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Origin of COVID19 epidemics
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- First cases in December 2019 
- Origin in Wuhan city market 
- From animal reservoir to inter-

human transmission 
- January 30 WHO declaration of 

PHEIC (Public Health Emergency 
of International Concern)

Cross-species transmission relies on genetic mutations
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Abstract

The current outbreak of viral pneumonia in the city of Wuhan, China, was caused by

a novel coronavirus designated 2019‐nCoV by the World Health Organization, as

determined by sequencing the viral RNA genome. Many initial patients were ex-

posed to wildlife animals at the Huanan seafood wholesale market, where poultry,

snake, bats, and other farm animals were also sold. To investigate possible virus

reservoir, we have carried out comprehensive sequence analysis and comparison in

conjunction with relative synonymous codon usage (RSCU) bias among different

animal species based on the 2019‐nCoV sequence. Results obtained from our ana-

lyses suggest that the 2019‐nCoV may appear to be a recombinant virus between

the bat coronavirus and an origin‐unknown coronavirus. The recombination may

occurred within the viral spike glycoprotein, which recognizes a cell surface re-

ceptor. Additionally, our findings suggest that 2019‐nCoV has most similar genetic

information with bat coronovirus and most similar codon usage bias with snake.

Taken together, our results suggest that homologous recombination may occur and

contribute to the 2019‐nCoV cross‐species transmission.
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1 | INTRODUCTION

China has been the epicenter of emerging and re‐emerging viral in-

fections that continue to stir a global concern. In the last 20 years,

China has witnessed several emerging viral diseases, including an

avian influenza in 1997,1 the severe acute respiratory syndrome

(SARS) in 2003,2 and a severe fever with thrombocytopenia syn-

drome (SFTS) in 2010.3 The most recent crisis was the outbreak of an

ongoing viral pneumonia with unknown etiology in the city of Wuhan,

China. On 12 December 2019, Wuhan Municipal Health Commission

(WMHC) reported 27 cases of viral pneumonia with 7 of them being

critically ill. Most of them had a history of exposure to the virus at

the Huanan Seafood Wholesale Market where poultry, bats, snakes;

and other wildlife animals were also sold.4 On 3 January 2020,

WMHC updated the number of cases to a total of 44 with 11 of them

in critical condition. On 5 January, the number of cases increased to

59 with 7 critically ill patients. The viral pneumonia outbreak was not

caused by severe acute respiratory syndrome coronavirus

(SARS‐CoV), Middle East Respiratory Syndrome coronavirus

(MERS‐CoV), influenza virus, or adenovirus as determined by la-

boratory tests.4 On 10 January, it was reported that a novel

coronavirus designated 2019‐nCoV by the World Health Organiza-

tion (WHO)5 was identified by high‐throughput sequencing of the

viral RNA genome, which was released through virological.org. More

significantly, the newly identified 2019‐CoV has also been isolated

from one patient. The availability of viral RNA sequence has made it
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Viral dose 
Genetics 
Route (inhaling droplets vs. touching surfaces and face) 
Virulence of the virus (?) 
Immune and inflammatory response

COVID-19: The many unknowns
Why men more than women? Why 
obese people? Why black people? 
Why older people more affected? 
Why the happy hypoxia feature? 
Why lung thrombosis?  
Why intense sweating? 
Why loss of sense of smell and taste?

Understanding the pathology underlying the disease 
can provide answers to some of these questions

Swab 
Detection of viral genome - RT PCR 
(“molecular test”) 
Detection of viral proteins - lateral 
immunochromatography (“antigenic test”) 
Detection of viral genome - new CRISPR/
Cas9 tests 

Blood 
Antibodies

Diagnostic tests

Cattinara University Hospital, Trieste, Italy

a b

Patient: 210.20
Staining: H&E

Patient: 207.20
Staining: H&E

Alveolar damage

c d

Patient: 210.20
Staining: H&E

Patient: 210.20
Staining: H&E

Diffuse 
alveolar 
damage and 
extensive 
fibrotic tissue 
substitution

Bussani et al.  2020. Lancet EBioMed 61, 103104



Extensive thrombosis

Patient: 210.20
Staining: H&E

Patient: 210.20
Staining: H&E

Patient: 210.20
Staining: H&E

Thrombosis of the microvasculature

Bussani et al.  2020. Lancet EBioMed 61, 103104
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Patient: 235.20
Staining: H&E

Patient: 210.20
Staining: H&E

Patient: 210.20
Staining: H&E

Patient: 210.20
Staining: H&E

Patient: 210.20
Staining: H&E

Patient: 210.20
Staining: H&E

Patient: MIA18
Staining: H&E

Patient: MIA20
Staining: H&E

Thrombosis
Lung thrombosis in COVID-19 patients

Bussani et al.  2020. Lancet EBioMed 61, 103104

Prolonged 
virus 
persistence

In situ hybridisation for 
SARS-CoV-2 RNA

Abnormally fused 
cells (syncytia)

SARS-CoV-2	spike	
protein	(gray)	with	
glycans	scattered	
around	on	its	surface.	
The	structure	jiggles,	
which	might	affect	how	
antibodies	or	other	
molecules	bind	with	it

SARS-CoV-2 
S protein

Lorenzo	Casalino,	Zied	Gaieb,	and	
Rommie	Amaro,	UC	San	Diego

Control Spike-SV5
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Powerful fusogenic activity of the SARS-CoV-2 S protein
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Covid: un farmaco promette di neutralizzare la spike
di Maurizio Cattaruzza

Un vecchio antiparassitario sembra capace di neutralizzare gli effetti del coronavirus sui polmoni.
In laboratorio
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COVID-19 is far more 
complex than a disease due 
to a virus that “simply” kills 

lung cells

Therapies attempted 
(with no or little success)
Antiviral
Chloroquine/Hydroxychloroquine  
Lopinavir/ritornavir (protease inhibitor) 
Remdesivir (nucleoside analogue RdRp inhibitor) 
Favipiravir (nucleoside analogue RdRp inhibitor)

Anti-cytokine storm
Antibodies against Il-6 receptor (tocilizumab, sarilumab) 
IL-1 receptor inhibitor (anakinra)

Anti-spike monoclonal antibodies
casirivimab/imdevimab (Regeneron) 
bamlanivimab (Eli Lilly)

Scientifically unfounded 
therapies
Lactoglobin 
Ozone therapy 
Adenosine 
Ivermectin 

… several others

Is SARS-CoV-2 mutating?



WHO Variants of Concern

Five out of many variants of interest and variants to be monitored

WHO Variants of Concern
The principal concerns about omicron include 
whether it is more infectious or severe than other 
VoCs and whether it can circumvent vaccine 
protection. Although immunological and clinical 
data are not yet available to provide definitive 
evidence, we can extrapolate from what is known 
about the mutations of omicron to provide 
preliminary indications on transmissibility, severity, 
and immune escape. Omicron has some deletions 
and more than 30 mutations, several of which (eg, 
69–70del, T95I, G142D/143–145del, K417N, 
T478K, N501Y, N655Y, N679K, and P681H) 
overlap with those in the alpha, beta, gamma, or 
delta VoCs. These deletions and mutations are 
known to lead to increased transmissibility, higher 
viral binding affinity, and higher antibody escape.
Some of the other omicron mutations with known 
effects confer increased transmissibility and affect 
binding affinity. Importantly, the effects of most of 
the remaining omicron mutations are not known, 
resulting in a high level of uncertainty about how 
the full combination of deletions and mutations will 
affect viral behaviour and susceptibility to natural 
and vaccine-mediated immunity.

The Lancet, December 3, 2021

Vaccines

Flow of genetic information

Nature	580,	576-577	(2020)

Sinopharm and Sinovac 
(CoronaVac) (China) 
Covaxin (India)

Nature	580,	576-577	(2020)

Novavax 
Clover Biopharmaceuticals 
University of Queensland 
Sanofi/GSK



Nature	580,	576-577	(2020)

Oxford/AstraZeneca 
Cansino 
J&J/Janssen 
Sputnik V

Moderna 
Pfizer/BioNTech 
CureVac

Nature	580,	576-577	(2020)
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BACKGROUND
Transthyretin amyloidosis, also called ATTR amyloidosis, is a life-threatening 
disease characterized by progressive accumulation of misfolded transthyretin 
(TTR) protein in tissues, predominantly the nerves and heart. NTLA-2001 is an in 
vivo gene-editing therapeutic agent that is designed to treat ATTR amyloidosis by 
reducing the concentration of TTR in serum. It is based on the clustered regu-
larly interspaced short palindromic repeats and associated Cas9 endonuclease 
(CRISPR-Cas9) system and comprises a lipid nanoparticle encapsulating messenger 
RNA for Cas9 protein and a single guide RNA targeting TTR.

METHODS
After conducting preclinical in vitro and in vivo studies, we evaluated the safety 
and pharmacodynamic effects of single escalating doses of NTLA-2001 in six pa-
tients with hereditary ATTR amyloidosis with polyneuropathy, three in each of the 
two initial dose groups (0.1 mg per kilogram and 0.3 mg per kilogram), within an 
ongoing phase 1 clinical study.

RESULTS
Preclinical studies showed durable knockout of TTR after a single dose. Serial as-
sessments of safety during the first 28 days after infusion in patients revealed few 
adverse events, and those that did occur were mild in grade. Dose-dependent 
pharmacodynamic effects were observed. At day 28, the mean reduction from 
baseline in serum TTR protein concentration was 52% (range, 47 to 56) in the 
group that received a dose of 0.1 mg per kilogram and was 87% (range, 80 to 96) 
in the group that received a dose of 0.3 mg per kilogram.

CONCLUSIONS
In a small group of patients with hereditary ATTR amyloidosis with polyneuropa-
thy, administration of NTLA-2001 was associated with only mild adverse events 
and led to decreases in serum TTR protein concentrations through targeted 
knockout of TTR. (Funded by Intellia Therapeutics and Regeneron Pharmaceuti-
cals; ClinicalTrials.gov number, NCT04601051.)

a bs tr ac t

CRISPR-Cas9 In Vivo Gene Editing for Transthyretin Amyloidosis
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ATTR amyloidosis
Progressive fatal disease (death within 2-6 from diagnosis in case of cardiac involvement)
Accumulation of amyloid fibrils composed of misfolded transthyretin protein

Cardiac amyloidosis

Cerebral amyloid angiopathy

ATTR amyloidosis

1) Acquired
2) Hereditary: due to >100 different pathogenic mutations in TTR

50,000 patients worldwide
autosomal dominant inheritance
clinical phenotype dominated by a combination of cardiomyopathy and polyneuropathy



Current therapies for ATTR amyloidosis

These treatments produce symptoms relief, 
functional improvement and prolong survival, 
but require long-term administration and are 
fraught by major side effects

What is gene editing?

Gene editing technology

-zinc finger nucleases (ZFNs) 

-transcription activator-like 
effector nucleases (TALENs) 

-clustered regularly 
interspaced short 
palindromic repeat 
(CRISPR)/Cas system

Nature Reviews Genetics 15, 541–555 (2014)

Protein:DNA RNA:DNA

Why gene editing?

• More extensive TTR knockdown is associated with greater improvement

• Monogenic, dominant disease

• Limited and specific normal function of TTR (thyroxine and vitamin A transport)

• >99% TTR produced by the liver, for which targeting LNPs are available and 
effective

NTLA-2001, an in vivo gene editing for i.v. infusion

Single dose NTLA-2001 results in > 95% reduction in 
serum TTR in mice and non human primates

intelliatx.com

Transthyretin amyloidosis (ATTR) is a progressive disease caused 
by accumulation of amyloid deposits of misfolded transthyretin 
(TTR) protein in multiple tissues including the heart, nerves and 
gastrointestinal tract. Reduction of TTR monomer via stabilization 
of circulating tetramer and silencing of TTR gene expression in 
hepatocytes of ATTR patients have emerged as successful therapeutic 
strategies for chronically-administered medicines. As such, specific 
disruption (or knockout) of the TTR gene in hepatocytes using the 
CRISPR/Cas9 gene editing system is a potentially attractive next-
generation treatment for ATTR, which may durably reduce the 
expression of TTR without the need for chronic therapy.

Liver editing was determined by NGS from a core needle liver biopsy 
and circulating serum TTR concentration was determined by an  
LC-MS / MS assay specific for the TTR protein.

Ionizable lipid concentration was determined by an LC-MS / MS assay. 
gRNA and Cas9 mRNA were measured by a qRT-PCR assay with 
primers and probes specific for the analyte.

Using Lipid Nanoparticles to Efficiently Deliver  
CRISPR/Cas9 for Genome Editing
S. C. Alexander, M. Maetani, R. Parmar, K. Wood, M. Pink, J. Seitzer, N. Gardner, A. Kanjolia, T. DiMezzo, E. Rohde, R. Lescarbeau, C. Shaw, J. Eby, J. Moginot,  
C. Boiselle, I. Liric, K. Walsh, B. Han, B. Murray, S. Roberts, D. Crawford, E. Essig, M. McCaman, Y. Chang
Intellia Therapeutics, Cambridge, MA, USA

INTRODUCTION RESULTS

RESULTS

METHODS

•  Large cargo capacity 
•  Transient expression 
•  Scalable synthetic manufacturing 
•  Redosing capability 
•  Low immunogenicity, well-tolerated & biodegradable 

CONCLUSIONS
•  NTLA-2001 achieves significant knockdown of the TTR protein 

by editing the TTR gene across multiple species, including mouse 
and NHP 

 –  Twelve month study demonstrated sustained reduction of 
circulated levels of TTR 

 –  No significant histopathology findings noted 
•  Humanized mouse model of hATTR demonstrated a robust  

dose-responsive liver editing and reduction of TTR after a single 
dose of LNPs containing the CRISPR/Cas9 components 

•  NTLA-2001 is advancing toward the clinic in collaboration with 
Regeneron Pharmaceuticals, Inc., with an IND submission planned 
for mid-2020 

•  Demonstrated the potential of LNP-delivered in vivo CRISPR/Cas9 
gene editing; suggests that future therapies based on this platform 
may enable next-generation, curative treatment paradigms for 
chronic genetic diseases such as ATTR 

Lipid Nanoparticles (LNPs)

Key Advantages of LNP Delivery

Achieved Therapeutically Relevant and Sustained Serum TTR 
Protein Reduction of >97% in Non Human Primates (NHP) After a 
Single Dose of TTR LNPs

TTR LNPs and Cargo Exhibit 17 – 24 Hour T1 / 2 and Are Cleared 
from Circulation and Liver Within 5 days in NHP

Liver Editing by Next Generation Sequencing (NGS): Genomic 
DNA (gDNA) was isolated from livers by homogenizing a liver biopsy. 
gDNA samples are sequenced (NGS) using amplicon sequencing 
directed to the site of interest. The editing percentage is defined as the 
total number of sequence reads with indels or substitutions divided by 
the total number of sequence reads, including wild-type.

Objective: To develop NTLA-2001, a lipid nanoparticle (LNP) 
formulated CRISPR/Cas9 genome editing therapeutic, 
which targets the human TTR gene for the treatment for 
ATTR. NTLA-2001 is advancing toward the clinic with an IND 
submission planned for mid-2020.

CRISPR/Cas9

Modular  
Platform

LNP

RNA

Genetic diseases

In Vivo
CRISPR/Cas9 Delivery

CRISPR is the therapyCRISPR/Cas9

KNOCKOUT
Knockout of toxic or  
compensatory genes 

(i.e. TTR)

Cas9 mRNA

ATTR gRNA

Lead Human TTR LNPs Demonstrate On-Target Editing, 
Reduction of TTR mRNA and TTR Protein in Primary Human 
Hepatocytes In Vitro 
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Single-Dose  
TTR Editing

Chart includes single administration 
within a range of dose levels

Therapeutically Relevant Range:
>60% TTR Knockdown 

TTR Protein Reduction 

>95% Reduction in Circulating Levels of TTR 

•  >97% serum TTR 
reduction is maintained 
at 12 months following 
a single administration 
as measured by ELISA 
specific for TTR protein

•  No transformation or 
neoplastic changes 
observed across >100 
mice over time up to 12 
months 

Achieved Persistent Serum TTR Protein Reduction for 12 Months 
with No Histological Findings in Mouse After a Single Administration 
of TTR LNPs
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Human Guides Exhibit Robust, Dose-Responsive Liver Editing and 
Reduction of TTR in huTTR Mice

1 32muTTR muTTR huTTR

huTTR ®

VelociGene® is a registered trademark of Regeneron 
Pharmaceuticals, Inc.

Chemical modifications of sgRNA increase potency relative to  
end-modified sgRNA

Chemical Modification of sgRNA Plays a Critical Role in the Potency 
of TTR LNPs Delivered in MouseReport

A Single Administration of CRISPR/Cas9 Lipid
Nanoparticles Achieves Robust and Persistent
In Vivo Genome Editing

Graphical Abstract

Highlights
d LNP delivery achieves >97% target protein knockdown for at

least 12 months

d Editing level is cumulative following multiple LNP doses

d A sgRNA chemical modification pattern was critical for high

levels of in vivo activity

d Biodegradable lipid and CRISPR/Cas9 components are

transient and well tolerated

Authors

Jonathan D. Finn, Amy Rhoden Smith,
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In Brief
Finn et al. describe the development of a

transient, biodegradable LNP-based

CRISPR/Cas9 delivery system that

achieves >97% knockdown of serum TTR

levels following a single administration.

Editing levels were stable for 12 months,

despite the transient nature of the

delivery system and the editing

components.

Finn et al., 2018, Cell Reports 22, 2227–2235
February 27, 2018 ª 2018 Intellia Therapeutics, Inc.
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The carrier system for NTLA-2001 is a LNP based on a proprietary ionizable lipid, combined with a phospholipid, a pegylated lipid, and cholesterol, formulated in an aqueous buffer for intravenous 
administration. The active components are a human-optimized messenger RNA (mRNA) molecule encoding Streptococcus pyogenes (Spy) Cas9 protein and a single guide RNA (sgRNA) molecule specific 
to the human gene encoding trans- thyretin (TTR). These components form the cargo of the LNP for drug administration.

After intravenous administration and entry into the circulation, the LNP is opsonized by apolipoprotein E (ApoE) and transported through the systemic circulation directly into the liver, where it is preferentially 
distributed. 
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An sgRNA targeting the TTR sequence AAAGGCUGCUGAUGACACCU (human genome build hg38, chromosome 18: 31592987–
31593007) was selected for efficient knockout and specificity after a comprehensive off-target characterization workflow that applied a 
combination of both computational modeling and empirical approaches. To select for a high therapeutic index (i.e., the ratio of on-target to 
off-target edit- ing), we performed genomewide assays and targeted sequencing to identify and verify candidate sgRNA off-target sites. 

The in vitro dose–response and gene-editing potency of NTLA-2001 were assessed in primary cell cultures of human hepatocytes. 
Candidate loci were validated for the detection of off-target insertions and deletions (indels) with the use of next-generation sequencing 
after NTLA-2001 treatment of primary human hepatocytes at concentrations up to 27 times as high as concentrations that achieved greater 
than 90% reduction in TTR protein (EC90). 

Sponsors: Intellia Therapeutics and Regeneron 
Pharmaceuticals 

Open-label, multicenter study
Single dose of NTLA-2001, total RNA dose of 0.1-0.3 mg per kilogram of body weight intravenously
Key eligibility criteria: age 18-80 years, a diagnosis of polyneuropathy due to hATTR amyloidosis 
(with or without cardiomyopathy), body weight of 50-90 kg, lack of access to approved treatments for 
ATTR amyloidosis.
Previous use of TTR stabilizers was permitted with a washout period (3 days for diflunisal). 

No-observed-adverse-effect level (NOAEL): 3 mg per kilogram in monkeys, equivalent to 1 mg per 
kilogram in humans. In accordance with allometric scaling based on total body-surface area and 
application of a safety factor of 10, the maximum recommended starting dose was 0.1 mg per 
kilogram.

To mitigate against potential proinflammatory effects of intravenous LNP infusions, patients received 
glucocorticoid and histamine receptor type 1 and type 2 blockade before infusion. 

Clinical study
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T h e  n e w  e ngl a nd  j o u r na l  o f  m e dic i n e

primary human hepatocytes were treated with 
concentrations of NTLA-2001 up to 3 times as 
high as the EC90 (Fig. S2).

Studies in transgenic mice revealed a dose-
dependent and durable effect of NTLA-2001. 
Editing of TTR reduced circulating serum TTR 
protein levels, which reached a nadir by 4 weeks 
after receipt of the dose and were still maxi-
mally suppressed at 12 months of observation.24 
After resection of two thirds of the liver and 
subsequent full-liver regeneration, the gene-edit-
ing percentage and corresponding protein levels 
were unchanged, findings that supported the 
permanent nature of the edit (Fig. S7).

Studies in cynomolgus monkeys showed rap-
id initial distribution and clearance of the LNP 
components (Table S3 and Fig. S8). In addition, 
a single dose of Cyn-LNP (the nonhuman primate 
surrogate of NTLA-2001) at 3 or 6 mg per kilogram 
was associated with a maximum gene-editing 
percentage of 73% in whole liver and near-com-
plete (>94%) reduction in serum TTR protein 
that was sustained over a period of 12 months 
(Fig. 3A). Editing of TTR was confirmed by next-
generation sequencing analysis of hepatic tissue 
(Fig. 3B).25

Thus, preclinical studies in the mouse and 
cynomolgus monkey showed that a single dose of 
NTLA-2001 or its surrogate Cyn-LNP resulted in 
durable TTR editing and near-complete elimina-

tion of serum TTR protein expression at doses 
associated with no adverse effects. To evaluate the 
ability of NTLA-2001 to reduce serum expression 
of TTR protein after a single intravenous infu-
sion in humans, we initiated an open-label, single-
dose, proof-of-concept study involving patients 
who had hATTR amyloidosis with polyneuropathy.

Patients
At one study site (Auckland, New Zealand), three 
patients underwent screening, of whom two were 
found to be eligible and were enrolled. One par-
ticipant had a body weight that was above the 
upper limit allowed by the study protocol at that 
time. At the other study site (London, United King-
dom), four patients underwent screening, all of 
whom were found to be eligible and were enrolled. 
The patients were 46 to 64 years of age, and four 
of the six patients were men; the body weight 
ranged from 70 to 90 kg. Three patients had a 
p.T80A mutation, two a p.S97Y mutation, and one 
a p.H110D mutation. Three patients had received 
no previous therapy, and three had previously 
received diflunisal. All six patients had sensory 
polyneuropathy in the absence of motor symp-
toms (polyneuropathy disability score of 1) and 
a New York Heart Association heart failure class 
of I. The level of N-terminal pro–B-type natriuretic 
peptide ranged from 50 to 596 ng per liter.

Safety and Side-Effect Profile
NTLA-2001 treatment was completed in all the 
patients without interruption of the infusion. No 
protocol-specified stopping events were observed. 
Adverse events that occurred during or after 
treatment, all of which were mild (grade 1) in 
severity, were reported in three of the six pa-
tients. One patient had an adverse event of spe-
cial interest (a grade 1 infusion-related reaction; 
see Table S4). No serious adverse events were 
observed. Increased D-dimer levels were ob-
served 4 to 24 hours after infusion in five of six 
patients; the elevations were lower than those 
observed at the NOAEL dose in nonhuman pri-
mates. The values returned to baseline in all six 
patients by day 7. Coagulation measures (acti-
vated partial thromboplastin time and pro-
thrombin time) remained within 1.2 times the 
upper limit of the reference ranges, and fibrino-
gen levels and platelet counts remained above 
the lower limit of the reference ranges; liver-

Figure 2. In Vitro Evaluations of the Potency of NTLA-2001.

Shown is the relationship between increasing concentrations of sgRNA and 
the consequent percentages of TTR editing, as well as TTR mRNA expres-
sion and TTR protein production in a single lot of primary human hepato-
cytes. The primary indel patterns were a single-nucleotide deletion or in-
sertion at the cut site, inducing a frameshift mutation (data not shown).

Pe
rc

en
ta

ge

100

80
90

70
60

40
30

10

50

20

0
0.007 0.021 0.063 0.191 0.574 1.724 5.172 15.517

sgRNA Concentration (nmol/liter)

TTR mRNA expression TTR protein
production

TTR gene editing

The New England Journal of Medicine 
Downloaded from nejm.org by Linda Casseler on November 30, 2021. For personal use only. No other uses without permission. 

 Copyright © 2021 Massachusetts Medical Society. All rights reserved. 



Potential off-target effect

 

 

  

8 

SUPPLEMENTARY FIGURES 

Figure S1. Venn diagram depicting the number of potential NTLA-2001 off-target sites discovered 

by Cas-OFFinder, GUIDE-seq, and SITE-Seq 

Potential off-target editing loci discovered for human single guide RNA (sgRNA), the CRISPR/Cas9 targeting 

sgRNA of NTLA-2001, during the discovery phase of off-target editing characterization. The on-target site is 

one of the seven loci identified with all three methods. 
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Figure S2. On- and off-target indel quantification using amplicon-sequencing after NTLA-2001 

genome editing in a dose–response curve 

Two donor lots of primary human hepatocytes (PHH; lot 1 and lot 2) (Panels A and B) were treated with 

NTLA-2001 in a 3-fold dose–response ranging from 0.007 to 15.5 nM of single guide (sgRNA), and 

evaluated for editing via next-generation sequencing (NGS) on day 3 post-treatment. The dashed vertical 

line indicates the empirically identified equivalent concentration that achieved an average of 90% 

transthyretin protein reduction in PHH. The gray boxes indicate values that fall below the level of detection 

(0.5%). Mean and standard deviations values are displayed from three technical replicates. 
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SUPPLEMENTARY TABLES  

Table S1. Validated off-target and on-target indel detection of genome editing in two donor lots of 

primary human hepatocytes with super-saturating concentrations of NTLA-2001 

Site description Annotation 
PHH lot 1 PHH lot 2 

Mean ∆ indel (%) p value Mean ∆ indel (%) p value 

On-target On-target 92.57 ± 7.85 0.001 93.50 ± 0.10 1.91E-07 

Off-target 1 Intergenic 7.37 ± 0.72 0.002 1.43 ± 0.12 1.99E-04 

Off-target 2 Intronic 3.70 ± 0.10 3.90E-06 1.07 ± 0.15 4.11E-03 

Off-target 3 Intergenic 0.87 ± 0.06 3.50E-05 0.50 ± 0.20 0.037 

Off-target 4 Intergenic 1.50 ± 0.69 0.03 0.33 ± 0.06 0.001 

Off-target 5 Intergenic 0.30 ± 0.10 0.02 0.13 ± 0.06 0.029 

Off-target 6 Intronic 0.27 ± 0.06 0.01 0.10 ± 0.00 0.211 

Off-target 7 Intergenic 0.27 ± 0.06 0.01 0.10 ± 0.00 0.091 

Values in bold represent validated off-target indels. PHH denotes primary human hepatocytes. 
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function measures (aspartate aminotransferase 
and alanine aminotransferase levels) remained 
within normal limits (Fig. S11).

TTR Protein Reduction
To determine the pharmacodynamic effects of 
NTLA-2001, concentrations of TTR in serum were 
evaluated. Reductions from baseline in the se-
rum TTR protein concentration were observed 
by day 14 and deepened by day 28 (Fig. 4A and 
4B). At day 28, NTLA-2001 was associated with 
mean TTR reductions of 52% in the group that 
received a dose of 0.1 mg per kilogram and 87% 
in the group that received 0.3 mg per kilogram 
(Fig. 4C). The effect was dose-dependent, with 
greater reductions in TTR concentration among 
patients who received a higher dose of NTLA-
2001. In addition, the effect of NTLA-2001 was 
reproducible across patients at each dose level, 
with reductions at day 28 ranging from 47 to 56% 
in the lower-dose group and from 80 to 96% in 
the higher-dose group (Fig. 4A and 4B).

Discussion

We report evidence of CRISPR-Cas9–based in vivo 
gene editing in humans. Systemic administration 
of NTLA-2001 to six patients with hATTR amy-
loidosis with polyneuropathy was associated in 
each case with sustained reductions in the serum 
TTR protein concentration. NTLA-2001 treatment 
was associated with a dose-dependent effect. At 
day 28, the time at which the drug effect had 
reached its permanent nadir in preclinical stud-
ies, the mean reduction from baseline in serum 
TTR protein concentration was 52% in the group 
that received the lower dose (0.1 mg per kilo-
gram) and was 87% in the group that received 
the higher dose (0.3 mg per kilogram). NTLA-2001 
treatment was associated with adverse events of 
only mild severity.

These data represent interim results from the 
first two dose groups in an ongoing dose-esca-
lation study. The results closely follow the pat-
tern observed in in vitro data from cell lines and 
in vivo data on potency in animals, which showed 
a deep and permanent reduction in serum TTR 
protein concentrations with NTLA-2001, thus 
providing evidence of the potential for in vivo 
gene editing as a therapeutic strategy for the 
treatment of hATTR amyloidosis. It is important 

to note that this study involves a very small num-
ber of patients with limited follow-up to date. 
Continued serial measurements of serum TTR 
concentration in the patients reported here are 
planned to confirm the durability of the effect.

Data from studies of RNA-targeting gene-
silencing agents have shown that observed re-
ductions in serum TTR protein translate into 
meaningful clinical benefits relative to placebo. 
These agents result in mean reductions from base-
line in serum TTR concentrations of approximate-

Figure 3. In Vivo Pharmacologic Properties of Cyn-LNP, the Nonhuman 
 Primate Surrogate of NTLA-2001.

Panel A shows mean reductions in the serum TTR protein concentration as  
a percentage of the baseline concentration in cynomolgus monkeys (three 
per dose group) that received Cyn-LNP intravenously at doses of 1.5, 3.0, 
and 6.0 mg of total RNA per kilogram of body weight on day 0 and were fol-
lowed up for 367 days. A control group that received no treatment is shown 
for comparison. I bars indicate standard deviations for the three animals in 
each group. Panel B shows the results of next-generation sequencing after 
administration of Cyn-LNP to cynomolgus monkeys. The sgRNA target se-
quence is indicated in blue next to the required PAM sequence, shown in 
red. [G/A] represents a naturally occurring single-nucleotide polymorphism 
in the cynomolgus monkeys used in the study. The nucleotide position of 
indels relative to the cynomolgus monkey genome (build mf5, chromo-
some 18) are +1: 50681549–50681550. The primary indel pattern was a single-
nucleotide insertion at the cut site, inducing a frameshift mutation. An “N” 
at the insertion site indicates a multinucleotide insertion (e.g., AA or AGG), 
which in aggregate constituted 1.03% of all indels. The remaining fraction 
comprised deletions of various lengths.
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function measures (aspartate aminotransferase 
and alanine aminotransferase levels) remained 
within normal limits (Fig. S11).

TTR Protein Reduction
To determine the pharmacodynamic effects of 
NTLA-2001, concentrations of TTR in serum were 
evaluated. Reductions from baseline in the se-
rum TTR protein concentration were observed 
by day 14 and deepened by day 28 (Fig. 4A and 
4B). At day 28, NTLA-2001 was associated with 
mean TTR reductions of 52% in the group that 
received a dose of 0.1 mg per kilogram and 87% 
in the group that received 0.3 mg per kilogram 
(Fig. 4C). The effect was dose-dependent, with 
greater reductions in TTR concentration among 
patients who received a higher dose of NTLA-
2001. In addition, the effect of NTLA-2001 was 
reproducible across patients at each dose level, 
with reductions at day 28 ranging from 47 to 56% 
in the lower-dose group and from 80 to 96% in 
the higher-dose group (Fig. 4A and 4B).

Discussion

We report evidence of CRISPR-Cas9–based in vivo 
gene editing in humans. Systemic administration 
of NTLA-2001 to six patients with hATTR amy-
loidosis with polyneuropathy was associated in 
each case with sustained reductions in the serum 
TTR protein concentration. NTLA-2001 treatment 
was associated with a dose-dependent effect. At 
day 28, the time at which the drug effect had 
reached its permanent nadir in preclinical stud-
ies, the mean reduction from baseline in serum 
TTR protein concentration was 52% in the group 
that received the lower dose (0.1 mg per kilo-
gram) and was 87% in the group that received 
the higher dose (0.3 mg per kilogram). NTLA-2001 
treatment was associated with adverse events of 
only mild severity.

These data represent interim results from the 
first two dose groups in an ongoing dose-esca-
lation study. The results closely follow the pat-
tern observed in in vitro data from cell lines and 
in vivo data on potency in animals, which showed 
a deep and permanent reduction in serum TTR 
protein concentrations with NTLA-2001, thus 
providing evidence of the potential for in vivo 
gene editing as a therapeutic strategy for the 
treatment of hATTR amyloidosis. It is important 

to note that this study involves a very small num-
ber of patients with limited follow-up to date. 
Continued serial measurements of serum TTR 
concentration in the patients reported here are 
planned to confirm the durability of the effect.

Data from studies of RNA-targeting gene-
silencing agents have shown that observed re-
ductions in serum TTR protein translate into 
meaningful clinical benefits relative to placebo. 
These agents result in mean reductions from base-
line in serum TTR concentrations of approximate-

Figure 3. In Vivo Pharmacologic Properties of Cyn-LNP, the Nonhuman 
 Primate Surrogate of NTLA-2001.

Panel A shows mean reductions in the serum TTR protein concentration as  
a percentage of the baseline concentration in cynomolgus monkeys (three 
per dose group) that received Cyn-LNP intravenously at doses of 1.5, 3.0, 
and 6.0 mg of total RNA per kilogram of body weight on day 0 and were fol-
lowed up for 367 days. A control group that received no treatment is shown 
for comparison. I bars indicate standard deviations for the three animals in 
each group. Panel B shows the results of next-generation sequencing after 
administration of Cyn-LNP to cynomolgus monkeys. The sgRNA target se-
quence is indicated in blue next to the required PAM sequence, shown in 
red. [G/A] represents a naturally occurring single-nucleotide polymorphism 
in the cynomolgus monkeys used in the study. The nucleotide position of 
indels relative to the cynomolgus monkey genome (build mf5, chromo-
some 18) are +1: 50681549–50681550. The primary indel pattern was a single-
nucleotide insertion at the cut site, inducing a frameshift mutation. An “N” 
at the insertion site indicates a multinucleotide insertion (e.g., AA or AGG), 
which in aggregate constituted 1.03% of all indels. The remaining fraction 
comprised deletions of various lengths.
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Patients

• Two study sites: Aukland, New Zealand and London, UK
• 6 patients
• Age: 46-64, 4M, 2 F
• Mutations: p.T80A (3), p.S97Y (2), p.H110D
• All had sensory polyneuropathy and HF NYA class I
•

Safety
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Table S4. Treatment-emergent adverse events by relationship to study drug and preferred term 

Preferred Term 
All patients receiving 
0.1 mg/kg dose (n = 3) 

All patients receiving 
0.3 mg/kg dose (n = 3) 

All patients 

 Related Not related Related Not related Related Not related 

Diarrhea 0 1 (33.3%) 0 0 0 1 (16.7%) 

Nausea 1 (33.3%) 0 0 0 1 (16.7%) 0 

Infusion-related reaction 1 (33.3%) 0 0 0 1 (16.7%) 0 

Skin abrasion 0 0 0 1 (33.3%) 0 1 (16.7%) 

Headache 1 (33.3%) 1 (33.3%) 0 0 1 (16.7%) 1 (16.7%) 

Vertigo positional 0 1 (33.3%) 0 0 0 1 (16.7%) 

Foreign body sensation in eyes 0 1 (33.3%) 0 0 0 1 (16.7%) 

Catheter site swelling 0 1 (33.3%) 0 0 0 1 (16.7%) 

Acute sinusitis 0 1 (33.3%) 0 0 0 1 (16.7%) 

Thyroxine decreased 1 (33.3%) 0 0 0 1 (16.7%) 0 

Rhinorrhea 1 (33.3%) 0 0 0 1 (16.7%) 0 

Pruritus 0 1 (33.3%) 0 0 0 1 (16.7%) 

Rash 0 1 (33.3%) 0 0 0 1 (16.7%) 

For each preferred term subjects reporting more than one adverse event are counted only once using the closest relationship to study drug. Adverse events are 
coded to System Organ Class and Preferred Term using Medical Dictionary for Regulatory Activities, version 23.0. Related includes all events reported as 
possibly or probably related to study drug after investigator assessment.
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TTR protein reduction
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ly 80% and show more favorable clinical effects 
in patients in whom lower concentrations of TTR 
protein are achieved. Maintenance of these reduc-
tions with RNA-targeting agents requires routine 

serial infusions. On the basis of data in animals, 
NTLA-2001 may be able to produce nearly com-
plete and permanent knockdown of TTR expres-
sion with a single administration. As with cur-
rent standard-of-care agents, patients will receive 
vitamin A supplementation in order to compen-
sate for the loss of TTR, which has a normal 
physiological role in vitamin A transport.31

The potential for off-target gene editing with 
CRISPR-Cas systems has been raised as a concern 
with regard to the use of these therapies in hu-
mans.32 In primary human hepatocytes, therapeu-
tic concentrations of NTLA-2001 showed no 
evidence of previously described off-target muta-
genesis mechanisms.33,34 Computational model-
ing, biochemical cell-free assays, and in vitro 
cellular assays were used to identify the most 
likely sites in the genome outside of TTR into 
which NTLA-2001 might introduce off-target 
edits. Seven candidate sites for introduction of 
indels were confirmed in assays with cell lines 
in which supersaturating doses of NTLA-2001 
were used. We assessed the therapeutic index for 
NTLA-2001 in primary human hepatocytes by 
determining the frequency of off-target edits at 
concentrations of sgRNA that caused high de-

Figure 4. Reductions from Baseline in Serum TTR 
 Protein Concentration after Infusion of NTLA-2001  
in Humans.

Panel A shows the percentage change from baseline in 
total circulating serum TTR protein in the group of pa-
tients who received an NTLA-2001 dose of 0.1 mg per 
kilogram. TTR protein was quantified by a validated 
enzyme-linked immunosorbent assay method in accor-
dance with regulatory guidelines for biomarker method 
validation. Serum samples were measured once, and 
each sample was tested in duplicate. In accordance 
with good laboratory practice, no retesting was con-
ducted for successful assay runs. For each patient in 
the group that received a dose of 0.1 mg per kilogram, 
data are shown at postdose days 7, 14, and 28 for per-
centage reductions from the predose baseline value 
(mean concentration from three sampling time points). 
Panel B shows the percentage change from baseline  
in total circulating serum TTR protein concentrations 
in the group of patients who received an NTLA-2001 
dose of 0.3 mg per kilogram. The methods and analy-
sis were identical to those described in Panel A. Panel 
C shows the mean (three per group) percentage reduc-
tion from baseline in total circulating serum TTR pro-
tein at day 28 for both dose groups. The I bars indicate 
standard deviations.
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Why is gene editing different from gene 
therapy?

10 genes that could be gene edited to 
improve appearance, disease risk or 

performance
1. A variant coding for extra-strong bones (LRP5 G171V/+) 
2. A variant coding for lean muscles (MSTN) 
3. A variant rendering people less sensitive to pain (SCN9A) 
4. A variant associated with low odor production (ABCC11) 
5. A variant rendering people more resistant to viruses (CCR5, 

FUT2) 
6. A variant connected to a low risk of coronary disease 

(PCSK9) 
7. A variant associated with a low risk of Alzheimer's disease 

(APP A673T/+) 
8. A variant associated with a low cancer risk (GHR, GH) 
9. A variant associated with a low risk of type 2 diabetes 

(SLC30A8) 
10. A variant associated with a low risk of type 1 diabetes (IFIH1 

E627X/+)

Germline gene editing
2018: announcement of the birth 
of twin girls with edited genomes

Lack of definitive evidence 
Strategy: engineering mutations, inducing resistance to HIV 

(silencing of CCR5), into human embryos (requiring IVF) 
The major problem is not gene editing itself but lack of safety 

testing (other mutations, increased sensitivity to other diseases), 
lack of standard procedures for recruiting, HIV people should not 
undergo IVF

Gene editing vs GMOs

• petite pigs  
• disease-resistant wheat and rice 
• dehorned cattle 
• disease-resistant goats 
• vitamin-enriched sweet oranges

CRISPR on the farm

Process-based or product-
based GMO regulations 

Traceability 

Reversibility 
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CRISPR–Cas9 nucleases have been applied in gene drive constructs to 
target endogenous sequences of the human malaria vectorsA. gambiae 
and A. stephensi with the objective of vector control1,2. These proof-
of-principle experiments translated a hypothesis into a genetic tool 
able to suppress the reproductive capability of the mosquito popula-
tion. According to mathematical modeling, suppression of A. gam-
biae mosquito reproductive capability can be achieved using gene 
drive systems targeting haplosufficient female fertility genes3,4 or by 
introducing a sex distorter on the Y chromosome in the form of a 
nuclease designed to shred the X chromosome during meiosis, an 
approach known as Y-drive4–6. Both strategies could cause a progres-
sive decrease in the number of fertile females that would eventually 
collapse the population.

However, several technical and scientific issues remain before 
these proof-of-principle demonstrations are advanced to effect vec-
tor population suppression. The development of a Y-drive has so far 
proven difficult because of the complete transcriptional shut down of 
the sex chromosomes during meiosis, which prevents the expression 
of a Y-linked sex distorter during gamete formation6,7. A gene drive 
designed to disrupt the A. gambiae fertility gene AGAP007280 initially 
increased in frequency, but the selection of nuclease-resistant, func-
tional variants that could be detected as early as generation 2 com-
pletely blocked the spread of the drive2. Resistant variants comprised 
small insertions or deletions (indels) of differing length generated by 
nonhomologous end joining repair following nuclease activity at the 
target site. The development of resistance to any nuclease-based gene 

drive was predicted3 and is regarded as the main technical obstacle  
for the use of gene drives for vector control8–12 (Supplementary  
Table 1). Gene drive targets with functional or structural constraints 
that might prevent the development of resistant variants could offer 
a route to successful population control. With this in mind, we evalu-
ated the potential for disruption of the sex determination pathway 
in A. gambiae mosquitoes to selectively block the formation of the 
female splice transcript of the gene doublesex (dsx).

RESULTS
doublesex and sex differentiation in A. gambiae
Sex differentiation in insects follows a common pattern in which a pri-
mary signal activates a central gene that induces a cascade of molecu-
lar mechanisms that control alternative splicing of the doublesex (dsx) 
gene13,14. Although the molecular mechanisms and the genes involved 
in regulating sex differentiation in A. gambiae are not well understood, 
except that Yob1 functions as a Y-linked male determining factor15, 
available data indicated an important role of dsx in determining sexual 
dimorphism in this mosquito species16. In A. gambiae, dsx (Agdsx) 
consists of seven exons, distributed over an 85-kb region on chromo-
some 2R, a gene structure similar to that of Drosophila melanogaster 
dsx (Dmdsx) and other insect orthologs, and is alternately spliced to 
produce the female and male transcripts AgdsxF and AgdsxM, respec-
tively. The female transcript consists of a 5` segment common with 
that of males, a highly conserved female-specific exon (exon 5) and 
a 3` common region, while the male transcript comprises only the 

A CRISPR–Cas9 gene drive targeting doublesex 
causes complete population suppression in caged 
Anopheles gambiae mosquitoes
Kyros Kyrou1,2 , Andrew M Hammond1,2 , Roberto Galizi1  , Nace Kranjc1 , Austin Burt1,  
Andrea K Beaghton1, Tony Nolan1  & Andrea Crisanti1

In the human malaria vector Anopheles gambiae, the gene doublesex (Agdsx) encodes two alternatively spliced transcripts, 
dsx-female (AgdsxF) and dsx-male (AgdsxM), that control differentiation of the two sexes. The female transcript, unlike the 
male, contains an exon (exon 5) whose sequence is highly conserved in all Anopheles mosquitoes so far analyzed. We found 
that CRISPR–Cas9-targeted disruption of the intron 4–exon 5 boundary aimed at blocking the formation of functional AgdsxF 
did not affect male development or fertility, whereas females homozygous for the disrupted allele showed an intersex phenotype 
and complete sterility. A CRISPR–Cas9 gene drive construct targeting this same sequence spread rapidly in caged mosquitoes, 
reaching 100% prevalence within 7–11 generations while progressively reducing egg production to the point of total population 
collapse. Owing to functional constraint of the target sequence, no selection of alleles resistant to the gene drive occurred in 
these laboratory experiments. Cas9-resistant variants arose in each generation at the target site but did not block the spread  
of the drive.
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experiments showed that while heterozygous dsxFCRISPRh/+ males 
showed a fecundity rate (assessed as larval progeny per fertilized 
female) that did not differ from that of wild-type males, heterozygous 
dsxFCRISPRh/+ females had reduced fecundity overall (mean fecun-
dity 49.8% o 6.3% s.e.m., P < 0.0001). We noticed a greater reduc-
tion in the fertility of heterozygous females when the drive allele was 
inherited from the father (mean fecundity 21.7% o 8.6%; P < 0.0001) 
(n = 15) rather than the mother (64.9% o 6.9%; P < 0.001) (n = 28) 
(Supplementary Fig. 5). This could be explained by assuming a pater-
nal deposition of active Cas9 nuclease into the newly fertilized zygote 
that stochastically induces conversion of dsx to dsxF−, either through 
end-joining or HDR, in a substantial number of embryonic cells, which 
in females results in a reduced fertility. Consistent with this hypothesis, 
some heterozygous females (9 of 31 examined) receiving a paternal 
dsxFCRISPRh allele showed a somatic mosaic phenotype that included, 
with varying penetrance, the absence of spermatheca and/or the for-
mation of an incomplete clasper set (Supplementary Fig. 2c).

Assessment of dsx gene drive in caged insects 
Using a mathematical model that includes the inheritance bias of the 
construct, the fecundity of heterozygous individuals, the phenotype of 
intersex, and the effect of the paternal deposition of the nuclease on 
female fertility (Online Methods), we found that the dsxFCRISPRh had the 
potential to reach 100% frequency in caged population in 9–13 genera-
tions considering a starting allele frequency of 12.5% and stochasticity 
(Fig. 5a). To test this hypothesis, we mixed caged wild-type mosquito 
populations with heterozygous individuals carrying the dsxFCRISPRh 
allele and monitored progeny at each generation to assess the spread 
of the drive and to quantify effect(s) on reproductive output. We 
started the experiment in two replicate cages, each with an initial drive 
allele frequency of 12.5% (300 wild-type female mosquitoes with 150 
wild-type male mosquitoes and 150 dsxFCRISPRh/+ male individuals).  
The initial drive allele frequency that we selected minimizes the  
stochastic loss of the drive (Supplementary Fig. 6) and represents a 

realistic field release scenario, being severalfold lower than that used 
in non-invasive genetic control strategies18. All of the eggs produced 
by the entire cage population were counted, and then 650 eggs were 
randomly selected to seed the next generations. The larvae that hatched 
from the eggs were counted and screened for the presence of the RFP 
marker to score the number of the progeny containing the dsxFCRISPRh 
allele in each generation.

During the first three generations we observed an increase of the drive 
allele from 25% to ~69% in both caged populations, but at generation 
4 the outcomes in the two cages diverged. In cage 2 the drive reached 
100% frequency by generation 7; in generation 8, no eggs were produced 
and the population collapsed. In cage 1 the drive allele reached 100% 
frequency at generation 11 after remaining at around 65–70% for gen-
erations 4 through 8. In generation 12 the cage 1 population also failed 
to produce eggs (Fig. 5b). While the dynamics of spread of the gene 
drive in the two caged populations was different, both sets of finding fall 
within the prediction range of our mathematical model (Fig. 5).

Potential for resistance to dsx gene drive
We monitored the occurrence of mutations at the drive target site 
in generations 2, 3, 4 and 5 to identify the occurrence of nuclease-
resistant, functional variants. Amplicon sequencing of the target 
sequence from pooled samples containing a minimum of 359 mos-
quitoes, which were collected in generations 2–5, revealed several 
low-frequency indels present at the target site (up to 1.16% frequency 
among nondrive alleles), none of which appeared to encode a func-
tional AgdsxF transcript (Supplementary Fig. 7). In addition, none of 
the variants identified showed any signs of positive selection, which 
would be expected to cause them to increase in frequency as the drive 
progressively increased in frequency over generations, suggesting  
that the selected target sequence has rigid functional or structural 
constraints. This hypothesis is supported by the exceptionally  
high conservation of exon 5 in A. gambiae mosquitoes19,20 and the 
presence of a strictly regulated splice site that is crucial in mosquito 
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Figure 2 Morphological analysis of homozygous dsxF−/− mutants.  
(a) Morphological appearance of genetic males and females heterozygous 
(dsxF+/−) or homozygous (dsxF−/−) for the exon 5 null allele. This assay 
was performed in a strain containing a dominant RFP marker linked to the 
Y chromosome, whose presence permits unambiguous determination of 
male or female genotype. Anomalies in sexual morphology were observed 
only in dsxF−/− genetic female mosquitoes. This group of XX individuals 
showed male-specific traits, including a plumose antenna (red arrowhead) 
and claspers (blue arrowheads). This group also showed anomalies in 
the proboscis and accordingly they could not bite and feed on blood. 
Representative samples of each genotype are shown. (b) Magnification  
of the external genitalia. All dsxF−/− females carried claspers, a male-
specific characteristic. The claspers were dorsally rotated rather than in 
the normal ventral position.
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Figure 3 Reproductive phenotype of dsxF mutants. Male and female 
dsxF−/− and dsxF+/− individuals were mated with the corresponding wild-
type sexes. Females were given access to a blood meal and subsequently 
allowed to lay individually. Fecundity was investigated by counting the 
number of larval progeny per lay (n q 43). Using wild type (wt) as a 
comparator, we saw no significant differences (‘ns’) in any genotype other 
than dsxF−/− females, which were unable to feed on blood and therefore 
failed to produce a single egg (****P < 0.0001; Kruskal–Wallis test). 
Vertical bars indicate the mean and the s.e.m. Blue and red indicate 
the crosses of male or female dsxF mutants, respectively, to wild type, 
whereas the gray dots represent wild-type-only crosses.
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reproductive biology. Furthermore, large-scale resequencing of 765 
wild-caught mosquitoes from eight sub-Saharan African countries20 
revealed only a single rare SNP within the drive target site, present 
at 2.9% frequency (Supplementary Fig. 8). This naturally occurring 
variant could block the spread of the drive. To investigate this hypoth-
esis, we tested whether this SNP variant was as susceptible to cleavage 
in vitro by Cas9 as the wild-type sequence, using the sgRNA from 
our gene drive construct. We found that the gRNA in our gene drive 
construct efficiently cleaved both the wild-type and the SNP sequence 
variant, which may indicate that our gene drive would be able to spread 
even if this conserved SNP was present (Supplementary Fig. 9).  
However, it is important to note that we cannot state that our drive 
target site is ‘resistance-proof ’, since at scale, and over time, it is pos-
sible that nuclease-induced mutations could be produced that do 
restore sufficient function to the gene to be positively selected. This 
notwithstanding, targeting gene drives to functionally constrained 
sequences is clearly advantageous, as evidenced by the population 
collapse effected by this gene drive in both caged mosquito popula-
tions. Distinct, highly conserved sequences may have varying levels 
of functional constraint, and the relative strength of selection for 

maintaining sequence conservation versus the strength of selection 
imposed by the gene drive will ultimately determine their suitability 
as targets for gene drives.

Our data not only provide important functional insights into the 
role of dsx in A. gambiae sex determination, but also represent a 
substantial step toward the development of effective gene drive vec-
tor-control measures that aim to suppress insect populations. The 
intersex phenotype of dsxF−/− genetic females shows that exon 5 is 
crucial for the production of a functional female transcript, as was 
initially hypothesized on the basis of the expression profile of the dsx 
splice variants in the two sexes16. Furthermore, the observation that 
heterozygous dsxFCRISPRh/+ females are fertile and produce almost 
100% inheritance of the drive might indicate that most of the germ 
cells in these females are homozygous and, unlike somatic cells, do 
not undergo autonomous dsx-mediated sex commitment21.

DISCUSSION
The development of a gene drive capable of collapsing a human  
malaria vector population to levels that cannot support malaria trans-
mission is a long-sought scientific and technical goal22. The gene  
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Figure 5 Dynamics of the spread of the dsxFCRISPRh allele and effect 
on population reproductive capacity. Two cages were set up with a 
starting population of 300 wild-type females, 150 wild-type males and 
150 dsxFCRISPRh/+ males, seeding each cage with a dsxFCRISPRh allele 
frequency of 12.5%. (a) The frequency of dsxFCRISPRh mosquitoes was 
scored for each generation. The drive allele reached 100% prevalence in 
both cage 2 (blue) and cage 1 (red) at generation 7 and 11, respectively, 
in agreement with a deterministic model (black line) that takes into 
account the parameter values retrieved from the fecundity assays. 
Twenty stochastic simulations were run (gray lines) assuming a maximum 
population size of 650 individuals. (b) Total egg output deriving from each 
generation of the cage was measured and normalized relative to the output 
from the starting generation. Suppression of the reproductive output of 
each cage led the population to collapse completely (black arrows) by 
generation 8 (cage 2) or generation 12 (cage 1). Parameter estimates 
included in the model are provided in Supplementary Table 5.
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Figure 4 Transmission rate of the dsxFCRISPRh driving allele and fecundity 
analysis of heterozygous male and female mosquitoes. (a–c) Male and 
female mosquitoes heterozygous for the dsxFCRISPRh allele (a) were analyzed 
in crosses with wild-type mosquitoes to assess the inheritance bias of 
the dsxFCRISPRh drive construct (b) and for the effect of the construct on 
their reproductive phenotype (c). (b) Scatter plot of the transgenic rate 
observed in the progeny of dsxFCRISPRh/+ female or male mosquitoes 
that gave progeny when crossed to wild-type individuals (n q 33). Each 
dot represents the progeny derived from a single female. Both male and 
female dsxFCRISPRh/+ showed a high transmission rate of up to 100% of the 
dsxFCRISPRh allele to the progeny. The transmission rate was determined by 
visually scoring offspring for the RFP marker that is linked to the dsxFCRISPRh 
allele. The dotted line indicates the expected Mendelian inheritance. Mean 
transmission rate (o s.e.m.) is shown. (c) Scatter plot showing the number 
of larvae produced by single females (n q 35) from crosses of dsxFCRISPRh/+ 
mosquitoes with wild-type individuals after one blood meal. Mean progeny 
count (o s.e.m.) is shown (****P < 0.0001; Kruskal–Wallis test).



CRISPR and gene drive

State-of-the art of gene editing in humans?

ZFNs have been used to disrupt CCR5 
(C-C motif chemokine receptor type 5) 
expression in human T cells, and later 
also in HSCs (phase I/II trial ongoing), 
to render these cells resistant to HIV 
infection.

Genome editing for human therapy

Ex vivo gene editing

Ex vivo gene editing for haemoglobinopathies Ex vivo gene editing for haemoglobinopathies
CTX001 is an investigational ex vivo CRISPR gene-edited therapy 
for patients suffering from Transfusion-Dependent β-Thalassaemia 
(TDT) or severe Sickle Cell Disease (SCD). 
Haematopoietic stem cells are engineered to produce high levels of 
fetal hemoglobin (HbF; hemoglobin F) in red blood cells. 
Partnership between CRISPR Therapeutics and Vertex 
Pharmaceuticals Inc (Zurich and Boston). 
CTX001 was granted Fast Track Designation by the U.S. Food and 
Drug Administration for the treatment of SCD in January 2019. 
Two Phase 1/2 studies, one in β-thalassemia and one in Sickle Cell 
Disease, to assess the safety and efficacy of a single dose of 
CTX001 in patients ages 18 to 35. In both studies, the first two 
patients are treated sequentially and, pending data from these initial 
two patients, the trial will open for broader concurrent enrolment.  
Trial on β-thalassemia conducted at multiple clinical trial sites in 
Canada and Europe, with future addition of the United States. Trial 
on Sickle Cell Disease conducted at clinical trial sites in the United 
States. 



Victoria Gray, the first patient with SCD treated 
with CRISPR in July 2019

https://innovativegenomics.org/multimedia-library/meet-victoria-gray/

Immunotherapy for cancer

Immune checkpoint inhibitors to treat cancer Chimeric Antigen Receptor (CAR)-T cells

First CRISPR-based therapy trial that combines CAR-T and PD-1 
immunotherapy  
University of Pennsylvania with the Parker Institute 
Autologous T cells transduced with a lentiviral vector to express a TCR with 
affinity to NY-ESO-1 and electroporated with CRISPR guide RNA/Cas9 to 
disrupt expression of endogenous TCRα, TCRβ and PD-1 (NYCE T Cells) 
Patients with late-stage cancers (multiple myeloma, melanoma, synovial 
sarcoma, myxoid/round cell liposarcoma) - 18 patients 
Two patients treated, one with relapsed multiple myeloma and one with 
relapsed sarcoma

NY-ESO-1-redirected CRISPR (TCRendo and PD1) Edited T Cells (NYCE T Cells) 
ClinicalTrials.gov Identifier: NCT03399448

Seven active or recruiting trials in 
China are listed on the 
ClinicalTrials.gov clinical trial database. 
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CRISPR–Cas9 technology offers a convenient, flexible  
and precise method for genome editing1,2. Cas9, typically  
Streptococcus pyogenes Cas9 (SpCas9)3, recognizes a 

protospacer-adjacent motif (PAM) upstream or downstream of  
the target sequence by using a guide RNA and induces double- 
stranded breaks in the target DNA. The clinical application of  
CRISPR editing has been unclear, as CRISPR–Cas9 could cause 
genotoxicity including off-target genome cleavage sites, chro-
mosomal translocations or other complex changes, which may  
lead to unpredictable consequences4. Recent pilot clinical trials  
using CRISPR-edited stem cells and multigene-edited T cells in the 
treatment of HIV/AIDS and cancer, including multiple myeloma 
and sarcoma, support the safety and feasibility of CRISPR–Cas9 
technology in the clinic5,6. Anti-PD-1 checkpoint inhibitors such 
as pembrolizumab have become the standard first-line therapy for 
advanced non-small-cell lung cancer (NSCLC) with PD-L1 expres-
sion7,8. Some patients may attain 5-yr survival rates of 15.5–23% 

with single-agent pembrolizumab9. We hypothesized that disrup-
tion of the PD-1 gene in T  cells followed by ex vivo reinfusion of  
the gene-edited cells could be therapeutic. While specific data on 
lung cancer are lacking, preclinical data have shown that editing 
of PD-1 in tumor-infiltrating lymphocytes by zinc finger nuclease 
improves T  cell cytotoxicity in melanoma, and that T  cells edited  
via CRISPR–Cas9 show enhanced anti-tumor responses against  
gastric cancer10,11. As lung cancer is the most prevalent and fatal 
malignancy in China and worldwide12,13, we chose to focus on treat-
ment of this disease.

Being conscious of the potential ethical implications and risk 
of off-target mutations, we enrolled patients with NSCLC who 
failed multiple lines of therapy in a dose-escalating phase I clinical 
trial. The primary objectives were to demonstrate the feasibility of 
gene-edited T cell therapy and to evaluate safety. The gene-edited 
cells were expanded ex vivo and re-infused as therapeutic T cells. 
To monitor the risk of off-target mutations, we performed 

Safety and feasibility of CRISPR-edited T cells 
in patients with refractory non-small-cell lung 
cancer
You Lu" "1,14 ✉, Jianxin Xue1,14, Tao Deng2,14, Xiaojuan Zhou1,14, Kun Yu2,14, Lei Deng3, Meijuan Huang1, 
Xin Yi4, Maozhi Liang5, Yu Wang6, Haige Shen6, Ruizhan Tong1, Wenbo Wang7, Li Li1, Jin Song4, 
Jing Li4, Xiaoxing Su8, Zhenyu Ding1, Youling Gong1, Jiang Zhu1, Yongsheng Wang1,5, Bingwen Zou1, 
Yan Zhang1, Yanying Li1, Lin Zhou1, Yongmei Liu1, Min Yu1, Yuqi Wang4, Xuanwei Zhang1, Limei Yin1, 
Xuefeng Xia4, Yong Zeng2, Qiao Zhou9, Binwu Ying10, Chong Chen11, Yuquan Wei11, Weimin Li12 and 
Tony Mok13

Clustered regularly interspaced short palindromic repeats (CRISPR)–Cas9 editing of immune checkpoint genes could improve 
the efficacy of T cell therapy, but the first necessary undertaking is to understand the safety and feasibility. Here, we report 
results from a first-in-human phase I clinical trial of CRISPR–Cas9 PD-1-edited T cells in patients with advanced non-small-cell 
lung cancer (ClinicalTrials.gov NCT02793856). Primary endpoints were safety and feasibility, and the secondary endpoint 
was efficacy. The exploratory objectives included tracking of edited T cells. All prespecified endpoints were met. PD-1-edited 
T cells were manufactured ex vivo by cotransfection using electroporation of Cas9 and single guide RNA plasmids. A total of 22 
patients were enrolled; 17 had sufficient edited T cells for infusion, and 12 were able to receive treatment. All treatment-related 
adverse events were grade 1/2. Edited T cells were detectable in peripheral blood after infusion. The median progression-free 
survival was 7.7"weeks (95% confidence interval, 6.9 to 8.5"weeks) and median overall survival was 42.6"weeks (95% con-
fidence interval, 10.3–74.9"weeks). The median mutation frequency of off-target events was 0.05% (range, 0–0.25%) at 18 
candidate sites by next generation sequencing. We conclude that clinical application of CRISPR–Cas9 gene-edited T cells is 
generally safe and feasible. Future trials should use superior gene editing approaches to improve therapeutic efficacy.
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• The treatment was safe to administer and 
had acceptable side effects like fever, rash, 
and fatigue. 

• The desired edit was found in a median of 
6% of T cells/patient before infusion back 
into the patient.  

• Off-target effects — unwanted changes at 
various places in the genome — were 
observed at a low frequency and were 
mostly in parts of the genome that don’t 
code for proteins. On-target effects 
— unwanted changes at the target site 
— were more common (median of 
1.69%).  

• Edited T cells were found in 11 out of 12 
patients two months after the infusion, 
although at low levels. Patients with higher 
levels of edited cells had less disease 
progression. 
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T cells were manufactured ex vivo by cotransfection using electroporation of Cas9 and single guide RNA plasmids. A total of 22 
patients were enrolled; 17 had sufficient edited T cells for infusion, and 12 were able to receive treatment. All treatment-related 
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In vivo gene editing
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Man Receives First In Vivo Gene-Editing
Therapy
The 44-year-old patient has Hunter syndrome, which doctors hope to treat
using zinc finger nucleases.

Nov 15, 2017
KERRY GRENS

In a !rst, a man has received a therapy aimed at editing the genes inside his body. The
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Hunter syndrome, or mucopolysaccharidosis II (MPS II), is a lysosomal storage disease caused by a 
deficient (or absent) enzyme, iduronate-2-sulfatase (I2S). When the enzyme is defective or missing, the 
sugars build up and can cause developmental delays, organ problems, brain damage, and early death. 

How does the treatment work?
Insertion of a replacement copy of the gene, using gene editing to snip the DNA helix of liver cells in a specific place 
near the promotor for the albumin gene - NOT GENE CORRECTION

The cells fix the damage by inserting the DNA for the new gene, supplied along with the ZFNs, and the gene’s 
activity is then controlled by the powerful albumin promoter.

FDA has approved 3 clinical trials exploiting these modified liver cells into a factory delivering the factor IX gene for 
hemophilia B (NCT02695160), the a-L-iduronidase gene for mucopolysaccharidosis I (NCT02702115), and the 
iduronidate-2-sulfatase gene for mucopolysaccharidosis II (MPS II, Hunter syndrome) (NCT03041324).

This targeted approach should avoid the risks of insertional mutagenesis. 
Because the body doesn’t need much of the enzyme, modifying just a small fraction of the liver’s cells should be 
enough to treat the disease.

Although Hunter syndrome patients often receive weekly infusions of the missing enzyme, their blood levels drop 
within a day. The hope is that the one-time gene-editing treatment—given as a 3-hour intravenous infusion—will 
allow the liver to keep making the enzyme at a steady rate for years. 

Caveat: the I2S enzyme does not cross the blood-brain barrier, so the new treatment may not stop the brain 
damage that can occur in Hunter syndrome (as for replacement therapy).

SB-913: 3 AAV6 vectors

1. intact IDS gene 
2. ZFN binding upstream of the target site 
3. ZFN binding downstream of the target site

i.v. infusion

low dose is not effective: 
represents a de facto placebo arm

approval upon efficacy demonstrated 
on clinical endpoints: six-minutes 
walk and lung function

Santiago Ramón y Cajal

In vivo gene editing LCA10 Leber Congenital Amaurosis
Leber Congenital Amaurosis (LCA) is the most common cause of inherited 
childhood blindness. LCA10 is the most common form of LCA. It causes severe 
vision loss or blindness within the first few months of life. 
Due to mutations in the centrosomal protein 290 kDa gene (CEP290, 
MIM610142). Defects in this gene are also associated with Joubert syndrome 
and nephronophthisis. As of today, 35 different mutations in CEP290 are 
responsible for causing LCA. 
In the retina, CEP290 is mainly located to the connecting cilium of 
photoreceptors, where it plays an essential role in both cilium assembly and 
ciliary protein trafficking. 
Of the CEP290 mutations that result in LCA10, the most recurrent one, 
accounting for up to 15% of all LCA cases in many Western countries, is a deep 
intronic mutation (c.2991+1655A > G) in intron 26 of the CEP290 gene 
(hereafter referred to as “IVS26 mutation” or “IVS26 splice mutation”).



Single Ascending Dose Study in Participants With LCA10
ClinicalTrials.gov Identifier: NCT03872479

First in vivo gene editing trial - the Brilliance trial 

AAV5 vector carrying S. aureus Cas9 and a guide 
targeting CEP290 intron 26. 

Patients receive a single subretinal injection in one 
eye following vitrectomy - 18 patients in up to five 
cohorts across three dose levels 

Editas Medicine in collaboration with Allergan - 
currently recruiting patients volunteers throughout 
the US.

The history of mRNA vaccines ? 

The RNA sequence used in the COVID-19 vaccine developed by Pfizer and BioNTech (Ψ is a modified form of the uridine nucleotide, U)

Proc. Nati. Acad. Sci. USA
Vol. 86, pp. 6077-6081, August 1989
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Cationic liposome-mediated RNA transfection
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ABSTRACT We have developed an efficient and repro-
ducible method for RNA transfection, using a synthetic cationic
lipid, N-[1-(2,3-dioleyloxy)propylj-N,N,N-trimethylammo-
nium chloride (DOTMA), incorporated into a liposome (lipo-
fectin). Transfection of 10 ng to 5 jug of Photinus pyrais
luciferase mRNA synthesized in vitro into NIH 3T3 mouse cells
yields a linear response of luciferase activity. The procedure
can be used to efficiently transfect RNA into human, rat,
mouse, Xenopus, and Drosophila cells. Using the RNA/
lipofectin transfection procedure, we have analyzed the role of
capping and (3-globin 5' and 3' untranslated sequences on the
translation efficiency of luciferase RNA synthesized in vitro.
Following transfection of NIH 3T3 cells, capped mRNAs with
B8-globin untranslated sequences produced at least 1000-fold
more luciferase protein than mRNAs lacking these elements.

The wide variety of methods to introduce genetic material
into cells includes relatively simple manipulations like mixing
high molecular weight DNA with calcium phosphate, DEAE-
dextran, polylysine, or polyornithine. Other methods involve
electroporation, protoplast fusion, liposomes, reconstituted
viral envelopes, viral vectors, or microinjection. In nearly all
cases DNA has been introduced into cells because of its
inherent stability and eventual integration in the host ge-
nome. By comparison, progress in introducing RNA mole-
cules into cells has been very slow and restricted to a few
cases (1-4). Inability to obtain sufficient amounts of intact
RNA and its rapid degradation have been a major hindrance
in the past. The limitation of obtaining sufficient quantities of
RNA can now be alleviated by synthesizing large amounts of
RNA in vitro, using bacteriophage RNA polymerases (5).

Since we were interested in studying the cis- and trans-
acting factors influencing both the translational efficiency
and the stability of eukaryotic mRNAs, we undertook the
development of a reliable method to efficiently introduce
RNAs into cells. We report the use of RNA transfection
mediated by lipofectin (a liposome containing a cationic lipid)
for efficient and reproducible RNA introduction and expres-
sion in tissue culture cells. The RNA/lipofectin complex can
be used to introduce RNA into a wide variety of cells,
including fibroblasts, hematopoietic cell lines, F9 teratocar-
cinoma cells, JEG choriocarcinoma cells, PC12 pheochro-
mocytoma cells, amphibian cells, insect cells, and a variety
of cells grown in suspension.

MATERIALS AND METHODS
Tissue Culture and Plasmids. All the cell lines used were

obtained from the American Type Culture Collection and
grown in either Dulbecco's modified Eagle's medium
(DMEM) + 10% fetal calf serum or RPMI 1640 medium +
10%o fetal calf serum. Drosophila KC cells were obtained

from Michael McKeown (Salk Institute) and maintained in
D22 medium (Whittaker M. A. Bioproducts).

Cloning procedures were carried out essentially as de-
scribed (6). T7 RNA polymerase transcription templates, as
well as various mRNAs produced from them, are outlined in
Fig. 1. Xenopus laevis f3-globin sequences were derived from
the plasmid pSP64 T (7), with the 5' f-globin sequences
obtained as the HindIII/Bgl II fragment and the 3' /3-globin
sequences released as the Bgl II/EcoRI fragment. These 3'
sequences include a terminal polynucleotide tract of A23C30.
The Photinus pyralis luciferase sequences were obtained as
the HindIII/BamHI fragment ofpJD206 (8), and they include
22 bases of luciferase cDNA sequence preceding the open
reading frame, as well as 45 bases of cDNA sequence
downstream of the termination codon, but they are devoid of
the luciferase polyadenylylation signal. The 30-nucleotide
poly(A) tail of the plasmid Luc An was obtained from pSP64
An. All transcripts were generated from the T7 RNA poly-
merase promoter (9).
RNA Synthesis and Purification. The capped RNAs were

transcribed from a linearized plasmid DNA in a reaction
mixture containing 40 mM Tris HCl at pH 8.0, 8 mM MgCl2,
5 mM dithiothreitol, 4 mM spermidine, 1 mM ATP, 1 mM
UTP, 1 mM CTP, 0.5 mM GTP, 0.5 mM m7G(5')ppp(5')G
(New England Biolabs), T7 RNA polymerase (New England
Biolabs) at 4000 units/ml, RNasin (Pharmacia) at 2000 units/
ml, and linearized DNA template at 0.5 mg/ml for 60 min at
370C. Transcription reaction mixtures were treated with RQ1
DNase (2 units/,ug of template; Pharmacia) for 15 min at
370C, and, after extraction with phenol/chloroform, the
samples were precipitated with ethanol/NaOAc. Uncapped
RNAs were prepared in a similar fashion, except that
m7G(5')ppp(5')G was omitted and the GTP concentration
was raised to 1 mM. Radioactive RNA was prepared without
capping as described above by adding 4 ,uCi (1 Ci = 37 GBq)
of [32P]UTP per ag of template DNA. All RNA species used
for the data presented herein were prepared in bulk, using
reactions yielding 0.1-1 mg of purified RNA.
RNA Transfection of Cells Mediated by N-[1-(2,3-

Dioleyloxy)propylJ-N,N,N-trimethylammonium Chloride
(DOTMA). DOTMA was prepared and incorporated into
liposomes with dioleoyl phosphatidylethanolamine (DOPE)
as described (10). Unless otherwise indicated, synthetic
mRNA was mixed with uncapped carrier RNA to yield a total
of 20 ;kg of RNA per transfection. The RNA was then added
to 4 ml of Opti-MEM medium (GIBCO) containing 50 Ag of
lipofectin (DOTMA/DOPE 1:1,-mol/mol) and the cells were
incubated with the RNA/lipofectin/medium mixture for the
indicated period (8 hr in most cases). Transfections of ad-
herent cells were performed with 10-cm tissue culture plate
monolayers which were about to reach confluency. Nonad-
herent cells were counted before transfection, and 107 cells

Abbreviations: DOTMA, N-[1-(2,3-dioleyloxy)propyl]-N,N,N-
trimethylammonium chloride; DOPE, dioleoyl phosphatidylethanol-
amine; UT, untranslated.
§To whom reprint requests should be addressed.
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1987 - The landmark experiment by Malone

•He mixed strands of messenger RNA with droplets of fat 
•He soaked human cells bathed in this genetic gumbo
•Cells absorbed the mRNA and began producing proteins from it

(CANCERRESEARCH55, 1397-1400,April1, 1995)

Advances in Brief

Characterization of a Messenger RNA Polynucleotide Vaccine Vector'

Robert M. Conry,2 Albert F. LoBuglio, Marci Wright, Lucretia Sumerel, M. Joyce Pike, Feng Johanning,
Ren Benjamin, Dan Lu, and David T. Curiel
Department ofMedicine and Gene TherapyProgram, ComprehensiveCancer Center, UniversityofAlabama at Birmingham.Birmingham.Alabama 35294-33tX3

Abstract

We have constructed mRNA transcripts encoding luciferase and hu
man carcinoembryonic antigen (CEA) which are capped, polyadenylated,
and stabilized by human @3-globin5' and 3' untranslated regions. The
mRNA construct encoding human CEA directed CEA expression in
mouse fibroblasts in vitro foHowing liposome-mediated transfection. The
luciferase encoding mRNA transcripts mediated luciferase expression in
vivo following f.m. injection. Based on the demonstration of protein cx
pression in vitro and in vivo, the feasibility of using auth a vector as a
tumor vaccine was examined. In this pilot study, seven mice received 50 pg
mRNA transcripts encoding CEA twice weekly for 5 weeks by I.m. injec
don followedby challengewith syngeneic,CEA-expressingtumorcells.
This dose and schedule â€œprimedâ€•an Immune respo.@eto CEA. Five of seven
mRNA-hnmunlzed mice demonstrated anti-CEA antibody 3 weeks after
tumor challenge whereas control mice had no evidence ofantibody respoi@e.
This strategy might be particularly useftil to Induce an Immune response to
a proto-oncogeneproductor growthfactorwhichposesa riskof indudng
mnlignnnt transformation consequent to prolonged protein expression.

Introduction

The technique of direct i.m. injection of plasmid DNA encoding
specific antigens has been used as a means to achieve highly specific
immunization. This polynucleotide vaccine strategy has elicited hu
moral and cellular immune responses to a variety of infectious agents
including influenza, hepatitis B, HIV, and others (1â€”3).The rationale
for polynucleotide immunization derives from the following advan
tages: (a) it elicits both humoral and cell-mediated immune responses
using a nonreplicating vector without adjuvants; (b) intracellular
synthesis of the antigen favors MHC class I peptide display consid
ered pivotal to the generation of cytolytic T cells (4); (c) gene
expression in skeletal muscle following plasmid DNA injection has
been detected for up to 19 months after injection favoring long-lived
immunity (5, 6, 7); and (d) large quantities of purified DNA for
vaccination can be prepared and standardized with relative ease com
pared to protein purification techniques. To examine the ability of
polynucleotide immunization to achieve specific antitumor immunity,
we have constructed a plasmid DNA encoding the full-length cDNA
for humanCPA3undertranscriptionalregulatorycontrolof the cyto
megalovirus early promoter/enhancer (8). This plasmid can function
as a polynucleotide vaccine to elicit CEA-specific humoral and cel
lular immune responses as well as protection against syngeneic,
CEA-expressing colon carcinoma cells (8â€”10).These effects were
comparable to the immune response and immunoprotection achieved
with a recombinant vaccinia virus encoding CEA (8).

Received 12(7/94; accepted 2/16/95.
Thecostsof publicationof thisarticleweredefrayedinpartbythepaymentof page

charges. This article must therefore be hereby marked advertisement in accordance with
18 US.C. Section 1734 solely to indicate this fact.
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In considering the application of this technology to additional
tumor-associated antigens, it is noteworthy that many recently cloned
tumor-associated antigens consist of the protein products of proto
oncogenes such as mutated ras or nonmutated proto-oncogenes such
as Her2/neu (1 1â€”i3).Prolonged cellular expression of mutated ras or
overexpression of Her2/neu have been associated with malignant
transformation (14â€”16).Thus, use of plasmid DNA encoding such
proto-oncogenes for polynucleotide immunization would pose the risk
of malignant transformation of host cells consequent to long-term
proto-oncogene expression. As a strategy to circumvent this theoret
ical risk and facilitate the use of oncogene-denved tumor-associated
antigens, we have considered the use of mRNA as the polynucleotide
vehicle for immunization. The use of mRNA for gene therapy appli
cations was first described by Malone et a!. (17) in the context of
liposome-mediated transduction. The ability of i.m. injection of naked
mRNA to elicit gene expression was demonstrated by Wolff et al. (18)
in their original description of in vivo transduction of muscle by direct
i.m. injection of polynucleotides mRNA or DNA. Subsequently, we
and others have demonstrated the utility of mRNA transcripts for
transducing tumor cells in vitro and in vivo (19, 20). Studies of
mRNA-mediated transfection both in vitro and by i.m. injection in
vivo have demonstrated maximum reporter gene expression within
12â€”18h with no expression detectable 72 h postinjection (18, i9).
Thus, mRNA mediated transfection produces â€œself-limitedâ€•gene cx
pression presumably related to intracellular mRNA enzymatic degra
dation. Furthermore, mRNA cannot integrate into the host genome
because host cells lack endogenous reverse transcriptase required to
convert mRNA to DNA. Thus, polynucleotide immunization with
mRNA transcripts encoding oncogenic sequences would produce self
limited expression of the immunogen without potential for malignant
transformation of host cells. In this report, we examine the feasibility
of this strategy utilizing mRNA transcripts encoding human CEA
including in vitro characterization of the vector and preliminary data
regarding in vivo expression and immune response.

Materials and Methods

Derivation of Human CEA-encoding mRNA Transcrlpts Translation
competent mRNA transcripts encoding human CEA were produced by in vitro
synthesis using an SP6 DNA-directed RNA transcription system utilizing
standard methods (21). The DNA template for the in vitro transcription
reactionwasderivedbycloningof thehumanCEAcDNAORFintotheBglII
site of the SP6 vector, SP64T (21). For this construction, the human CEA
cDNA was mobilized from the plasmid pGT6 (8) by digestion with the
restriction endonuclease Smal. The purified 2.4-kilobase DNA fragment was
then cloned into the pSP64Tvector,which had been linearizedby Bgtll and
termini blunted by Kenow fill-in reaction. The SP64T vector contains a unique
BglII site flanked by 5' and 3' untranslated regions derived from the human
13-globinmRNA transcript. The recombinant SP64T-CEA construct would
thus allow the synthesis of mRNA transcripts consisting of the human CEA
ORF flanked by the human @3-globin5â€̃and 3' untranslated regions. These
regions have been shown to confer stability on other heterologous mRNA
transcripts (17). For in vitro transcript synthesis, the plasmid SP64T-CEA was
linearized 3' to the terminus of the synthetic poly(A) site and the linearized
plasmid was purified by standard techniques. Capped, polyadenylated CEA
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First applications in cancer

Dendr i t i c  Cells Pulsed with R N A  are Potent  
Ant igen-present ing  Cells In Vitro and In Vivo 
By David Boczkowski, Smita K. Nair, David Snyder, and Eli Gilboa 

From the Department of Surgery, Duke University Medical Center, Durham, North Carolina 27710 

SulTlnlary 
Immunizat ion with defined tumor  antigens is currently limited to a small number  o f  cancers 
where candidates for tumor  rejection antigens have been identified. In this study we investi- 
gated whether  pulsing dendritic cells (DC) with tumor-der ived P,.NA is an effective way to in- 
duce C T L  and tumor  immunity.  D C  pulsed with in vitro synthesized chicken ovalbumin 
(OVA) P, N A  were more effective than OVA peptide-pulsed D C  in stimulating primary, 
OVA-specific C T L  responses in vitro. D C  pulsed with unfractionated P, N A  (total or polyA +) 
from OVA-expressing tumor  cells were as effective as D C  pulsed with O V A  peptide at stimu- 
lating C T L  responses. Induction of  OVA-specific C T L  was abrogated when polyA + P,.NA 
from OVA-expressing cells was treated with an OVA-specific antisense oligodeoxynucleotide 
and P,.Nase H, showing that sensitization of  D C  was indeed mediated by OVA P,.NA. Mice 
vaccinated with D C  pulsed with P, N A  from OVA-expressing tumor  cells were protected 
against a challenge with OVA-expressing tumor  cells. In the poorly immunogenic,  highly meta-  
static, B16/F10.9 tumor  model a dramatic reduction in lung metastases was observed in mice 
vaccinated with D C  pulsed with tumor-der ived P, N A  (total or polyA +, but not polyA-  
P,.NA). The  finding that R N A  transcribed in vitro from c D N A  cloned in a bacterial plasmid 
was highly effective in sensitizing D C  shows that amplification of  the antigenic content from a 
small number  of  tumor  cells is feasible, thus expanding the potential use of  P,.NA-pulsed D C -  
based vaccines for patients bearing very small, possibly microscopic, tumors. 

T he dendritic cell (DC) 1 network is a specialized system 
for presenting Ag to naive or quiescent T cells, and 

consequently plays a central role in the induction of  T cell 
and B cell immunity  in vivo (1). Consistent with this no-  
tion, several studies have documented the exceptional abil- 
ity of  D C  to stimulate naive CD4 + and CD8 + T cells in 
vitro and in vivo (1). Immunizat ion using D C  loaded with 
tumor  antigens may therefore represent a potentially p o w -  
erful method o f  inducing anti tumor immunity.  Indeed, re- 
cent studies have shown that vaccination with dendritic 
cells pulsed with specific antigens in the form of  protein 
(2-5) or peptide (5-9) were capable o f  priming C T L  in 
mice and engendering tumor  immunity.  

Immunizat ion with defined tumor  antigens is currently 
limited to a small number  o f  cancers in which candidates 
for tumor  rejection antigens have been identified (10, 11). 
Furthermore,  it is unclear whether  or which of  the recently 
identified human tumor-specific or tumor-associated anti- 

I Abbreviations used in this paper: CEA, carcinoembryonic antigen; DC, 
dendritic cells; GT, guanidinium isothiocyanate; HAAT, human alpha-1- 
antitrypsin; IVT, in vitro transcribed; P,.T, room temperature. 

Mr. Boczkowski and Dr. Nair contributed equally to this work. 

gens are the best choice to mount  an effective ant i - tumor 
immune  response in vivo, an issue whose resolution must 
await clinical studies. This potential concern was under-  
scored in a report by Anichini et al. who have shown that 
the majority of  C T L  present in HLA-A2.1 melanoma pa- 
tients were not directed to the recently identified tumor  
antigens, Melan-A/Mart -1 ,  tyrosinase, gpl00,  or MAGE-3  
(12). This study suggested that immunization with other, 
yet unidentified, antigens would be more  effective in elicit- 
ing tumor  immunity  in these patients. In addition, a recent 
study by Johnston et al. has demonstrated that improved 
immunogenici ty  of  tumor  cells engineered to express the 
B7-1 gene was caused by expansion of  the antigenic reper- 
toire of  the tumor  thereby implying that vaccination with 
multiple tumor  antigens may be superior to using a single 
dominant epitope (13). 

An alternative approach, not encumbered by these limi- 
tations, is to use unfractionated tumor  peptides or tumor  
proteins as a source of  tumor  antigen. T w o  studies have 
shown that vaccination of  mice with splenic antigen-pre- 
senting cells (APC) or with epidermal Langerhans cells 
pulsed with tumor  fragments were capable o f  inducing 
protective immunity  against a tumor  challenge (14, 15). 
More  recently, Zitvogel et al. have shown that vaccination 
of  mice with bone marrow-derived D C  pulsed with un-  

465 J. Exp. Med.  9 The Rockefeller University Press  9 0022-1007/96/08/465/08 $2.00 
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•Main problems for large scale use of mRNA: unstable and expensive

CVnCoV
First-generation 
candidate

completed phase 3

CV2CoV
Second-generation 
candidate

pre-clinical development



Ottobre 2021 - Interrotta la rolling review del vaccino anti-COVID-19 CVnCoV dopo il ritiro da parte di CureVac AG

La rolling review è uno strumento regolatorio di cui l’EMA si serve per accelerare la valutazione di un medicinale o vaccino 
promettenti durante un’emergenza sanitaria pubblica, come nel caso della pandemia da COVID-19. Di norma, tutti i dati 
sull’efficacia, la sicurezza e la qualità di un medicinale o di un vaccino e tutta la documentazione richiesta devono essere 
presentati all’inizio della valutazione nell’ambito di una formale domanda di autorizzazione all’immissione in commercio. Nel 
caso della rolling review, il CHMP provvede ad esaminare i dati non appena diventano disponibili dagli studi in corso. I dati sono 
valutati nell’ambito di cicli di rolling review: non esiste un numero predefinito di cicli, in quanto il processo dipende dai dati che 
diventano disponibili. Una volta che il CHMP stabilisce che vi sono dati sufficienti, l’azienda può presentare una domanda 
formale di autorizzazione all’immissione in commercio. Grazie alla possibilità di esaminare i dati quando diventano disponibili, il 
CHMP può formulare un parere sull’autorizzazione di un medicinale in tempi più brevi.

Nella lettera inviata all’EMA, CureVac AG ha motivato la decisione di ritirarsi indicando di voler concentrare i propri sforzi su un 
diverso programma di sviluppo di vaccini COVID-19. Come conseguenza del ritiro, l’EMA interromperà l’esame dei dati sul 
vaccino e non completerà la revisione. L’azienda si riserva il diritto di richiedere un'altra rolling review o di presentare una 
domanda di autorizzazione all'immissione in commercio in futuro.

mRNA vaccine for Rabies virus

Epidemiology of Rabies

All lyssaviruses have evolved closely with distinct 
natural reservoir hosts. The latter are animals 
species in which a pathogen of an infectious 
disease are maintained independently. For 
lyssaviruses, these are a wide range of mammalian 
species within the Carnivora and Chiroptera (bats) 
orders with a global distribution. 

Of all carnivore host reservoirs the domestic dog is 
responsible for more than 90% of all human rabies 
fatalities worldwide.

Source: WHO

Because of the high fatality rate, the prevention of rabies infection is of 
utmost importance. 

WHO strongly recommends discontinuation of the nerve tissue vaccine, 
and replacement with modern vaccines.

CV7202 – Phase 1
CV7202 is a prophylactic mRNA-based vaccine encoding the rabies virus glycoprotein, RABV-G, 
formulated with next generation lipid nanoparticle (LNP).
CV7202 is currently being studied in a phase 1, dose-escalation, open-label clinical trial.

Study objectives:
• Primary: Safety, reactogenicity
• Secondary: Potential protective immune response, immunogenicity via geometric mean virus 

neutralization tests (VNT)

Rabies, a viral disease that causes inflammation in the brain, still occurs in more than 150 countries 
around the globe, with the infection responsible for more than 60,000 deaths every year, primarily in China 
and India.

The company’s chief scientific officer at the time, Steve Pascolo, was the first study subject: he 
injected himself with mRNA and still has match-head-sized white scars on his leg from where a 
dermatologist took punch biopsies for analysis.

SHORT COMMUNICATION

Spontaneous cellular uptake of exogenous
messenger RNA in vivo is nucleic acid-specific,
saturable and ion dependent

J Probst1,2, B Weide3, B Scheel1,2, BJ Pichler4, I Hoerr2, H-G Rammensee1 and S Pascolo1,2
1Department of Immunology, Institute for Cell Biology, University of Tübingen, Tübingen, Germany; 2CureVac GmbH, Tübingen,
Germany; 3Department of Dermatology, University of Tübingen, Tübingen, Germany and 4Laboratory for Preclinical Imaging and
Imaging Technology, Department of Radiology, University of Tübingen, Tübingen, Germany

The development of new treatments in the post-genomic era
requires methods for safe delivery of foreign genetic
information in vivo. As a transient, natural and controllable
alternative to recombinant viruses or plasmid DNA (pDNA),
purified or in vitro transcribed messenger RNA (mRNA)
can be used for the expression of any therapeutic protein
in vitro and in vivo. As it has been shown previously, the
simple injection of naked mRNA results in local uptake and
expression. We show here that this process, in the skin,
can greatly be modulated according to the injection solution
composition and blocked by an excess of competing
nucleic acids or a drug affecting cytosolic mobility. Different

cell types at the site of injection can take up the foreign
nucleic acid molecules and the protein translated from
this is detected for no more than a few days. To test this
gene transfer method in humans, we produced in vitro
transcribed mRNA under good manufacturing practice
(GMP) conditions in a dedicated facility. After injection
into the human dermis, we could document the translation
of the exogenous mRNA. Our results pave the way toward
the use of mRNA as a vehicle for transient gene delivery in
humans.
Gene Therapy (2007) 14, 1175–1180; doi:10.1038/
sj.gt.3302964; published online 3 May 2007

Keywords: RNA-transfection; DNA-transfection; endosomes; calcium; GMP

Messenger RNA (mRNA) is a transient copy of the
coding genomic information in any living organism. Its
potential as a gene therapy vehicle was hindered, on the
one hand, because of the technical difficulties and cost of
mRNA production in research laboratories and, on the
other because of the general belief that ubiquitous
intracellular and extracellular RNases would quickly
destroy the molecule and limit its efficacy as a genetic
tool in vivo. However, Wolff et al.1 have shown 16 years
ago that, in mice, the injection of naked genetic
information in the form of plasmid DNA (pDNA) or
mRNA can lead to protein expression. Following these
results, many studies were undertaken which demon-
strated that naked pDNA can be used for vaccination.2,3

mRNA was rarely exploited until the late nineties when
Gilboa’s group showed that adoptive transfer of mRNA-
transfected dendritic cells (DCs) primes a T-cell immune
response.4 But, the direct injection of naked mRNA for
vaccination or gene complementation remained quite
unexplored, being reported in only four articles from
three different teams5–8 (for a review on mRNA-based
vaccines, see Pascolo9). Because of the safety (minimal

vector, completely and naturally catabolized in several
hours), ease (no need for infrastructures for cell culture)
and versatility (any mRNA of interest can be produced)
of naked mRNA-based therapies compared to DNA-
based therapies,10,11 we decided to study and improve
the intradermal delivery of this genetic vehicle. As
shown in Figure 1, using intradermal injection of globin
UTR-stabilized (RNActive, CureVac GmbH, Tübingen,
Germany) luciferase-encoding mRNA in the ear pinna,12

we could investigate the effect of the injection solution
composition on the efficacy of in vivo mRNA transfer (for
method details, see Supplementary Information and
Supplementary Figure S1). We tested the injection
solutions used by authors of the few published works
that were phosphate-buffered saline (PBS) and Hepes/
NaCl, and in addition we tested Ringer lactate, which is a
standard injection solution in humans. Figure 1a shows
that RNActive dissolved in Ringer lactate gives a
significant higher amount of luciferase expression than
mRNA resuspended in Hepes/NaCl or PBS. Ringer
lactate and PBS have three differences: only the former
contains lactate and calcium, whereas the latter contains
phosphate. We tested which of the two ions present in
Ringer lactate is responsible for the observed enhanced
mRNA transfer. Self-made Ringer without lactate or
calcium was compared to self-made Ringer lactate. As
shown in Figure 1b, although Ringer without lactate
gave luciferase expression comparable to that observed
with complete Ringer lactate, the absence of calcium in

Received 4 February 2007; revised 19 March 2007; accepted 20
March 2007; published online 3 May 2007

Correspondence: Dr S Pascolo, Department of Immunology,
Institute for Cell Biology, University of Tübingen, Auf der
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RNA is a highly pure mRNA transcript. We produced in
this infrastructure pharmaceutical-grade RNActive cod-
ing for luciferase. The GMP quality RNA resuspended in
Ringer lactate and injected in mice gave a significantly
higher production of luciferase compared to the labora-
tory-grade mRNA (Figure 3a). A qualified healthy
individual volunteered for intradermal injections of
150 ml of a Ringer lactate solution containing the GMP
quality RNActive coding for luciferase. Before perform-
ing the experiment, a letter of consent was signed by the
volunteer. Sixteen hours after injection, 3 mm diameter
punch biopsies were performed under local anesthesia
with 1% lidocainhydrochlorid (Xylocain). A biopsy made
on the middle of the injection site (‘injected’ in Figure 3b)
and one made outside the injection area (‘not injected’ in
Figure 3b) were snap frozen, crushed and resuspended
in a lysis buffer. As shown in Figure 3b, luciferase
activity was found in the biopsy taken from the injection
site. This result demonstrates the uptake of RNActive in
vivo in the human skin. Since only a 3 mm punch biopsy
– approximately 5 mm2 of skin – was performed in the
injected area of approximately 300 mm2 (the diameter of
the bubble formed by intradermal injection being
approximately 20 mm), only part of the luciferase
activity was collected. This may explain the lower
apparent amount of luciferase obtained in the human
situation compared to the mouse situation where the
whole injection site (the whole ear) was used to measure
luciferase activity.

Our experiments show for the first time that, in mice,
the uptake of injected naked mRNA in the form of a

globin UTR-stabilized molecule is efficient and strongly
depends on the presence of calcium in the injection
solution. We show evidence that this uptake is mediated
by an active and saturable mechanism specific for
nucleic acids. Several cell types in the mouse dermis
are capable of taking up the foreign protein-coding
RNA. We show that the uptake of exogenous mRNA
can also be demonstrated in human skin. The capacity
of cells to actively and qualitatively take up exogenous
coding RNA is a surprising feature. It may be part of
an understudied natural process involved in cell-to-cell
communication. This pathway could be mediated
by secretion and recapture of RNA by neighboring
cells, as originally suggested by Benner.17 Such a
process may be further regulated by the secreted
RNases located between cells of the body. This hypoth-
esis would explain why some extracellular growth
factors such as angiogenins contain RNase activity.
Whether RNA molecules can be short distance cell
growth factors or differentiation signals and whether
this capacity depends on the potential of RNA molecules
to code for proteins is an intriguing concept that
needs further investigation. Meanwhile, this process
can be exploited for local and transient protein
expression as described in the present work. We
anticipate that our results, the infrastructure developed
for the production of GMP-grade in vitro transcribed
mRNA and the demonstration of in vivo mRNA transfer
in human tissues, open the way to mRNA-based
therapies.
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CV7202

Prophylactic vaccine for rabies

More information about the CV7202 study can be found at ClinicalTrials.gov (NCT03713086).

CV8102 (Study 1) – Phase 1
CV8102, a TLR7/8/RIG-1 agonist based on noncoding single stranded RNA, is designed to 
modulate the tumor microenvironment after intratumoral injection and to induce a systemic immune 
response to control injected as well as non-injected distant lesions.
CV8102 is currently being studied in a Phase 1, open-label, dose escalation and expansion study, 
which is enrolling patients with advanced melanoma, cutaneous squamous cell carcinoma, 
squamous cell carcinoma of head and neck, or adenoidcystic carcinoma, and superficially 
injectable tumor lesions.
The trial is testing escalating doses of single agent CV8102 and CV8102 in combination with 
licensed anti-PD-1 antibodies.

Study objectives:
• Primary: Safety, tolerability
• Secondary: Clinical efficacy, changes in various immune parameters in blood and tumor tissue

More information about the CV8102 study can be found at ClinicalTrials.gov. 

CV8102
Cutaneous melanoma, adenoidcystic 
carcinoma, squamous cell cancer of skin, 
head and neck
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Toll-like receptors (TLRs) are the basic signaling re-
ceptors of the innate immune system. They are activated
by molecules associated with pathogens or injured host
cells and tissue. TLR3 has been shown to respond to
double stranded (ds) RNA, a replication intermediary
for many viruses. Here we present evidence that heter-
ologous RNA released from or associated with necrotic
cells or generated by in vitro transcription also stimu-
lates TLR3 and induces immune activation. To assess
RNA-mediated TLR3 activation, human embryonic kid-
ney 293 cells stably expressing TLR3 and containing a
nuclear factor-!B-dependent luciferase reporter were
generated. Exposing these cells to in vitro transcribed
RNA resulted in a TLR3-dependent induction of lucifer-
ase activity and interleukin-8 secretion. Treatment with
in vitro transcribed mRNA activated nuclear factor-!B
via TLR3 through a process that was dose-dependent
and involved tyrosine phosphorylation. Furthermore, in
vitro transcribed natural or 2!-fluoro-substituted mRNA
induced the expression of TLR3, interferon regulatory
factor-1, tumor necrosis factor-", and interleukin-1 re-
ceptor-associated kinase-M mRNA in human dendritic
cells (DCs). DCs responded to mRNA treatment by ex-
pressing activation markers, and this maturation was
inhibited by antagonistic TLR3-specific antibody. En-
dogenous RNA released from or associated with ne-
crotic cells also stimulated DCs, leading to interferon-"
secretion, which could be abolished by pretreatment of
necrotic cells with RNase. These results demonstrate
that RNA, likely through secondary structure, is a po-
tent host-derived activator of TLR3. This finding has
potential physiologic relevance because RNA escaping
from damaged tissue or contained within endocytosed
cells could serve as an endogenous ligand for TLR3 that
induces or otherwise modulates immune responses.

Mammalian Toll-like receptors (TLRs)1 play a key role in
host defense during pathogen infection by regulating and link-

ing innate and adaptive immune responses. TLRs belong to a
family of receptors that recognize pathogen-associated molec-
ular patterns (for review, see Refs. 1–4). DCs are the primary
antigen-presenting cells and the only antigen-presenting cells
capable of sensitizing naive T cells. TLRs expressed by imma-
ture DCs, upon binding their respective ligands, deliver acti-
vation and maturation signals that cause the DCs to migrate to
lymphoid tissue and switch from antigen acquisition to antigen
presentation. Ligands for most of the TLRs have been identi-
fied and consist of bacterial and viral constituents such as
unmethylated CpG DNA, dsRNA, lipopolysaccharide (LPS),
and flagellin (2–5). Host-derived ligands for the TLRs have also
been identified, and these include heat shock proteins, extra-
cellular matrix breakdown products, chromatin-IgG complexes,
pulmonary surfactant, and necrotic cells (for review, see Refs.
3, 6, and 7).

Upon binding of ligand, TLRs have been shown to activate a
variety of signaling pathways, including phosphoinositide 3-ki-
nase, Jun N-terminal kinase, p38, NF-!B, extracellular signal-
related kinase, and interferon (IFN) regulatory factor-3 (IRF-
3), each leading to the induction of numerous target genes
involved in inflammation, cellular differentiation, and direct
antimicrobial activity (8, 9). A TLR3/4-specific antiviral gene
program mediated by the adaptor protein TRIF and involving
the activation of IRF-3 has recently been identified (8), with
TLR3 being the more potent mediator (10). IRF-3 transacti-
vates a set of primary genes including IFN-". Secreted IFN-"
then participates in an autocrine/paracrine loop leading to the
production of a set of secondary genes that are involved in
antiviral and antimicrobial responses (10). Thus, TLRs are
capable of recognizing both pathogen-associated molecular pat-
terns, as well as certain endogenous stimuli, which may func-
tion as danger signals (11, 12). In this report, we identify free
and cell-associated RNA as a new host-derived ligand of TLR3
and demonstrate its importance in modulating the phenotype
of activated DCs.

EXPERIMENTAL PROCEDURES

Plasmids and Reagents—NF-!B-dependent ELAM-1-luciferase re-
porter plasmid (pELAM-luc) (Jesse Chow, Eisai Research Institute,
Andover, MA) and pTEVluc (Daniel Gallie, University of California at
Riverside) were used. Generation of pTEVgag (p55 core protein of
HIV-1) was described previously (13). pUNO-TLR3 and pSFV1 were
purchased from InvivoGen (San Diego, CA) and Invitrogen, respec-
tively. Expression plasmid pEF-BOS-TRIF!N!C for dominant negative
TRIF was a gift of S. Akira (Osaka University, Osaka, Japan). Plasmid
containing Renilla luciferase-encoding sequences (pSVren) were gener-
ated from p2luc (John Atkins, University of Utah) (14) following the
removal of the firefly luciferase coding sequence with BamHI and NotI
digestions, end-filling, and religation. Cells were treated with the fol-
lowing reagents: 1 ng/ml TNF-# (R&D Systems, Minneapolis, MN);
0.1–1 $g/ml LPS (Escherichia coli 055:B5) (Sigma); CD40L trimer (a
kind gift from Elaine Thomas, Immunex, Seattle, WA); poly(A), poly(C),
poly(G), and poly(U) single strand (ss) RNA and poly(I)"poly(C) dsRNA
(Sigma); 2 $g/ml lipoteichoic acid, 5 $M CpG oligodeoxynucleotide, and
1 $g/ml R-848 (InvivoGen).
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therefore be hereby marked “advertisement” in accordance with 18
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1 The abbreviations used are: TLR, Toll-like receptor; DC, dendritic
cell; ds, double stranded; GAPDH, glyceraldehyde-3-phosphate dehy-
drogenase; HEK, human embryonic kidney; HIV, human immunodefi-
ciency virus; IFN, interferon; IL, interleukin; IRAK, interleukin-1 re-
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Toll-like receptors are 
immune sensors that act as 
first responders to danger 
signals from pathogens 

From uridine to pseudo-uridine
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Suppression of RNA Recognition by Toll-like
Receptors: The Impact of Nucleoside Modification
and the Evolutionary Origin of RNA

Katalin Karikó,1,* Michael Buckstein,2 Houping Ni,2 thetic antiviral compound R-848 (Jurk et al., 2002), but
a natural ligand has not been identified.and Drew Weissman2

1Department of Neurosurgery It has been known for decades that selected DNA
and RNA molecules have the unique property to acti-2Department of Medicine

University of Pennsylvania School of Medicine vate the immune system. It was discovered only re-
cently that secretion of interferon in response to DNAPhiladelphia, Pennsylvania 19104
is mediated by unmethylated CpG motifs acting upon
TLR9 present on immune cells (Hemmi et al., 2000). For

Summary years, bacterial and mammalian DNA were portrayed
as having the same chemical structure, which ham-

DNA and RNA stimulate the mammalian innate im- pered the understanding of why only bacterial, but not
mune system through activation of Toll-like receptors mammalian, DNA is immunogenic. Recently, however,
(TLRs). DNA containing methylated CpG motifs, how- the sequence and structural microheterogeneity of
ever, is not stimulatory. Selected nucleosides in natu- DNA has come to be appreciated. For example, methyl-
rally occurring RNA are also methylated or otherwise ated cytidine in CpG motifs of DNA has proven to be
modified, but the immunomodulatory effects of these the structural basis of recognition for the innate im-
alterations remain untested. We show that RNA sig- mune system. In light of this finding and given that mul-
nals through human TLR3, TLR7, and TLR8, but incor- tiple TLRs respond to RNA, a question emerges as to
poration of modified nucleosides m5C, m6A, m5U, whether the immunogenicity of RNA is under the con-
s2U, or pseudouridine ablates activity. Dendritic cells trol of similar types of modification. This possibility is
(DCs) exposed to such modified RNA express signifi- not unreasonable given that RNA undergoes nearly one
cantly less cytokines and activation markers than hundred different nucleoside modifications (Rozenski
those treated with unmodified RNA. DCs and TLR- et al., 1999). Importantly, the extent and quality of RNA
expressing cells are potently activated by bacterial modifications depend on the RNA subtype and corre-
and mitochondrial RNA, but not by mammalian total late directly with the evolutionary level of the organism
RNA, which is abundant in modified nucleosides. We from which the RNA is isolated. Ribosomal RNA, the
conclude that nucleoside modifications suppress the major constituent (w80%) of cellular RNA, contains sig-
potential of RNA to activate DCs. The innate immune nificantly more nucleoside modifications when ob-
system may therefore detect RNA lacking nucleoside tained from mammalian cells versus bacteria. Human
modification as a means of selectively responding to rRNA, for example, has ten times more pseudouridine
bacteria or necrotic tissue. (Ψ) and 25 times more 2#-O-methylated nucleosides

than bacterial rRNA, whereas rRNA from mitochondria,
Introduction an organelle that is a remnant of eubacteria (Margulis

and Chapman, 1998), has very few modifications (Bach-
The innate immune system is the first line of defense ellerie and Cavaille, 1998). Transfer RNA is the most heav-
against invading pathogens (Medzhitov, 2001). This ily modified subgroup of RNA. In mammalian tRNAs, up
system utilizes TLRs to recognize conserved pathogen- to 25% of the nucleosides are modified, whereas there
associated molecular patterns and orchestrate the initi- are significantly less modifications in prokaryotic tRNAs.
ation of immune responses. TLRs are germ line-encoded Bacterial mRNA contains no nucleoside modifications,
signaling receptors with extracellular leucine-rich re- whereas mammalian mRNAs have modified nucleo-
peats and intracellular signaling domains. In humans, sides such as 5-methylcytidine (m5C), N6-methyladen-
ten distinct TLR family members have been identified, osine (m6A), inosine and many 2#-O-methylated nucle-
and corresponding microbial ligands for most have osides in addition to N7-methylguanosine (m7G), which
been identified. Several TLRs recognize and respond to is part of the 5#-terminal cap (Bokar and Rottman,
nucleic acids. DNA containing unmethylated CpG mo- 1998). The presence of modified nucleosides was also
tifs, characteristic of bacterial and viral DNA, activate demonstrated in the internal regions of many viral
TLR9 (Hemmi et al., 2000). Double-stranded (ds)RNA, a RNAs including influenza, adeno, and herpes simplex;
frequent viral constituent, has been shown to activate surprisingly, modified nucleosides were more frequent
TLR3 (Alexopoulou et al., 2001; Wang et al., 2004), sin- in viral than in cellular mRNAs (Bokar and Rottman,
gle-stranded (ss)RNA activates mouse TLR7 (Diebold 1998). A substantial number of nucleoside modifica-
et al., 2004), and RNA oligonucleotides with phos- tions are uniquely present in either bacterial or mam-
phorothioate internucleotide linkages are ligands of hu- malian RNA, thus providing an additional molecular fea-
man TLR8 (Heil et al., 2004). Based on structural and ture for immune cells to discriminate between microbial
sequence similarities, TLR7, TLR8, and TLR9 form a and host RNA. Considering that cells usually contain
subfamily. Activation of these receptors depends upon five to ten times more RNA than DNA, presence of such
endosomal acidification and leads to interferon produc- distinctive characteristics on RNA could make them a
tion. Human TLR7 and TLR8 are stimulated by the syn- rich molecular source for sampling by the immune sys-

tem, a notion becoming evident by the identification of
multiple TLRs signaling in response to RNA. The role*Correspondence: kariko@mail.med.upenn.edu

Immunity, Vol. 23, 165–175, August, 2005, Copyright ©2005 by Elsevier Inc. DOI 10.1016/j.immuni.2005.06.008

Suppression of RNA Recognition by Toll-like
Receptors: The Impact of Nucleoside Modification
and the Evolutionary Origin of RNA

Katalin Karikó,1,* Michael Buckstein,2 Houping Ni,2 thetic antiviral compound R-848 (Jurk et al., 2002), but
a natural ligand has not been identified.and Drew Weissman2

1Department of Neurosurgery It has been known for decades that selected DNA
and RNA molecules have the unique property to acti-2Department of Medicine

University of Pennsylvania School of Medicine vate the immune system. It was discovered only re-
cently that secretion of interferon in response to DNAPhiladelphia, Pennsylvania 19104
is mediated by unmethylated CpG motifs acting upon
TLR9 present on immune cells (Hemmi et al., 2000). For

Summary years, bacterial and mammalian DNA were portrayed
as having the same chemical structure, which ham-

DNA and RNA stimulate the mammalian innate im- pered the understanding of why only bacterial, but not
mune system through activation of Toll-like receptors mammalian, DNA is immunogenic. Recently, however,
(TLRs). DNA containing methylated CpG motifs, how- the sequence and structural microheterogeneity of
ever, is not stimulatory. Selected nucleosides in natu- DNA has come to be appreciated. For example, methyl-
rally occurring RNA are also methylated or otherwise ated cytidine in CpG motifs of DNA has proven to be
modified, but the immunomodulatory effects of these the structural basis of recognition for the innate im-
alterations remain untested. We show that RNA sig- mune system. In light of this finding and given that mul-
nals through human TLR3, TLR7, and TLR8, but incor- tiple TLRs respond to RNA, a question emerges as to
poration of modified nucleosides m5C, m6A, m5U, whether the immunogenicity of RNA is under the con-
s2U, or pseudouridine ablates activity. Dendritic cells trol of similar types of modification. This possibility is
(DCs) exposed to such modified RNA express signifi- not unreasonable given that RNA undergoes nearly one
cantly less cytokines and activation markers than hundred different nucleoside modifications (Rozenski
those treated with unmodified RNA. DCs and TLR- et al., 1999). Importantly, the extent and quality of RNA
expressing cells are potently activated by bacterial modifications depend on the RNA subtype and corre-
and mitochondrial RNA, but not by mammalian total late directly with the evolutionary level of the organism
RNA, which is abundant in modified nucleosides. We from which the RNA is isolated. Ribosomal RNA, the
conclude that nucleoside modifications suppress the major constituent (w80%) of cellular RNA, contains sig-
potential of RNA to activate DCs. The innate immune nificantly more nucleoside modifications when ob-
system may therefore detect RNA lacking nucleoside tained from mammalian cells versus bacteria. Human
modification as a means of selectively responding to rRNA, for example, has ten times more pseudouridine
bacteria or necrotic tissue. (Ψ) and 25 times more 2#-O-methylated nucleosides

than bacterial rRNA, whereas rRNA from mitochondria,
Introduction an organelle that is a remnant of eubacteria (Margulis

and Chapman, 1998), has very few modifications (Bach-
The innate immune system is the first line of defense ellerie and Cavaille, 1998). Transfer RNA is the most heav-
against invading pathogens (Medzhitov, 2001). This ily modified subgroup of RNA. In mammalian tRNAs, up
system utilizes TLRs to recognize conserved pathogen- to 25% of the nucleosides are modified, whereas there
associated molecular patterns and orchestrate the initi- are significantly less modifications in prokaryotic tRNAs.
ation of immune responses. TLRs are germ line-encoded Bacterial mRNA contains no nucleoside modifications,
signaling receptors with extracellular leucine-rich re- whereas mammalian mRNAs have modified nucleo-
peats and intracellular signaling domains. In humans, sides such as 5-methylcytidine (m5C), N6-methyladen-
ten distinct TLR family members have been identified, osine (m6A), inosine and many 2#-O-methylated nucle-
and corresponding microbial ligands for most have osides in addition to N7-methylguanosine (m7G), which
been identified. Several TLRs recognize and respond to is part of the 5#-terminal cap (Bokar and Rottman,
nucleic acids. DNA containing unmethylated CpG mo- 1998). The presence of modified nucleosides was also
tifs, characteristic of bacterial and viral DNA, activate demonstrated in the internal regions of many viral
TLR9 (Hemmi et al., 2000). Double-stranded (ds)RNA, a RNAs including influenza, adeno, and herpes simplex;
frequent viral constituent, has been shown to activate surprisingly, modified nucleosides were more frequent
TLR3 (Alexopoulou et al., 2001; Wang et al., 2004), sin- in viral than in cellular mRNAs (Bokar and Rottman,
gle-stranded (ss)RNA activates mouse TLR7 (Diebold 1998). A substantial number of nucleoside modifica-
et al., 2004), and RNA oligonucleotides with phos- tions are uniquely present in either bacterial or mam-
phorothioate internucleotide linkages are ligands of hu- malian RNA, thus providing an additional molecular fea-
man TLR8 (Heil et al., 2004). Based on structural and ture for immune cells to discriminate between microbial
sequence similarities, TLR7, TLR8, and TLR9 form a and host RNA. Considering that cells usually contain
subfamily. Activation of these receptors depends upon five to ten times more RNA than DNA, presence of such
endosomal acidification and leads to interferon produc- distinctive characteristics on RNA could make them a
tion. Human TLR7 and TLR8 are stimulated by the syn- rich molecular source for sampling by the immune sys-

tem, a notion becoming evident by the identification of
multiple TLRs signaling in response to RNA. The role*Correspondence: kariko@mail.med.upenn.edu

mRNA-based keratinocyte 
reprogramming into muscle and 
pluripotent cells Cell Stem Cell

Article

Highly Efficient Reprogramming
to Pluripotency and Directed Differentiation
of Human Cells with Synthetic Modified mRNA
Luigi Warren,1,17 Philip D. Manos,2,4,17 Tim Ahfeldt,4,6,7,18 Yuin-Han Loh,8,9,18 Hu Li,11,12,18 Frank Lau,4,13 Wataru Ebina,1

Pankaj K. Mandal,1 Zachary D. Smith,14 Alexander Meissner,4,5,14 George Q. Daley,2,3,4,5,8,15,16 Andrew S. Brack,5,6

James J. Collins,11,12,15 Chad Cowan,4,5,6,13 Thorsten M. Schlaeger,2,8 and Derrick J. Rossi1,2,5,10,*
1Immune Disease Institute, Program in Cellular and Molecular Medicine
2Stem Cell Program
3Manton Center for Orphan Disease Research
Children’s Hospital Boston, Boston, MA 02115, USA
4Department of Stem Cell and Regenerative Biology
5Harvard Stem Cell Institute
Harvard University, Cambridge, MA 02138, USA
6Center of Regenerative Medicine, Massachusetts General Hospital, 185 Cambridge Street, Boston, MA 02114-2790, USA
7Department of Biochemistry and Molecular Biology II: Molecular Cell Biology, University Medical Center Hamburg-Eppendorf,
Hamburg 20246, Germany
8Division of Pediatric Hematology/Oncology, Children’s Hospital Boston and Dana-Farber Cancer Institute, Boston, MA 02115, USA
9Department of Biological Chemistry and Molecular Pharmacology
10Department of Pathology
Harvard Medical School, Boston, MA 02115, USA
11Department of Biomedical Engineering and Center for BioDynamics, Boston University, Boston, MA 02215, USA
12Wyss Institute for Biologically Inspired Engineering, Harvard University, Boston, MA 02115, USA
13Stowers Medical Institute, 185 Cambridge Street, Boston, MA 02114, USA
14Broad Institute of MIT and Harvard, Cambridge, MA 02142, USA
15Howard Hughes Medical Institute
16Division of Hematology/Oncology, Brigham and Women’s Hospital, Boston, MA 02115, USA
17These authors contributed equally to this work
18These authors contributed equally to this work
*Correspondence: rossi@idi.harvard.edu
DOI 10.1016/j.stem.2010.08.012

SUMMARY

Clinical application of induced pluripotent stem cells
(iPSCs) is limited by the low efficiency of iPSC deriva-
tion and the fact that most protocols modify the
genome to effect cellular reprogramming. Moreover,
safe and effective means of directing the fate of
patient-specific iPSCs toward clinically useful cell
types are lacking. Here we describe a simple, nonin-
tegrating strategy for reprogramming cell fate based
on administration of synthetic mRNA modified to
overcome innate antiviral responses. We show that
this approach can reprogram multiple human cell
types to pluripotency with efficiencies that greatly
surpass established protocols. We further show
that the same technology can be used to efficiently
direct the differentiation of RNA-induced pluripotent
stem cells (RiPSCs) into terminally differentiated
myogenic cells. This technology represents a safe,
efficient strategy for somatic cell reprogramming
and directing cell fate that has broad applicability
for basic research, disease modeling, and regenera-
tive medicine.

INTRODUCTION

The reprogramming of differentiated cells to pluripotency holds
great promise as a tool for studying normal development, while
offering hope that patient-specific induced pluripotent stem cells
(iPSCs) could be used to model disease or to generate clinically
useful cell types for autologous therapies aimed at repairing defi-
cits arising from injury, illness, and aging. Induction of pluripo-
tency was originally achieved by Yamanaka and colleagues by
enforced expression of four transcription factors, KLF4,
c-MYC, OCT4, and SOX2 (KMOS), by using retroviral vectors
(Takahashi et al., 2007; Takahashi and Yamanaka, 2006). Viral
integration into the genome initially presented a formidable
obstacle to therapeutic use of iPSCs. The search for ways to
induce pluripotency without incurring genetic change has thus
become the focus of intense research effort. Toward this end,
iPSCs have been derived via excisable lentiviral and transposon
vectors or through repeated application of transient plasmid,
episomal, and adenovirus vectors (Chang et al., 2009; Kaji
et al., 2009; Okita et al., 2008; Stadtfeld et al., 2008; Woltjen
et al., 2009; Yu et al., 2009). iPSCs have also been derived
with two DNA-free methods: serial protein transduction with
recombinant proteins incorporating cell-penetrating peptide
moieties (Kim et al., 2009; Zhou et al., 2009) and transgene
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Figure 2. Generation of RNA-Induced Pluripotent Stem Cells
(A) Immunostaining for human KLF4, OCT4, and SOX2 proteins in keratinocytes 15 hr posttransfection with modified RNA encoding KLF4, OCT4, or SOX2.

(B) Time course showing kinetics and stability of KLF4, OCT4, and SOX2 proteins after modified RNA transfection, assayed by flow cytometry after intracellular

staining of each protein.

(C) Bright-field images taken during the derivation of RNA-iPSCs (RiPS) from dH1f fibroblasts showing early epitheliod morphology (day 6), small hESC-like colo-

nies (day 17), and appearance of mature iPSC clones after mechanical picking and expansion (day 24).

(D) Immunohistochemistry showing expression of a panel of pluripotency markers in expanded RiPSC clones derived from dH1f fibroblasts, Detroit 551 (D551)

and MRC-5 fetal fibroblasts, BJ postnatal fibroblasts, and cells derived from a skin biopsy taken from an adult cystic fibrosis patient (CF), shown also in high

magnification. BG01 hESCs and BJ1 fibroblasts are included as positive and negative controls, respectively. Scale bars represent 200 mm.

See also Figures S3 and S4.
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HSCI-supported research leads to new class of 
therapeutics
December 13, 2018

Biotech company Moderna, co-founded by HSCI scientist Derrick Rossi, is set to bring a new class of treatments to patients.

The pseudo-uridine debate

•Translate uses unmodified 
RNA

•Proprietary cap structure
•High RNA purity

Fat breakthrough
Pieter Cullis, a biochemist at the University of British Columbia in 
Vancouver, Canada, founded several companies, which pioneered 
LNPs for delivering strands of nucleic acids that silence gene activity.

One such treatment, patisiran (Onpattro), is now approved 
for the rare inherited disease hereditary transthyretin-
mediated amyloidosis



LNP manufacturing

A T-connector apparatus combines fats (dissolved in alcohol) with nucleic acids (dissolved in an acidic buffer)
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mRNA 
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