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Basic science discovery: 2012 -> CRISPR gene editing

2020 Nobel Prize: Jennifer Doudna, IGI, UC Berkeley

Prize shared with Dr Emmanuelle Charpentier



• CRISPR genome editing 101

• CRISPR as medicine – clinical trials and track record – September 2021

• CRISPR as target discovery engine AND as a medicine for that target

• CRISPR horizons – the challenge of “rare” genetic disease

CRISPR has enabled a fundamentally new kind of medicine 



Patrick Doherty (TTR amyloidosis)

Victoria Gray (sickle cell disease)

Two CRISPR-edited human beings

https://www.npr.org/sections/health-shots/2019/12/25/784395525/a-young-mississippi-womans-journey-through-a-pioneering-gene-editing-experiment
https://www.npr.org/sections/health-shots/2021/06/26/1009817539/he-inherited-a-devastating-disease-a-crispr-gene-editing-breakthrough-stopped-it
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Genome editing 
and CRISPR



0.3% of human genome B-form DNA – 12 bp

6.6e9 bp diploid in contrast to bacteria and yeast, HIGHLY resistant to targeted change



DSB – acutely genotoxic
Dividing human cells experience up to 50 DSBs per cell cycle
Multiple pathways of DSB-R highly conserved across evolution

B-form DNA – 12 bp DNA repair



Human cells use two DSB-R pathways
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Schematic courtesy of Dr. Lorraine Symington, Columbia University Porteus NEJM 2019



2012: Jennifer Doudna + Emmanuelle Charpentier
RNA-guided genome editing



Genome editing requires a programmable nuclease: an enzyme that can induce a DSB at the locus of interest.

Bacteria have evolved an adaptive immune system that relies on such a nuclease.

It can be programmed to cut a given locus by “arming” it with an RNA complementary to the DNA of interest.

The origin of Cas9 in CRISPR-type bacterial adaptive immune 
systems and its repurposing for genome editing



The most impactful experiment in biology in the 21st century



How to program the CRISPR-Cas9 system

Cas9

Guide 
RNA

Location code

Target

How to program Cas9



AATAACTATTGACCTAGGGACATGTGGGCGCTTTGCCCCCCTTTCAGGTAAACG
||||||||||||||||||||||||||||||||||||||||||||||||||||||
TTATTGATAACTGGATCCCTGTACACCCGCGAAACGGGGGGAAAGTCCATTTGC

SpyCas9 PAM: 5’ NGG 3’ 

AUCCCUGUACACCCGCGAAA

TAGGGACATGTGGGCGCTTT

ATCCCTGTACACCCGCGAAA

sgRNA

constant
sequence

programmable

How to program Cas9



AATAACTATTGACCTAGGGACATGTGGGCGC
||||||||||||||
TTATTGATAACTGGATCCCTGTACACCCGCG

AUCCCUGUACACCCGCGAAA

TTTGCCCCCCTTTCAGGTAAACG
||||||||||||||||||||

AAACGGGGGGAAAGTCCATTTGC

||||||||||||||||||||

||||||||||||||||| |||||||||||||||||||||||

How to program Cas9



Genome editing 
begins with a DSB …

SCD
Amyloidosis

Congenital blindness
HIV

Cancer

SCD
Hemophilia

LSDs



• CAD

• Pain

Except when it doesn’t

Doudna Nature 2019



The Age of CRISPR has redefined the meaning of the 

term “druggable target.”



B-RAF V600E Plexxikon

Melanoma driver

Inhibition of the kinase BRAF prolongs survival in melanoma



The Age of CRISPR has redefined the meaning of the 

term “druggable target.”

New definition: if it’s in the genome, 

it’s a druggable target
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Drugging the 
undruggable for the 
hemoglobinopathies



NIH:

“Sickle cell anemia is the most common 
inherited blood disorder in the United 
States, affecting about 100,000 
Americans or 1 in 500 African Americans. 
SCA is characterized by episodes of pain, 
chronic hemolytic anemia and severe 
infections, usually beginning in early 
childhood.”

Sickle cell disease



Pleiotropy

Steinberg M. N Engl J Med 1999;340:1021-1030



“In a given year, about 60 percent of patients with sickle cell anemia will have an 
episode of severe pain. A small minority of patients have severe pain almost 
constantly. These differences are one manifestation of the heterogeneity of this 
disease, which complicates the choice of treatment. Episodes of pain are sometimes 
triggered by infection, extreme temperatures, or physical or emotional stress, but 
more often they are unprovoked and begin with little warning.” 

VARIABLE EXPRESSIVITY

Steinberg M. N Engl J Med 1999;340:1021-1030

Clinical variability of SCD



Mutually reinforcing progress

Urnov CRISPR J 21



Genome editing for SCD/TDT in the clinic and on approach

Urnov CRISPR Journal 2021



LentiGlobin for SCD gene therapy overview

HSC collection
Mobilization with plerixafor 

& apheresis

DP infusion Transduced HSCs 
engraft and contribute 

to reconstitution of 
functional RBCs

Busulfan myeloablative 
conditioning

2-year 
follow-up

Long-term
follow-up study 
(NCT02633943) 

LentiGlobin DP centralized manufacturing

Select CD34+ 
cells

Cryopreserve, test, 
release DP

Transduce with BB305 
lentiviral vector

+

Modified RBCs express gene therapy-derived HbAT87Q
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DP, drug product; Hb, hemoglobin; HSCs, hematopoietic stem cells; RBCs, red blood cells SCD, sickle cell disease. 27Thompson, et al. ASH 2020.

Slide courtesy of Philip Gregory, bluebird bio



HGB-206 Group C: Complete resolution of VOEs ≥6 months post-
LentiGlobin treatment

28

Protocol VOE are shown; Patients with ≥ 4 sVOE at baseline before IC and with ≥ 6 months of follow-up post-DP infusion are included. A VOE includes episodes of acute pain with no medically determined cause other than a vaso-occlusion, 
lasting more than 2 hours and severe enough to require care at a medical facility, a VOE includes acute episodes of pain, acute chest syndrome, acute hepatic sequestration, and acute splenic sequestration; †HbAT87Q expression stabilizes 
within 6 months; *One death, unlikely related to LentiGlobin, > 18 months post treatment in a patient with significant baseline SCD-related cardiopulmonary disease. 
Note: In the last datacut, one patient had a non-serious VOC at Day 107. The event is recorded as an investigator reported VOE but does not meet the definition of a protocol VOE

DP, drug product; IC, informed consent; max, maximum; min, minimum; sVOEs, severe VOEs; VOE, vaso-occlusive event; VOC, vaso-occlusive crisis. Data as of 20 August 2020
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24 Months Prior to Informed Consent Post-LentiGlobin Follow-up (months) 
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annualized VOE rate 0 (0–4.3)5 (2.0–14.5)

HbAT87Q stabilization†

*

Thompson, et al. ASH 2020

Slide courtesy of Philip Gregory, bluebird bio



A teachable moment



Bauer and Orkin AnnRevMed 2020



Urnov COGD 2018



Urnov COGD 2018



Frangoul NEJM 2021









UCSF-UCLA-IGI SCD:
technology innovation (2016) to IND (2020)
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SCD patient

Autologous Cell Product Manufacturing

We * have developed a GMP-compliant manufacturing protocol 
that uses non-viral gene editing to correct the SCD mutation

IGI: Mark DeWitt, Jacob Corn
UCSF: Mark Walters
UCLA: Don Kohn
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CRISPR as in vivo 
medicine



Intellia Therapeutics – CRISPR KO for amyloidosis



Intellia Therapeutics – CRISPR KO for amyloidosis 



Intellia Therapeutics – CRISPR KO for amyloidosis 



Use of adeno-associated virus (AAV) to deliver Cas9 to the eye to restore gene function. 

Editas Medicine – CRISPR KO for congenital blindness



The FDA’s increasing levels of comfort for in vivo editing



Sangamo Therapeutics and Intellia Therapeutics – in vivo editing
2011

2015



Verve Therapeutics – CRISPR base editing for CAD



Navega: CRISPRi for pain



“The delivery challenge: fulfilling the promise of therapeutic 
genome editing”



• Ex vivo, CRISPR editing of primary cells has an established and fully charted regulatory path to first-in-human 
clinical trials, with formidable early-stage promise demonstrated in the hemoglobinopathies space

• Multiple additional trials ongoing in the cancer space

• Expanded toolbox of CRISRP-based effectors (base editing, epiediting) is expanding range of disease 
indications

• In vivo, targeted gene knockout in the liver using transient (nonviral) delivery has demonstrated formidable 
early-stage promise with respect to biomarker knockdown

• Clinical precedent exists, and clinical development is ongoing, for an “in vivo protein replacement platform” 
approach where the liver acts as a protein synthesis factory

CRISPR as a therapeutic – key takeaways
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CRISPR as a 
target discovery 
engine
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Slide from Hal Barron’s presentation Jul. 2018



New screening system -> new disease area -> new target

Shifrut, Marson et al Cell 2018
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CRISPR for cancer 
immunotherapy



How Emily was saved 

Fesnak, June, Levine Nature Reviews Cancer 2016 Grupp et al NEJM 2013



CRISRP-enhanced CAR-T therapy for cancer

Slides courtesy of Rachel Haurwitz, Caribou Biosciences
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The Innovative 
Genomics 
Institute – CRISPR 
Cures for All



“She has a rare genetic immune disorder,  and has written about her end-of-life plans”

Karly Koch, 20, Muncie, Ind.

https://well.blogs.nytimes.com/2015/03/28/teen-advance-directive-end-of-life-care/



There is a giant gap between commercially viable 

products (eg allo CAR-T, SCD/TDT, hemophilia), and 

N=1 indications where the NPV is such that it makes 

no commercial sense for a for-profit-entity to take it on.



The fact that editing represents an approach to the 

majority of monogenic disease in principle does not 

mean that some biotech will take on disease #823 in 

practice (and there are 5,000 monogenic conditions on 

OMIM). We need a fundamentally new N=1 framework



IGI: Cutting-Edge Science
with Social Purpose
• Founded in 2014 by Nobel Laureate Jennifer Doudna, co-discoverer of CRISPR 

genome editing, as a non-profit institute in partnership with UC Berkeley and 
UCSF.

• The IGI’s mission is to bridge revolutionary genome-editing tool development to 
affordable and accessible solutions in human health, climate, and agriculture. 

• The IGI is working toward a world where genomic technology is routinely applied 
to treat genetic disease, enable sustainable agriculture, and help achieve a carbon-
neutral economy.

“We have a responsibility to pursue 
CRISPR’s enormous potential to achieve 
previously impossible solutions to some 
of the world’s big challenges —
solutions that will be available to 
anyone.” 

— Jennifer Doudna

• Advancing CRISPR genome engineering to optimize the technology for 
real-world applications

• Solving targeted global problems of human health, agriculture, and 
climate change

• Focusing on public impact and solutions that are ethical, accessible, 
and affordable

IGI’s impact comes from the unique integration of:



Patient

Causative 
Variant

Effector

Delivery

Efficacy 
Safety

Clinical 
Trial

Taking on the challenge of N=1 genetic disease
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The Center for 
Translational 
Genomics 
at IGI Patient

Causative 
Variant

Effector

Delivery

Efficacy 
Safety

Clinical 
Trial

Genome-scale platform for reverse and forward genetics in hPSCs
and clinically relevant primary human cells and organoids

coupled to HT phenotyping

Library of CRISPR:
Every “Cas” ready to use

so we forget about “PAM deserts”

Viral and nonviral
solutions for key cell types 

and organs

HT NGS
Definitive bioinformatic solution

to “target to optimal guide” problem

Carefully chosen
paradigm-establishing

programs

UCSF



https://innovativegenomics.org/crispr-made-simple/



https://innovativegenomics.org/news/crispr-clinical-trials-2021/
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