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Nature Biotechnology’s academic spinouts of 2018
Our annual survey highlights startups taking on gene therapy, adoptive immune cell therapy, gene editing, and 
drugs targeting RNA modifications and the unfolded protein response. Ken Garber, Esther Landhuis, Melanie Senior, 
Cormac Sheridan and Laura DeFrancesco report.

The past year witnessed eye-popping 
rounds for early-stage biotech 
investments: $24 billion in funding 

was ploughed into private biotech across the 
globe, double the total for 2017—a year  
that itself broke previous records. Many 
of the companies that benefitted from the 
largesse make their way into our annual 
survey (Table 1).

As in previous years, our methodology 
focuses on R&D-intensive startups spun out 
from academic institutions. We first ranked 
these according to the amount of series A 
financings they received (a rough measure of 
investor and commercial excitement in each 
venture). Our editors then assessed publicly 
available information about each firm’s 
research to select those that appear below. 
(Some firms were selected but not included 
because they were still in ‘stealth mode’ or 
declined to be interviewed.)

What follows are the stories behind 
the selected ventures and their offerings. 
Although our survey is by no means 
exhaustive, we believe these companies 
represent some of the best (and most 
handsomely financed) science that was 
commercialized from academia in 2018.

Akouos: gene therapy within earshot
Emmanuel Simons first became interested in 
starting a hearing therapy company in 2008. 
But “the timing wasn’t right,” he says. Since 
then, the ear has become an exciting new 
target for drug developers. A great deal more 
is now understood about the genes and 
proteins responsible for hearing disorders, 
thanks to powerful gene sequencing and 
editing tools. The development of more 
sophisticated viral vectors for delivering 
genetic therapies is opening up new 

avenues for treating 
hearing loss. The US 
approval in late 2017 
of a gene therapy 
for an inherited 
form of vision loss, 
Luxturna (voretigene 
neparvovec-rzyl) from 
Spark Therapeutics 
(now part of Roche), 
has provided further 
stimulus for the field. 
Ears and eyes share 

some important characteristics that make 
both amenable to gene therapy, including 
their small size and protection from full 
immune-system surveillance.

Akouos, with Simons at the helm, is 
riding this wave: they raised a whopping 
$50 million in series A financing in 2018. 
Created in 2016 around the work of 
cofounders Mike McKenna, William Sewell 
and Luk Vandenberghe at the Massachusetts 
Eye and Ear Hospital and Richard Smith 
at the University of Iowa, the company is 
developing gene therapies for sensorineural 
hearing loss. This kind of hearing loss, 
caused by damage or dysfunction in sensory 
cells or nerve fibers in the inner ear, is one 
of the most common causes of deafness in 
newborns, but it is also a growing problem 
among those over 65 years old, affecting 
nearly a quarter of this expanding age group.

The unmet need is undisputed: there 
are no US Food and Drug Administration 
(FDA)-approved treatments for 
sensorineural hearing loss. Yet the ear 
presents particularly thorny delivery 
challenges for genetic treatments. It is a 
fragile and highly intricate organ, whose 
minuscule inner chambers are tricky to 
access and acutely sensitive to the pressure 
and volume of any externally administered 
drug, in addition to its molecular 
components. Akouos is building on its 
cofounders’ extensive research spanning 
inner ear pharmacokinetics, drug delivery 
and gene therapy vectors, as well as the  
most promising gene targets involved in 
hearing disorders.

Successful gene therapy is about “having 
the right viral vector and the right delivery 
approach,” says Simons. “Before we selected 
a gene of interest, or even the form of 
hearing loss [to target], we felt we should 
understand which cells we should access 
with our AAV [adeno-associated viral 
vectors],” he recounts.

With the approvals of Luxturna, an 
AAV serotype 2 (AAV2) vector, and 
Glybera (alipogene tiparvovec), an AAV1 
vector—together with numerous other 
AAV serotypes in human testing—AAV 
is becoming the workhorse virus for gene 
therapy. Luxturna has provided extensive 
safety data around AAV2. And as a group of 
vectors, AAVs have the advantages of being 

non-pathogenic, non-integrating into host 
genomes, only mildly immunogenic, and 
relatively easy and cheap to manufacture. 
That said, the vector does have its 
limitations; it has a small gene cargo size 
limit and also slow onset of expression.

Akouos turned to a new family of AAVs 
called ancestral AAV (Anc-AAV). In 2015, 
Vandenberghe’s laboratory wanted to 
uncover the structure–function relationships 
within these complex viral particles, so 
they could be more effectively engineered. 
They applied bioinformatics and predictive 
techniques to existing, naturally occurring 
AAVs to generate inferred evolutionary 
intermediates—what may be ancestral forms 
of the virus1. The Anc80 capsid in particular 
efficiently transduces a wider range of inner 
ear sensory cells in mice than other vectors, 
without interfering with cochlear function2. 
Hearing and balance were restored to near 
normal in a 2017 study in a mouse model 
of Usher syndrome3, a genetic disorder that 
causes profound deafness as well as loss of 
balance and blindness.

It’s still unclear precisely why this 
particular form of AAV is so effective— 
Vandenberghe’s laboratory continues to 
work with thousands of Anc variants to try 
to find out, Simons says. Anc-AAV could 
have the added benefit of reduced risk of 
pre-existing immunity, which can occur 
with naturally occurring, contemporary 
virus serotypes.

Akouos’s first set of gene targets are on 
inner hair cells—the primary sensory cells, 
nestled deeply within the cochlea. These 
cells are covered in tiny hairs, stereocilia, 
which turn mechanical sound wave 
vibrations into electrical signals that run 
along the auditory nerve into the brain. 
Simons won’t say precisely what the targets 
are, but the choice was guided by Smith’s 
work on the genetic basis of hearing loss, 
which includes single-cell RNA sequencing 
to obtain a high-resolution picture of gene 
expression and timing4.

A variety of genes are implicated in 
hearing and hearing loss. These may affect 
different parts of the cochlea, including 
hair cells and supporting cells, but also 
the synapses, ion channels, transporter 
molecules, gap junctions and other 
proteins involved in the complex chain of 

Emmanuel Simons, 
founder and  
CEO, Akouos.  
Credit: Akouos
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mechanical, chemical and electrical signals 
that comprise hearing. Unfortunately, “many 
of the genes that we’d like to target are too 
large to fit into a single AAV,” says David 
Corey, Bertarelli Professor of Translational 
Medical Science at Harvard Medical 
School, whose laboratory investigates the 
structure and mechanics of hair cells. One 
example is the gene encoding otoferlin, a 
protein involved in neurotransmission at 
the base of hair cells. It is too big for one 
AAV, so it has to be split up into two AAVs, 
adding another layer of complexity. Other 
important genes, like GJB2, which encodes 
a gap junction protein called connexin 26, 
may be necessary for the initial, prenatal 
development of hair cells, but intervening at 
such an early stage is currently impractical.

This second challenge explains why 
Akouos is, for now, targeting forms of 

hearing loss in which the architecture of the 
ear is intact, according to Simons. The hair 
cells and spinal ganglion synapses are all 
there, but they are damaged or not working 
properly. Promising genes being investigated 
by scientists in the field include TMC1 
(transmembrane channel-like gene family 1),  
identified in a 2018 paper as forming the 
critical sensory transduction channel that 
turns sound waves into electrical signals5. 
TMC1 does fit into AAV and Anc-AAV, and 
mutations may account for up to 10% of cases 
of hereditary deafness, according to Corey.

Akouos delivers its therapies directly into 
the inner ear, through the round window 
membrane at the base of the cochlea. The 
therapy is infused steadily at a constant 
flow rate to ensure it spreads throughout 
the cochlear spiral, while an exit vent is 
provided to maintain pressure and volume.

The substantial progress made in gene 
therapy for the eye, like Luxturna, is also 
providing fringe benefits for cochlear gene 
therapy. (Akouos’s leadership team includes 
Spark cofounder Jennifer Wellman, and 
Vandenberghe is an associate professor of 
ophthalmology at Harvard Medical School, 
as well as assistant director of the Ocular 
Genomics Institute.) Both eyes and ears 
are small, self-contained organs, separated 
from systemic circulation by the blood–
ocular and the blood–cochlear barrier, 
respectively. This gives them lower immune 
system surveillance than the rest of the body, 
allows for lower dosages of a therapeutic, 
and limits leakage and immunogenicity 
risks. Furthermore, at a cellular level, “the 
inner ear is very similar to the retina, from 
an AAV perspective,” says Simons. Neither 
retinal nor hair cells regenerate in humans; 

Table 1 | The class of 2018: ten biotech startups, spun out of academia, that are pioneering cutting-edge approaches

Company Focus Funding  
($ millions)

Investors Founders

Accent Therapeutics  
(Lexington, Massachusetts)

RNA-modifying enzymes 40 The Column Group, Atlas Venture,  
EcoR1 Capital

Robert Copeland,  
Howard Y. Chang and  
Chuan He

Akouos (Brookline, 
Massachusetts)

Gene therapy for deafness 7.5 (seed)
50 (series A)

5AM Ventures, New Enterprise 
Associates, Partners Innovation 
Fund, Sofinnova Ventures, RA Capital 
Management, Novartis Venture Fund

Michael McKenna,  
William Sewell, Richard Smith,  
Luk Vandenberghe and 
Emmanuel Simon

Beam Therapeutics  
(Cambridge, Massachusetts)

Base editing 87 (series A)
135 (series B)

F-Prime Capital Partners,  
Arch Venture Partners

David R. Liu,  
Feng Zhang and  
J. Keith Joung

Cabaletta Bio  
(Radnor, Pennsylvania)

CAR-T cells for B-cell 
autoimmunity

38 (series A)
50 (series B)

5AM Ventures, Adage Capital 
Management, University of  
Pennsylvania and others

Michael Milone and  
Aimee Payne

Carisma Therapeutics 
(Philadelphia)

CAR macrophage 
immunotherapy

59 AbbVie Biotech Ventures, HealthCap, 
IP Group, Grazia Equity, Wellington 
Partners, TPG Biotech, MRL Ventures 
Fund, Agent Capital

Michael Klichinsky and  
Saar Gill

Gotham Therapeutics  
(New York)

Epitranscriptomics 54 Versant Ventures, Forbion Capital 
Partners, SR One, Celgene,  
Alexandria Venture Investments

Samie Jaffrey

Quentis Therapeutics  
(New York)

ER stress response 48 Versant Ventures, Polaris Partners, 
AbbVie Biotech Ventures,  
Yonghua Capital, Alexandria Venture 
Investments, Taiho Pharmaceutical

Laurie Glimcher,  
Juan Cubillos-Ruiz and  
Sarah Bettigole

Recombinetics  
(St. Paul, Minnesota)

Gene-edited animal models, 
xenotransplantation,  
pig models of disease

34 Gundersen Health System and angel 
investors

Scott Fahrenkrug,  
Jeffrey Essner,  
Karl Clark, Dan Voytas and 
Perry Hackett

Senti Biosciences  
(South San Francisco,  
California)

Universal CARs for T-cell 
immunotherapy

53 New Enterprise Associates, 8VC,  
Amgen Ventures, Lux Capital,  
Menlo Ventures, Allen & Co.,  
Nest.Bio Ventures, Omega Funds,  
Goodman Capital, Lifeforce Capital

Tim Lu, Jim Collins and  
Wilson Wong

Storm Therapeutics  
(Cambridge, UK)

RNA epigenetics 21.5 Imperial Innovations, Pfizer Venture 
Investments, Cambridge Innovation 
Capital, Taiho Ventures, Merck Ventures

Tony Kouzarides and  
Eric Miska
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we are born with our full—and only—
complement of both.

This means, in theory, that once 
corrective DNA enters the cells, its effects 
should endure. A single administration 
may be sufficient to repair existing damage 
or dysfunction because the targeted cells 
do not turn over and regenerate in the way 
most other cells do. Evidence accumulating 
around ocular gene therapies points to 
effects lasting at least a year. “We’re in a great 
position to learn from prior research into 
the eye and brain,” opines Simons.

There is, however, one important 
difference between eyes and ears that raises 
the hurdle for gene therapies of hearing loss. 
Those suffering from poor or no vision have 
no equivalent to the cochlear implant—a 
neuroprosthetic device that bypasses the 
sensory hair cells and turns sound directly 
into electrical signals that stimulate the 
auditory nerve. These devices are implanted 
surgically and work well to restore hearing 
in many cases—including enabling children 
born deaf to develop verbal language. 
Indeed, “it’s striking that they work as well 
as they do,” says Simons, given that they use 
just a couple of dozen electrodes rather than 
15,000 hair cells. The brain is exceptionally 
good at adapting to, and successfully 
interpreting, new kinds of signals as  
sound and speech.

The success of cochlear implants is 
another important influence on Akouos’s 
target selection and trial design, says 
Simons. The company focuses on forms 
of loss that cochlear implants serve poorly 
or not at all. These include some forms of 
deaf-blindness, where patients have a greater 
need for high sound quality, and people 
who have trouble hearing amid significant 
background noise. (Implants do not, sadly, 
allow patients to enjoy music.) In these 
situations, “the quality difference between an 
implant and physiological hearing can have 
a dramatic impact,” says Simons.

Outperforming cochlear implants is 
most realistic in indications where the ear is 
developmentally and structurally intact, says 
Simons. But even if an eventual gene therapy 
does only as well as the device, it may, for 
some patients, be preferable to a surgical 
implant that remains in place, requiring 
long-term maintenance.

There is competition in the space from 
multinational companies like Novartis, 
which is testing a recombinant adenoviral 
gene therapy for profound hearing loss in 
phase 1/2 human trials. The company’s 
experimental product CGF166 employs a 
recombinant adenovirus 5 to deliver cDNA 
for the human transcription factor atonal, 
essential for hair cell development, in a 
strategy aiming to turn adjacent epithelial 

cells into hair cells. Elsewhere, other biotech 
startups, like Sound Pharmaceuticals and 
Frequency Therapeutics, are pursuing small 
molecules and regenerative medicine rather 
than gene therapies to restore hearing6 .

The flurry of activity around gene 
therapy for the ear underlines the many 
remaining challenges. Mouse models are 
useful because the auditory systems of mice 
and humans are structurally similar. But 
the size discrepancy and species divergence 
make testing in primates important. As 
research extends across species, it appears 
that the types of cell that any given vector 
can transduce may vary substantially, not 
only across species but also in the same 
species at different ages, warns Corey. Some 
viruses transduce all hair cells in newborn 
mice but only inner hair cells in adult mice, 
for instance, and may transduce all hair 
cells—or none at all—in primates.

Akouos will use its series A funds to 
reach Investigational New Drug submission 
for its lead, as well as candidate selection for 
a follow-on program. In the past 18 months, 
Akouos has grown from 3 to 25 employees 
and is preparing to move into new premises 
that can house hundreds. MS

Senti Biosciences, Carisma  
Therapeutics and Cabaletta Bio:  
CARs get an upgrade
FDA approvals in 2017 of the first two 
chimeric antigen receptor (CAR)-T 
therapies, Kymriah (tisagenlecleucel; 
Novartis) and Yescarta (axicabtagene 
ciloleucel; Gilead Sciences) testified to 
the remarkable efficacy of adoptive cell 
therapy in many patients with CD19+ 
B-cell malignancies. Thus far, however, 
the approach has not been translated to 
other therapeutic settings. Now a wave of 
companies is seeking to broaden the impact 
of adoptive cell therapies. Senti Biosciences 
is programming new functionality into 
different immune cells to gain greater 
control over their safety, toxicity, targeting 
and efficacy; another startup, Carisma 
Therapeutics, is adopting CAR technology 
to macrophages—an entirely different 
cell type—to take CARs into previously 

inaccessible tumors; 
and a final venture, 
Cabaletta Bio, is 
focusing applications  
away from tumor 
immunotherapy 
altogether, looking to 
see whether  
antigen-specific T-cell 
treatments can tackle 
autoimmune diseases.

At Senti, the aim is 
to introduce a degree 

of programmable 
logic into cell therapy 
systems by integrating 
‘smart’ components, 
such as synthetic 
gene circuits and 
molecular switches, 
into cell and gene 
therapies. “We want 
to create new types 
of drugs, ones which 
can be regulated 
and controlled,” says 
CEO Tim Lu, who is 
on leave of absence 

from his faculty post at the Massachusetts 
Institute of Technology. “In some of  
those cases, our programs piggyback on 
existing designs,” he says. Others involve 
de novo design. “It really depends on the 
application of interest.”

The company, which raised $53 million 
in series A funding last year, is by no 
means focused solely on CAR-T therapies. 
Indeed, its lead program, in ovarian cancer, 
involves a different form of cell therapy, but 
it has yet to disclose any details about that 
therapy’s composition. In a recent paper7, 
though, coauthored by Lu’s cofounders 
Wilson Wong, of Boston University, Wong’s 
PhD student Jang Hwan Cho, and the 
Massachusetts Institute of Technology’s 
Jim Collins, provides some clues to Senti’s 
approach to CAR-T therapy. Its SUPRA 
architecture of the CAR—the name 
encompasses the terms “split,” “universal” 
and “programmable”—enables the facile 
switching of antigenic targets without the 
need for re-engineering of a patient’s  
T cells, as well as the tuning of T-cell 
activation to a desired level and the 
implementation of more complex and 
selective antigen recognition routines than 
current methods allow.

Key to its design is the use of paired 
leucine zippers—complementary protein 
recognition domains normally involved in 
the dimerization of eukaryotic transcription 
factors—which split the antigen 
recognition process into two steps. This 
approach provides control by exogenously 
supplying the antigen recognition motif 
as a recombinant protein. The antigen 
recognition element, called a ‘zipFv’, consists 
of a single-chain variable fragment (scFv), as 
used in classic CAR-T constructs, fused to 
one leucine zipper. The T cell is engineered 
to express a ‘zipCAR’, comprising the 
usual T-cell CD3-ζ and CD28 signaling 
and co-stimulatory domains fused to a 
complementary leucine zipper, expressed on 
the cell surface, which recognizes the zipFv. 
Thus, a SUPRA CAR-T is only activated 
when the zipFv binds to its target antigen 

James Collins, 
cofounder, Senti 
Biosciences.  
Credit: Wyss Institute, 
Harvard University

Tim Lu, cofounder 
and CEO, Senti 
Biosciences.  
Credit: Yves Shahar

NATURE BIOTECHNOLOGY | VOL 37 | JUNE 2019 | 601–621 | www.nature.com/naturebiotechnology



604

feature

through its scFv domain and to the zipCAR 
through its leucine zipper. To make an ideal 
system, “you need everything there for the 
T cells to be fully activated,” says Wong. His 
group demonstrated that a T cell modified 
in this way, when exposed to the appropriate 
zipFv adaptor, could act on a cancer cell 
line expressing the tumor antigens HER-2, 
mesothelin or Axl.

Another feature of this approach is that 
the strength of the T-cell response can be 
modified at multiple levels by varying the 
affinity between the leucine zipper pairs, 
by varying the affinity between the target 
antigen and the scFv, by controlling the dose 
of zipFv adaptor protein and by tuning the 
level of expression zipCAR. Wong’s group 
also demonstrated a further level of control 
of SUPRA CAR-T activation by developing 
competitive zipFv proteins, which do not 
participate in the antigen recognition 
process but which bind the zipFv molecules 
that do.

The ability to combine recognition of 
two or more antigens in a single therapy—
the equivalent of using the AND logical 
operator, in programming terms—could 
enhance tumor specificity and help prevent 
targeting normal cells that express one of the 
antigens, says Wong. He is also considering 
how to refine this antigen recognition 
scheme further by incorporating a NOT 
command—an inhibitory function—so 
that a SUPRA CAR-T would only recognize 
cancer cells that express two target antigens 
and, at the same time, do not express a  
third defined antigen.

The basic approach should be applicable 
to a wide range of tumor antigens. “There is 
a variety of leucine-zipper pairs—you can do 
multiple adaptors, you can deal with antigen 
escape,” says Kole Roybal, of the University 
of California, San Francisco, and the Parker 
Institute for Cancer Immunotherapy. “The 
use of zipper combinations avoids the need 
for transferring genes encoding the CAR 
[if the antigen targets vary],” says Michel 
Sadelain, of Memorial Sloan Kettering 
Cancer Center, one of the pioneers of 
CAR-T therapy. “It’s also a technology that 
pairs well with the allogeneic or universal 
cell approaches that are coming out,” says 
Roybal. The technology is still a couple of 
years from clinical trials—and how those 
trials will be designed is still unclear. “The 
question is will the FDA want to do some 
safety study with the biologic that’s being 
infused,” Roybal says. That would create an 
ethical difficulty, he says, given the absence 
of any patient benefit. The presence of 
foreign amino acid sequences in the various 
components deployed in the SUPRA CAR-T 
system raises another question. “There is 
a concern about the immunogenicity of 

these proteins,” says 
Sadelain. “The more 
engineering we do, 
the more rejection 
there can be,”  
Roybal says.

As with any new 
therapeutic modality, 
questions on safety 
and efficacy can 
only be answered 
definitively in clinical 
trials. “I don’t see 
the current plans as 
being problematic,” 

says Senti’s Collins. “The current schemes 
have been well tested in cell culture and in 
animal models.” The next step is to obtain 
FDA Investigational New Drug approval to 
conduct clinical trials. “The FDA has been 
remarkably supportive of this new wave of 
medicines,” he says. The issues facing Senti 
may not be much different from those facing 
other immuno-oncology firms. “I think the 
challenges are which indications to go for,” 
says Collins.

Meanwhile, further down the US 
east coast, Carisma Therapeutics is 
rewiring, not T cells, but macrophages. 
The approach had its beginnings in 2013, 
when Michael Klichinsky was starting his 
PhD at the University of Pennsylvania 
under the joint mentorship of CAR-T 
authority Carl June and rising star Saar 
Gill. Three years later, Klichinsky and 
his advisor Gill, in partnership with the 
Penn Center for Innovation, went on to 
found CARMA Therapeutics—renamed 
Carisma Therapeutics in 2018 as a result of 
a trademark conflict—with $3 million in 
seed funding. Last June, the company closed 
a $59 million series A round led by AbbVie 
Ventures and HealthCap.

The idea of Carisma is to capitalize 
on the fact that macrophages naturally 
traffic to tumors, in part owing to 
chemoattractants secreted by tumors. 
However, once there, macrophages can 
be co-opted to spur the growth of tumor-
sustaining blood vessels, suppress the 
activity of tumor-killing T cells, and act 
in other ways that promote the growth 
and spread of cancer. “Wouldn’t it be a 
good idea to genetically engineer cells that 
naturally go to the tumor and rely on a 
sort of Trojan horse mechanism to target 
their effective functioning against tumors?” 
asks Klichinsky, who now serves as vice 
president, discovery research.

The concept found support in 
Klichinsky’s early experiments with 
the THP-1 macrophage cell line. Using 
a lentiviral vector, he engineered the 
macrophage cell line to express various 

CARs against various cell surface antigens, 
such as mesothelin or CD19. “We could 
take a macrophage, put in a single gene and 
tell that macrophage what to eat,” he says. 
If the CAR was directed against CD19, for 
example, the engineered macrophages ate 
and killed CD19+ tumor cells. This was 
the first demonstration that a single gene 
could rewire phagocytosis, Klichinsky says. 
“Whatever we direct the CAR against, the 
macrophage can track that material down, 
and eat and degrade it.” (In addition to 
CD19, they have tested their system against 
mesothelin and HER-2.) Moreover, the 
targeted phagocytosis does not require 
additional antibodies, complement proteins, 
or inhibition of ‘do not eat me’ signals, such 
as CD47, on tumor cells.

The next hurdle was getting this to 
work with primary human monocytes, 
the white blood cells that differentiate 
into macrophages. Genetic manipulation 
of monocytes has been notoriously tough 
because these immune cells are hard to 
infect and grow poorly in primary cell 
cultures. Klichinsky spent more than a 
year of his graduate study testing at least 
ten different gene delivery methods before 
finding a winner: a replication-deficient, 
chimeric adenoviral vector called Ad5f35. 
Ad5f35 incorporates the Ad35 knob on 
the Ad5 vector and redirects the vector’s 
tropism toward CD46, which is highly 
expressed on macrophages. Using the 
Ad5f35 vector to deliver a HER-2, which 
is expressed on several solid tumor types, 
Klichinsky achieved 75%-efficient delivery 
into monocytes separately purified from ten 
human donors.

Finding a reliable way to genetically 
engineer human macrophages “was one of 
the big breakthroughs that Mike made,” says 
Steven Kelly, who has seen Carisma grow 
from 3 to 15 employees since coming on 
board as CEO in February 2018. As it turns 
out, exposure to adenoviral vector acts as 
a ‘two-fer’. It not only facilitates CAR gene 
delivery, but also nudges the macrophages 
toward an inflammatory, tumor-fighting 
state—the so-called M1 phenotype—which 
the cells would typically shift away from 
under a tumor’s spell. As this antitumor 
identity solidifies, the CAR macrophages 
ramp up expression of genes that help them 
fight foreign invaders—be they pathogens or 
tumors. Some of the upregulated genes make 
CAR macrophages better at chewing up and 
presenting antigens, which could enable 
them to better attract T cells and induce an 
adaptive immune response, Klichinsky says. 
His experiments suggest that engineered 
macrophages can resist immunosuppressive 
factors—cytokines, such as IL-4 and 
IL-13, that would normally push the 

Michael Klichinsky, 
Vice President 
Discovery Research, 
Carisma Therapeutics. 
Credit: Steve Shan
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macrophages toward a tumor-supporting 
M2 phenotype. By resisting the M2 state and 
retaining M1 identity, CAR macrophages 
produce cytokines and chemokines that 
make it harder for tumors to grow. And 
as professional antigen-presenting cells, 
macrophages can prime adaptive T cell 
responses at the tumor site.

After purifying monocytes from 
human blood and engineering them as 
CAR macrophages in the laboratory, 
Klichinsky and co-workers tested them in 
immunodeficient xenograft mice. The mice 
model a condition called intraperitoneal 
carcinomatosis, which results when ovarian 
cancer metastasizes to the peritoneal cavity. 
In those experiments, the researchers 
injected human HER-2 CAR macrophages 
intraperitoneally into the mice. Whereas 
control mice died within a month 
after treatment with saline solution or 
un-transduced macrophages, animals that 
received engineered macrophages showed 
robust tumor shrinkage. After another 
month, the tumor grew back in roughly half 
the mice, but for the other animals, no signs 
of disease were evident when the experiment 
ended at 100 days, according to Klichinsky. 
“It’s safe to say they were indeed disease-free 
at that point,” he says.

Klichinsky and colleagues reported these 
data on a poster at the annual meeting 
of the American Association for Cancer 
Research (AACR) held 29 March to 3 April 
in Atlanta, Georgia, and at an AACR tumor 
immunology and immunotherapy meeting 
last November in Miami Beach, Florida8.

Since the xenograft mice lack an adaptive 
immune system, “any activity we’re seeing 
is coming directly from macrophages 
eating and killing tumor cells,” Klichinsky 
says. Thus, in theory responses could be 
stronger in the presence of an adaptive 
immune system because it’s possible that the 
engineered macrophages could also induce 
T-cell responses.

The University of Edinburgh’s Jeff 
Pollard, who studies tumor-associated 
macrophages, points up some limitations of 
the xenograft model. Because the cancer is 
created by injecting human ovarian cancer 
cells into the mouse’s intraperitoneal cavity, 
“that’s just a round ball of cells. It’s nothing 
like a real tumor,” he says. In reality, ovarian 
cancers are “heterogeneous,” with “all 
sorts of cells at different stages expressing 
different antigens.” Furthermore, because 
the CAR macrophages were injected into the 
same cavity as the tumor cells, Pollard isn’t 
yet convinced the macrophages would reach 
the tumor if infused into the body’s general 
circulation, as CAR T cells do.

Carisma has some unpublished work 
that shows that human macrophages traffic 

to solid tumors both in vitro and in vivo. 
Using three-dimensional organoid models, 
they demonstrated in vitro trafficking, and 
in vivo, in mice engrafted with subcutaneous 
flank tumors and injected with infrared-
dye-labeled macrophages into the tail vein, 
they observed trafficking of macrophages to 
the tumors. Importantly, past clinical trials 
in solid tumors performed by Reinhard 
Andreesen of the University Hospital 
Regensburg, Germany, using macrophages 
that were not genetically engineered, has 
demonstrated trafficking to primary and 
metastatic sites in humans9.

Another potential issue—shared by any 
adoptive CAR immune cell therapy—is 
off-target effects. “Finding a target that’s 
expressed in tumor cells but not normal 
cells is generally more challenging [in solid 
tumors] than it is for blood cell cancers,” 
says Helen Heslop, an immunotherapy 
researcher and clinician at Baylor College of 
Medicine in Houston, Texas.

The company aims to file an 
Investigational New Drug application for 
its lead program (CT-0508), focused on 
targeting HER-2+ solid tumors, by late third 
quarter or early fourth quarter 2019 and 
initiate a phase 1 study by the end of the 
year, Kelly says. “We would assume that we 
would get our safety results and directional 
measures of efficacy in mid-2020 and 
proceed from there.” Carisma has optimized 
the manufacturing protocol to generate 
billions of CAR macrophages from a single 
apheresis. After isolating monocytes from 
the person’s blood, they differentiate those 
cells into macrophages. “Currently, from 
start to finish, it’s a seven-day process,” 
Klichinsky says.

A few miles away from Carisma is 
another University of Pennsylvania CAR-T 
spinout: Cabaletta Bio. This venture is 
taking CAR-T cells in yet another totally 
different direction. CEO and chairman 
Steven Nichtberger recalls that while most 
people were still asking how CAR-T cell 
technology might address other cancers, 
“Michael Milone and Aimee Payne asked 
a different question: what other B-cell-

mediated diseases can 
a CAR-T platform 
treat?” To explore 
this, they cofounded 
Cabaletta, with the 
aim of redirecting 
the power of CAR-T 
therapy from cancer 
to autoimmune 
conditions.

Although Milone 
and Payne both have 
academic posts at 
the University of 

Pennsylvania, their paths had not previously 
crossed. Milone, another former postdoc 
of Carl June, is steeped in CAR-T research, 
whereas Payne is a global authority on 
pemphigus vulgaris—a severe, blistering 
skin condition mediated by an autoantibody 
attack on keratinocytes, the most common 
type of skin cell. Christoph Ellebrecht, a 
postdoctoral researcher in Payne’s laboratory 
at the time, made the connection after 
attending a talk Milone gave on his CAR-T 
research. Nichtberger, a serial biotech 
entrepreneur who teaches a capstone course 
on healthcare company formation, financing 
and leadership at the university’s Wharton 
School of Business, encountered the nascent 
technology in the classroom. As part of their 
project work, his students develop mock 
series A pitches for life sciences innovations 
emerging from the university. Nichtberger 
became involved in the emerging company 
as cofounder and CEO some months after 
the class had ended.

The company has since raised $88 
million across two funding rounds for 
developing what it calls ‘CAAR-T’ or 
‘chimeric auto-antibody T-cell’ therapy. 
The approach is based on the same basic 
chassis underpinning Kymriah, which 
Milone co-developed while working in 
June’s laboratory. It employs a 4-1BB 
(CD137) co-stimulatory domain and 
a CD3-ζ signaling domain to drive the 
T cells’ activation and cytotoxicity—with 
one key difference: instead of being armed 
with an antibody fragment to recognize 
a cell-surface antigen, CAAR T cells are 
engineered to express an autoantigen 
that selectively binds B cells expressing 
a cognate B-cell antigen receptor (BCR). 
Cabaletta’s lead candidate, DSG3-CAAR-T, 
targets B cells that produce antibodies 
directed against desmoglein 3 (DSG3), 
the autoantigen. DSG3 is a cadherin—a 
calcium-dependent transmembrane 
adhesion protein—and is found in cell-to-
cell adhesion structures called desmosomes. 
In a 2016 Science paper, Milone, Payne and 
co-workers showed that Dsg3 CAAR-T 
cells exhibit specific cytotoxicity against 
cells expressing anti-Dsg3 BCRs, and they 
eliminated Dsg3-specific B cells in a mouse 
model of pemphigus vulgaris10.

The approach is highly selective and is 
therefore far less immunosuppressive than 
CD19-directed CAR-T therapy, which 
wipes out the entire B-cell compartment. 
The population of B cells producing 
autoantibodies against DSG3 is fewer than 
0.1% of the total B-cell population. “It’s 
almost analogous to a minimal residual 
disease state in cancer,” says Milone. For 
that reason, Cabaletta is not expecting 
its CAAR-T cells to elicit the same toxic 

Steven Nichtberger, 
CEO and chairman, 
Cabaletta Bio.  
Credit: Cabaletta Bio
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effects that CAR-T cells exert in cancer. 
“Cytokine release in cancer is in large part 
due to tumor burden,” says Payne. “We feel 
that it’s unlikely we will see cytokine release 
syndrome based on target-cell burden.” 
Antigenic escape, another significant 
problem when administering CAR-T 
therapy in cancer, is not a concern either. 
A B-cell clone that has lost a BCR capable 
of recognizing DSG3 will, by definition, no 
longer produce antibodies directed against 
the protein.

The company hopes that CAAR-T 
therapy will drive more durable remissions 
than the current standard of care, which 
consists of immunosuppressive steroids 
and the CD20-directed antibody Rituxan 
(rituximab). Although the latter drug, which 
causes non-selective B-cell ablation, has a 
95% response rate in pemphigus vulgaris, it 
is not curative or long-lasting. “Most of the 
patients ultimately will relapse,” Milone says. 
“You don’t deplete the memory B cells very 
effectively with rituximab.” That’s because 
they mainly reside in secondary lymphoid 
tissue, rather than in the circulation. 
Cabaletta is betting that CAAR-T cells will 
penetrate these tissues more effectively than 
rituximab, given that the latter does not 
cause complete B-cell depletion in these sites 
and, unlike CAR-T cell therapy, does not 
lead to lasting remissions in patients with 
B-cell malignancies. The FDA approval last 
year of rituximab as a first-line treatment 
for pemphigus vulgaris could decrease the 
pool of patients in need of CAAR-T therapy, 
however. If the autoreactive B cells are 
engaged quickly enough, the remissions  
may prove more durable than at present. 
“The earlier that population is targeted, 
the more quickly you can shut down the 
disease,” says Donna Culton, assistant 
professor of dermatology at the University  
of North Carolina, who acts as a consultant 
for Cabaletta.

A first look at how the CAAR-T therapy 
performs in patients may come soon. The 
company plans to file an Investigational 
New Drug application with the FDA in the 
second half of this year and to start a clinical 
trial in patients with mucosal pemphigus 
vulgaris—a form of the disease that 
primarily affects the oral mucosa—once it is 
cleared to do so. As with any novel therapy, 
safety will be the most important parameter 
to follow initially. A key question to explore 
is whether the DSG3-directed CAAR-T cells 
will attack healthy cells expressing DSG3, as 
well as B cells expressing anti-DSG3 BCRs. 
“Off-target effects [against keratinocytes 
expressing binding partners of DSG3] are 
always a concern when you’re putting these 
things into patients,” Milone says. Crucially, 
in preclinical experiments, the CAAR-T 

cells did not demonstrate any reactivity 
against human keratinocytes in vitro or in 
mice implanted with human skin xenografts. 
The thickness of the desmosomal junction 
may offer a physical barrier to off-target 
activation, keeping the T cells from 
approaching a target cell closely enough for 
optimum activation.

Even if Dsg3 turns out to be the perfect 
target for Cabaletta’s CAAR-T therapy, 
other indications for its platform may 
not be plentiful. “In autoimmune disease, 
the problem is a little bit more complex, 
perhaps, than in cancer,” says Pere 
Santamaria at the University of Calgary, who 
is founder and CSO of Parvus Therapeutics, 
which is developing nanoparticle-
based therapeutics for reprogramming 
autoreactive T cells to regulatory T cells. 
Pemphigus vulgaris differs from most 
other autoimmune conditions in that there 
is a single autoantigen responsible for 
the disease that has been identified. “The 
technology may work there. I think it’s a 
very clever approach,” he says. However, 
most chronic autoimmune conditions have 
a large repertoire of autoantigens, which is 
why most therapeutic approaches are still 
broadly immunosuppressive. Myasthenia 
gravis, which also has a limited number 
of autoantigens, could be an additional 
option, he says, but even here, long-lived 
plasma cells—which are not a major 
source of autoantibody production in 
pemphigus vulgaris—would be able to evade 
CAAR-T cell recognition. “They secrete the 
antibody but they don’t express the surface 
immunoglobulin,” he says.

Cabaletta does have a several additional 
preclinical programs underway, including 
Dsg3/1-CAAR-T, which targets Dsg1 as 
well as Dsg3 and is in development for the 
mucocutaneous form of pemphigus vulgaris, 
which usually follows the mucosal form.

The cost of CAAR-T therapy could be 
high for patients, but Culton notes that 
lifelong immunosuppressive therapy is 
costly, both in terms of direct treatment 
costs and the indirect burden of managing 
the associated side effects. “It’s the one 
treatment that’s out there currently that 
really has the promise of providing a cure 
for our patients,” she says. Cabaletta is 
also exploring next-generation allogeneic 
approaches, which would be cheaper, but 
its immediate focus is on the autologous 
technology that has already delivered in 
clinical trials.  CS, ES

Quentis Therapeutics: the latest twist 
on ER stress in cancer unfolds
Quentis Therapeutics is an unlikely 
immuno-oncology company. It’s targeting 
the unfolded protein response (UPR), 

an adaptive 
response to stress 
in the endoplasmic 
reticulum (ER), an 
organelle where 
proteins destined  
to be secreted are 
folded and processed. 
When unfolded 
proteins overload  
the ER, the UPR  
kicks in, slowing 
protein synthesis  
and promoting 
folding capacity. 

Certain cancers depend on the UPR for 
survival, and drugs that interfere with  
the UPR in cancer cells have long been 
known to have therapeutic potential.  
So what does that have to do with the 
immune system?

Quentis cofounder Laurie Glimcher, 
now president and CEO of the Dana-Farber 
Cancer Institute in Boston, made one link 
in 2015 when she was dean of the Weill 
Cornell Medical College in New York. Back 
in 1988, as a young Harvard immunologist, 
Glimcher cloned the transcription factor 
XBP111 (X-box binding protein 1), which 
activates one of three arms of the UPR, 
and she spent the next two decades 
studying XBP1 and its effects. In 2012 
Glimcher hired a postdoctoral researcher, 
Juan Cubillos-Ruiz. Cubillos-Ruiz had 
studied immunosuppressive dendritic 
cells in ovarian cancer and began looking 
at what role, if any, XBP1 and the UPR 
played in these problematic cells. To make 
a long story12 short, the UPR, instead of 
performing its usual protective function, 
undermines dendritic cells’ ability to 
present tumor antigens to T cells. In 2018, 
he and Glimcher, in Nature13, reported a 
different mechanism but similar outcome 
in T cells. “Juan and I were both surprised,” 
recalls Glimcher. “To control the ER stress 
response, you need XBP1. So you might 
think that [the UPR is] increasing the 
fitness of a T cell or increasing the fitness 
of a dendritic cell. But it’s just the opposite.” 
Glimcher and others had earlier shown 
that certain tumors depend on the XBP1 
pathway14 (and its activating enzyme, IRE1) 
and that drugs targeting the pathway could 
block tumor growth directly. But now there 
was the potential to simultaneously inhibit 
tumors and boost antitumor immunity using 
such a drug.

“When we realized that it was a double 
whammy, that silencing IRE1 not only 
targeted the tumor for death but also 
simultaneously activated the immune system 
… and it’s an enzyme, we thought, ‘Look, 
this really needs a lot of attention, and it’s 

Laurie Glimcher, 
cofounder, Quentis 
Therapeutics.  
Credit: Dana Farber 
Cancer Institute
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something we can’t do in the laboratory,’” 
says Glimcher. “We talked to a number of 
VC firms and chose Versant, who gave us 
seed money.” Cornell spun out Quentis, 
with Glimcher, Cubillos-Ruiz and Sarah 
Bettigole, a former Glimcher graduate 
student, as its scientific cofounders. Bettigole 
is now Quentis’s director of biology. Quentis 
completed its $48 million series A round in 
February 2018.

Several other companies and labs have 
sought to target IRE1 for a direct antitumor 
effect, with some giving up. But Glimcher’s 
immune discoveries give the approach new 
impetus. “The immune system story is 
just another chapter,” says Albert Koong, a 
cancer biologist at the MD Anderson Cancer 
Center in Houston whose laboratory has 
developed several IRE1 inhibitors. “But 
even independent of that, there is very good 
rationale to target these pathways.”

But IRE1 also has its downside. It is a 
problematic drug target. “Enzymatically, 
it’s complicated,” says Quentis CSO 
Jeanne Magram. IRE1 is a transmembrane 
kinase that, when activated by ER stress, 
dimerizes and autophosphorylates. Then 
the phosphorylated enzyme’s RNase domain 
clips a 26-base-pair fragment out of the 
XBP1 unspliced RNA, turning XBP1 into 
a very potent transcription factor, which 
then triggers the expression of UPR genes. 
Inhibitors of both the IRE1 kinase and 
RNase domains have been reported, but 
none was potent and/or specific enough to 
go into clinical testing.

Quentis, through structure–function 
analysis of these molecules to thoroughly 
understand their activity, discovered two 
new compounds with the necessary potency, 
bioavailability and tolerability to properly 
answer the question of what an IRE1 
inhibitor can do in cancer. “These, if they 
show the appropriate behavior in in vivo 
efficacy models, could move forward for 
sure” into the clinic, says Magram. That 
could happen as soon as the first half of next 
year, she says.

XBP1 biology is just as complicated as 
IRE1 enzymology, with its own pitfalls. 
In certain contexts, IRE1 can splice XBP1 
mRNA in such a way as to induce RIDD 
(regulated IRE1-dependent decay), which 
can lead to cell death—not a process you’d 
want to block in cancer. “There may be 
settings and specific contexts where these 
biologies play out,” says Magram. But, on the 
basis of published knockout experiments, 
which eliminate everything downstream of 
IRE1, “we think the net result of taking it out 
is still positive” in cancer, she says.

As the UPR is a key cell survival pathway, 
knocking out IRE1 could also lead to 
toxicity in normal cells. In Glimcher’s 

inducible, organ-specific knockouts, “there 
really isn’t much toxicity in deleting this 
pathway in a normal animal,” she says. Other 
UPR pathways besides IRE1–XBP1 may 
compensate for its loss. But such redundancy 
could also somewhat limit the single-agent 
usefulness of IRE1 inhibitors in cancer, says 
Koong. “Certain cancers tend to be primarily 
dependent on a particular branch of the 
UPR,” he says. “There may be other cancers 
where you’re going to need multiple pathways 
that need to be blocked to see efficacy. 
And finally, tumors may be able to develop 
resistance to IRE1 inhibitors by activating 
another signaling branch of the UPR.”

Genentech also has an active IRE1 
inhibitor program, says Magram. But 
Quentis can take advantage of its founders’ 
deep scientific knowledge to navigate 
the many minefields. “ER stress is quite a 
complex biology,” Magram says. “Laurie’s 
expertise is amazing … We’re well-
connected to Laurie and Juan, and Sarah 
[Bettigole] is obviously in the company.  
So I think that gives us a lot of background 
in a very complex field.” KG

Accent, Gotham and Storm: small  
molecules with a modified message

In seven years 
the field of RNA 
epigenetics, or 
epitranscriptomics, 
has advanced from 
inception to maturity, 
at least for venture 
capital. Accent 
Therapeutics, Gotham 
Therapeutics and 
Storm Therapeutics 
are all targeting 
proteins involved in 
RNA methylation 
to treat cancer and 

eventually other diseases. Together they 
have raised $115 million. “There are going 
to be many more players—this is just the 
start,” says Tariq Rana, an RNA biologist 
at the University of California, San Diego. 
Rana is considering founding his own RNA 
epigenetics company. “The space is all open 
right now,” he enthuses.

RNA methylation was first reported 
44 years ago15, but only in this decade 
has it emerged as an important regulator 
of gene expression. In the mid-1970s 
researchers, when digesting RNA down 
to mononucleotides and phosphorylating 
them, saw not four nucleotides blotting the 
chromatography plate, but five. The fifth 
nucleotide turned out to be methylated 
adenosine, which was dubbed m6A because 
the methyl group attached to the nitrogen  
in the 6 position. But because tools didn’t 

exist then to detect 
transcript locations 
and the overall extent 
of m6A, “it was 
almost completely 
lost to history,” 
says Samie Jaffrey, 
a pharmacology 
professor at  
Cornell University  
in New York.

Then, in 2012, 
Jaffrey’s group16  
and the group of 
Gideon Rechavi 

at Tel Aviv University and the Sheba 
Medical Center in Israel17 both published 
transcriptome-wide m6A analyses, using 
antibodies to pull down m6A-decorated 
mRNA fragments, which they then 
sequenced. “I got excited when I read  
Samie Jaffrey’s paper,” says Rana, in part 
because m6A turned out to be present in 
the mRNA of about one-third of all genes, 
with the modification most abundant 
around the stop codon of an mRNA, not 
randomly spread. “The moment we realized 
the distribution is not random, we realized 
that we are dealing with a modification that 
has a biological function,” recalls Rechavi. 
Jaffrey described the m6A modification as 
“epitranscriptomic,”16 giving a name to the 
budding field. The proteins that methylate 
and demethylate RNA were called ‘writers’ 
and ‘erasers’, and proteins that bind to RNA 
methylation sites are ‘readers’. All are now 
potential drug targets.

Since the 2012 m6A revival, Rechavi, 
Jaffrey and a growing number of others 
have explored the function of m6A and 
its associated proteins. (Other mRNA 
modifications have also been documented, 
but m6A is the most abundant and best 
studied.) By mid-decade, it was clear that 
m6A helps control stem cell differentiation 
in mammals18.

In 2017, groups led by Michael Kharas  
at the Memorial Sloan Kettering Cancer 
Center and Tony Kouzarides at the 
University of Cambridge independently 
showed that m6A keeps acute myeloid 
leukemia (AML) cells locked in a 
pluripotent state and that depleting 
METTL3, a methyltransferase that catalyzes 
m6A methylation and that is upregulated 
in leukemia, promotes differentiation, with 
anticancer effects19,20. METTL3 became 
an obvious drug target for leukemia. “The 
methylation pathway gives us a completely 
new way to control differentiation states,” 
says Jaffrey.

By the end of 2017, all three 
epitranscriptomics companies were up and 
running. Storm, founded by Kouzarides and 

Keith Blundy, CEO, 
Storm Therapeutics. 
Credit: Storm 
Therapeutics

Samie Jaffrey, founder, 
Gotham Therapeutics. 
Credit: John Abbott/
Weill Cornell 
Medicine
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Cambridge colleague 
Eric Miska in 2015, 
was first. A $16.2 
million series A in 
2016 was followed by 
a $5.4 million series A 
extension announced 
in January 2018. 
“Without disclosing 
any targets, of course, 
we’re concentrating 
on [RNA] 
methylation, and 
modifications that 

involve methylation pathways,” says Storm 
CSO Oliver Rausch. “That is the family that 
we consider most druggable.” Storm CEO 
Keith Blundy won’t confirm or deny that 
METTL3 is a target.

Gotham, founded in May 2017 by Jaffrey, 
was next. Versant Ventures partner Carlo 
Rizzuto first visited Jaffrey’s laboratory 
in 2014, enthusing over the biology. But 
Jaffrey considered a company premature. 
Two years’ worth of data later, he was ready. 
Gotham’s October 2018 $54 million series 
A is the largest of the three companies’, and 
three drug discovery programs, against 
undisclosed targets, are well underway. 
“What I can say is we have chosen reader 
proteins, we have chosen writer proteins, 
and eraser proteins,” says Gotham CSO 
Gerhard Mueller, at Gotham’s Martinsried 
subsidiary in Germany.

Accent, founded by Howard Chang 
of Stanford University, Chuan He of the 
University of Chicago and former Epizyme 
CSO Robert Copeland, also was long 
in gestation. (Jaffrey was involved early 
on before leaving to found Gotham.) 
It formally incorporated in September 
2017 and raised $40 million in its May 
2018 series A round. The company’s two 
most advanced drug discovery programs 
target the METTL3 methyltransferase and 
ADAR1, an enzyme that binds to double-
stranded RNA and limits its sensing by the 
immune system. (ADAR1 is a base editor 
rather than an epitranscriptomics target.) 
There’s strong evidence for an important 
role of m6A and its METTL3 writer in 
leukemia and several solid tumors, says 
Copeland. “Knockout or inhibition of 
METTL3 and thus reducing that [m6A] 
mark in those specific cancers makes good 
sense,” he says. Accent and Storm hope to 
launch clinical trials by 2021, Gotham as 
early as next year.

The three companies have approached 
drug discovery differently. Accent took a 
broad profiling approach, knocking out 
the genes for about 600 RNA-modifying 
proteins (RMPs) across hundreds of 
different cell lines. “Within a cancer 

indication what we typically find is that 
there are subsets of cells that are vulnerable 
to knockout of an RMP and another  
subset of cells that are not,” says Copeland, 
who says the company then follows 
up, exploring the genetic basis for the 
differential response. Accent has in  
this way identified about 25 RMP targets of 
interest in cancer, prioritizing four of  
them for drug discovery. “We have hard 
data at this point to demonstrate that yes, 
these are druggable targets,” says Copeland. 
Gotham, by contrast, isn’t conducting large-
scale screens but instead takes what Mueller 
calls a “molecular recognition” focused 
approach. This builds on targets previously 
identified by Jaffrey and others through 
genetic and biochemical studies. Only  
with inhibitor compounds in hand does 
Gotham go into cancer cell lines looking  
for an effect. The company selects 
compounds on the basis of a detailed 
molecular understanding very early on,  
says Mueller, not just potency in an  
in vitro assay.

Storm is incorporating some elements 
of both approaches. Kouzarides’s laboratory 
has performed two CRISPR dropout screens 
in mouse primary leukemia cells, identifying 
potential 46 RNA-modifying enzymes with 
activity required for leukemia cell growth20. 
At the same time, thanks to a tight focus 
on RNA methyltransferases, “we’ve been 
able to get very potent, selective chemical 
matter pretty quickly,” says Rausch. “We’re 
now really in a position to start probing 
the biology with small molecules.” This is 
critical, since knocking out a given target 
genetically does not necessarily predict 
the biological effect of a small molecule 
inhibitor. In its biology experiments, Storm 
is relying heavily on mass spectrometry over 
established antibody-based and chemical 
methods to identify modified transcripts 
because mass spectrometry is unbiased and 
can be quantitative.

There are two potential pitfalls facing all 
these companies: one technical, the other 
epistemological. The technical challenge is 
drug specificity. RNA methyltransferases like 
METTL3 and others—key drug targets—
obtain the methyl group from S-adenosyl 
methionine (SAM) for transfer to the 
substrate mRNA. But SAM is the universal 
methyl donor for all methyltransferases, 
including DNA methyltransferases21 and 
protein methyltransferases. (There are 
almost 70 of these.) Since virtually all RNA 
methyltransferase inhibitors bind to the 
SAM binding pocket—the enzyme’s catalytic 
domain—they risk hitting these other 
methyltransferases, which all have SAM 
pockets. This would cause off-target side 
effects. The problem is analogous to that 

of finding specific kinase inhibitors, which 
bind the ATP pocket common to all kinases.

“We are concerned about selectivity, of 
course,” says Gotham’s Mueller. Although 
Gotham’s methyltransferase inhibitors 
are SAM-competitive, “our compounds 
then basically start to grow out of the 
traditional SAM binding site and start to 
interlocate with protein epitopes which are 
not conserved throughout the target family 
of methyltransferase,” he says. “And that 
makes us confident that we can engineer the 
required selectivity into our compounds.”

Storm’s Rausch says the SAM binding 
pockets are different enough across enzyme 
family members to make drug specificity 
achievable. “The actual sequence similarity 
is very, very low,” he says. “The kind of 
drug-like molecules that we pick up from 
screenings, they are remarkably selective. 
So we don’t think there is going to be as 
much of an issue.” Accent’s Copeland agrees. 
“The structural details of the binding 
pockets show great diversity,” he says. 
“Hence, obtaining selectivity among SAM 
competitive inhibitors has not been as much 
of a challenge as one might initially have 
thought.” Accent is also looking for SAM-
noncompetitive inhibitors.

Given that m6A is widespread across 
the human transcriptome, there is also 
the risk of on-target side effects from 
inhibiting m6A-modifying enzymes with 
drugs. Animal models will be telling. But 
companies are already thinking about 
transcript-specific inhibitors that only hit 
certain disease-related mRNAs. Storm, 
for one, thinks this might work. “Our 
compounds reach into the pocket where the 
RNA binds and clearly interfere not only 
with SAM binding, but also with substrate 
binding,” says Rausch. “And because the 
substrates orientate differently depending 
on what RNA it is, we think that we see 
substrate selectivity. But it might not be 
feasible for all RNA methyltransferases.” 
Jaffrey, for his part, thinks it might be 
possible to individually target the multiple 
proteins that recruit methyltransferases 
to different mRNAs. “By targeting the 
specific recruitment pathways, we may be 
able to surgically alter m6A only at specific 
transcripts and not globally,” he says.

Then there’s the epistemological 
pitfall. This is our incomplete and 
often contradictory knowledge of RNA 
methylation biology. For example,  
what is m6A doing mechanistically to  
mRNA to influence cell fate? Does RNA 
methylation or its absence promote  
cancer? How important are other  
RNA modifications? None of these  
questions are settled, and the field is  
riven by controversies.

Robert Copeland, 
cofounder, Accent 
Therapeutics. Credit: 
Accent Therapeutics
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Regarding mechanism, different 
researchers have described completely 
different ways that m6A affects mRNA 
translation and cell fate. Multiple 
mechanisms are plausible, says Rechavi. 
“It’s such a complicated process, it’s not 
surprising that more than one mechanism 
will be operating,” he says.

The cancer story is rife with 
contradictions. Although three groups  
did report that the m6A methyltransferase 
has proleukemic effects, a fourth group 
reported that, conversely, the m6A 
demethylase FTO (fat mass and obesity-
associated protein) was oncogenic in 
leukemia—suggesting that too little m6A, 
not too much, is bad22. “AML is not a 
single disease,” says Rechavi, a pediatric 
hematologist-oncologist. “Probably 
some of the controversy and discordance 
of the results in different studies that 
were published may be the result of 
using different cells, different stages of 
differentiation, different leukemic cells.” 
Meanwhile, others have reported protumor 
effects for a different m6A demethylase in 
glioblastoma and breast cancer stem cells23,24, 
again at variance with most leukemia 
studies, which say too much methylation, 
not too little, is helping cancer. Both 
scenarios could be true, says Rana. “You 
can take the same kind of machinery, you 
put in two different contexts, they behave 
differently,” he says. “The consequences 
are not the same in cancer A versus cancer 
B.” Still, the lack of a clear story has fueled 
skepticism about the ultimate usefulness of 
drugging the epitranscriptome in cancer.

Another controversy surrounds m1A, the 
methylation of adenosine at the nitrogen 
in the 1 position. A group led by He and 
Rechavi first described m1A in a 2016 
Nature paper25. They found over 7,000 m1A 
sites across the transcriptome. But in 2017 
another group reported, also in Nature, 
that there are, at most, only 15 mRNA 
m1A sites26. “We are convinced that we are 
right,” says Rechavi, citing a corroborating 
Molecular Cell paper by another group27.

The m1A modification is only one of 
several ongoing controversies. “It perfectly 
illustrates the novelty of the field,” says 
Rausch. “Ultimately, the technologies are 
a little bit behind the questions that we 
sometimes try to ask, and we don’t really 
know what the real answer is.” Rana agrees. 
“The tools are not there yet to decode the 
sequencing,” he says. “All these tools are 
coming … Whenever you start something 
new and you’re on a fast pace, these kind of 
things do happen.”

The field is still very young. Ultimately, 
Jaffrey envisages an individualized panel of 
drugs to address the multiplicity of RNA 

modifications in patients. “The thing about 
epitranscriptomics is the possibility of 
going after the entire code and being able 
to pharmacologically manipulate all the 
different types of additional information 
added to an mRNA,” he says. “Those other 
modifications are going to be a source of 
good work coming up in the future.” KG

Recombinetics: pig-powered medicine
The founders of 
Recombinetics have 
an ambitious vision: 
to improve lives 
through genome 
editing—not in 
humans, but in 
animals. They believe 
that gene-edited 
livestock can enable 
more efficient, safer 
and more humane 
food production by 
harnessing helpful, 
naturally occurring 

traits. Gene-edited pigs, meanwhile,  
can accelerate drug R&D by providing  
more accurate models of human diseases 
than mice do, and can be used to  
grow fully human cells and tissues as 
regenerative medicines.

Recombinetics was created in 2008 to 
turn this broad farm-to-pharmacy vision 
into reality. “Most of the colleagues I interact 
with at genome editing meetings fly from 
one coast [of the United States] to the 
other with their window blinds down,” says 
cofounder Perry Hackett, a professor at the 
University of Minnesota’s department of 
Genetics, Cell Biology and Development. 
Yet “there’s a lot happening in between,” 
he says. The rest of the founding team are 
Scott Fahrenkrug, previously professor of 
Functional Genomics at the University of 
Minnesota; Jeffrey Essner, a professor at 
Iowa State University; Karl Clark, assistant 
professor at the Mayo Clinic, and Daniel 
Voytas, a professor at the University of 
Minnesota and CSO of publicly listed agbio  
company Calyxt.

Recombinetics’ three divisions—
Acceligen, Surrogen and Regenevida—all 
tap into the same expertise and intellectual 
property in editing non-human cells and 
animal husbandry. Acceligen uses gene 
editing to endow livestock with specific 
health and welfare traits designed to make 
their lives, and those of their handlers, 
more comfortable while improving food 
production efficiency and quality. Cattle 
bred to be hornless, for example, can 
avoid the cost and distress of dehorning 
procedures used to protect animals and 
handlers28. Pig breeders can avoid the need 

to surgically castrate swine used for pork 
production.

Their precision breeding technologies—a 
trifecta of somatic cell nuclear transfer, fully 
sequenced domestic animal genomes and 
editing tools including CRISPR–Cas9—
enables them to identify naturally occurring 
gene variants and move those traits into 
breeding animals. Acceligen provides 
technology to “help solve the problems  
they [breeders] are trying to address,”  
says Mitch Abrahamsen, executive vice 
president, chief commercial officer and  
CSO. After testing a desired phenotype 
in-house, Acceligen works within partners’ 
facilities to integrate the requested traits 
into their breeding programs. The improved 
animals then become part of the normal 
animal production process in a given  
market or locality.

Through partnerships, Acceligen has 
produced the first gene-edited heat-tolerant 
cattle and the first genetically dehorned dairy 
cow. The company has contracts with several 
animal genetics companies that will be 
generating royalty revenues in the near term.

For now, regulations limit Acceligen’s 
sales to outside the US: gene-edited 
livestock are caught in a no-man’s land 
between the FDA and the US Department 
of Agriculture (see https://www.nature.com/
articles/d41586-019-00600-4). A recent 
FDA decision to approve importation of 
genetically engineered salmon may presage 
wider adoption.

Building on Acceligen’s animal breeding 
activities—the “the tip of the spear,” 
according to Hackett—are Surrogen’s pigs. 
These are designed to provide extensively 
characterized disease models that closely 
replicate human pathologies across a range 
of conditions, from cancer to cardiovascular 
and neurodegenerative diseases. The idea 
is for Surrogen’s pigs to offer researchers 
better quality data before taking a program 
into the clinic, ultimately lowering product 
development time and cost. Hackett says 
they have between 20 and 30 disease 
models in the works, for neurofibromatosis, 
cardiovascular disease and others.

Surrogen uses a growing suite of precise 
gene-editing tools such as transcription-
activator-like effector nucleases (TALENs) 
and CRISPR, drawing on the experience 
of a scientific advisory board that includes 
gene-editing and genomics/bioengineering 
pioneers Dana Carroll, inventor of the zinc-
finger nucleases technique and a professor 
of biochemistry at the University of Utah 
School of Medicine, and George Church, 
one of CRISPR inventors, who is at  
Harvard Medical School.

“We’re not trying to make a better 
mouse,” though, clarifies Abrahamsen. 

Scott Fahrenkrug, 
cofounder, 
Recombinetics.  
Credit: Recombinetics
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Mice are a mainstay 
of preclinical drug 
development; 
knockout mice can 
be created quickly 
thanks to rapid 
reproduction cycles, 
and the animals are 
easy to keep. But 
mouse models have 
limitations. Mice are 
3,000 times smaller 
than humans, with 
different physiology, 

anatomy, drug metabolism, chromosome 
structures and genetics. Pigs are a similar 
size to humans and have organ systems 
and physiology more similar to humans 
than rodents. Their diet more closely 
resembles the human diet than does that of 
mice. Pigs can live up to 10 years, allowing 
scientists to monitor disease progression. 
Furthermore, while most laboratory mice 
are highly inbred, some swine offer genetic 
and phenotypic heterogeneity that is more 
reflective of that in human populations. 
“Most diseases are controlled by genetics 
interacting with the environment. 
[Therefore] the pig is a much better 
surrogate for human disease models than 
rodents,” says Abrahamsen. Furthermore, 
tools allowing more nuanced genetic 
engineering approaches than knocking  
out entire exons mean scientists can  
now characterize and design all  
animal models—including mice29—in  
far more detail.

Surrogen’s challenges are not regulatory. 
FDA has a defined process for biomedical 
models that works very well, according 
to Abrahamsen. Pigs are already used in 
preclinical drug toxicology and in medicine: 
in April 2016, the agency approved the 
first genetically engineered mini-swine 
for commercial research, a pig with a 
disrupted low-density lipoprotein receptor 
gene produced by Exemplar Genetics, a 
subsidiary of Intrexon. Heart valves and 
other tissues are collected from pigs for 
use in humans. Pig skin has been used as a 
wound-healing model for decades.

The hurdles to more widespread use 
in R&D of pigs and other large animals 
are practical and financial. Few public or 
commercial research laboratories have 
pigsties attached (Massachusetts General 
Hospital is one exception); most lack the 
space, expertise and resources to house large 
animals over their extended lifetimes. “Even 
a small pig requires a different set of skills” 
from those required for handling laboratory 
mice, notes Jorge Piedrahita, professor 
of Translational Medicine and director 
of the Comparative Medicine Institute at 

North Carolina State University’s School of 
Veterinary Medicine. Most government-
funded research using large animals occurs 
in veterinary schools or close to them.

Thus, for now, local research institutes—
situated close enough to leave the animals 
where they are—are signing up to use 
Surrogen’s pigs. A 2017 R&D agreement 
with Children’s Minnesota aims to produce 
a large animal model of phenylketonuria, 
an inborn metabolic disorder that can 
lead to severe developmental disability. 
With a better platform to evaluate disease 
progression and the impact of specific 
genetic alterations, researchers hope that 
pig models may accelerate development 
of novel gene therapies and gene-editing 
approaches to phenylketonuria, which has 
no cure. A similar deal with the University 
of Minnesota is creating gene-edited swine 
models of neurofibromatosis type 1, a 
debilitating genetic disease. Pig models can 
reproduce human phenotypes such as café 
au lait spots, a diagnostic criterion for the 
disease never before seen in animal models, 
according to the company.

Surrogen is also working with the 
Mayo Clinic’s Todd and Karen Wanek 
Family Program for Hypoplastic Left Heart 
Syndrome in nearby Rochester, Minnesota, 
to produce a pig model of dilated 
cardiomyopathy, a major cause of heart 
failure and the most common indication 
for heart transplantation. Patients with 
dilated cardiomyopathy have enlarged heart 
chambers that are unable to effectively pump 
blood. The genetic heterogeneity associated 
with the disease means traditional animal 
models have fallen short in helping identify 
relevant drug targets. But well-defined pig 
models that harbor genotypes found in 
patients have the potential to provide a more 
reliable testing ground.

As well as helping scientists identify 
new medicines, Recombinetics’ pigs may 
one day grow new therapies themselves, 
in the form of fully humanized cells and 
tissues. The Regenevida division in October 
2018 signed an alliance with Mayo Clinic 
to bioengineer fully human stem cells in 
pigs for transplantation, as cardiomyocytes, 
into human patients. Pigs that have been 
engineered to be deficient in cardiac 
development pathways provide a niche 
for growing cardiomyocytes from human 
embryonic stem cells. The hope is that such 
tissue can strengthen the hearts of transplant 
patients while they go through puberty and 
could help avoid the difficulties associated 
with antirejection drugs, allowing a more 
successful organ transplant in adulthood. 
Abrahamsen says that these “oinkubators” 
can potentially produce human liver cells, 
blood cells and other cell types that could 

be used in human therapeutic applications. 
Growing such tissues in young, healthy 
animals using human stem cells “is 
conceptually a better answer than taking 
aged material from [pig] cadavers,” he says.

In practice, “there are a huge number of 
questions to address before such [animal-
grown, fully human cells] can be put into 
human beings,” cautions Piedrahita, whose 
laboratory develops large-animal models 
for regenerative medicine, including 
xenotransplantation. Pig-grown ‘human’ 
cells may pick up pig antigens on their 
surfaces, for instance. Growing human cells 
in pigs involves designing a pig that does 
not recognize those cells as foreign, notes 
Piedrahita—the mirror-image challenge of 
xenotransplantation, wherein animal-grown 
tissue must be ‘hidden’ from the human 
immune system. Maintaining a pig with a 
compromised immune system is “incredibly 
expensive and challenging,” he says.

Still, Abrahamsen thinks pig-grown 
cells and tissues could find their way into 
human medicine within the next five years. 
Revivicor, which clones pigs to grow human 
tissues, anticipates putting animal-grown 
pancreatic islet cells into human testing 
within three years. (Revivicor was spun out 
of PPL Therapeutics, which made the first 
cloned animal, Dolly the sheep.)

The process and protocol shifts required 
to more widely incorporate pig studies 
into R&D may take longer. Growing entire 
organs in pigs is even further out, though 
thanks largely to gene-editing technologies, 
“we’re a lot closer than we were even five 
years ago,” says Piedrahita, pointing to 
pig-grown hearts now being maintained 
in primates for years rather than minutes. 
David Sachs, professor of surgery and 
director, Center for Transplantation Sciences 
at Massachusetts General Hospital, agrees 
that xenotransplanted organs (pig organs 
transplanted into humans) will reach the 
clinic before human organs grown in a pig, 
not least because of the challenge of getting 
a human heart to grow in a different species. 
“But that doesn’t mean it’s not a good idea, 
and not possible,” he says.

Recombinetics’ technology attracted  
$34 million in a series A round from 
Gundersen Health System in 2018 “on the 
promise of not only a financial return, but 
also the potential to support its community 
by changing the way we do medicine,” 
explains newly appointed Recombinetics 
CEO Mark Platt. Platt was, until April 2017, 
senior vice president of Business Services  
at Gundersen.

The applications of Recombinetics’ 
technology and intellectual property base, 
covering editing of non-human cells and 
the use of gene editing to develop large-

Perry Hackett, 
cofounder, 
Recombinetics.  
Credit: Recombinetics
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animal models, are limited “only by the 
imagination,” says Hackett. MS

Beam Therapeutics: gene editing goes 
back to bases

David Liu, a protein 
engineer, hadn’t even 
made it back to his 
hotel room after 
delivering a talk on 
this new idea he had 
of DNA base editing 
when his cell phone 
started ringing. 
The heads of two 
venture capital firms, 
F-Prime and Arch 
Venture Partners, 
wanted to talk to 
him about starting 
a company. But 
there were already 
CRISPR companies, 
quite a few of them 
actually—among 
them one that 
Liu himself had 
cofounded along with 
his fellow Cambridge 
CRISPR luminaries. 
The two firms were 
able to convince  

Liu, however, and a few months later,  
Beam Therapeutics was born. In less  
than a year since its founding last May,  
Beam has had two substantial rounds  
of funding, $87 million in 2018 and  
another $135 million in early 2019,  
and it’s full steam ahead with a staff  
of 70 people.

Base editing arose from the idea that 
better precision was needed in gene editing. 
Although CRISPR–Cas9-based gene 
editing had been widely adopted because 
of its efficiency, simplicity and ease of use, 
the disadvantages of double-strand DNA 
breaks—such as creating small off-target 
deletions and insertions (indels) or larger 
DNA deletions or translocations—have 
become increasingly apparent. With this 
in mind, it has become clear that using a 
base editor to change a single base may 
have advantages when targeting the literally 
thousands of genetic diseases where a  
single base change is the culprit. This is  
ace of base editing.

Liu’s idea was to disable the nuclease 
domain of a CRISPR–Cas9 system and 
to fuse this modified complex, which can 
no longer cut DNA, to a base-modifying 
enzyme like cytidine deaminase. These 
‘base editors’ can be programmed with 
guide RNAs (gRNAs) to target particular 
sequences without introducing double-

strand DNA breaks. Liu’s group created 
two base editors. One contained a cytosine 
deaminase that converts cytosines to 
uracils (which get repaired to thymidines, 
creating a C-to-A transversion); a second 
contains an adenosine deaminase that 
converts adenosines to inosines (which are 
repaired to guanosines, creating a A-to-C 
transversion).

Liu says, “We had been struggling, like 
many labs, to try to install or fix point 
mutations using CRISPR 1.0 that cuts DNA.” 
And by cuts, he means double-strand breaks 
that induce one of several, not entirely 
benign, repair systems. Beam’s CEO John 
Evans likes to say it’s the difference between 
using an eraser and a pair  
of scissors.

In two Nature papers, Liu’s group 
honed the technology, putting both base 
editors through multiple rounds of protein 
engineering to achieve a robust rate of 
editing (50% efficiency in human cells) 
with 99.9% purity and only 0.1% indels30,31. 
The first generation of base editors soon 
matured. In a follow-up paper in 2017, Liu 
and colleagues described both natural and 
engineered Cas9 variants with different 
landing-site specificities or protospacer-
adjacent motifs (PAMs)32. The most 
commonly used CRISPR–Cas9, from 
Streptococcus pyogenes (SpCas9), requires a 
three-nucleotide PAM, NGG, to be within 
13–17 bases of the target nucleotide to be 
edited. By mutating SpCas9 to xCas9, they 
broadened PAM sites, thereby expanding 
the number of sites in the human genome 
amenable to base editing. A bonus of xCas9 
was an unanticipated reduction in off-target 
activity. Other base-editor improvements 
Liu has reported include changing the size 
of the editing window within which the 
targeted nucleotide must reside, again with 
little loss of activity or specificity33. Current 
versions of CBEs (BE4max) and ABEs 
(ABEmax) can edit target loci with high 
efficiency (70% or more). The purity of the 
edited product varies depending on the site, 
but is usually more than 90% for current 
CBEs and more than 99% for current ABEs, 
according to Liu.

This may be just the beginning of 
whittling down the targeting site window. 
“The eventual reality, which I firmly believe 
we are going to reach within the next few 
years, is that enough different Cas9 and base 
editor variants will exist that researchers 
will be able to park a base editor just about 
anywhere in the genome,” says Lui34.

Erik Sontheimer, who works on CRISPR 
directed editing and RNA interference at 
the University of Massachusetts, shares Liu’s 
optimism, at least with respect to C-to-T or 
G-to-A changes, but he says other changes 

may be “prove to be a tougher nut to crack. 
But it’s not ridiculous to be optimistic.”

Beam’s Evans came on board early. 
Having worked in two successful biotech 
start-ups both in R&D and in business 
development, Evans was ready to take 
on the challenge of running one. After 
exiting Agios Pharmaceuticals, where he 
shepherded two drugs to market and grew 
the company to over 500 people in eight 
years, Evans did a brief stint at Arch, until 
he jumped over to get Beam off the ground. 
“My main job at Arch was building Beam, 
but at the end of 2017, I got so excited  
about Beam that I switched over to CEO, 
which I have been ever since.”

Evans is not yet revealing where the 
technology—brokered in an exclusive 
license from the Liu laboratory—will be 
first applied in the clinic. “We basically are 
focused on getting to diseases where we 
know delivery can work, where the edit 
looks optimal, and then downstream  
where there is severe need.” And they  
have plenty to choose from. With two 
DNA base editors and an RNA base editor 
developed by and licensed from Feng 
Zheng’s laboratory at the Broad Institute  
of MIT and Harvard, they can cover 
about 62% of known disease-associated 
point mutations in humans, Evans says, 
point mutations being the most common 
mutation. He also hints at well-trodden 
areas like ex vivo delivery of base editors 
to T cells, liver or eye, where some of the 
legwork has already been done.

Liu credits the CRISPR community  
with laying the groundwork for bringing 
base editing to the clinic. “Everybody 
working on base editing should be grateful 
to the CRISPR community because not  
only do base editors use CRISPR [Cas9] as 
one of the important components, but the 
CRISPR 1.0 community really helped to 
catalyze uptake and solve some of the  
major desirable features and look out for 
challenges like delivery.”

Recent work has thrown up a fresh 
challenge: target specificity. Concerns  
about editing accuracy of cytosine base 
editors have been stoked by three recent 
papers35–37. Sontheimer assumes that people 
at Beam are hard at work to overcome the 
promiscuity of current-generation CBEs. 
“For now, it’s again a big issue, along with 
delivery,” he says. However, Sontheimer  
is all in with the approach. “I wish 
I’d thought of it in time,” he says, 
acknowledging that Beam has gotten an 
early start applying base editing. And 
already, one of Beam’s founders, Keith 
Joung, has described variants of both DNA 
base editors with strongly reduced off-target 
DNA or RNA editing activity37.

David Liu, cofounder, 
Beam Therapeutics. 
Credit: Casey Atkins

John Evans, CEO, 
Beam Therapeutics. 
Credit: Beam 
Therapeutics
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But Liu says balancing specificity with 
efficacy is all part of the risk/benefit equation 
with a therapy. “What if the disease causes 
your kid to have dozens of seizures a night 
and pass away before the age of five? I’ve had 
parents of families that have kids stricken 
with that kind of epilepsy who have told me 
if you can trade my child’s disease for cancer, 
that would be a good trade,” he says. LD
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