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CRISPR-Cas9 — CRISPR for short — is a rev-
olutionary new genome engineering tool. In 
its burgeoning career as the supposed genet-
ic research tool to end all research tools, it 
has enabled scientists to edit and study our 
genes with unprecedented accuracy, speed, 
and low cost. Yet even with all its benefits, 
the original CRISPR system still comes with 
flaws. Some regions of the genome remain 
unsnippable to CRISPR’s scissors. CRISPR 
edits may cause inadvertent gene changes 
elsewhere outside the targeted gene, known 
as off-target mutations. Most significantly, 
CRISPR is great for cutting genetic infor-
mation, but less so for pasting it into the ge-
nome. Genetic material is easily excised but 
inefficiently edited to scientists’ desires. 

A new CRISPR-based gene editing sys-
tem developed by the Liu Lab of the Eli 
and Edythe L. Broad Institute of MIT and 
Harvard promises to solve these and other 
issues. The Broad scientists dub their robust, 
“search-and-replace” method of genome en-
gineering “Prime Editing,” a system that re-
duces off-targets, increases on-targets, and 
provides seemingly unlimited options for 
insertion and deletion of genetic material. 
Some researchers say the technology could 
never reach the clinical importance of more 
traditional CRISPR therapies while others 
praise it as the next generation of CRISPR, 
a replacement that promises to edit out to 
89% of disease-causing genetic variants. 

Professor of Genetics, Genomics and De-
velopment at the University of California, 
Berkeley Fyodor Urnov, who peer-reviewed 
the paper, said prime editing “well may be-
come the way that disease-causing muta-
tions are repaired."2 This article will explore 
how the Liu Lab’s inquiries into gene editing 
systems led to the creation of prime editing, 
its potential limitations, and what’s next for 
researchers in improving prime editing and 
utilizing the technology in research and 
clinical practice.

Before Prime, There was Base Edit ing 
The Thomas Dudley Cabot Professor 

of Natural Sciences at Harvard Universi-
ty, David R. Liu, has no shortage of break-
throughs in his lab. In October of 2017, the 
Liu Lab debuted its first CRISPR improve-
ment. Then-postdoctoral fellow Alexis Ko-
mor — who now leads her own lab at the 
University of California, San Diego — and 
Liu were discussing potential innovations 
on the tried-and-true CRISPR system. 

They looked into a specific mechanism of 
mutation. Cytosine, one of the four DNA 
bases that make up the genetic code, can 
sometimes accidentally be “deaminated” in 
which a crucial chemical component of the 
base is lost. The cell’s innate repair system 
will kick in, but it can mistake the broken 
C as a T and repair the base pair to a T-A 
rather than a C-G. What if a CRISPR-based 
system could exploit this system to create 
precise, single base edits, something typical 
CRISPRs could never accomplish with high 
accuracy and efficiency?

Eventually the team fused a catalytical-
ly-dead Cas9—meaning the protein had 
limited to no cutting abilities—to a deam-
inase that performs the exact step of deam-
ination. This would later become known as 
Base Editing. The researchers catalogued 
and developed multiple iterations of base 
editors, each with different specificities and 
levels of success. Through a complex but 
speedy process known as PACE (which the 
Liu Lab had previously invented back in 
2011), the researchers evolved a new deam-
inase to perform their desired base edit. 

At the end of the day, Komor and team 
had a series of base editors that could tar-
get and perform four of the 12 possible 
single-base changes with high efficiency.4 

But there was one issue—base editors could 
replace one base but not provide a method 
to edit the other half of the DNA, the com-
plementary base that should pair with the 
edited base. As Dr. Liu described it, the two 
had a mini “eureka moment”.3 If you nick 
the unedited strand using Cas9, it tricks the 
cell into thinking that strand is damaged, 
activating DNA repair. The DNA repair 
mechanisms will use the unbroken, edited 
strand as a template to repair the nicked 
strand, leading to a fully-edited base pair of 
interest. 

Since, researchers around the 
world have optimized 
and spread base edit-
ing technology. The 
system was short-
listed for Sci-
ence Magazine’s 
Breakthrough 
of the Year. 
Prof. Liu went 
on to co-found 
Beam Therapeu-
tics, a start-up aimed 
at bringing base editing to 

the clinic.5 Diseases 
like sickle cell anemia or 
phenylketonuria that are caused 
by single-base errors in the genetic code 
could be on base editors’ radar.

But how does this relate to prime editing? 
This discovery in many ways was a practice 
run for prime editing. The lab, having now 
experienced creating a revolutionary gene 
editing technology, had a protocol for deal-
ing with such a breakthrough. It provided 
the transition states from an idea to hypoth-
esis to publication and commercialization. 
More importantly, the researchers became 
acquainted with nicking single strands us-
ing a catalytically-dead Cas9 which would 
become crucial in the prime editing sys-
tem. They saw the benefits of making sin-
gle-stranded breaks to the DNA as opposed 
to catalytically-alive Cas9 that would com-
pletely cut the DNA and introduce mu-
tations at a high rate at the target site. But 
more on those concepts later.

Problems, Conception, and Protein Appen-
dicat ion 

As mentioned before, CRISPR has many 
limitations that prevent it from reaching 
every obscured corner of the genome or its 
usability in research and clinical settings. 
Most noticeably, Cas9 introduces off-tar-
gets. In vivo, Schaefer et al. demonstrated 
that CRISPR-edited mice experienced a 
substantially higher mutation rate and 100+ 
indels (insertions or deletions of DNA) than 
untreated mice.6 Should patients undergo a 
CRISPR therapy, they run the risk of off-tar-
get mutations turning benign genes malig-
nant, to cancers or otherwise malfunctional 
proteins that could cause harm. Medical 
ethicists have argued that CRISPR therapies 
should only be used in the most serious cas-
es, where the potential benefits of the treat-
ment clearly outweigh the off-target risks. 

P r im e  E d i t in g  E x c e ls  W h e r e  
C R IS P R  C u t s  C o r n e r s         Simon Levien 

general article    2019 Issue    1

So
ur

ce
: C

on
ne

xi
on

s, 
W

ik
im

ed
ia

 C
om

m
on

s 
 S

ou
rc

e:
 L

iu
 L

ab

   Prof. David Liu                    Post-doc  Andrew Anzalone



One of the caus-
es of off-target 

mutations is 
the fact that 
Cas9 is fairly 
non-specif-
ic. Cas9 uses 

a research-
e r - s p e c i f i e d 

piece of gRNA to 
target a gene; however, 

Cas9 itself can only bind at locations with 
an “anchor sequence” known as the PAM—
typically NGG, where N is a variable DNA 
base. Because this three-base sequence is so 
simple, Cas9 can latch to many places in the 
genome; yet it is still restrictive. If you have 
a desired gene to cut, you can only cut the 
gene at a location ending with NGG, limit-
ing how many sites of interest CRISPR can 
reliably target.

Finally, CRISPR can only induce dou-
ble-stranded breaks. Such breaks are “ge-
nome vandalism” according to Harvard 
Medical School Professor George Church.2 

It introduces tons of mutations and pro-
vides few avenues for controllable gene 
editing. The best scientists can do is cut 
the DNA at the desired location, provide a 
DNA template, and hope that cellular ma-
chinery incorporates that new template into 
the genome. It’s neither terribly efficient nor 
accurate.

These weaknesses set the stage perfectly 
for some ideal CRISPR surrogate to swoop 
in and ideally minimize all these problems. 
And that got the Liu Lab postdoc, Andrew 
Anzalone thinking. The base editing paper 
had just been published in the fall of 2017. 
The scene was almost picturesque. He pur-
portedly got the idea for prime editing while 
finishing up his MD/PhD at Columbia, on a 
long walk through West Village on a stom-
ach full of coffee.7 By 2018, Anzalone had 
joined Liu Lab and his successor to base 
editing was now underway. He postulated 
a gene editing system that could take the 
techniques that made base editing such 
an improvement over CRISPR, appending 
proteins together in much the same fash-
ion, deactivating a catalytically-active Cas9, 
performing only single-stranded breaks, 
and nicking the unedited strand to prompt 
repair. Anzalone’s most important contribu-
tion would be that his system required no 
DNA template. 

Much like the multiple iterations of 
base editors, Anzalone’s experiment went 
through a similar refinement process ulti-
mately leading to what would become prime 
editing. Here’s how it works: the prime ed-

iting complex is a catalytically-dead Cas9 
fused to a reverse transcriptase, a protein 
that can synthesize DNA from an RNA 
template. Instead of gRNA, the researchers 
used a special prime editing guide RNA (pe-
gRNA) that contains a sequence that iden-
tifies the region to edit as well as the edit-
ed sequence to be inserted in the genome. 
Once Cas9 locks onto the targeted location, 
it nicks one strand of DNA. This creates a 
DNA flap that the pegRNA binds to. The 
sequence immediately following the region 
of the pegRNA that binds to the DNA is the 
edited sequence. The reverse transcriptase 
will use the edited sequence region of the 
pegRNA as a template to extend the DNA 
flap and introduce the edit. From here, the 
cell takes over for a bit. Naturally-occurring 
endonucleases, proteins that cut DNA sim-
ilarly to Cas9, will remove the old segment 
of DNA and seal the new, synthesized frag-
ment into the genome. From here we now 
have one edited and one unedited strand. A 
different guide RNA then directs the prime 
editor to nick the unedited strand, much 
like what we saw in base editing, thus spur-
ring DNA repair using the edited strand as a 
template, which fully edits the DNA.1 

Anzalone et al. finished their manuscript 
in late August, 2019 and were published just 
over a month later in October.

 A Primed Future 
Despite a mechanism far harder to grasp 

than the original CRISPR-Cas9 and its 
lengthy paper, prime editing skyrocketed 
to national headlines. Liu and Anzalone 
almost went on a media tour. Microsoft 
Co-founder Bill Gates invited Liu to discuss 
the technology with him. Interviews galore. 
Like base editing, Prof. Liu set up another 
company, Prime Medicine, to fulfill the final 
step in a gene editing technology’s apparent 
life cycle: commercialization. Urnov, upon 
peer-review, said prime editing is “one of 
those ‘yay, science!’ kind of moments.”2

Prime editing can target far more sites 
than CRISPR can. It, on average, induc-
es fewer off-targets than CRISPR does. It 
introduces DNA at far more efficient rates 
than CRISPR and can perform all 12 pos-
sible base-to-base edits base editors aspired 
to accrue. If CRISPR is in its infancy than 
prime editing is still an embryo. It has bare-
ly gotten past the first publication and into 
the hands of another laboratory other than 
Liu’s. But science moves fast and the next 
prime editing experiment is surely around 
the corner. 

But prime editing is no gene editing cure-
all. Base editing and CRISPR still have their 

own strengths and efficiencies over prime 
editing. Most notably, delivery. In a treat-
ment or dose of gene therapy, the gene ed-
iting systems need to be delivered to cells 
in a timely and efficient manner. The prime 
editing system is a molecular behemoth. It 
will not fit in any of the traditional delivery 
methods we use in clinic, such as adeno-as-
sociated virus. Prime editing versus its older 
gene editing sisters may be a way’s off from 
clinical trials, but the innovation remains. 
Though it may not be able to cure 89% of 
disease-causing genetic variants now or 
soon, it provides a handy tool in expanding 
our manipulative reach over our traits, for 
better or for worse.

With base editing, prime editing, and 
even CRISPR as a whole, we see this swelling 
wave of scientific and commercial interest 
with each innovation. It’s almost beautiful, 
how science ebbs and flows as our genetic 
code further unravels into our own hands.

Simon is a sophomore interested in studying 
History of Science. 
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INTRODUCTION 
When William G. Kaelin, Jr. went to bed on October 6, 

2019, he expected to have a normal day when he woke up. 
However, during the night, he had a dream that he had not 
received an important call that was coming in at 5 am. He 
woke up and saw that it was 1 am, so he went back to sleep. 
However, at 5 am, Dr. Kaelin woke-up to a call from Swe-
den, informing him that he had just won the 2019 Nobel 
Prize in Anatomy or Physiology.1 But before he was Dr. 
Kaelin, winner of the 2019 Nobel Prize, he was first William 
Kaelin Jr., a young student in New York City.2

HIGH SCHOOL
William G. Kaelin Jr. was born November 23, 1957 in 

New York City. During his time growing up, we attended 
a public high school in Deerfield, Connecticut. It was in 
high school when he began to explore his academic inter-
ests. His main interest was in mathe-
matics, as it always had “a clear, right 
answer, as opposed to things that were 
highly subjective.” On the topic of bi-
ology, Kaelin didn’t like biology at the 
time because it was “quite descriptive” 
and “liked chemistry and physics a bit 
more because they were quite concep-
tual, a bit more mathematical.” Aca-
demically, he was an average student 
who performed well in math class. As 
Kaelin himself said “I was an A stu-
dent in mathematics. But in my other 
courses, it could be an A or it could 
be a B.’’ However, what inspired him 
to increase his focus on school work 
was when he found a brochure in his 
computer science lab that for a sum-
mer program for juniors with interests 
in math and computer science to learn 
more about the respective fields. By 
being apart of this summer program, 
he began to focus more on his school-
work and getting into a good college.

UNDERGRADUATE EXPERIENCE 
His hard work paid off, as he was accepted and attended Duke 

University, graduating in 1979 with a bachelor’s degree in math-
ematics and chemistry. Kaelin believes that being a late-bloom-
er in high school helped with his undergraduate experience, 
as when he got into college, he wasn’t ”burned out from high 
school.” When it came to his major and deciding to apply to med-
ical school, Kaelin wanted to pursue a passion in math while also 
having an intellectually satisfying career after college. He dou-
ble-majored because he didn’t think he was “quite good enough 
to be an academic mathematician” and he “didn’t know enough 
about job opportunities related to advanced mathematics.” He 
thought about the professions where one could apply “math and 
science and have a simulating career and everything.” This got 
him in the “direction of applying to medical school.”
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FIRST EXPERIENCE WITH RESEARCH
Kaeilin intended to become an academic-physician, 

and thus began doing research in medical school. How-
ever, a medical school professor told him that “his future 
lies outside the laboratory,” which dissuaded him from 
pursuing his original path.3 This occurred in the sum-
mer of his junior year in college. According to Kaelin “I 
was told that if you wanted to apply to medical school, 
it would be a good idea to work in a research laboratory. 
So I worked that summer and the following semester on 
an independent study project, on an absolutely horrible 
project, in-hindsight. I’ve described it as unimportant, 
uninteresting, and undoable. I told my mentor that this 
project was based off artifact and would never be com-
pleted. So he gave me a C- on my first research course and actu-
ally wrote on the margins of my transcript ‘Mr. Kaelin appears 
to be a bright man whose future lies outside the laboratory.’ So 
that solidified in my mind that I was going to be a clinical doc-
tor. And at that time, biology wasn’t that interesting anyways, it 
was descriptive.” Reflecting on the experience, Kaelin described 
it as “terribly discouraging.” But it gave him an important reali-
zation about the way research should be conducted; he contends 
that “struggling in the laboratory, I assumed it was because 
some people are naturally gifted when it came from walking in 
a laboratory and knowing what to do and what questions to ask 

and what laboratory ex-
periments to do. I didn’t 
realize at the time that 
laboratory is often done 
by apprenticeship. You 
just don’t give someone 
a bench and tell them 
what to do. They need a 
little bit of structure and 
need a little bit of help to 
get started.” From this 
experience, the advice 
he wants to share to stu-
dents interested in doing 
research is this: “I real-
ly think that any bright 
person, if they have the 
interest and some drive 
and passion can succeed 
in the laboratory, if they 

have the right mentor and the right laboratory. I would tell any 
young person that if they’re good at science but struggling in 
the laboratory, than maybe they just need to switch laborato-
ries.”

AFTER MEDICAL SCHOOL 
After his undergraduate term, he continued his studies at 

Duke by attending their medical school, receiving his medical 
degree in 1982. In 1983, he began his residency at Johns Hop-
kins Hospital. And after finishing his residency in oncology, he 
moved to Boston to begin his work as a cancer oncologist at 

the Dana-Farber Cancer Institute in 1987, becoming a professor 
at the Harvard Medical School in 1991. While at Dana-Farber, 
he had the chance to work in the lab of David Livingston. To 
Kaelin, “David was just an outstanding mentor who gave me an 
outstanding project to work on.” And he went into the research 
experience with “low expectations.” If he couldn’t get funded to 
decided he wasn’t having hun, than he’d go back to being a clini-
cal doctor. But 30 years later, he’s still working in a lab.

THE DISCOVERY 
Kaelin established his own research laboratory in 1992, fo-

cused on researching the genetic cause for a rare cancer called 
von Hoppel-Lindau (VHL) syndrome, which stems from mu-
tations in the VHL gene.4 People with VHL get tumors in the 
central nervous system (CNS), kidneys, and the pancreas, from 
a young age. And the tumors in the CNS resemble nests of 
blood vessels. When Kaelin first noticed this, he speculated that 
it might come from a disturbance in normal oxygen levels. “I 
thought this would be sort of a Rosetta Stone for studying oxy-
gen sensing,” he said.5

Kaelin began his experiments by looking at how VHL re-
sponded to different oxygen levels. An increase and decrease 
in oxygen levels was observed by seeing that tumor growth 
in VHL was connected by an increase in blood vessel growth, 
which was connected to the change in the available oxygen in 
the tumor. There was a mechanism in the body for which cells 
and the tumors could react to reduced oxygen levels. And fur-
ther experimentation showed that the adaptation was a chem-
ical modification, prolyl hydroxylation, to the VHL protein 
results in changing the cells normal functions depending on 
the amount of oxygen available. When there is oxygen, the 
modified VHL protein binds to another protein, called the hy-
poxia-inducible factor (HIF), which promotes cellular prolifer-
ation. When oxygen levels are normal, VHL binding degrades 
the HIF protein to control cellular proliferation. However, 
when oxygen is low, VHL can’t be modified, so HIF can con-
tinue to play its role in cellular proliferation irregardless of the 
oxygen levels. This realization showed that continuous HIF ac-
tivity allows tumor cells to grow, ever without oxygen, helped 
scientists understand the structure of tumors better, as previ-
ously, it was unexplained how tumors could grow when they 
weren’t receiving oxygen from the body. Kaelin than wondered 

“I didn’t realize at 
the time that labora-
tory is often done by 
apprenticeship. You 
just don’t give some-
one a bench and tell 

them what to do. 
They need a little 

bit of structure and 
need a little bit of 

help to get started.”
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how VHL knows when oxygen is scarce and when it should not 
target HIF. After researching it, his group found that when oxy-
gen is present, HIF receives a hydroxyl (-OH) group. And when 
there isn’t enough oxygen to make a hydroxyl group, HIF can’t be 
hydroxylated. This results in HIF not being able to be tagged by 
the VHL, as the VHL needs the hydroxyl group to sense the HIF.6

GETTING THE CALL 
And for this revolutionary discovery, Kaelin was awarded the 

Nobel Prize in Anatomy and Physiology in 2019. When it came 
to thinking about the prize days before the announcement, Kaelin 
says “I will confess, since I won the Gardner Prize, my chances of 
winning weren’t exactly zero so I went to bed with my ringer on. 
But it was so unbelievable.” And on the feeling of receiving the call, 
he says “you think it’s a dream when the phone actually rings in the 
morning and you have an immediate sense that your life is about 
to change. And my other immediate reaction was an incredible 
appreciation. I had to be incredibly lucky to get this far, and it’s 
thanks to the people in my life who’ve supported me over the years. 
Weather it’s the people who’ve worked in my laboratories or having 
a mentor like David Livingston and my colleagues at Dana-Farber 
who’ve helped me over the years. Just sharing it with the people in 
my life who’ve helped make this possible.”

FUTURE DIRECTIONS 
These findings revolutionized the field of cancer research and 

helped to usher in a new wave of anticancer drugs, once specifical-
ly designed to block HIF activity. Blocking the HIF could limit a 
tumor’s ability to grow. And by increasing HIF activity, people with 
anemia could be treated as it could help increase oxygen levels in 
the body. Beyond this work, Kaelin is also continuing his research 
into other tumor-suppressor proteins, such as the retinoblastoma 
protein, which can be mutated into a form that causes retinoblas-
toma, a rare form of childhood eye cancer.7 In his own words, 
“They looked at kidney cancer because it’s one of the top 10 most 
common cancers. And know we want to develop an approach by 
looking at the molecular development of cancer. Most of the com-
mon cancers are epithelial cancers, which weren’t really being re-
searched back than. The PHL gene is looking like an 
important way of developing a treatment for kidney 
cancer.” And in addition to receiving the Nobel Prize, 
Kaelin has won many prizes throughout his career, 
such as the Canada Gairdner International Award and 
the Albert Lasker Award for Basic Medical Research, in 
addition to being a member of the National Academy 
of Sciences and the American Association for the Ad-
vancement of Science. But despite his accomplishments 
and awards, Kaelin still believes that the goal of his work 
is to only produce truth. He argues “scientists can only 
seek the truth. Sometimes, when you get the answer, it 
strikes people as being particularly elegant and beauti-
ful, and sometimes it doesn’t. When we elaborated the 
oxygen mechanism, it struck people as elegant. And I 
had no control over that.

Sammer is a sophomore interested in studying Chemical and Phys-
ical Biology. 
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Over the past decade, the onslaught 
of heart disease has led to an in-
creased interest in the so-called 

phenomenon of “mending the broken 
heart” – regenerating or encouraging the 
proliferation of cardiac cells lost to heart 
failure. The prevalence of the sedentary 
lifestyle, coupled with the onslaught of 
smoking, alcohol and technological ad-
vances has spurred the human population 
onto new levels of obesity. These factors, 
as well as increased life expectancy, have 
catapulted cardiovascular diseases (CVD) 
into a major contributor to global mortal-
ity. Around 17.9 million people die each 
year from CVDs for around 31% of world-
wide deaths – a huge proportion in com-
parison to other diseases.1

The regenerative capabilities of the 
heart have led to furious contention; com-
pared to other tissues like the liver, bone, 
muscle, lung, or skin, the heart has either 
extremely limited regenerative abilities or 
none at all – and even this potential limit-
ed regeneration is a topic of debate. Given 
the undeniable global impact of heart dis-
ease, heart failure remains a public health 
problem only encouraged by aging and 
unhealthy lifestyles. Cardiomyocyte defi-
ciency is the predominant cause of heart 
failure. While cardiac overload diseases 
including hypertension and valvular dis-
ease slowly kill cardiomyocytes over the 
years, heart attacks can reduce cardio-
myocyte populations by 25% within a few 
hours.2 Furthermore, the course of aging 
naturally induces myocardium loss, re-
gardless of the presence of heart diseases. 
Thus, the potential of even a small regen-
erative response is enormous; exploiting 

this could therapeutically enhance 
cardiac function to circumvent heart 
failure.

In the past few decades, the perva-
siveness of heart failure has spurred re-
search dedicated to developing methods 
to regenerate the myocardium post injury, 
all in order to prevent/treat heart failure. 
This cross disciplinary feat maintains the 
goal of integrating new myocardium that 
is electrically and mechanically compat-
ible with existing heart tissue. However, 
issues include immunosuppression of 
treatment, as well as biocompatibility and 
efficacy. The advent of stem cell therapies 
has become a major driving force behind 
cardiac regeneration research – amongst 
other techniques including cellular repro-
gramming and tissue engineering. 

Embryonic stem cells (ESCs) are a 
morally contentious but highly exciting 
cell type. Exhibiting infinite propagation 
properties and the capacity for differenti-
ation into almost all cell types, ESCs rep-
resent an indefinite supply of potential 
cardiomyocytes. ESCs are harvested from 
preimplantation blastocysts; as such, their 
origin is deeply fraught in ethical contro-
versy. By manipulating cardiac specific 
signaling pathways, as well as specializing 
culture methodology or introducing bio-
logical/chemical factors, ESCs have been 
shown to differentiate into cardiomyo-
cytes on a large scale. These ESC-derived 
cardiomyocytes display functional prop-
erties analogous to developing cardiomy-
ocytes.2

Beyond the ethical debate surround-
ing ESCs, issues have arisen around the 
implantation of ESCs in the human body. 
Because of the allogeneic nature of ESCs, 
they require immunosuppression, and 
display possible tumorigenic properties 
alongside genetic instability.9 Despite the 
drawbacks, however, ESC-derived cardio-
myocytes have been shown to engraft in 
injured animal hearts, causing formation 
of proliferating myocardium “islands” that 
led to beneficial effects on cardiac func-
tion.2

Similarly, iPSCs, or induced pluripo-
tent stem cells, demonstrate similar qual-
ities to ESCs – and are not privy to debate 
about their ethics. Furthermore, there are 
no demonstrated allogeneic transplanta-
tion problems. iPSCs circumvent the is-
sues brought about by ESCs. 

The human heart contains around 4 
billion cardiomyocytes. True artificial car-
diac tissue would require production and 
transplantation of iPSC/ESC derived car-
diomyocytes on a significantly larger scale 
than seen on the wet lab bench.9 

Given that small-scale methods suffer 
from limited scalability and reproducibil-
ity, 3D matrix dependent cultures can be 
used to mass produce iPSC-derived car-
diomyocytes – with cardiomyocyte dif-
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ferentiation purities up to 85%.9 Through 
cellular analysis, iPSC derived cardiomy-
ocytes have been shown to be structural-
ly, genetically, and functionally similar to 
early embryonic cardiomyocytes. Implan-
tation of iPSCs in rat models were shown 
to improve cardiac function by restoring 
contractile performance, assisting in vas-
cular remodeling, and increasing electro-
physiological properties, all the while pro-
liferating for cardiac tissue regeneration.10

Issues with iPSC mainly surround tu-
morigenicity – the excessive cellular pro-
liferation related to cancer. Undifferentiat-
ed iPSCs have shown to elicit an immune 
response; of course, this can be avoided 
through pre-injection differentiation. Be-
cause the reprogramming methodology 
itself requires integrating viruses, novel 
techniques are needed that avoid viral-ge-
nome integration. 

Despite of the drawbacks, both ESCs 
and iPSCs represent an indisputably po-
tent source of cardiomyocytes – allowing 
for further strides in tissue engineering 
and cardiac regeneration. In 2019, the first 
clinical trial involving iPSCs will begin 
in Japan, with goals of future larger trials 
and acceleration of regenerative therapy 
development. The trial involves implan-
tation of iPSC-derived cardiomyocyte 
sheets in three patients with heart failure.11 
This landmark trial acknowledges the ev-
er-growing role of stem cell technology in 
the clinic – and has wide ranging impacts 
on the future presence and availability of 
such therapies worldwide. 

With the possibility of a cardiomyo-
cyte source, creating functioning cardiac 
tissues has become a realistic objective. 
Engineering a working slab of heart tis-
sue could lead to implants for restoration 
of cardiac function, and most importantly 
tissue regeneration post injury.

Patching a broken heart was once hailed 
as a mythological premise; nowadays, it al-
ready exists as a method for regenerating 
heart tissue. Tissue engineering allows for 
creation of functioning tissues in the ster-
ile, white environment of the lab. There 
may come a day when such tissues are 
mass manufactured in a way analogous to 
Ford’s car production line. 

The beginnings of an era in the po-
tential for cardiac regenerative research 
driven through haemopoietic stem cells 
was spurred by Piero Anversa’s 2001 Na-
ture paper – claiming that transplantation 
of lineage-negative (Lin–) bone marrow 
cells expressing the c-kit receptor could 

generate new myocardium post myocardi-
al infarction. In the somewhat wondrous 
paper, the bone marrow c-kit cells were 
shown to form new myocytes, endothelial 
cells, and smooth muscle cells, while also 
responding to signals from the injured 
myocardium to promote cellular migra-
tion, proliferation, and differentiation 
within the injured ventricular wall.3

Anversa’s figures were beautifully 
multi-colored, shimmering with regener-
ating myocardium and optimism. Recep-
tor tyrosine kinase c-kit was an extensive-
ly studied protein – one that is expressed 
during cardiomyocyte development. Like-
wise, the scientific community respond-
ed, some with skepticism and others with 
money. 

In 2004, another Nature paper was 
published – this time directly refuting 
Anversa’s findings of myocardium regen-
eration through Lin– c-kit bone marrow 
cells. This time, there was no evidence of 
myocardial regeneration from the haemo-
poietic stem cells; there was no expression 
of cardiac tissue specific markers – rath-
er only haemopoietic/myeloid markers 
indicating adaptation of traditional he-
matopoietic lineages.4 The argument that 
the “correct” environment could induce 
myocardial differentiation did not suffice 
either. Even in the microenvironment of 
the injured heart, authors were unable to 
reproduce Anversa’s findings. There was 
no regeneration to be found. 

Regardless of these conflicting argu-
ments, the excitement borne from the 
sheer potential of a haemopoietic stem 
cell treatment for myocardial infarction 

led to an US National Heart, Lung, and 
Blood Institute (NHLBI) funded clinical 
trial nicknamed CONCERT-HF. Launch-
ing in 2015, the trial involved around 125 
patients out of a proposed 144. Patients 
received one of four possible treatments: 
c-kit cells from patient’s own heart tissue, 
c-kit cells and bone marrow stem cells, 
mesenchymal stem cells alone, or a pla-
cebo.5 Interestingly enough, the trial pro-
ceeded despite growing doubts regarding 
Anversa’s work. Patients donated tissue 
and began eagerly awaiting treatment. 
One passed away following a heart biopsy. 

The trial was only paused “for review” 
after Harvard/Brigham and Women’s rec-
ommended that 31 of Anversa’s papers be 
retracted.5

 It is difficult to justify scientific fraud. 
It is even more difficult to justify experi-
mentally testing something so obviously 
controversial on already unstable patients. 
Without a clear scientific basis for why a 
trial should be carried out, there are moral 
and ethical issues towards recruiting pa-
tients to possibly risk their lives for some-
thing that could be a scam – regardless of 
whether the trial demonstrates positive or 
negative results. Almost half of heart fail-
ure patients die within 5 years.5 Participat-
ing in such a trial could drastically shorten 
that life expectancy in ways unbeknownst 
to the patients – it could be a futile waste 
of time and energy. 

The prevalence of counterfeit science 
is unfortunately not limited to cardiology 
– and Anversa’s downfall is not a unique 
tale. 2014 saw the rise and fall of Haruko 
Obokata, a biologist who claimed that or-
dinary cells could be reprogrammed to be-
come stem cells.6 Named STAP, these cells 
demonstrated high proliferative proper-
ties, as well as pluripotency. Upon publi-
cation in Nature, it was soon discovered 
that Obokata was guilty of plagiarism and 
photoshopping – in other words, guilty of 
scientific misconduct.6 Her work was not 
reproducible. Along with the validity of 
her data, the very existence of STAP cells 
was called into question. 

Furthermore, the emergence of stem 
cell science was birthed from a fantastical 
myth. In 1912, Alexis Carrel, a New York 
scientist, claimed that immortality could 
be programmed by manipulating the 
body’s own building blocks. By isolating 
a fragment of a still-beating chicken heart 
and culturing it, Carrel claimed to keep 
the culture alive for over 30 years.7 The 
premise of cell immortality was tantalizing 
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to the scientific community, and scien-
tists globally attempted to reproduce Car-
rel’s results – to no avail. It was only after 
more than half a century that Leonard 
Hayflick proved that bodily cells contain a 
set lifespan – now known as the “Hayflick 
number”. Chicken cells have a Hayflick 
number of 35, meaning that they can dou-
ble 35 times before they die. The timespan 
of this doubling is a few months – a far cry 
from 34 years.7 

The issue of reproducibility is some-
thing that pervades science. In an anon-
ymous survey of scientists, 2% admitted 
to falsifying data; 33.7% admitted to other 
“questionable practices”.8 

The prevalence of heart disease in the 
global population is a problem that should 
not be ignored. However, the way by 
which scientists approach this problem is 
a problem in itself that must be acknowl-
edged. Optimistically, recent years have 
demonstrated the emergence of several 
promising therapies that hold the poten-
tial to lengthen life expectancy and im-
prove quality of life during or after heart 
failure. While these accomplishments are 
undeniably exciting, stories like Anversa’s 
pay homage to the darker of side of science 
that often does not come to light. 

Regenerating cardiac tissue often leaves 
behind a scar. By maintaining incorrect 
dogmas and irreproducible results, we en-
courage the formation of that scar – flawed 
history in hopes of building something 
better.
Maggie Chen is a junior in Cabot House 
studying Human Developmental and Re-
generative Biology and History of Science. 
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A BRIEF HISTORY OF PSYCHIATRY
Disorders of the brain and mind have 

been documented for centuries, but ex-
planations have varied dramatically over 
the years. From divine intervention to 
unconscious drives and repressed sex-
uality, the predominant theories of psy-
chiatric illness have changed in tandem 
with social norms and historical events. 
By the mid-20th century, psychiatry es-
tablished itself as a scientific discipline, 
thanks to several accidental discoveries 
that an overdose of insulin, malaria-in-
duced fevers, and 
electrical shocks 
could alleviate men-
tal suffering.1

In 1954, French 
pharmaceutical com-
pany Rhône-Poulenc 
patented Thorazine, 
a drug which had 
antipsychotic effects, 
and marketed it as 
a “major tranquilizer”.2 Sales of Thora-
zine skyrocketed, and other companies 
quickly followed Rhône-Poulenc: Mil-
town, a “minor tranquilizer” for anxiety, 
was released in 1955, and Marsilid was 
released as a “psychic energizer” for de-
pression soon after.2

The companies that began releas-
ing these new psychiatric drugs rapid-
ly turned a profit from the millions of 
Americans whom their extravagant ad-
vertising techniques targeted. Because it 
is very difficult to distinguish between a 

normal and abnormal psyche and men-
tal illness is not indicated by any distinct 
biological changes, pharmaceutical com-
panies were easily able to expand the 
scope of their psychiatric medications 
and market them to increasingly broader 
audiences.3 

Another development that expedited 
the growth of Big Pharma was the pop-
ularization of the chemical imbalance 
theory—the idea that psychiatric illness 
is caused by an imbalance of chemicals 
in the brain, which can be corrected 
by restoring the appropriate balance—

which perfectly accompa-
nied the arrival of new psy-
chiatric drugs starting in the 
late ‘80s.3 Selective serotonin 
reuptake inhibitors (SSRIs) 
and monoamine oxidase in-
hibitors (MAOIs), two class-
es of antidepressants intro-
duced during this time, both 
affect neural communication 
by changing the concentra-

tions of certain neurotransmitters in the 
brain.3 Today, more than a tenth of adults 
and adolescents in America take antide-
pressants, such as Zoloft and Prozac.3 

THE DSM AND BIG PHARMA
The publication of the first edition 

of the DSM, or Diagnostic and Statisti-
cal Manual for Mental Disorders, in the 
1950s was motivated by the need to cat-
egorize the men who were not ‘mentally 

fit’ to serve in the military.5 The first two 
editions of the DSM aligned with Sig-
mund Freud’s ideas about the psychody-
namic basis of mental illness, which have 
since been outdated. 

As psychiatry began to assert itself as 
a legitimate medical discipline, the need 
for a central diagnostic manual with high 
reliability across psychiatrists resulted in 
the 1980 release of the DSM-III, a project 
spearheaded by Robert Spitzer that as-
sembled detailed checklists of symptoms 
for several hundred disorders.1 Though 
this manual may not have had high va-
lidity, or medical accuracy, it made it 
easier than ever before for psychiatrists 
to prescribe drugs.1 

The DSM-III quickly became the ‘bi-
ble of psychiatry’, and pharmaceutical 
companies understood that they could 
become much more powerful by in-
fluencing the creation of later editions. 
Thus, the APA (American Psychological 
Association—the organization in charge 
of writing the DSM) became increasing-
ly saturated with corporate influences; a 
shocking 95 out of 170 members of the 
DSM-IV-TR task force were financially 
tied to Big Pharma,1 and most members 
of DSM-5 team also accepted money 
from major pharmaceutical companies.6

As psychiatry has progressed towards 
science and societal attitudes about 
mental illness have positively evolved, 
increasing corporate pressure on the 
practice has entangled it with corruption 
and at times, has even contradicted the 
central goal of medicine: to heal. 

From divine intervention 
to unconscious drives and 
repressed sexuality, the 

predominant theories of psy-
chiatric illness have changed 
in tandem with social norms 

and historical events.

THE TUMULTUOUS RELATIONSHIP BETWEEN 
BIG PHARMA AND PSYCHIATRY

H A N N A H  A LTO N
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MARKETING PRACTICES
In 2008, psychologist Glen Spielmans 
and his team investigated the accura-
cy of claims made by drug companies in 
advertisements that appeared in medical 
journals.7 The team specifically addressed 
advertisements of psychiatric drugs, and 
they categorized the claims as claims of ef-
ficacy, safety, disorder, mechanism, popu-
larity, or convenience.7 A staggering 27 out 
of 38 advertisements that cited at least one 
source for substantiation contained at least 
one claim that could not be supported by 
the source—that is, the source either did 
not clearly back the claim or directly con-
tradicted it.7 Medical journals are trusted 
sources that help doctors make informed 
decisions for their patients, so reduced ac-
curacy of advertisements of psychotropic 
drugs both endangers the credibility of 
psychiatry and the well-being of patients. 

Another practice of Big Pharma that 
has garnered national attention in recent 
years is off-label marketing. The nondis-
crete, subjective nature of mental illness 
renders psychiatry a prime target for mar-
keting drugs outside of their approved 
uses. In the last two decades, several of 
the foremost pharmaceutical companies 

have been exposed for off-label marketing. 
Most prominent was the lawsuit against 
Eli Lilly and Company for marketing of 
Zyprexa, an antipsychotic drug, for de-

mentia and other symptoms of aging, 
which the company settled by paying 

$1.415 billion.4 Similarly, Pfizer was 
recently under fire for advertising 
antipsychotic Geodon to children 
(it had not been FDA approved for 
children), even paying child psy-
chiatrists to promote the drug.4 
The list continues: AstraZeneca 
marketed Seroquel off-label, as did 

Bristol-Myers Squibb with Abilify 
and Johnson & Johnson with Risp-

erdal.4 

NEW DISEASE CATEGORIES
As pharmaceutical companies began 

advertising antipsychotics to children, 
the APA began considering additions to 
the DSM that would render children with 
mood swings and especially violent tan-
trums mentally ill. 

In the last several decades, the number 
of children diagnosed with pediatric bipo-
lar disorder has increased fourfold, which 
has corresponded to a drastic increase of 
antipsychotic prescriptions for children 
ages 2-5.4 Child psychiatrist Joseph Bie-
derman was largely responsible for pop-
ularizing the diagnosis, but remarks he 
made about the effectiveness of the anti-
psychotic risperidone on children exposed 
his connections with Johnson & Johnson.4 

Indeed, he had been paid by the company, 
as well as several others, to support the use 
of the drug for children.

After the exposure of the corruption 
that underlay the popularization of pedi-
atric bipolar disorder, the APA replaced 
the diagnosis with temper dysregulation 
disorder with dysphoria (TDD) in their 
consideration of an addition to the DSM.4 

TDD was proposed as a separate diagnos-
tic category that would not be linked to 
adult bipolar disorder. Since children di-
agnosed with TDD were more likely to be 
diagnosed with depression in adulthood 
than bipolar disorder, TDD was added to 
DSM-5 as disruptive mood dysregulation 
disorder (DMDD) and placed under de-

pressive disorders.8 While this rejection of 
pediatric bipolar disorder could be seen as 
a step away from corporate influence on 
the practice of psychiatry, a new diagnos-
tic category could unintentionally broaden 
the scope of medications used to treat it.4, 

8 Only time will tell whether pharmaceu-
tical companies will capitalize on DMDD.

As the number of diagnostic categories 
in the DSM continues to expand, concerns 
about pathologizing ‘normal’ behavior 
abound. Though it was not included in the 
DSM-5, a new disorder called attenuated 
psychotic symptoms syndrome (APSS) is 
currently being researched.4 So far, studies 
have been inconclusive and yielded many 
false positives, but a diagnosis of ‘at risk 
for developing psychosis’ has the potential 
to be vastly overused if it becomes a DSM 
category in the future.4

DRUG EFFECTS - AND SIDE EFFECTS
Of course, psychiatric medications 

have changed many lives for the better, 
and the advent of a biological framework 
of mental illness has catalyzed extensive 
research and led us into the ‘golden age’ of 
brain imaging. However, the mechanisms 
of some drugs are still unknown, and some 
could be doing more harm than good. 

In his book The Emperor’s New Drugs, 
Irving Kirsch describes a series of stud-
ies that he conducted on the effectiveness 
of popular antidepressants compared to 
placebos.2 At first, it appeared that pla-
cebos were 82% as effective as the drugs, 
but upon further study, he concluded that 
the difference between placebo and drug 
performance could be explained by the 
appearance of side effects.2 Administering 
an ‘active placebo’, or one that causes ob-
servable side effects, virtually eliminated 
the difference between placebo and drug, 
most likely because patients assumed that 
they were given a real drug in both cases.2

According to Robert Whitaker in Anat-
omy of an Epidemic, drugs that change the 
chemistry of the brain can have irrevers-
ible adverse effects after a patient stops 
taking them. Inhibiting the reuptake of 
serotonin, for example, could result in the 
chronic underproduction of serotonin due
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to the brain’s adjustment mechanism.2 It 
is possible that taking drugs to alleviate 
mental suffering could result in side ef-
fects that, in turn, are treated with more 
drugs, perpetuating 
dependence on the 
pharmaceutical in-
dustry.1 

Even though 
the importance of 
antidepressants, 
antipsychotics, and 
other psychotropic medications to millions 
of Americans’ lives cannot be underscored, 
the results above suggest that our progress 
in ethical and risk-free treatment of mental 
illness is far from complete.

MOVING FORWARD
In the wake of controversies over mar-

keting, diagnostic categories, and financial 
ties to the APA, most major pharmaceu-
tical companies largely withdrew from 
psychiatry within the last decade.9 A recent 
drug discovery and evolving treatment 
strategies, however, may soon usher psy-
chiatry into a new era.

In the last several years, companies 
such as Johnson & Johnson have taken an 
interest in former party drug ketamine.9 It 
has traditionally been used as a hallucino-
gen, but recent studies have shown that it 
behaves like a fast-acting antidepressant. 
This effect is likely due to the drug’s inhi-
bition of NMDA receptors, which trigger 
the release of glutamate, a major excit-
atory neurotransmitter.9 Though many 
trials have yet to be conducted, Johnson 
& Johnson have patented the drug and are 
waiting for FDA approval for its use as an 
antidepressant.9

As brain imaging continues to advance 
and the secrets of the human genome are 
unveiled, discoveries of the genetic and 
biological basis of mental illness continue 
to arise. At the Broad Institute in Cam-
bridge, a recent breakthrough was made 
on the contribution of a mutation of a 
gene for synaptic pruning to schizophre-
nia.10 Neurogenetics is a rapidly advancing 
field, and a greater understanding of the 
origins of psychiatric illness could result 

in more specifically targeted therapies and 
the retirement of the ‘chemical imbalance’ 
theory. 

Ideally, future treatment for mental 
illness will seam-
lessly integrate 
the positive 
aspects of both 
psychotherapy 
and psychiatry to 
mitigate the risks 
and side effects 

of treatment.4 One’s treatment should be as 
personalized as possible, targeting the root 
of one’s individual pathology rather than 
prescribing “quick-fix” drugs.5 Psychiatry 
is progressing toward this model of care, 
but significant progress must be made be-
fore the interests of Big Pharma, psychia-
trists, and patients are perfectly balanced.

Hannah is a junior in Quincy House study-
ing Neuroscience. 
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One's treatment should be as 
personalized as possible, target-
ing  the root of one's individual 

pathology rather than prescribing 
"quick-fix" drugs. 



RE GROWTH AND 
RE GENERATION:

AN INTRODUCTION
Traumatic brain injury (TBI) is a cause 

of 30% of injury-related fatalities.1 A TBI 
is the result of a blow or jolt to the head.2 
Such an injury can result in “cell death, 
gliotic scar formation, and/or damage 
from reactive oxygen species and inflam-
mation.”3 The consequences of a TBI span 
a wide range, from mild dizziness or con-
cussions to loss of memory or conscious-
ness (i.e. coma, vegetative state, etc.) for a 
long period after the incident.2

TBI patients who survive suffer harsh 
consequences that could last a few days, a 
few years, or the rest of their lives. Factors 
such as the duration of the recovery, the 
extent of recovery, and the quality of life 
post-recovery are stressful uncertainties 
that a TBI inflicts on the patient as well as 
their families. 

Current methods of diagnosing and 
assessing the progression of a TBI involve 
neuroimaging techniques, such as MRI or 
CT scans, and the Glasgow Coma Scale, 
which assesses the degree of consciousness 
and mental cognition present in the TBI 
patient.4

Once a TBI patient has suffered brain 
damage that results in a loss of conscious-
ness, waiting and monitoring the progress 
of a possible recuperation of the neuronal 
pathways is the main course of action. 
Treatment plans often also include en-
suring adequate supply of oxygen to the 
brain and ensuring that further injury to 
the brain does not occur.5 In extreme TBI 
cases, surgery may often be performed to 
remove blood clots, repair skull bone frac-
tures, or alleviate intracranial pressure that 
occurred due to the TBI.5 Medications, 

such as anticoagulants and stimulants to 
help restore alertness and consciousness, 
may sometimes also be prescribed.5 How-
ever, of the treatment path taken, the road 
to a complete recovery is extremely long 
and unpredictable.

CONSCIOUSNESS AND TBI
Consciousness is composed of two dif-

ferent aspects – arousal and awareness.6,7 
While arousal relates to wakefulness vs. 
sleep, heart rate and breathing rate, aware-
ness relates to sentience and the ability to 
think and perceive.6,7 

Consciousness is believed to have its 
origins in many different regions of the 
brain. The brain stem and the cerebral cor-
tex are two of the most crucial parts of the 
brain in maintaining consciousness.6

With regards to arousal, the region of 
the brain stem known as the midbrain re-
ticular formation is responsible for modu-
lating levels of wakefulness.6 Many cells in 
the reticular formation of the brain stem 
produce and regulate levels of neurotrans-
mitters, including acetylcholine, sero-
tonin, and norepinephrine, that monitor 
and regulate the levels of consciousness 
and also play a role in arousal and wakeful-
ness. Furthermore, the ascending reticular 
activating system in the upper brainstem 
is also heavily involved in the maintaining 
of alertness and wakefulness.7 This system 
is involved in the transmission of informa-
tion sent to the cerebral cortex back to the 
brainstem to promote alertness.7 

The awareness component of con-
sciousness is thought to largely originate 
in the cerebral cortex and all its connec-
tions.7
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Therefore, without the proper func-
tioning of the brain stem and the cerebral 
cortex, maintenance of consciousness is 
impeded. So if a TBI damages the brain 
stem, cerebral cortex, or another region 
of the brain involved in the maintenance 
of arousal and awareness, disorders of the 
consciousness or cognition may occur.

Below are some of the disorders of con-
sciousness that can occur following a TBI:
1. BRAIN DEATH: Brain death refers to a 

condition when the brain loses all func-
tion, including brainstem reflexes and 
the will to keep the heart beating and 
the lungs breathing.6

2. COMA: A coma is when the patient ex-
hibits a lack of both awareness and 
arousal.6 The patient is unresponsive 
to external stimuli and does not have 
regular sleep-wake cycles.6 A coma can 
be caused by damage to diffuse cortical 
or white matter tissue or damage to the 
brain stem reticular regions.6 A coma 
usually lasts no longer than two or four 
weeks after which the patient usually 
progresses to a vegetative state or mini-
mally conscious state.6

3. VEGETATIVE STATE: A patient in a veg-
etative state is awake but unaware.6 
Although vegetative state patients are 
awake and open their eyes, they have 
no awareness of their surroundings 
and are thus unconscious.6 For patients 
in such a state, their motor movements 
consist only of reflexes rather than 
purposeful motions, so their only re-
sponses to stimuli include reflex move-
ments.6 Vegetative states can either be 
a temporary step in the recovery from 
a coma or can be more long-term if 
the injuries sustained to the brain are 
more serious.6 If a vegetative state lasts 
longer than one month, it is classified 
as persistent vegetative state.6 This dif-
fers from a permanent vegetative state, 
in which patients do not recover even 
after 12 months following the TBI.6

4. MINIMALLY CONSCIOUS STATE: A min-
imally conscious state (MCS) patient 
possesses a greater level of conscious-
ness than a vegetative state patient.6 So 
while an MCS patient has awareness 
and wakefulness, he/she is still incapa-
ble of communicating.6 But because an 
MCS patient shows some response to 
stimuli and is capable of making some 
purposeful movements,6 he/she pos-
sesses consciousness.  

5. LOCKED-IN SYNDROME: A patient with 
locked-in syndrome is completely 
awake and aware but is unable to re-
spond or communicate in any way 
because of complete paralysis of volun-
tary muscles.6 The only movements the 
patient can carry out include blinking 
and vertical eye movements.6 Locked-
in syndrome is often caused by vascu-
lar bilateral ventral pontine lesions or 
damage to certain portions of the lower 
brain or brainstem.6

HOW THE BODY RECOVERS
The body’s natural method of recover-

ing from brain damage is through neuro-
plasticity and neurogenesis, in which the 
body uses undamaged neuronal cells to 
take the place of damage cells, new neu-
ronal cells are generated, and neuronal 
pathways are reformed.3 The path to re-
covery following a TBI is extremely long 
and drawn out. During this time period, 
the body uses its naturally occurring neu-
rogenesis to create new neurons to replace 
the damaged ones and neuroplasticity to 
reroute the brain’s networks to bypass the 
damaged ones. Regrowing, repairing and 
bypassing damaged neurons and pathways 
in this way provides the potential for re-
covery following a TBI.
HOW THIS REPAIR MECHANISM 
CAN BE ACCELERATED

One possible method of accelerating 
the natural recovery process following a 
TBI is through gene therapy. Genes in the 
Wnt pathway have been linked to adult 
neurogenesis.8 One of the genes involved 
in the pathway, NeuroD1, encodes a tran-
scription factor essential in the generation 
of granule cells, which are some of the 
smallest neurons in the brain, and the dif-
ferentiation of neural progenitor cells into 
neuronal cells.8

A possible method of accelerating the 
regaining of cognitive function following a 
TBI is to increase neurogenesis by increas-
ing the expression of NeuroD1, or one of 
the many other genes involved in neuro-
genesis and neuroplasticity. One way this 
could be done is through the CRISPR 
activation technology. In this technolo-
gy, guide RNA is paired with an inactive 
version of the Cas9 enzyme, dCas9, that 
is incapable of creating a double-stranded 
break in the DNA unlike in CRISPR-Cas9. 
Rather, the dCas9, which is also attached to 
a transcriptional activator domain (CRIS-
PRa), binds to the DNA region comple-

mentary to the guide RNA. The CRISPRa 
then activates the expression of the gene 
the dCas9 is bound to. Therefore, creating 
a guide RNA that is complementary to the 
sequence of the neurogenesis/neuroplasti-
city gene would allow for increased activa-
tion of that gene.

Language has also been shown to have 
an impact on accelerating neuronal repair 
and regeneration.9 This fact can be utilized 
to accelerate recovery after a TBI. Research 
has shown that exposure to multiple lan-
guages can increase neuroplasticity, as it 
can increase grey matter density and white 
matter integrity.9 There are three main 
aspects to neuroplasticity: proliferation, 
pruning and consolidation.10 Proliferation 
involves the generation of new neurons 
and new connections, pruning involves re-
moving connections and pathways that are 
no longer useful, and consolidation allows 
the brain to organize input in a way that 
helps the brain respond to these inputs au-
tomatically.10 Language plays a significant 
role in proliferation. Hearing stories read 
aloud increases proliferation as it acceler-
ates the creation of new synaptic connec-
tions and fiber tract connections.10 This 
could be extremely useful in increasing 
neurogenesis and neuroplasticity follow-
ing a TBI, so exposure to new languages 
and hearing things read aloud may be a 
way of accelerating recovery after a TBI.

Finally, a third possible method, which 
is rapidly gaining popularity, of acceler-
ating the natural repair process after a 
TBI is music therapy. With a wide range 
of brain-related diseases, not just TBIs, 
music has been shown to accelerate the 
recovery process. Even with Alzheimer’s 
patients who are unresponsive, music 
therapy has been shown to have the ability 
to reach them and give them the ability to 
respond to their surroundings.11 Further-
more, in coma patients, playing familiar 
music has been shown to, in some cases, 
draw the patient out of the coma faster 
than would have otherwise occurred.12 
It was also determined that when music 
was played for a group of patients in co-
mas, the music provided a stimulation 
that caused an increase in brain activity.12 
Furthermore, it was observed that this in-
crease in brain activity was most extreme 
in the TBI patients.12 Although it has not 
been determined how music conclusively 
accelerates recovery, some hypotheses are 
that it manipulates steroid hormones that 
contribute to cerebral plasticity13 or that it 
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can provide an external stimulus to which 
the brain is more likely to respond.12

CONCLUSIONS
Traumatic brain injuries are among the 

most difficult forms of injury, both for the 
patient and for the friends and family of the 
patient. TBIs involve so much uncertain-
ty and waiting. Some of the innumerable 
questions that emerge include: If TBI caus-
es a coma/loss of consciousness, how long 
will it take to recover? Will the patient ever 
recover? How long should the hospital wait 
before terminating life support? Questions 
like this make the injury difficult not just 
for patient but also for family and only add 
to the pain and anxiety.

Finding new ways of improving meth-
ods of treatment and diagnosis of TBI and 
using new research to accelerate the recov-
ery process following a TBI will help limit 
this pain and anxiety and make the wait 
less stressful for the family of the patient.
Mythri is a junior in Leverett House study-
ing Bioengineering. 
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Darwinian Medicine 
and Cancer 

The history of evolution is as old as the history of 
life itself. It is only logical that the principles of 
evolution are intricately involved in all aspects of 

life, including biology, growth, behavior, reproduction, 
and disease. The relationship between evolution and 
medicine gained momentum as the field of evolution-
ary medicine, or Darwinian medicine, was born. Apply-
ing the principles of evolution to understand and solve 
the problems in health and medicine is the concept at 
the core of Darwinian medicine.1 Darwinian medicine 
is rapidly establishing its place at the forefront of the 
analysis and treatment of a variety of diseases, includ-
ing cancer, diabetes, obesity, and metabolic disorders.1,2 
For example, Darwinian medicine analyzes how evolu-
tionary selective pressures shaped the dietary and meta-
bolic behaviors of early human ancestors to understand 
the root causes of obesity and its resultant maladies.1 It 
was evolutionarily favorable for our ancestors to con-
sume high calorie diets and retain fat to survive times of 

food shortages.1 However, food shortages are minimally 
prevalent in the modern times, and this mismatch be-
tween ancestral and modern times increased the pro-
pensity for obesity.1 Along similar lines, in the field of 
cancer treatment, Darwinian medicine promotes the 
novel methods of "adaptive therapy" to scrutinize the 
proliferation of cancer cells and the development of 
chemotherapy resistance.3 "Adaptive therapy" uses the 
concept of natural selection against the cancer cells in 
order to treat the disease.3 Understanding how the prin-
ciples of evolution come into play with the development 
and growth of cancer cells and the body’s response to 
the emergence of cancer cells is the key to the better 
treatment of patients. This understanding helps to con-
trol the growth of tumors, prevent re-emergence of tu-
mors following treatment, and prevent the development 
of chemotherapy resistance in the tumor cells.  

Mythri Ambatipudi
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Tumor suppression mechanisms in humans
Humans have evolved basic tumor sup-

pression mechanisms to minimize the 
probability of the genesis of cancer cells 
and curb their proliferation.5 These de-
fenses ensure that cells that reproduce in-
correctly, generate unusual signals, or have 
errors in their DNA are often subject to 
programmed cell death.5 This means that 
exhibiting tumor-like behaviors is disad-
vantageous to the cell because it is sub-
jected to negative selective pressures, and 
the fitness of these cells is lowered. Fur-
thermore, like other vertebrates, human 
beings have evolved the ability to produce 
a strong immune response to cancerous 
cells.5 This is because effectively combat-
ing and preventing cancer development 
increases the ability of the individual to 
survive and reproduce, thereby increas-
ing fitness. The resultant positive selective 
pressure, which enables the evolution of 
a strong immune response to the emer-
gence of cancer cells, empowers the body 
to swiftly and forcefully combat and stem 
the development of a tumor before it ac-
celerates into cancer. However, the efficacy 
of these tumor suppression mechanisms 
depends on a variety of different factors. 
For example, age plays a significant role.5 
Since older patients are less likely to repro-
duce than younger ones, the evolutionary 

pressures to maintain high reproductive 
fitness are weaker in these older patients.5 
Therefore, there is less positive selection to 
maintain strong tumor suppressive mech-
anisms.5 Furthermore, there would also be 
less negative selection to eliminate ran-
dom, potential cancer-causing mutations. 
In contrast, in younger patients, who have 
a high reproductive potential, the strong 
selective pressure to ensure evolutionary 
fitness coerces the body to take measures 
to reduce the probability of developing tu-
mors and to combat potentially cancerous 
cells.5 In addition to age, several other fac-
tors also play a role in weakening the tu-
mor-combative mechanisms in the body, 
including high mutation rates in cancer 
cells.2

Mutat ion rates in cancer cells 
All cells accumulate random mutations 

through processes such as genetic drift. 
However, analysis of mutation rates in 
cancer cells compared to healthy cells has 
shown an abnormally elevated mutation 
rate in cancer cells. It has been argued that 
the elevated mutation rate in cancer cells 
is evolutionarily favorable for these cells.2 
A logical explanation for this argument is 
that an elevated mutation rate compared 
to healthy cells means that cancer cells ac-
cumulate genetic variation at a much fast-

er rate than healthy cells.2 As per Darwin’s 
theory, evolution is dependent on genetic 
variation since genetic variation creates 
differences in fitness among individuals. 
This is instrumental in creating opportu-
nities for selective pressures to emerge, a 
crucial component in the occurrence of 
evolution. Consequently, a greater amount 
of genetic variation increases the raw ma-
terial on which natural selection can act. 
This enables evolution to occur at a greater 
rate and to have more of an effect on in-
creasing the fitness of the organism. In the 
case of cancer cells, the elevated mutation 
rate grants the cells the ability to evolve 
faster.2 Evolutionary fitness is defined as 
the ability to survive and reproduce. In 
the case of cancer cells, since the mutation 
rate is higher, selective pressures can op-
erate at a faster and more effective rate to 
increase the fitness of the cells, i.e. enable 
them to reproduce faster. Therefore, this 
elevated mutation rate results in the can-
cer cells evolving at a rate that allows them 
to out-compete the other healthy cells and 
the defense mechanisms the body may 
take to combat the cancer. This in turn al-
lows them to reproduce faster. 

Tree of  life  for cancer cells 
Research has been performed to ana-

lyze mutations in different tumor biopsies 

Source: Willyard 2016, Foo and Michor 2014.



taken from a single patient.3 The results 
showed that no two biopsies showed the 
same mutations, despite having origi-
nated from the same patient, and only a 
small proportion of the mutations among 
the different biopsies were shared.3 The 
most likely explanation is that many of 
these mutations are random mutations 
due to genetic drift or replication errors. 
Furthermore, conditions differ in differ-
ent parts of the body, so the mutations 
that accumulate in cancer cells in differ-
ent parts of the body are likely to differ. 
To further investigate this issue, a novel 
method of generating a phylogenetic tree 
comprising of the different cancer cells 
from a single patient using the similar-
ities and differences in the mutations in 
these cells and fundamental evolutionary 
principles is employed.3 Various species 
are mapped onto phylogenetic trees using 
the genetic features that they share as well 
as those that differentiate them. Similarly, 
cancer cells from a single patient can be 
mapped onto the phylogenetic trees us-
ing the mutations that they share as well 
as those that distinguish them. In this 
model, each cancer cell with a unique set 
of mutations is the equivalent of a sep-
arate species. While mapping species 
onto a phylogenetic tree, shared derived 
traits, or synapomorphies, are used to 
determine the phylogeny. Similarly, while 
mapping cancer cells, shared derived mu-
tations in the cells can be used to trace the 
pattern of descent from an ancestral cell. 
After generating this phylogenetic tree of 
the cancer cells, the goal is to utilize the 
tree to isolate the cells and mutations that 
need to be targeted in order to eliminate 
the root of the disease.3 The conventional 
strategy is to target the mutations in the 

cells at the main branch of the phyloge-
netic tree.3 The reason that dictates this 
strategy is that eliminating the common 
ancestral mutation, that defines the node 
from which others branch out, will deci-
sively terminate the rest of the mutations 
that emanate from the common ancestral 
mutation. Scientists are also looking at 
using targeted immunotherapy to treat 
these cancer cells, as some of the muta-
tions in cancer cells result in the produc-
tion of antigens that the immune system 
could then recognize.3 The next goal to 
be achieved, after the generation of the 
phylogenetic tree, would be to enable 
the immune system to detect antigens 
that correlate to mutations in the main 
branch of the phylogenetic tree.3 A suc-
cess in achieving this goal would pave 
the path for the use of immunotherapy to 
eliminate the main ancestral mutations 
that give rise to other mutations in the 
cancer cells.3 This would prove more ef-
fective than an immunotherapy that aids 
the immune system in recognizing and 
responding to the antigens that correlate 
to the peripheral branch mutations, as 
this would only help treat a small portion 
of the cancer cells and would not target 
the root of the problem.3

How chemotherapy resistance evolves 
The factors that influence the evolu-

tion of resistance to chemotherapy are 
both intrinsic as well as genetic.4 Intrin-
sic factors comprise issues such as poor 
absorption and rapid metabolism of the 
drug within the body.4 However, cancer 
cells may also evolve genetic mechanisms 
that allow cancer cells to evade the ther-
apy.4 For example, some cancer cells can 
evolve to eliminate or change the struc-

ture of the receptor to which the drug 
molecule is intended to bind, or these 
cells may evolve to change the expression 
of a protein that the drug molecule aims 
to target.4 This unfortunately drastical-
ly diminishes the ability of the drug in 
treating the cancer cells. To further ag-
gravate the problem, the high mutation 
rates of cancer cells give them the undue 
advantage of evolving quickly enough to 
develop resistance to the drug in a very 
short time frame.2 Some scientists have 
suggested that chemotherapy resistance 
may be evolving more rapidly in can-
cer cells due to the very approach taken 
to treat the cancer.3 The most prevalent 
form of therapy currently involves using 
the “Maximum Tolerated Dose”.6 This ap-
proach involves prescribing the highest 
possible dose of a drug that can be toler-
ated by the patient’s body to kill as many 
of the cancer cells as possible.8 However, 
this means that the only cells that survive 
the treatment are those that have a mu-
tation that prevents the drug from effec-
tively killing the cancer cells, such as one 
of the types of mutations described previ-
ously.3 Therefore, the Maximum Tolerat-
ed Dose does initially result in a shrunken 
tumor, but this tumor is now composed 
almost entirely of drug-resistant cells.3 
This increases the fitness of the drug-re-
sistant cells, allowing, now, for a spread of 
drug-resistant cells.3 By Darwinian prin-
ciples, it becomes evolutionarily advanta-
geous to have this mutation that confers 
chemotherapy resistance. Since only the 
cells that have this mutation can survive 
and reproduce, they have a higher fitness 
than the cells without the mutation. This 
would create a positive selective pressure 
in favor of this mutation Therefore, a 
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greater proportion of the next generation 
of cells will possess this mutation, thereby 
gradually allowing the spread of this che-
motherapy-resistance mutation among 
the cancer cells and possible eventual fix-
ation of this mutation. The cells with the 
mutation could continue to reproduce. 
This, therefore, allows the tumor to re-
generate, producing a tumor that can no 
longer be treated by the particular che-
motherapy drug in use. 3

How to mit igate chemotherapy resistance 
New ways of using the principles of 

Darwinism to treat tumors without using 
this kill-all approach in order to attenuate 
chemotherapy resistance are emerging.3 
One such method, known as “adaptive 
therapy,” is to treat the tumor just enough 
to keep it under control but not attempt to 
eliminate it completely.3 Since this meth-
od would ensure that a large portion of 
the chemotherapy-sensitive cells would 
survive, they would not be outnumbered 
by the chemotherapy-resistant cells as in 
conventional therapy, and therefore the 
disparity in the survival rates of chemo-
therapy-sensitive and chemotherapy-re-
sistant cells would be greatly lowered. 
This would mean that it would not be as 
evolutionarily advantageous for the tu-
mor cells to possess a chemotherapy re-
sistance mutation. The difference in the 
fitness between the cells with the muta-
tion and the cells without would be less 
drastic, which would reduce the strength 
of any selective pressure and would en-
sure that the resistance mutation would 
not be selected for. This would prevent 
the rapid increase in the number of cells 
that possess the mutation, enabling the 
chemotherapy to remain effective at 
treating the tumor.3 

Research is still being performed to 
identify the most effective methods of 

administering this adaptive therapy.7 
Through mouse models, it has been 
learned that the most effective method 
is to initially administer the usual high 
dose of chemotherapy used in traditional 
treatment approaches, but then to gradu-
ally decrease the doses until weaning has 
occurred.7 This was seen to best accom-
plish the goal of controlling the tumor 
without creating conditions that foster 
the evolution of treatment resistance in 
the tumor cells.7 In the figure below, ST 
refers to the standard maximum tolerat-
ed dose method of treatment, Ctrl refers 
to a control group with no treatment, and 
AT-1 refers to the group that received an 
initial high dose but then progressively 
smaller doses.7 As can be seen in the fig-
ure, the group that received the standard 
maximum tolerated dose initially showed 
a maintenance of a smaller tumor volume 
compared to the control group, but a re-
turn to larger tumor volumes was quick-
ly observed again. In contrast, the group 
that received the AT-1 treatment showed 
a steadily maintained small tumor vol-
ume that was well-controlled. This sup-
ports the theory that the AT-1 treatment 
helps control the tumor growth while at 
the same time maintaining the suscepti-
bility of the tumor to the drug.

Another approach is to consider the 
fact that when tumor cells evolve resis-

tance to one type of drug, it can often 
mean that the cells are now susceptible 
to another type of drug.3 For example, 
as mentioned before, the elimination of 
a receptor to which a drug binds is a mu-
tation that cancer cells could develop to 
attain resistance to that drug.4 However, 
if this receptor is positioned in a way that 
blocks access to the binding site for a sec-
ond class of drugs, then the same muta-
tion which confers resistance to the first 
class of drugs by eliminating the receptor 
will now make the binding site for the sec-
ond class of drugs accessible. This would 
make the cell more susceptible to attack 
by the second class of drugs. Therefore, 
an approach being considered by scien-
tists is to treat the cancer with multiple 
different classes of drugs in hopes that 
developing resistance to some of them 
will allow the cells to be more susceptible 
to others.3 As can be seen in the figure be-
low, one way to do this is to alternate be-
tween a few different therapies.3 In theo-
ry, the cancer cells will develop resistance 
to the first therapy, leaving them more 
susceptible to the second therapy.3 Then, 
when the cells again develop resistance to 
the second therapy, the first therapy can 
then be re-administered.3 This aims to 
create an approach that treats the cancer 
cells faster than they can evolve.

A third approach is to devise methods 
to decrease the rate of evolution of can-
cer cells that win the fight over the body's 
natural tumor suppression mechanisms 
and to decrease the rate of evolution of 
drug resistant tumor cells.6 This could be 
done by creating drugs that reduce the 
mutation rate in the cells in the body by 
altering the regulation of certain cellular 

Source: Willyard 2016, Foo and Michor 2014



repair mechanisms.6 One way this could 
be done is by increasing the expression 
of proteins involved in error checking 
following DNA replication and transcrip-
tion. Another way to approach this rate 
of evolution issue is to consider the fact 
that the rate of evolution depends not 
only on the mutation rate, but also on the 
amount of variation in phenotypes and in 
the types and degree of external selective 
pressures.6 Finding a way to reduce the 
amount of variation in phenotype would 
reduce the ability of natural selection to 
act, thereby slowing the rate of evolution 
in cancer cells. Similarly, reducing the ex-
ternal selective pressures would again re-
duce the effect of natural selection, once 
again slowing the rate of evolution. How-
ever, the efficacy of these methods is be-
ing debated, as there are still other ways 
for cancer cells to out-evolve the thera-
pies and natural tumor combating mech-
anisms.6 Furthermore, this approach only 
provides a way to slow the rate of evolu-
tion of cancer cells rather than solving the 
problem, and clear methods as to how to 
conduct this approach have also not yet 
been solidified. 

Conclusion 
Understanding the evolutionary 

mechanisms behind the emergence of 
cancer, the body’s defensive and preven-
tive tumor-suppressive mechanisms, and 
the development of drug resistance in 
cancer cells is key to understanding and 
identifying the best possible methods by 
which to treat cancer cells. Meticulously 
monitoring how these tumor cells evolve 
through the lifetimes of patients as the 

disease progresses, retreats and hopefully 
positively stabilizes will lead to more ef-
fective treatment plans that aim to block 
this evolution of cancer cells and out-
evolve them. The evolution of species 
since the origin of life has been compared 
to an arms race in which the predators 
and prey must constantly evolve in order 
to develop advantages to out-compete 
each other. The struggle to treat cancer 
cells effectively before they out-evolve the 
treatments is a similar arms race that can 
be won by analyzing the issue through a 
Darwinian lens. 

Mythri is a junior in Leverett House 
studying Bioengineering. 
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While we have made great strides in treating HIV, 
heart disease, and cancer so far in the 21st century, 

conditions such as Alzheimer’s and myocardical infarctions 
still elude us, claiming hundreds of thousands of lives in the 
United States alone each year. Often times, these injuries and 
degenerative disorders irreversibly destroy necessary cells, 
such that what cells have been lost have been lost indefinitely. 
In the past two decades, however, stem cell therapy has of-
fered the opportunity to engraft cells at an attempt to restore 
function, such as in hematopoietic stem cell transplantation. 
However, reliably finding a donor match is incredibly difficult; 
autologous transplantation is often not viable without gene 
modification and patients may not always have an unaffect-
ed immunocompatible identical twin or sibling. Thus often-
times, doctors must rely on allogeneic donor cell transplan-
tations, which are rife with complications. First, in order to 
prevent rejection, allogeneic cells must be accompanied with 
a high dose of immunosuppression, which carries a high risk 
for infection. Second, about a third of patients subsequently 
develop some form of graft-versus-host or host-versus-graft 
disease, during which either the host or graft immune cells 
attacks the other, leading to a significant post-transplant mor-
tality rate. Thus,the recent advancements of induced plurip-
otent stem cells, immunoprotective devices, and “cloaked” 
immune cells attempt to counter these complications by suc-
cessfully developing a safe and effective cell therapy. 

I n du ce d  p lu r ip o t e n t  s t em  ce l ls  (iP SCs) are fully pluripotent cells 
that are “dedifferentiated” from any adult cell via the manipu-
lation of several transcription factors. iPSCs have gained much 
traction in the past decade, because they offered an alternative 
to ethically controversial embryonic stem cells as an unlimit-
ed supply of autologous cells. Perhaps most notably, in 2018, 
Japanese researchers from Kyoto University entered a Phase 
I clinical trial using iPSC-derived dopaminergic precursors 
to treat Parkinson’s Disease after demonstrating robust resto-
ration of motor function in non-human primate models.5

However, iPSCs also come with a number of difficulties that 
make it difficult to create a reliable, sustainable therapy. First, 
the act of reprogramming adult cells into iPSCs by modulat-

ing gene expression could 
actually accidentally acti-
vate an oncogene, which 
could lead to high tumor-
igenicity. Second, because 
each iPSC would be indi-
vidually derived from each 
unique patient, the resul-
tant iPSC would vary from 
person-to-person, making 
it difficult to standardize 

the therapy. Thus currently, iPSCs have not often been used as 
the actual cellular therapeutic themselves, but instead as high-
ly relevant in vitro human cellular models; iPSCs function as 
a “trial-in-a-dish”, because the therapy can be tested on the 
patient’s actual cells rather than an animal model or a different 
individual.
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Three germ line cells/tissues differentiated from iPSCs 
(Source: Arata Honda, Wikimedia Commons) 
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Thus, since many stem cell therapies are still allogeneic 
products, scientists have attempted to circumvent the im-
mune response first with a n a n opo rou s  immunop ro t e ct ive  d e -
v ice , which essentially functions via size exclusion.1 The de-
vice encases the stem cells, allowing transvascularization and 
the exchange of necessary factors, but excluding phagocytes 
from launching a foreign body response against the alloge-
neic cells. This device is particularly effective for stem cell 
therapies intended to replace destroyed secretory cells, such 
as ß cells in type I diabetes. In July 2019, Semma Therapeu-
tics demonstrated pre-clinical evidence of both successful 
engraftment and persistence of stem-cell derived pancreatic 
islets delivered via a similar immunoprotective device in pigs 
along with partial functional recovery of insulin production 
without immunosuppression; the device allowed the islets to 
secrete insulin, but protected them from phagocytic attack.4 

However, this device would only be most useful for disorders 
with secretory dysfunction and still largely fails to address 
disorders that would require robust reintegration into endog-
enous cellular circuitry.  

Today, billions of people suffer from an incredibly compro-
mised quality of life due to an inability to effectively reverse a 
wide range of injuries and degenerative disorders. However, 
with the recent advances in regenerative medicine, induced 
pluripotent stem cells, immunoprotective devices, and “im-
mune cloaking” have each demonstrated high potential to en-
suring safe, persistent engraftment with functional recovery. 
While each treatment must overcome their respective hur-
dles, a future with risk-free stem cell transplantation seems to 
be just on the horizon. 

Sang-o is a senior studying Molecular and Cellular Biology. 
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Thus, “clo a k e d ” immune  ce l ls  that lose their immunogenicity 
via gene modification seem to be one of the most promising 
routes to avoiding rejection in fully immunocompetent al-
logeneic recipients.2 Immune recognition and response are 
primarily dictated by 1) major histocompatibility complex 
(MHC) mismatch and 2) phagocyte activation. Each cell 
bears MHC surface proteins that bear a particular antigen 
that can be recognized as self or non-self by the host’s own 
T-cells, while CD47 appears to prevent any allogeneic cell-in-
duced natural killer (NK) cytokine release, which would pro-
mote phagocytosis. Thus, by knocking out structural compo-
nents and master regulators of MHC molecules, while 
also overexpressing CD47, scientists have created the 
first hypoimmunogenic, allogeneic stem cell line. As 
of June 2019, hypoimmunogenicity has since been ap-
plied to CAR-T cells (modified T cells that are highly 
selective for cancerous cells) and has tremendous po-
tential to be applied to any allogeneic cell therapy.3

However, one downside is that hypoimmunogenic 
cells can not be recognized by the host’s immune sys-
tem anymore, which makes them extremely suscepti-
ble to unprohibited, undetected teratoma formation, 
especially if the necessary gene modification activates 
any oncogenes. Incorporating “suicide genes” into 
these cells are a reassuring safety measure as they can initiate 
death and stop any proliferation upon activation. Thus, before 
a hypoimmunogenic therapy can be brought into clinical tri-
als, safety from tumorigenesis must be demonstrated.
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