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Abstract
Personalized medicine holds high promise but has proven an ex-
pensive endeavor under current regulatory frameworks. By defi-
nition, personalized medicine will not only apply to a subset of 
patients classified under a general disease state, but the designed 
nature of the pharmaceutical should preclude off label use for 
the other patients. This creates a paradigm with roughly the same 
cost to develop a pharmaceutical with diminished returns (as-
suming similar charges per patient). The spectrum of personal-
ized medicine will be discussed ranging from large populations 
sharing gene sequences, to CRISPR/Cas9 therapy specific to a 
single patient, to cancer of a single patient at a single moment, 
to split intein designed therapeutics detecting cell states at an 
organismal level at a point in time.

The exponential cost reduction for reading genetic material and 
manufacturing personalized biomolecules has caused therapeu-
tic development capability to outpace policy adjustments. This 
article will review the recent personalized medicine advances 
moving from the past (and less personalized) to the present and 
future (more personalized) going from genetic counseling, Cyst-
ic Fibrosis (CF), CRISPR/Cas9, cancer, to split intein therapeu-
tics. Minor legal adjustments concerning personalized medicine 
have occurred but after years of legal allowance in the opposite 
direction. For example, the company 23andMe began offering 
direct to consumer genetic testing in late 2007, and there was a 5 
year lag (2013) after which the FDA forced suspension of sales 
until regulatory approval was obtained. 23andMe then started on 
what looked like a long road in which they would need to get ge-
netic testing for each disease approved one at a time. However, 
the regulation ended up boomeranging in a more lenient direc-
tion. After 23andMe worked to get the genetic test for Bloom 

syndrome approved, the FDA broadly “classified carrier screen-
ing tests as class II and made exempt these devices from FDA 
premarket review. ... [which] creates the least burdensome reg-
ulatory path for autosomal recessive carrier screening tests with 
similar uses to enter the market” [1]. When possible, if devices 
or therapeutics can be broadly classified in such a manner it sim-
plifies regulation by orders of magnitudes. The ethical balance 
being weighed in this case was the benefit versus risk of over 
testing the general population and conveying to them some frac-
tional increased risk of diseases which would most likely never 
affect them. At the time, this cutting-edge exchange resulted in 
the founder of 23andMe, Anne Wojcicki, posting on the com-
pany website, “This is new territory for both 23andMe and the 
FDA. This makes the regulatory process with the FDA important 
because the work we are doing with the agency will help lay the 
groundwork for what other companies in this new industry do 
in the future” [2]. In retrospect the diagnostic testing done by 
23andMe seems like an easier decision to broadly allow than 
the much more potentially harmful personalized therapeutics on 
the horizon. Having a legal regulatory path laid in advance helps 
both company and patient, be it in choosing tests/therapies to 
develop or purchase respectively.

Cystic Fibrosis (CF) is one of the most recently promising dis-
orders for which personalized medicine therapeutics are being 
used. CF therapy has proven successful under the current defini-
tion of personalized medicine for a few reasons, namely because 
there is a large patient population but the genetic mutations fall 
into a limited number of subgroups with known protein ramifi-
cations, and molecular interventions. CF is caused by a deficien-
cy in the CFTR gene which codes for a chloride channel. The CF 
defects are often put in six classes: class I - no CFTR synthesis, 
class II - CFTR trafficking defect, Class III - defective channel 
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regulation, class IV - decreased channel conductance, class V - 
reduced CFTR synthesis, and class VI - decreased CFTR stabil-
ity. The most ubiquitous CF mutation is a 3 base-pair deletion in 
CFTR designated ▲F508 in which a phenylalanine is removed. 
The ▲F508 CFTR has been shown to have reduced chloride 
conductance if incorporated in the cell membrane. However, 
the phenylalanine deletion prevents proper protein folding and 
membrane insertion, instead destining the protein for degra-
dation. While this strictly should be classified in three classes 
(class II, IV, and VI), by far the biggest phenotypic detriment is 
due to its inability to get inserted in the cell membrane. A class 
of compounds called correctors (e.g., Lumacaftor©) have been 
shown to functionally get enough CFTR inserted in the mem-
brane to alleviate CF phenotype [3-6]. Patients with the ▲F508 
can in fact take combination personalized medicine adding a po-
tentiator (e.g., Ivacaftor©) which helps CFTR fold better to in-
crease conductance, in a synergistic way with correctors orthog-
onal functionality [7]. Cystic Fibrosis represents an interesting 
druggable disease that fits in our current regulatory framework, 
in that the economics of current clinical trials allows a viable 
path forward for developing personalized therapeutics [8]. Even 
in such a molecularly well understood disease state, nontargeted 
therapeutics are being applied in a “personalized” therapeutic 
manner. For example, patients with class I CF can have non-
sense mutations in which a premature stop codon results in no 
full length functional CFTR being transcribed. Read-through 
compounds (e.g., Ataluren©) can be used to cause polymerase 
to continue transcription past the premature stop codon a por-
tion of the time and create enough full length CFTR to alleviate 
some of the harmful thick mucus found in CF [9]. These drugs 
are not uniquely applicable to genetic nonsense mutations in CF 
and are therefore financially more targetable, for example being 
used on other patient populations such as those with Duchenne 
and Becker muscular dystrophy [10,11]. It is worth noting these 
read-through compounds cause all proteins in the body to read 
through their normal stop codons at some level. Presumably 
these larger proteins are largely degraded as the side effects of 
these therapies have not been deemed worse than their benefits 
[12]. In addition to all of these patient specific CF small mol-
ecule therapeutics, there is continued hope for the use of gene 
therapy to incorporate a fully functional CFTR gene, which iron-
ically would be less personalized since it would work on patients 
in all CF classes, be more widely applicable, and therefore pos-
sibly more commercially viable than the above mentioned class 
specific compounds.

CRISPR/Cas9 is likely the most preeminent medical biotech 
development in the last decade. Part of a bacterial defense sys-
tem, CRISPR/Cas9 are genomic stretches that allow cutting out 
of foreign viral DNA from bacteria genomes, in effect provid-
ing the bacteria with acquired immunity. This system has been 
co-opted for use as a therapeutic by selectively targeting any 
specific location in the human genome, via a guide RNA strand, 
allowing for the cutting out and/or insertion of genomic material 
(Figure 1). In effect, CRISPR/Cas9 seems to provide a broadly 
applicable solution for gene delivery. Delivery of genomic ma-

terial remains a separate hurdle. If cells are removed from the 
patient, techniques such as electroporation can be used, and then 
injected back into the patient. Targeting cells in vivo with CRIS-
PR/Cas9, such as neurons, require more sophisticated delivery 
vehicles such as lentivirus or adenovirus. The administration of 
genetic material in vivo via virus poses greater risk, especially 
if the genetic material is ideally only making it to a subset of 
cells. The mostly likely early targets will be patients which are 
homozygous for nonfunctional proteins which would be benefi-
cial in all cells, such as Cystic Fibrosis. Currently the delivery 
of a specific CRISPR/Cas9 genomic sequence inside a specific 
delivery vesicle would have to undergo clinical trials as a single 
entity. If, for example, a better delivery vesicle was discovered 
it could not be broadly applied to multiple different CRISPR/
Cas9 therapies without their undergoing repeated clinical tri-
als as new “single units” of therapy. While the gold standard of 
clinical trials is rarely doubted, the cost/benefit of personalized 
medicine could likely change that in the next 20-30 years. An 
entire patient’s genome can now be sequenced for under $1,000 
USD [13,14]. Having the ability to PCR a CRISPR/Cas9 that is 
specific to a patient, which would have less off target integra-
tion, and increased targeted integration, will be a hard ability 
to not take advantage of. By definition, there could never be a 
clinical trial with a classical patient population that is unique to 
one individual on the planet. So a decision will have to be made 
of if we want to use the known uniqueness of a patient’s entire 
genome to give them the penultimate personalized medicine or 
administer broadly tested genetic material that is anticipated to 
have worse efficacy and side effects. While there is a well-de-
served kneejerk reaction to never sway from a 1,000+ clinical 
trial size, once a CRISR/Cas9 sequence working at a personal 
level has repeatedly shown increased efficacy with large statisti-
cal significance, a new age of on demand genomic therapy could 
begin. While cancers have generically been treated much longer 
than many specific protein deficiency diseases being targeted by 
CRISPR/Cas9, cancers actually pose an even more personalized 
level of medicine in that the cancers genome can change in a 
temporal fashion. One could imagine attacking a cancer with a 
CRISPR/Cas9 made specifically for one patient, and then having 
that same patient receive a different and newly created CRISPR/
Cas9 if the cancer evolves outside the original targets range (or 
recurs years later).

A last example, which is still decades away but describes even 
more complexity, is the use of something like split inteins in 
combinations in medicine. Split inteins were naturally found pro-
teins that bind and cleave themselves out while creating a new 
amide bond between their polypeptide tails, thereby creating a 
new protein posttranslationally. While currently used largely in 
the lab for protein labeling and larger peptide synthesis, these 
split inteins seem like natural nanomachines which can start to 
be developed to act in an engineered systems biology method in 
vivo for a patient. Imagine various split inteins floating around 
and “detecting” various diseases states, such as insulin resist-
ance, at which point they splice together a protein to take new 
action. The development of such modules would exponentially 
increase our ability to modify human health in a temporal fash-
ion. The rise of epigenetic knowledge suggests there are biolog-
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ical targets we will want to have protein nanomachines act on 
at the speed of our circadian rhythm (24 hours). Such a systems 
biology framework would be combinatorially difficult to test in 
a classical clinical format. As few as 70 split inteins could inter-
act in vivo to create googol combinations, 1 with 100 zeroes after 
it or 70 factorial. There would be an immense chance to do harm 
in such a system, and such therapies are not yet on the horizon. 
However, if a group of split inteins or a “module” of therapies 
like split inteins were found to be safe in vivo, one could imagine 
several of these modules being developed and eventually being 

designed to work together. In a sense, at that stage, drug de-
sign will have to adopt concepts from computer programming. 
Hopefully international standards would prevent Pfizer, Lilly, 
and Merck from developing incompatible modules (analogous 
to Windows, Mac, and Android) but would instead agree on a 
common genetic honing, targeting, and reserved space frame-
work (analogous to HTML5). Forward looking policy is needed 
not only to safeguard patients, but also to spur economic devel-
opment in the personalized medicine universe.

Figure 1: Various levels of personalized medicine. A) Currently personalized medicines undergo the same large 
scale clinical trials and are then marketed to a large subset of patients in a larger disease set (e.g., millions of pa-
tients with Cystic Fibrosis). B) In the near future CRISPR/Cas9 will be used to target similarly sized populations 
that share genetic defects, but will then likely be used to target more personalized genetics even going so far as to 
be designed for a single patient’s cancer at a particular moment. C) Biomolecules which are designed to act at a 
systems biology level, such as split inteins, could eventually be designed to detect a single cells state, in a single 
patient, at a single moment, and take action in vivo. The current framework of large clinical trials breaks down 
as therapies are designed on the right side of the figure above. The penultimate personalized medicine, meaning 
medicine that works better in the single patient than any other person (which should be possible to design based 
on genetic therapies) will by definition not be able to have an accurate classical clinical trial with 1,000+ people.



Citation: Arbor S (2017) Personalized Medicinal Complexity Beyond Single Clinical Trials: Gene Therapy, Pharmaceuticals Combinations, and Modular Biological 
Nanomachine Frameworks. J Biochem Chem Sci 2017: 24-27.

 J Biochem Chem Sci 2017: 24-27.                                                                                                                                                                                                         .04.

References
1. US Food and Drug Administration (2015) “Press Announcements - 

FDA Permits Marketing of First Direct-to-Consumer Genetic Carrier 
Test for Bloom Syndrome.” US Food and Drug Administration, USA. 

2. Wojcicki, Anne (2013) “An Update Regarding The FDA’s Letter to 
23andMe.” 23andMe Blog, November 26, 2013.

3. Quon BS, Rowe SM (2016) New and Emerging Targeted Therapies 
for Cystic Fibrosis. BMJ 352: 859. 

4. Quon BS, Wilcox PG (2015) A New Era of Personalized Medicine for 
Cystic Fibrosis - at Last! Can Respir J 22: 257-260.

5. Wilschanski M (2013) Novel Therapeutic Approaches for Cystic Fi-
brosis. Discov Med 15: 127-133.

6. Alton EWFW, Armstrong DK, Ashby D, Bayfield KJ, Bilton D, et al. 
(2015) Repeated Nebulisation of Non-Viral CFTR Gene Therapy in 
Patients with Cystic Fibrosis: A Randomised, Double-Blind, Place-
bo-Controlled, Phase 2b Trial. Lancet Respir Med 3: 684-691.

7. Barrio R (2015) Management of Endocrine Disease: Cystic Fibro-
sis-Related Diabetes: Novel Pathogenic Insights Opening New 
Therapeutic Avenues. Eur J Endocrinol 172: 131-141.

8. Edmondson C, Davies CJ (2016) Current and Future Treatment Op-
tions for Cystic Fibrosis Lung Disease: Latest Evidence and Clinical 
Implications. Ther Adv Chronic Dis 7: 170-183.

9. McDonald CM, Campbell C, Torricelli RE, Finkel RS, Flanigan KM, 
et al. (2017) Ataluren in patients with nonsense mutation Duchenne 
muscular dystrophy (ACT DMD): a multicentre, randomised, dou-
ble-blind, placebo-controlled, phase 3 trial. Lancet 390: 1489-1498.

10. Bushby K, Finkel R, Wong B, Barohn R, Campbell C, et al. (2014) 
Ataluren treatment of patients with nonsense mutation dystrophin-
opathy. Muscle Nerve 50: 477-487.

11. López-Hernández LB, Gómez-Díaz B, Luna-Angulo AB, Anaya-Se-
gura M, Bunyan DJ, et al. (2015) Comparison of mutation profiles 
in the Duchenne muscular dystrophy gene among populations: im-
plications for potential molecular therapies. Int J Mol Sci 16: 5334-
5346.

12. Bönnemann C, Finkel R, Wong B, Flanigan K, Sampson J, et al. 
(2007) G.P.3.05 Phase 2 Study of PTC124 for Nonsense Mutation 
Suppression Therapy of Duchenne Muscular Dystrophy (DMD). 
Neuromuscular Disorders 17: 783.

13. Krier JB, Kalia SS, Green RC (2016) Genomic Sequencing in Clini-
cal Practice: Applications, Challenges, and Opportunities. Dialogues 
Clin Neurosci 18: 299-312.

14. National Institute of Health (2016) “The Cost of Sequencing a 
Human Genome.” National Human Genome Research Institute 
(NHGRI), National Institute of Health.

https://blog.23andme.com/news/an-update-regarding-the-fdas-letter-to-23andme/
https://blog.23andme.com/news/an-update-regarding-the-fdas-letter-to-23andme/
http://www.bmj.com/content/352/bmj.i859
http://www.bmj.com/content/352/bmj.i859
https://www.ncbi.nlm.nih.gov/pubmed/26083544
https://www.ncbi.nlm.nih.gov/pubmed/26083544
https://www.ncbi.nlm.nih.gov/pubmed/23449115
https://www.ncbi.nlm.nih.gov/pubmed/23449115
https://www.ncbi.nlm.nih.gov/pubmed/26149841
https://www.ncbi.nlm.nih.gov/pubmed/26149841
https://www.ncbi.nlm.nih.gov/pubmed/26149841
https://www.ncbi.nlm.nih.gov/pubmed/26149841
https://www.ncbi.nlm.nih.gov/pubmed/25336504
https://www.ncbi.nlm.nih.gov/pubmed/25336504
https://www.ncbi.nlm.nih.gov/pubmed/25336504
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4907071/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4907071/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4907071/
https://www.ncbi.nlm.nih.gov/pubmed/28728956
https://www.ncbi.nlm.nih.gov/pubmed/28728956
https://www.ncbi.nlm.nih.gov/pubmed/28728956
https://www.ncbi.nlm.nih.gov/pubmed/28728956
https://www.ncbi.nlm.nih.gov/pubmed/25042182
https://www.ncbi.nlm.nih.gov/pubmed/25042182
https://www.ncbi.nlm.nih.gov/pubmed/25042182
https://www.ncbi.nlm.nih.gov/pubmed/25761239
https://www.ncbi.nlm.nih.gov/pubmed/25761239
https://www.ncbi.nlm.nih.gov/pubmed/25761239
https://www.ncbi.nlm.nih.gov/pubmed/25761239
https://www.ncbi.nlm.nih.gov/pubmed/25761239
http://www.ndsl.kr/ndsl/search/detail/article/articleSearchResultDetail.do?cn=NART32948406
http://www.ndsl.kr/ndsl/search/detail/article/articleSearchResultDetail.do?cn=NART32948406
http://www.ndsl.kr/ndsl/search/detail/article/articleSearchResultDetail.do?cn=NART32948406
http://www.ndsl.kr/ndsl/search/detail/article/articleSearchResultDetail.do?cn=NART32948406
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5067147/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5067147/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5067147/
file:///D:\Norcal\BCCS\National%20Institute%20of%20Health%20(2016)
file:///D:\Norcal\BCCS\National%20Institute%20of%20Health%20(2016)
file:///D:\Norcal\BCCS\National%20Institute%20of%20Health%20(2016)

