded Lausanne 

• Allen Brain Atlas  Allen Brain Institute 

 



 



GROUPING “BREAKTHROUGHS” 

• Biology of humans 

– A biological function of sleep 

– Microbiome promotion of health and disease 

• Origin of cosmic rays 

• Solar cell materials  



WHY DO ANIMALS NEED TO SLEEP? 

• Lack of sleep can prove fatal 

• Reduced sleep impairs memory and cognitive 
functioning, as well as other aspects of 
physical and mental performance 

• The amount of sleep required varies greatly 
between individuals 

• What is the underlying cause of all these 
effects?  

 

 



HOUSEKEEPING—A CORE FUNCTION OF 
SLEEP? 

• The “breakthrough”: In sleeping mice  fluid flow 
though the brain increases and flushes away 
metabolic waste 

• Researchers have identified a “glymphatic system” in 
the brain that sweeps away metabolic wastes—
during sleep the volume of flow is greatly increased 

• So What: May have identified a core function of 
sleep but needs to be corroborated in other species 





 



HUMAN MICROBIOME 

• A community of micro-organisms that share a human 
body space 

• A human body typically houses ten times the 
number of microbial cells than human one (?!) 

• DNA sequencing permits identification of these 
“fellow-travelers” 

• CalIT2 Microbiome Connections Symposium 

– September 19, 2014 

– UCI, UCB, UCR, UCSD, UCLA, Stanford, San Diego State, 
Technical University Denmark 

 

 



HUMAN MICROBIOME PROJECT 
NIH 

• How are changes in the human microbiome related 
to health and disease ? 

• Phase I 2008-2013 –develop culture-independent  
methods of microbial characterization 

• Phase II 2013-2015-create integrated datasets of 
biological properties from the microbiome and the 
host 

– Vaginal microbiome during pregnancy 

– Microbial profiling of healthy and disease individuals 

– Gut microbial ecosystem in Inflammatory Bowel Disease 

 

 



YOUR MICROBES, YOUR HEALTH 

• “Breakthrough”:  Recognition of the role of an 
individual’s microbiome in health 

• Accumulation of evidence that in a variety of 
ways the bacterial population influences 
health—Human Microbiome Project and 
Microbiome Therapeutics 

• So What?  New routes to diagnosis and 
therapy of intractable human diseases 



SOME EXAMPLES 

• Therapy: Clostridium difficile 

• Diagnosis: 2008 Chinese milk scandal 

• Research: obesity and Type II diabetes 

 



IS THIS BEING OVER-HYPED? 
• Claims link microbiome to cancer and autism  

• Aggressive marketing  of “Probiotics” 

• Commercial analysis of faecal samples and do-it-
yourself faecal transplants (Internet) 

• “Microbiomics risks being drowned in a tsunami of 
its own hype”—WP Hanage Harvard School of Public 
Health 

• “I wouldn’t give probiotics to my dog.”--Jonathan 
Eisen UC Davis 



 



GROUPING “BREAKTHROUGHS” 

• Origin of cosmic rays 

• Solar cell materials  



WHAT ARE COSMIC RAYS? 

• Mainly high energy protons and other atomic 
nuclei originating outside our solar system 

• Energy distribution peaks at about 0.3 Gev 

• UHECRs have a trillion times the peak energy 

•  What produces them? 

 

 



ORIGIN OF COSMIC RAYS? 

• High Energy Cosmic Rays 

– Supernovas 

– Magnetic variable stars  

– Crab Nebula 

– Active galactic nuclei, quasars (black holes) 

– Gamma ray bursts 

• UHECRs near Centaurus A 



CONFIRMING AN ORIGIN FOR COSMIC 
RAYS 

• Breakthrough: confirming an 80 year-old 
hypothesis that cosmic rays originate in 
supernovas 

• An  indirect method was used to obtain 
confirmation—photons from neutral pion 
decay—Fermi detected characteristic γ rays 

• So What?: By eliminating several other 
hypotheses enables narrowing of the focus of 
cosmic ray research—but is it complete? 



 



PHOTOVOLTAIC CELLS 

• Convert the energy of photons into electrical 
energy—26 kinds in Wikipedia 

• Light causes separation of electrical charges in 
certain solid materials 

• Most commonly used material is crystalline 
silicon 

• Research into alternate materials is very active 



PEROVSKITES: THE RACE TO HARNESS 
SUNLIGHT 

• The “breakthrough”: Materials that are 
cheaper and easier to fabricate and rival 
silicon photovoltaics in efficiency 

• Achieved by creating variations on the 
structure of perovskite 

• So What?  Easy fabrication, potential for low 
cost and reasonable efficiency make this a real 
contender 



WHAT IS A PEROVSKITE? 
• Any material with the same type of crystal 

structure as the mineral perovskite CaTiO3  

• General formula for a perovskite is ABX3  

• In solar cells A is an alkyl ammonium ion B is a 
lead ion and the Xs may be chloride ions  

• CH3 NH3
+ PbCl3

-  

 

 

 

 

 



PEROVSKITE SOLAR CELLS 

• Pluses: cheap materials, easy fabrication, 
improving efficiency (over 20%).  

• Minuses: toxicity of lead, instability in 
presence of water  

• On market in 2017? 

• Other applications? 

– Increase efficiency of solar cells 

– Produce hydrogen from water  



 



“AREAS TO WATCH IN 2014” 

• Space Ghosts 

• Cosmic history, with a twist 

• Clinical genomes 

• Bye-bye, chimps? 



 



SOME NOTABLE EVENTS, PEOPLE AND 
THINGS OF THE YEAR 2013 

• Fossil of the Year 

• Vertebrate of the Year 

• Invertebrate of the Year 

• Breakout of the Year 

• Politico of the Year 

• Breakup of the Year 

• Ruling of the Year 

• Breakdowns of the Year 

• Genomes of the Year 

 



NAKED MOLE RAT 
THE VERTEBRATE OF THE YEAR 



 


