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reveal whether this DUB activity is relevant
to pathway regulation in other cell types.

Sun et al. showed that inhibition of 19S
DUBs in cultured rat cortical neurons with a
selective inhibitor, b-AP15, led to an increase
in miniature excitatory postsynaptic current
(mEPSC) frequency—suggesting a negative
regulation of synaptic vesicle release—and a
decrease in mEPSC amplitude, an indicator
of postsynaptic responsiveness. These results
indicate that the free 19S subunit can alter
synaptic transmission by regulating both pre-
and postsynaptic compartments. Moreover,
they identified the AMPA receptor (AMPAR),
one of the main excitatory glutamate recep-
tors on postsynaptic neuronal membranes,
as a substrate for the 19S DUBs. Inhibition of
DUBs led to a decrease in the total dendritic
AMPAR pool, suggesting that the 19S DUBs
stabilize and protect the receptors from deg-
radation. Notably, Sun et al. also found that
the free 19S subunit is a major regulator of
AMPAR function by modulating its cluster-
ing at the plasma membrane. These findings
of an independent function of 19S particles
will spark further investigation of protea-
some subcomplexes in the nervous system.

E3 ubiquitin ligases control substrate
ubiquitylation upstream of 19S subunit regu-
lation. Roughly 13% of known E3 ubiquitin
ligases are mutated in neurological diseases
(15). Furthermore, nearly a dozen E3 ubig-
uitin ligases have been found to be mutated
in autism spectrum disorders. Interestingly,
not all disease-associated E3 ubiquitin ligases
mediate proteasome targeting. Moreover,
many studies looking at E3 ubiquitin ligase
deficits in mice observe little change in pro-
tein turnover. Taken together, these findings
indicate the possibility that a ubiquitin code
may be highly relevant to a protein’s func-
tionality, and deficits in the ubiquitylation or
deubiquitylation pathways could be highly
impactful to protein regulation and brain
function, such as synaptic transmission, as
demonstrated by Sun et al.
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Emerging frontiers in
regenerative medicine

Bridging knowledge gaps could enable regenerative therapy

By Kara L. McKinley'?, Michael T. Longaker3+,
Shruti Naik®578

early every human malady, be it in-

jury, infection, chronic disease, or de-

generative disease, damages tissues

(I). Moreover, 45% of all deaths can

be traced to inflammation- and fibro-

sis-related regenerative failures (I).
Restoring health after damage requires the
answer to a key question: How can human
tissues be coaxed to regenerate? Identifying
instructive cues that direct refractory tissues
down a regenerative path remains a critical
yet elusive goal. Nonetheless, approaches
to target roadblocks that impede regenera-
tion, including insufficient and/or function-
ally inadequate progenitor cells, fibrosis,
and chronic inflammation, are continuing
to progress from bench to bedside. Pivotal
advances have been made to overcome these
hurdles using cell therapy, in vivo reprogram-
ming, synthetic biology, and antifibrotic and
anti-inflammatory therapies, but many chal-
lenges remain and knowledge gaps must be
addressed to make regeneration a mainstay
of modern medicine (7).

The most conspicuous requirement for
regenerative therapies is to replace the com-
ponents of tissues that were lost or compro-
mised by disease. Invigorating endogenous
stem cells is an appealing strategy, but, to
date, the greatest benefits have emerged
from cell therapies. Adult stem cell-based
regenerative therapies have shown clinical
benefit to treat hematological malignan-
cies, burn wounds, and ocular degeneration.
These therapeutic modalities also lend them-
selves to gene editing to correct monogenic

Department of Stem Cell and Regenerative Biology,
Harvard University, Cambridge, MA, USA. ?Harvard

Stem Cell Institute, Harvard University, Cambridge, MA,
USA. ®Division of Plastic and Reconstructive Surgery,
Department of Surgery, Standford University School

of Medicine, Stanford, CA, USA. “Institute for Stem Cell
Biology and Regenerative Medicine, Stanford University
School of Medicine, Stanford, CA, USA. *Department of
Pathology, New York University Langone Health, New York,
NY, USA. Department of Medicine, New York University
Langone Health, New York, NY, USA.’Ronald O. Perelman
Department of Dermatology, New York University Langone
Health, New York, NY, USA. #Perlmutter Cancer Center, New
York University Langone Health, New York, NY, USA.

Email: kara_mckinley@harvard.edu; longaker@stanford.edu;
shruti.naik@nyulangone.org

perturbations. For instance, a young boy suf-
fering from junctional epidermolysis bullosa,
a lethal skin disease caused by mutations in
the laminin-332 gene, was treated with an au-
tologous (patient’s own) skin transplant (2).
A millimeter-sized sample of the boy’s skin
was collected and transduced with a retro-
viral vector expressing the wild-type laminin
332 cDNA; the tissue was then expanded ex
vivo before being grafted to restore 80% of
the body surface area.

Human pluripotent stem cell (hPSC)-
based therapies have also shown prom-
ise and have entered clinical trials in the
United States for type 1 diabetes (T1D; clini-
cal trial NCT04786262), Parkinson’s disease
(PD; NCT02452723 and NCT03119636), and
age-related macular degeneration (AMD;
NCT04339764) (3). These three diseases are
particularly amenable to stem -cell-based
therapies because they are associated with
deficiency of a defined cell type: insulin
producing pancreatic islets in TID, mid-
brain dopaminergic (mDA) neurons in PD,
and retinal pigment epithelial cells in AMD.
Moreover, transplantation sites are surgically
accessible. Lab-generated hPSCs are being
assessed for safety and efficacy in reducing
disease symptoms. A case report of a PD pa-
tient who received midbrain transplant of au-
tologous hPSC-derived mDA neurons showed
stable grafting without immune reaction and
exhibited improved motor function 2 years
after implantation (4).

Despite these early glimpses of success,
cell therapies are hampered by many bio-
logical and technical hurdles. Autologous
hPSC-based therapies derived from induced
pluripotent stem cells (iPSCs) avoid immune
aggravation, but this cost- and labor-intensive
strategy requires safety testing for each use. A
major concern with nonautologous cell ther-
apy is immune rejection of the graft. Thus,
“off-the-shelf” allogeneic therapies must be
coupled to strategies that allow them to avoid
rejection, such as systemic immunosuppres-
sion in TID hPSC therapy (NCT04786262).
An alternative strategy is to encapsulate the
graft within a selectively permeable barrier to
allow for diffusion of nutrients and the thera-
peutic molecules (e.g., insulin) while exclud-
ing immune components that would reject
the engrafted cells. To avoid fibrotic foreign
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Therapeutic frontiers fueling advances in regenerative medicine

The three major roadblocks to regeneration are functional inadequacy of progenitors, chronic inflammation,
and fibrosis. Ongoing clinical trials are testing the efficacy of hPSC-derived 8 cells and mDA neurons to treat
type 1 diabetes and Parkinson’s disease, respectively. Synthetic cytokines and bioresponsive systems are being
developed to limit inflammation. Inhibiting mechanosensing pathways in fibroblasts and fibroblast antigen—

specific CAR-T cells are being used to limit fibrosis.
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body responses, recent strategies for chemi-
cally modified alginate encapsulation showed
promise in a nonhuman primate model.
However, a phase 1 clinical trial that used a
similar approach to deliver cells expressing
factor VIII for the treatment of hemophilia
A (NCT04541628) was halted after a patient
experienced a serious adverse immune event
and, subsequently, the implanted capsules
were found to have fibrosed. Nonetheless,
encapsulation strategies are moving forward
in other contexts, including with recent US
Food and Drug Administration (FDA) clear-
ance for human trials of encapsulated stem
cell-derived pancreatic islets (NCT05791201).
In addition, ongoing work is investigating
other strategies to reduce immune rejection,
including genetic engineering of grafted cells
to evade immune recognition or to secrete
immune modulatory cytokines that induce
localized immune tolerance.

Producing sufficient numbers of cells for
engraftment has been successful in the skin
(2) but poses a major challenge for regener-
ating tissue in other organs, particularly if
only a small proportion of cells survive after
transplant. For example, the survival rates of
hPSC-derived mDA neurons is ~0.5 to 10%,
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and efforts are ongoing to identify the under-
lying mechanisms of graft loss. In addition,
generating appropriate grafts when complex
cell mixtures are required, such as in the lung
to enable gas exchange, remains a challenge.
Preclinical studies that leverage tissue self-
assembly and organoid formation to transfer
complex tissue units are underway.

Tissue overgrowth is a major concern of
stem cell therapies because transferred cells
can give rise to teratomas or other tumors.
Growth-stop signals, particularly in the case
of cell therapy, are not well understood, and
molecular “off switches” will be vital to incor-
porate when deploying regenerative thera-
pies. The Hippo signaling pathway was long
considered a master developmental regula-
tor of organ size because inactivating muta-
tions in this pathway produced overgrowth
phenotypes. Yet recent studies indicate that
rather than engaging normal programs of
development, Hippo pathway activation in-
duces ectopic expression of aberrant growth
pathways in Drosophila melanogaster (5).
Whether developmental pathways are reen-
gaged to rebuild adult tissues or adult regen-
eration requires a different set of regulators,
as suggested by the study of Hippo signal-

ing, is unclear. Thus, it will be necessary to
carefully define microenvironmental and
cell-intrinsic growth-restriction signals in
age-appropriate and organ-specific models to
restrain the growth of transplanted cells.

Instructive microenvironmental signals
are often necessary for optimal cellular
function. The success of stem cell therapies,
which may be delivered intravenously, there-
fore depends on migration and integration
into appropriate tissue niches. Cell or tissue
grafts must also connect with the host’s ner-
vous and vascular machinery, and the signals
involved remain poorly understood (6). An
alternative approach to overcome the chal-
lenge of directing and integrating grafts in
hard-to-reach internal organs is to repurpose
cells that are present at the damage site by
reprogramming them in situ with specific
transcription factors (6). Reprogramming
has been a particularly attractive strategy for
the adult heart, which, unlike the embryonic
heart, lacks bona fide progenitors. A subset
of in vivo cellular reprogramming efforts are
aimed at converting fibroblasts into cardio-
myocytes to maintain cardiac function (6).
Alternatively, transient expression of plu-
ripotent transcription factors in adult cardio-
myocytes induced proliferation, resulting in
improved outcomes in adult mice after myo-
cardial infarction (7). However, prolonged
expression of these factors generated tumors.
To overcome this substantial safety challenge,
efforts to use enhancer elements first identi-
fied in highly regenerative zebrafish models
to express reprogramming factors only in in-
jury conditions are underway (8). Knowledge
of which cells are reprogrammed, if and how
they survive, what they become, and precisely
how they contribute to clinical outcomes will
be crucial to forecast treatment efficacy.

In addition to replacing lost tissue with
cell therapies and in vivo reprogramming,
many injurious and complex disease states
evoke inflammatory responses that must also
be suppressed (see the figure). The state of
the recipient tissue, often diseased, remains
a challenging facet of applying cell therapies.
Cells or tissues may fail to engraft in inhos-
pitable environments, or the underlying
pathology that destroyed the original tissue
may also damage the graft (9). For example,
inflammatory bowel diseases (IBDs) are
driven by aberrant immune responses, defec-
tive epithelial repair, loss of normal intestinal
microbial communities, and translocation
of bacteria into underlying tissue. Although
supplying intestinal epithelial cells to the
damaged intestines of an IBD patient may
serve as a temporary patch, without mitigat-
ing inflammation or translocating microbes,
these approaches face substantial hurdles to
achieving long-term efficacy.

New approaches to modulate inflamma-
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tion include engineering stem cells with
bioresponsive gene circuits that can sense
inflammatory factors such as cytokines or
reactive oxygen species and, in turn, induce
the production of anti-inflammatory factors,
allowing endogenous progenitors or trans-
planted cells to repair damage (9). Indeed, the
beneficial effects of some stem cell therapies
have been traced to immune-modulatory ef-
fects of the transplant, rather than the tissue-
generating properties of the stem cells them-
selves. In a mouse model of cardiac ischemic
injury, transplanting stem cells augmented
cardiac function, not by production of cardio-
myocytes but by activating macrophages that
limit extracellular matrix (ECM) deposition
and modulate the mechanical properties of
an injured area to rejuvenate the heart (10).

Tempering the immune system presents a
formidable challenge because the same factor
can promote repair or inflict damage through
inflammatory effects, depending on context
(I1). For instance, early in wounding, inter-
leukin-17 (IL-17) enables hypoxia adaptation
of damaged epithelium, but persistent IL-17
signaling potentiates pathology by recruiting
damage-causing neutrophils (7). Synthetic
biology provides opportunities to divorce the
damage-causing effects of inflammation from
those involved in repair. IL-22 induces the ex-
pression of proregenerative signal transducer
and activator of transcription 3 (STAT3) and
pro-inflammatory STAT1 transcription fac-
tors. Engineering IL-22 with altered receptor
binding to only induce regenerative STAT3
boosted intestinal stem cell proliferation in
a mouse model of radiation injury, without
driving STAT1-mediated inflammatory out-
comes (I1).

A critical hurdle to regeneration is fibro-
sis, which rapidly plugs damaged tissue by
haphazardly depositing ECM. Fibrosis pro-
foundly compromises tissue mechanics and
cellular interactions and physically obstructs
organ function (I, 12). Antiscarring thera-
pies have been notoriously hard to achieve
because profibrotic factors such as trans-
forming growth factor-p (TGFB) also have
important functions in maintaining health.
Alternatively, modulating mechanical signal-
ing by inhibiting fibroblast Yes-associated
protein (YAP), a mechanosensory transcrip-
tion coregulator, prevented scarring during
skin repair in mice (12). Notably, opposing fi-
brosis in this manner was sufficient to restore
the skin’s architecture and tensile strength.
Similarly, using engineered chimeric antigen
receptor (CAR) T cells to target conserved an-
tigens on ECM-generating cardiac fibroblasts
reduced fibrosis and revived heart function
after ischemic injury (13). These studies in-
dicate that adult organs may still possess
molecular roadmaps to activate regenerative
responses. A comparison of fibroblasts from
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regenerating reindeer antler skin and scar-
ring back skin uncovered that inflammatory
priming distinguishes the profibrotic state
(14). Thus, precisely targeting inflammation
may also ameliorate fibrosis and unlock la-
tent regenerative capacity (7).

What was once considered the future of
medicine is now becoming reality. But there
is no magic pill for regeneration (yet). In ad-
dition to scientific and technological innova-
tion, there are also practical considerations of
cost and production. Innovations in regener-
ative therapies for complex diseases or dam-
age involving multiple cell types have been
hampered by the lack of appropriate pre-
clinical models and a paucity of fundamental
information on instructive signals to build
tissues. Accordingly, efforts to systematically
chart tissue repair over time, in different
model systems, and after different types of
damage are now underway (74). Rather than
limiting therapies to the rules of mamma-
lian physiology, radical strategies from non-
vertebrate species and even the plant king-
dom are surfacing. For example, nanosized
plant photosynthetic systems that augment
chondrocyte anabolism could limit cartilage
degradation and osteoarthritis in mice (I5).
Finally, achieving regeneration in humans
will require a rapid transition from rodent
models to clinically relevant large animal
and human studies. Ascending the summit of
human regeneration demands an interdisci-
plinary effort that brings together biologists,
biomedical engineers, and clinicians. The
view from the top will reveal a transformed
medical landscape that is able to seamlessly
rejuvenate organs, ultimately extending hu-
man life span and health span.
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Past microbial
stress benefits
tree resilience

Soil microbiota from
stressful environments
provide an avenue

for climate resilience

By Michelle E. Afkhami

y pushing environments to new ex-

tremes and exposing organisms to

unprecedented levels of stress, anthro-

pogenic changes are threatening bio-

diversity and ecosystem services. The

substantial diversity and long evolu-
tionary history of microorganisms provide
a well of biological innovation that has the
potential to relieve stress and increase eco-
system resilience (I). On page 835 of this is-
sue, Allsup et al. (2) report that soil microbes
can relieve climatic stress and enhance tree
survival when the microbes have previous ex-
perience with that stress (drought or excess
heat or cold). They also show that inoculated
microbes, including beneficial mycorrhizal
fungi, were still detectable in tree roots 3
years after planting in nature. These results
suggest that management of soil microbiota,
especially during restorations, could provide
a valuable strategy for increasing forest resil-
ience to climate change.

Microbial communities are fundamental
to healthy, functioning environments around
the globe. Soil microbiota underpin ecosystem
services including nutrient cycling, decompo-
sition, and carbon sequestration directly and
through interactions with plants—the pri-
mary producers (autotrophs) that fuel food
webs (3). Plants host diverse assemblages of
fungi and prokaryotes (bacteria and archaea)
that live on and inside roots, leaves, stems,
and flowers. They can help plants withstand
drought, high salinity, extreme heat and
cold, low nutrients, heavy-metal pollution,
and other challenging conditions (4). For ex-
ample, the hyphal networks of mycorrhizal
fungi in soils can access water and nutrients
beyond the rhizosphere (the plant’s rooting
zone) to exchange for photosynthetic carbon,
increasing fitness of both the fungi and plant.
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