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Abstract

Introduction: Rare genetic diseases affect millions of people worldwide. Most of them

are caused by defective genes that impair quality of life and can lead to premature death.

As genetic therapies aim to fix or replace defective genes, they are considered the most
promising treatment for rare genetic diseases. Yet, as these therapies are still under
development, it is still unclear whether they will be successful in treating these diseases. This
study aims to address this gap by assessing researchers’ opinions on the future of genetic
therapies for the treatment of rare genetic diseases.

Methods: We conducted a global cross-sectional web-based survey of researchers who
recently authored peer-reviewed articles related to rare genetic diseases.

Results: We assessed the opinions of 1430 researchers with high and good knowledge about

genetic therapies for the treatment of rare genetic diseases. Overall, the respondents believed

that genetic therapies would be the standard of care for rare genetic diseases before 2036,
leading to cures after this period. CRISPR-Cas9 was considered the most likely approach to
fixing or replacing defective genes in the next 15 years. The respondents with good knowledge
believed that genetic therapies would only have long-lasting effects after 2036, while those
with high knowledge were divided on this issue. The respondents with good knowledge on the
subject believed that non-viral vectors are more likely to be successful in fixing or replacing
defective genes in the next 15 years, while most of the respondents with high knowledge
believed viral vectors would be more successful.

Conclusion: Overall, the researchers who participated in this study expect that in the future
genetic therapies will greatly benefit the treatment of patients with rare genetic diseases.

Plain Language Summary

A global survey of researchers on the future of genetic therapies for rare genetic
diseases

Rare genetic diseases are caused by defective genes that result from one or more
mutations in the genome. Today, the therapeutic options for these diseases are limited,
and there are approved treatments for about 5% of them. In the future, genetic therapies
(a group of techniques developed to correct defective genes) are expected to revolutionize
the treatment of rare genetic diseases. Although promising, most of these therapies are
currently under development and have a long way to go before their efficacy and safety can
be proved. The uncertainty surrounding this topic therefore means the success of genetic
therapies in treating or curing rare genetic diseases is not yet assured. To address this
knowledge gap, we surveyed 1430 researchers working in rare genetic diseases about
the future of genetic therapies for the treatment of these diseases over the next 15 years.
Most of them expected gene therapies to be the standard of care for rare genetic diseases
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before 2036 and to be able to cure them after this date. CRISPR-Cas9 was felt to be the
gene editing approach that was most likely to succeed in fixing or replacing defective genes
in the next 15 years. The respondents with high knowledge about gene therapies for the
treatment of rare diseases believed gene therapies would have long-lasting effects before
2036, while those with good knowledge expected this to be the case only after 2036. The
former believed inviral vectors and the latter in non-viral vectors to fix or replace defective

genes in the next 15 years.
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Introduction

Rare diseases are estimated to affect 3.5-5.9% of
the world’s population.! The classification of a
rare disease varies. In the European Union (EU),
a disease is considered rare if it affects one person
in 2000 (European Commission: ec.europa.eu/
info/research-and-innovation/research-area/
health-research-and-innovation/rare-diseases_
en), whereas in the United States, it must affect
fewer than 200,000 people to be rare (US Food &
Drug Administration: fda.gov/patients/rare-dis-
eases-fda). Six to seven thousand rare diseases are
currently reported in the medical literature, and
the causes of many are still unknown. Some are
infections, cancers, and autoimmune diseases,
but most are genetic in origin (Orphanet: orpha.
net/consor/cgi-bin/Education_AboutRareDiseases.
php?lng=EN).

Rare genetic diseases are caused by defective
genes that result from one or more mutations in
the genome.? The malfunction of one or more
genes impairs quality of life and can lead to pre-
mature death.!> Today, the therapeutic options
for these diseases are limited,?> and there are
approved treatments for only about 5% of them.*
In the future, however, genetic therapies are
expected to revolutionize the treatment of rare
genetic diseases.>”’ The hope is that these thera-
pies will reduce the symptoms of the diseases or
even cure them.810

Genetic therapies are a group of techniques devel-
oped to correct defective genes.? Two of the tech-
niques used are gene therapy and gene editing?-!!
(Figure 1). Gene therapy adds a functional ver-
sion of the defective gene inside the cells,?:%12
whereas gene editing corrects or edits the defec-
tive gene by making a local modification in the
genome to restore its function. Whether by

adding a new functional gene or correcting a
defective one, the target is to eliminate the cause
of the disease? and thus achieve a cure.?13-16

The ideal genetic therapy should fix defective
genes without activating oncogenes or causing
off-target effects or immune or inflammatory
reactions.!”-19 Proto-oncogenes are genes respon-
sible for cell growth and proliferation. When there
is a change in the chromosome, they can suffer a
mutation and become an oncogene.2? When acti-
vated, oncogenes can promote uncontrolled cell
growth, possibly leading to cancer.?! The devel-
opment of acute T cell lymphoblastic leukemia
has been reported as an adverse effect in clinical
trials of genetic therapies.?2 Off-target effects are
caused by unintended modifications in the DNA
that occur when the gene editing unintentionally
modifies a non-target area.?? Studies using animal
models have shown that off-target effects result-
ing from CRISPR-Cas9 therapies can delete non-
target genes such as vital or tumor suppressor
genes.2! These effects can be harmful to patients,
reducing the safety of these therapies, and must
be addressed before they progress through clini-
cal trial phases.!® Immune reactions to viral vec-
tors are the most common adverse effects of
genetic therapies.?* An immune reaction occurs
when the body recognizes an exogenous sub-
stance as harmful?®> and responds by creating an
inflammatory reaction to fight it.2¢ Modifying
viral vectors to avoid immune reactions is still a
challenge in genetic therapy research.26-27

In the United States, the Food and Drug
Administration (FDA) can grant orphan drug
status to rare disease drugs under development.
Similarly, in the EU, the European Medicines
Agency (EMA) can grant these developing
drugs the status of orphan medicine.2* Genetic
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Figure 1. Gene therapy and gene editing approaches.

therapies for the treatment of rare diseases can
be granted these statuses?® and then receive reg-
ulatory (e.g. differentiated clinical trial rules
and fast-track approval), financial (reduced fees
and taxes), and commercial (7 years of market
exclusivity in the United States and 10 years in
the EU) advantages. These advantages are
expected to foster the transition from research
to the market.2%2° Today, there are only two
genetic therapies for rare diseases approved by
the FDA: Zolgensma, for spinal muscular atro-
phy, and Luxturna, for leber congenital amau-
rosis,?® both designated as orphan drugs. In
addition to Luxturna and Zolgensma, the EMA
has also approved and given orphan medicine

cell genetically altered
to produce

necessary proteins

S
DNA with
functional gene
S
DNA with Cutting protein
defectivel (i.e. Cas9)
gene
MTTTT
Vector releases ——
functional gene Target DNA
inside the human cell
Vector [TTTTT1
(i.e. adenovirus) [NENERE]
Replacement
DNA

Human cell genetically altered
to produce
necessary proteins

RNA guide

status to Strimvelis and Zynteglo, the former
for the treatment of severe combined immuno-
deficiency (ADA-SCID) and the latter for
beta-thalassemia.3!

To have an idea of the current patent and clinical
trial landscape related to genetic therapies for rare
diseases, we searched for data in the Derwent
Innovations Index and ClinicalTrials.gov (the
queries we used are available in Supplemental
Material I). We retrieved 1565 records of patents
(with priority years between 1986 and 2022) and
30 ongoing clinical trials. According to the patent
titles, the most frequent diseases addressed are
cystic fibrosis (230), hemophilia (222), muscular
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dystrophy (114), and retinitis pigmentosa (58).
In turn, the conditions with the highest number
of ongoing clinical trials are Fabry disease (5),
thalassemia (4), X-linked chronic granulomatous
disease (3), and limb-girdle muscular dystrophy
(3). Most of these clinical trials are related to gene
therapy. One of them is for the biological com-
pound ST-920, which is a gene therapy that uses
a recombinant adeno-associated virus (AAV) vec-
tor to treat Fabry disease. An example of a clinical
trial related to gene editing is the biological com-
pound CTXO001. It uses CRISPR-Cas9 technol-
ogy and is being tested to treat thalassemia and
sickle cell disease.

Once genetic therapies reach the market, they can
be an alternative to currently available treatments
for rare genetic diseases, such as enzyme replace-
ments, autologous transplants, and antibody
therapies.14:22:24:32 Yet, the expected high cost of
genetic therapies combined with the high costs
associated with their use — which involves the cre-
ation of new capabilities (such as new professional
skills) and the adaptation of existing infrastruc-
ture (hospitals, medical centers, etc.), regula-
tions, and health systems — may be a major barrier
to their diffusion in the future.3?

Although promising, most genetic therapies are
still under development and have a long way to go
before their efficacy and safety can be
proved.811:34.35 The uncertainty surrounding this
topic therefore means the success of genetic ther-
apies in treating or curing rare genetic diseases is
not yet assured. This study aims to address this
knowledge gap by anticipating the future of
genetic therapies for the treatment of rare genetic
diseases, considering the next 15 years. To do so,
we performed a global cross-sectional web-based
survey of researchers of rare genetic diseases who
recently authored peer-reviewed articles indexed
in the Web of Science Core Collection (WoS).

Some studies have already tried to anticipate the
potential of genetic therapies for rare genetic dis-
eases. Most are literature review articles reporting
on genetic therapy research for a specific rare
genetic disease, such as hemophilia,3¢ cystic fibro-
sis,17:37 spinal muscular atrophy,3® retinitis pig-
mentosa,>’ achromatopsia,*® Bardet—Biedl
syndrome,!! and Leigh syndrome.*! Others have
investigated their potential in other areas, such as
cancer,*>4 Parkinson’s disease,*> Alzheimer’s
disease,* and immunodeficiencies.2!:43 Therefore,

our study contributes to the current knowledge
by providing a more comprehensive and long-
term perspective on the future drawn from the
opinions of more than 1400 researchers of rare
genetic diseases from around the world.

Methods

Literature review and questionnaire

To conduct this global cross-sectional web-based
survey of researchers of rare genetic diseases, we
first performed a literature review of recent review
articles on genetic therapies for the treatment of
rare diseases indexed in the WoS. This literature
review allowed us to identify the relevant topics
related to the future of the study subject and then
develop the survey questionnaire. Table 1 shows
the strategies used to search the WoS in May
2021. We restricted the search to review articles
published recently (2016 to May 2021) in jour-
nals of science using the Science Citation Index
Expanded (SCI-EXPANDED). Strategies 2 and
4 searched the titles, abstracts, and keywords of
review articles and used descriptors related to rare
diseases (Strategy 2) and genetic therapies
(Strategy 4) from the Medical Subject Headings
(MeSH), US National Library of Medicine
(MeSH: ncbi.nlm.nih.gov/mesh). Strategy 1
searched only the titles of review articles and used
descriptors related to rare genetic diseases col-
lected from Orphanet (Orphanet: orphadata.org/
cgi-bin/index.php). Orphanet’s database
Orphadata provides XML schemas with its own
classification of rare diseases. This classification is
based on scientific publications periodically
reviewed by experts.! We collected the descrip-
tors for search Strategy 1 from the XML schema
‘Rare Genetic Diseases’ (Orphanet: orphadata.
org/cgi-bin/rare_free.html). In total, 6514 terms
related to rare genetic diseases were retrieved:
1320 disease groups, 4429 diseases, and 765 dis-
ease subtypes (Supplemental Material I).

The 486 records of review articles identified in
search Strategy 5 were imported into the data/text
mining software VantagePoint 11.0, where, after
reading their titles and abstracts, 214 records
were pre-selected. Next, we generated a list of
their Digital Object Identifiers (DOIs) and
imported it into the Citavi 6.8 reference man-
agement software, where we conducted the lit-
erature review and managed the references.
Then, we downloaded the full articles and, after

journals.sagepub.com/home/trd


https://journals.sagepub.com/home/trd

LAM Braga, CGC Filho et al.

Table 1. Search strategies for identifying review articles.

Set Search strategies Results
5 4 AND 3 486
4 TS = (‘Gene* Therap* OR ‘DNA Therap* OR ‘RNAi Therap*' OR ‘'RNAi-Based Therap*’ 5399
OR ‘Gene* Repair*’ OR ‘Mutation Repair*’ OR ‘Gene* Correction*' OR ‘Gene* edit*’] AND
DOCUMENT TYPES: (Review)
Indexes = SCI-EXPANDED, Timespan = 2016-2021
3 20R1 8518
2 TS = (‘rare genetic disease*’ OR ‘rare disease*’ OR ‘orphan genetic disease*' OR 1957
‘orphan disease*’) AND DOCUMENT TYPES: (Review)
Indexes = SCI-EXPANDED, Timespan = 2016-2021
1 TI = (#) AND DOCUMENT TYPES: (Review) 6829

Indexes = SCI-EXPANDED, Timespan = 2016-2020

#Supplemental Material I.

reading them, selected the 66 references used in

the literature review that led to the survey
questionnaire.2’5‘19’22’25’32’34‘37’39‘41’46‘85

We structured the questionnaire in six parts (see
questionnaire in Supplemental Material II). The
first introduced the survey and informed the
respondent about data collection, voluntary par-
ticipation, informed consent, and anonymization
of results. The second qualified/disqualified
respondents for the survey according to their self-
assessed level of knowledge about genetic thera-
pies for the treatment of rare genetic diseases.
High-knowledge respondents (HKRs), good-
knowledge respondents (GKRs), and some-
knowledge respondents (SKRs) were qualified for
the survey, while no-knowledge respondents
(NKRs) were disqualified and did not answer the
questionnaire. The third part asked respondents
to report which of the 33 groups of the Orphanet
classification of rare genetic diseases (Orphanet:
orpha.net/consor/cgi-bin/Disease_Classif.
php?Ing=EN&data_id=156&Patld=13071&searc
h=Disease_Classif Simple&new=1) was most
closely related to their area of expertise.

The fourth part consisted of five questions about
the future of genetic therapies in the treatment of
rare genetic diseases. Three of these were state-
ments about the future, for which the respondents
were asked to indicate the period within which
they believed they would likely occur. The
response options were as follows: likely before 15

years, likely after 15 years, unlikely, and unknown.
The statements referred to the likelihood of
genetic therapies (1) becoming the standard of
care for rare genetic diseases, (2) having long-last-
ing effects, not requiring repeated interventions,
and (3) leading to a cure for these diseases. The
two other questions asked respondents (1) to
report which of the two types of vectors (viral and
non-viral) would be most likely to succeed in fix-
ing or replacing defective genes, and (2) to rank
(on a scale of 1 to 4, where 1 = most likely and
4 = least likely) four main approaches to fixing or
replacing defective genes: transcription activator-
like effector nucleases (TALENS), zinc finger
nucleases (ZFNs), meganucleases (MNs), and
clustered regularly interspaced short palindromic
repeats and CRISPR-associated protein 9
(CRISPR-Cas9). The ranking was based on the
weighted average of the respondents’ individual
classifications, assigning Weight 4 for the approach
ranked first, Weight 3 for second place, Weight 2
for third place, and Weight 1 for fourth place.

The fifth and sixth parts were optional and were
not considered for calculating the number of
completed questionnaires, and so did not affect
the survey’s confidence level and margin of error.
The fifth part allowed respondents to share com-
ments, criticisms, suggestions, and so on. The
last part consisted of six demographic questions:
(1) rare disease expertise, (2) education level, (3)
experience in the field, (4) place of work, (5) pro-
fessional occupation, and (6) region of residence.
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Table 2. Search strategies for identifying respondents.

Set  Search strategies Results
3 20R1 43,017
2 TS = (‘rare genetic disease*’ OR ‘rare disease*’ OR ‘orphan genetic disease*' OR ‘orphan 5718
disease*’) AND DOCUMENT TYPES: (Article OR Review)
Indexes = SCI-EXPANDED, Timespan = 2018-2021
1 TI = (#) AND DOCUMENT TYPES: (Article OR Review) 38,312

Indexes = SCI-EXPANDED, Timespan = 2018-2021

#Supplemental Material I.

Identifying and collecting respondents in

scientific publications

The survey respondents were authors of review
articles related to genetic therapies for the treat-
ment of rare diseases indexed in WoS. They were
identified following the search strategies depicted
in Table 2. Strategies 1 and 2 are the same as in
Table 1 except for the addition of articles and a
shorter period (2018 to June 2021). The search
was conducted in June 2021 and retrieved 43,017
records of articles and review articles (Strategy
3), which were then imported into VantagePoint
11.0, where we identified 48,796 unique author
emails. We then imported a CSV file containing
the emails, author names, and title of publica-
tions into our Python-based author name and
email-linking software, which linked 89.13% of
the emails to their owners. This procedure
allowed us to forward personalized emails to
most respondents.

Survey procedure, ethics, and limitations

The list of respondents containing all 48,796
emails was imported into the professional online
survey platform SurveyMonkey, where we pre-
pared the questionnaire and conducted the sur-
vey. After importing, the number of valid emails
was reduced to 46,921 because of 1215 bounced
and 660 opt-out emails.

We validated the questionnaire through a pilot
study with a random sample of 2363 emails
(about 5% of the total). After the invitation email
was sent, the questionnaire was available for com-
pletion for 8 days. During this period, up to three
reminder emails were sent to those who did not
answer the questionnaire. Before answering the
questionnaire, respondents were informed the

following: (1) the study was for research pur-
poses, (2) sensitive data would not be collected,
(3) data collected would be anonymized in the
results, (4) participation would be voluntary, and
(5) informed consent would be given by respond-
ing to the online questionnaire. The 90 research-
ers who participated in the pilot study did not
report problems with the questions or the survey
design or leave any comments that prompted
changes to the questions. As the survey proper
used the same questionnaire and administration
procedure as the pilot, data collected in the pilot
were included in the survey results. The pilot and
the survey proper were conducted in July 2021.
This study follows Clauses I and V of Article 1 of
Brazilian Resolution number 510, dated 7 April
2016, which exempts this type of study from reg-
istration or evaluation by a research ethics com-
mittee (Official Federal Gazette: in.gov.br/
materia/-/asset_publisher/KujrwOTZC2Mb/con-
tent/id/22917581).

The methods employed followed previous future-
oriented web-based surveys.86-°2 As such, it had
the same limitations. One limitation relates to the
identification of respondents from scientific arti-
cles. As a consequence, the sample was predomi-
nantly formed of professors and researchers
affiliated to universities and research organiza-
tions, limiting respondent variability. In addition,
because they were experts invested in the tech-
nologies they studied and/or helped develop, they
may be optimistic about the future of these tech-
nologies, including how successful these technol-
ogies may be and how long it will take for success
to be achieved. Accordingly, the results of this
survey may be subject to a higher degree of opti-
mism bias than surveys with greater respondent
variability. Experts are nevertheless the most
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qualified to anticipate future developments of
new and emerging technologies, and are widely
regarded as a reliable source of information for
research surveys. Another limitation is related to
the respondents’ self-attributed level of knowl-
edge because it was not possible to evaluate a pos-
teriori whether their level of knowledge actually
corresponded to the level they reported in the
questionnaire. Yet, as they were all authors of
recently published peer-reviewed scientific arti-
cles on the subject, the chance of the survey gath-
ering the opinions of non-knowledgeable
respondents was low.

Statistical analysis of the sample

In this study, the population was the number of
emails sent to researchers working with rare
genetic diseases (43,921). Significance was set at
95% [so the margin of error (e) was 5% (observed
power = 0.95)]. Applying Slovin’s equation, the
minimum required sample size was 396.38.
Although some SKR qualified for the survey and
answered the questionnaire, we chose to analyze
only the answers of the respondents with the
highest levels of knowledge (HKRs and GKRs).
As we will see below, their responses totaled
1430, yielding a sample size that was more than
large enough to generate consistent results.

We applied two nonparametric tests to analyze
the sample distribution: the Shapiro—Wilk test
and the Kolmogorov—Smirnov test with Lilliefors
correction. We used the Shapiro-Wilk test
because it requires no prior knowledge of the data
distribution and the Kolmogorov—Smirnov test
because it is one of the most widely used to com-
pare two samples. The Lilliefors correction com-
pares the data with the reference mean and
variance of a normal distribution, allowing the
data to be compared with a normally distributed
sample. As such, the Lilliefors correction serves
to make the nonparametric Kolmogorov—Smirnov
test a normal distribution test.%?

The results of the Shapiro—Wilk and Kolmogorov—
Smirnov tests showed that the sample does not
follow a normal distribution (Supplemental
Material I). Thus, we used three nonparametric
tests to analyze the data collected in the survey:
the binomial test, the Wilcoxon signed-rank test,
and the Mann—Whitney U test. The binomial test
is used when there are two distinct dichotomous

groups within the sample. It was used to analyze
whether the sample follows a 50% distribution for
each group of respondents (HKRs and GKRs).
This test shows whether one group overlaps the
other and whether a predominant group influ-
ences the results. The Wilcoxon signed-rank test
was used to assess the standard response of the
respondents. This test ranks responses in ascend-
ing order (i.e. 1 for the observation with the few-
est responses, 2 for the observation with the
second fewest responses, etc.). Based on this clas-
sification, we analyzed the median of the sample
to assess whether there was a statistically signifi-
cant pattern of responses. As there were two dis-
tinct groups of respondents, we used the
Mann-Whitney U test to assess whether their
level of knowledge interfered with the results: that
is, whether the responses followed a statistically
homogeneous pattern. All statistical analyses
were performed using IBM-SPSS Statistics 26,
and the complete results are available in
Supplemental Material 1.

Results

Of the 46,921 researchers invited, 2977 agreed to
participate in the study, meaning a response rate
of 6.34%. The breakdown of the respondents by
knowledge group was as follows: 14.75% HKRs,
33.29% GKRs, 44.98% SKRs, and 6.99% NKRs.
As mentioned in the section ‘Methods’, SKRs
were not included in the results reported here
(but their responses are available in Supplemental
Material I), and the NKRs were disqualified from
the survey. The HKRs’ and GKRs’ responses
totaled 1430, 72.94% of which were fully com-
pleted. This gives us a representative sample with
a 95% confidence level and a margin error of
2.6%. Figure 2 shows the demographics of the
HKRs and GKRs (percentages less than 4.5% are
available in Supplemental Material I).

Descriptive analysis

The Orphanet groups of rare genetic diseases rep-
resenting the respondents’ expertise are depicted
in Figure 3 (only groups with a frequency of at
least 1.5% in at least one of the two knowledge
levels). From the 33 Orphanet groups, only sea
blue histiocytosis was not selected by any respond-
ent. The group ‘rare genetic neurological disor-
der’ had the highest frequency among HKRs and
GKRs (27.51% and 23.18%, respectively). The
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Figure 2. Demographics of the respondents.

group ‘rare inborn errors of metabolism’ was the
second highest (15.07% and 10.43% for the
HKRs and GKRs, respectively). ‘Rare genetic eye
diseases’ ranked third among the HKRs (10.29%)),
while for the GKRs (9.27%), the third most rep-
resentative group was ‘rare genetic hematologic
disease’.

(including the Middle East)

Location (n=1,166)

100%

50% 75%

North America
(including Central America and the Caribbean)

Europe

Most of the respondents (57.45% of HKRs and
52.39% of GKRs) expected genetic therapies to
be the standard of care for rare genetic diseases in
less than 15 years (Figure 4). Slightly more HKRs
expected genetic therapies to have long-lasting
effects after 2036 (39.55%) than before it
(38.29%). The GKRs’ opinions on this topic
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High knowledge (n=418) Good knowledge (n=949)
Rare genetic neurological disorder- 27.51% 23.18%
Rare inborn errors of metabolism- 15.07% 10.43%
Rare genetic eye disease 10.29% 5.80%
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Rare genetic hematologic disease 6.46% 9.27%
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Rare genetic skin disease 2.63% 3.06%
Rare geneic dovelopmentardefoct | | 2
Rare genetic renal disease 2.15% 2.53%
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Rare genetic hepatic disease - 1.91% 1.16%
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Rare genetic tumor- 1.20% 2.11%
Rare chromosomal anomaly{ = 0.72% 3.37%
Others 1 6.46% 12.33%
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Figure 3. Distribution of respondents among Orphanet groups of rare genetic diseases, according to their research expertise.
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Figure 4. Likelihood of genetic therapies becoming standard of care, having long-lasting effects, and curing rare genetic diseases.
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Vectors most likely to succeed in fixing or replacing defective genes in the next 15 years

High knowledge (n=410)

Good knowledge (n=925)

Viral vectors

Non-viral vectors 44.39%

62.81%

0% 20% 40% 60%

Ranking of the approaches most likely to succeed in fixing or replacing defective genes in the next 15 years

80% 0% 20% 40% 60% 80%

High knowledge (n=353) Good knowledge (n=708)
ZFNs 2.26 2.15
Meganucleases 1.60 1.73
0 1 2 3 4 0 1 2 3 4

Figure 5. Likelihood of success in fixing or replacing defective genes in the next 15 years.

were more divided, with 44.82% expecting long-
lasting effects to be achieved only after 2036 and
30.53% expecting this to happen before 2036.
The HKRs appeared to be slightly more optimis-
tic than the GKRs about the likely time frame in
which genetic therapies would be able to cure rare
genetic diseases, as 44.81% of them expect this to
happen within 15 years (versus 38.47% for the
GKRs). Nonetheless, both groups were largely in
agreement (more than 80%) that this was likely to
occur sometime in the future.

The majority of the HKRs (55.61%) believed
viral vectors were the most likely to succeed in
fixing or replacing defective genes in the next
15 years, while most of the GKRs (62.82%)
chose non-viral vectors (Figure 5). In turn, the
opinions of the HKRs and GKRs were similar
regarding the likelihood of CRISPR-Cas9,
TALENSs, ZFNs, and meganucleases succeed-
ing in fixing or replacing defective genes in the
next 15 years. Although there were some differ-
ences in the values shown in the ranking, the
order of preference of the HKRs and GKRs was
the same, with CRISPR-Cas9 being the most
likely to succeed and meganucleases the least
likely.

Statistical analysis

The binomial test showed that the sample was not
homogeneously distributed, with a predominance
of GKRs. For the questions that the Mann-—
Whitney U test showed that the level of knowledge
influenced the results, the frequency distribution
of responses suggests the following: (1) the GKRs
believed that genetic therapies were likely to have
long-lasting effects after 2036 (44.8%), while
HKRs were divided as to how long it might take
(38.3% before and 39.5% after 15 years); (2) the
HKRs were more positive about the likely success
of viral vectors (55.61%), while the GKRSs’ prefer-
ence was for non-viral vectors (62.81%); and (3)
the HKRs expect CRISPR-Cas 9 to be the most
likely to fix or replace defective genes in the next
15 years (81.8%) and did not expect meganucle-
ases to achieve this in the same time frame
(58.6%). Finally, the Wilcoxon signed-rank test
showed that genetic therapies (1) will likely be the
standard of care for rare genetic diseases before 15
years; (2) are likely to have long-lasting effects
after 2036, not requiring repeated interventions;
and (3) will likely lead to a cure for rare genetic
diseases after 15 years. This test also shows that
viral vectors are more likely to successfully fix or
replace defective genes than non-viral vectors.
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Discussion

There are no approved treatments for approxi-
mately 95% of rare diseases.”* About 30% of
patients with rare diseases die before their fifth
birthday, and therapeutic options are limited to
symptom control and comfort care.* For the 5%
of rare diseases with approved treatments, the
therapeutic options include small-molecule
drugs, protein or enzyme replacement, antibody
therapies, autologous transplants, and, more
recently, genetic therapies.242%94

Genetic therapies began to be developed in the
last quarter of the 20th century and since then
have been a source of hope for patients with rare
genetic diseases.%® Their target is to either replace
or restore the function of a gene or to suppress the
action of a pathogenic gene.?* By replacing,
removing, or silencing the genetic code causing
the disease, they are expected to be a solution for
rare monogenic genetic diseases.?8

Globally, about four genetic therapies for rare
genetic diseases have been approved and mar-
keted.?® Yet, most of our survey respondents
believed genetic therapies would be the standard
of care for rare genetic diseases before 15 years.
Glybera was the first genetic therapy product to
enter the market. It was approved for use in
Europe in 2012 to treat lipoprotein lipase defi-
ciency, a rare genetic disease. It was, however,
withdrawn from the market in 2017, before
obtaining FDA approval for use in the United
States.*8 The withdrawal was not related to safety
issues; it occurred because it was an extremely
expensive treatment that did not offer long-last-
ing benefits to patients.?5 Also in 2017, Luxturna
became the first genetic therapy approved by the
FDA to treat leber congenital amaurosis, a rare
genetic disease.?® In 2019, another genetic ther-
apy was approved by the FDA: Zolgensma for
spinal muscular atrophy.%¢

Luxturna and Zolgensma are single-dose treat-
ments®® designed to induce long-lasting curative
effects.?® Yet, research with animal models has
indicated that long-lasting therapies without
repeated interventions may not be possible for all
monogenic diseases.®” These studies suggest that
the effects of genetic therapy last when a chromo-
somal integration between the functional gene
and the patient’s cells is established.®” While most
of the GKRs to our survey expected genetic ther-
apies to have long-lasting effects and not require

repeated interventions only after 2036, the HKRs
were divided about how long it would take. Long-
lasting genetic therapies could increase the qual-
ity and expectancy of patients’ lives’l:74 and
amortize the costs.?3

Gene therapy and gene editing promise to go
beyond controlling symptoms to actually fix or
replace the source of the problem, the defective
gene.>% Thus, genetic therapy is expected to lead
to a cure for most monogenic disor-
ders.%10,13,14,16,3254 - According to most of our
respondents, a cure for rare genetic diseases via
genetic therapies is not likely to occur in less than
15 years. This expectation seems reasonable given
the challenge of curing these diseases and the cur-
rent stage of development of genetic therapies.
Today, for example, researchers are still trying to
identify the best vectors and approaches to fix or
replace defective genes.?2:53:77

The effectiveness of gene therapy — which uses a
vector to deliver a functional gene into the cell —is
directly related to the vectors’ ability to transfer
the gene without activating oncogenes or generat-
ing immune or inflammatory reactions.!517
Activation of oncogenes has been reported in
clinical trials of gene therapies in which patients
developed leukemia related to the viral vector
used in the treatment, in this case retrovirus.53
For its part, immune and inflammatory reactions
may reduce the effectiveness of the treatment and
even make new attempts impossible because the
patient’s immune system may start recognizing
and rejecting the vector.17-32

While viral vectors such as AAV, lentivirus, and
retrovirus may cause immune or inflammatory
reactions, they are widely used in gene therapy
because they are very effective in delivering the
functional gene into the cell.34% For example,
Luxturna and Zolgensma, the FDA-approved
gene therapies for genetic diseases, are both AAV-
based.*® Compared with viral vectors, the therapy
with non-viral vectors such as liposomes, elec-
troporation, plasmids, peptides, and mRNA are
less likely to cause immune and inflammatory
reactions, activate oncogenes, or generate off-tar-
get effects, and they are also low cost. They are,
however, less effective than viral vectors in gene
transfer.”>1°

For gene editing, the type of vector is also rele-
vant as this is what is responsible for delivering
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the nuclease safely inside the cell.?® The first
CRISPR-based therapy to enter clinical trials
uses an AAVS5 to deliver a Cas9 enzyme, which
mutates the CEP290 gene, the cause of leber con-
genital amaurosis, a rare genetic disease.®
However, AAV vectors have a limited packaging
capacity and may not be appropriate for carrying
larger nucleases like some CRISPR-Cas sys-
tems.?? Lentivirus vectors are an alternative as
they offer a higher packaging capacity, yet they
have a higher propensity to generate off-target
effects.?3 Non-viral vectors have a higher packag-
ing capacity and are more tolerable by immune
systems than viral vectors, but despite these
advantages they have been used less than viral
vectors in gene editing research.!%0 Overall, the
survey’s respondents had different expectations
about which vectors would be better for fixing or
replacing defective genes in the next 15 years.
The HKRs believed viral vectors were the most
likely and the GKRs thought non-viral vectors
were more promising.

Gene editing techniques are still at the clinical
trial stage, but their potential to replace, remove,
or add fragments to DNA to correct a defective
gene has already been demonstrated in animal
models.¥” Two examples are SB-FIX and
CTXO001. The former is a candidate therapy that
uses ZFNs and is being tested for hemophilia,!3
and the latter is a candidate therapy that uses
CRISPR-Cas9 and is being tested for thalassemia
and sickle cell disease.*® CRISPR-Cas9 is consid-
ered the most promising gene editing tool,22.101
which is in line with the respondents’ expecta-
tions. Compared with ZFNs, TALENSs, and meg-
anucleases, CRISPR-Cas9 is less complex, more
accurate, and costs less.47:63 Yet, the other
approaches are less likely to generate off-target
effects.’6

Conclusion

This article presented the opinions of 1430
researchers working with rare diseases from
around the world on the future of genetic thera-
pies to treat rare genetic diseases. Overall, they
expect genetic therapies to be the standard of care
for rare genetic diseases before 2036 and to cure
them after this period. They also believe CRISPR-
Cas9 is the most likely gene editing approach to
succeed in fixing or replacing defective genes in
the next 15 years. In turn, while the respondents
with a good level of knowledge believe genetic

therapies will have long-lasting effects after 2036,
those with high knowledge are divided on this.
Respondents with good and high levels of knowl-
edge also have different opinions on the most
likely delivery method for fixing or replacing
defective genes in the next 15 years. The former
believes in non-viral vectors and the latter in viral
vectors.
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