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Year In Review

Tissue Engineering and Regenerative Medicine:
Recent Innovations and the Transition to Translation

Matthew B. Fisher, PhD,"® and Robert L. Mauck, PhD'3

The field of tissue engineering and regenerative medicine (TERM) has exploded in the last decade. In this Year
(or so) in Review, we highlight some of the high impact advances within the field over the past several years.
Using the past as our guide and starting with an objective premise, we attempt so to identify recent “hot topics”
and transformative publications within the field. Through this process, several key themes emerged: (1) tissue
engineering: grafts and materials, (2) regenerative medicine: scaffolds and factors that control endogenous tissue
formation, (3) clinical trials, and (4) novel cell sources: induced pluripotent stem cells. Within these focus areas,
we summarize the highly impactful articles that emerged from our objective analysis and review additional
recent publications to augment and expand upon these key themes. Finally, we discuss where the TERM field
may be headed and how to monitor such a broad-based and ever-expanding community.

Scope and Aim of This Review

The objective of this “Year in Review” article is to identify
and recount significant recent events in the broad discipline
of tissue engineering and regenerative medicine (TERM).
This builds from the foundation established by Dr. Michael
Lysaght, whose data-driven publications first defined our
field and the early challenges and opportunities in it, iden-
tified for us when the “end of the beginning” had occurred,
and detailed the ups and the downs in our translational and
commercial aspirations.l’5 In constructing this review, some
of the questions that we asked were “What constitutes the
TERM field?” and “How would one write a review that both
captures the events of today and presages the events of to-
morrow?” Moreover, since reviews abound, we wished to
write a review that could add to the literature instead of
duplicating it. Indeed, we recognized from the outset that we
are by definition limited by our own small world-view and
specialization (both of the authors being orthopedically in-
clined tissue engineers), and that this might limit our ability
to capture (and subsequently detail) the incredibly diversity
of our field.

To answer these questions and to capture the breadth of
the TERM field, we started with an objective premise. Spe-
cifically, we developed a framework to identify the occur-
rence of a “transformative event” (i.e., publication) in the
TERM domain. As will be detailed below, the sheer number
of publications in this area is overwhelming, and it is of-
tentimes very difficult to separate the “wheat from the
chaff,” particularly in publications that are outside one’s own

small area of expertise. While there are of course certain key
signals that may indicate that an event of significance has
occurred—for example, publication in a high impact factor
journal and/or dissemination in the lay press—quite often,
the most impactful publications in our field arise from the
primordial TERM soup without much fanfare, but are
quickly taken up as a new path forward by the field. In order
to establish objective metrics by which to identify such im-
portant contributions, we first gathered numerical data on
the history of TERM publications, and from this, identified
specific criteria that could provide an early reading on the
“impact trajectory” for any work, even very soon after its
original publication. We then applied these metrics to the
literature of the last few years, and used the outcomes of this
analysis to define and populate the substance of this review
article. Our methods of analysis are detailed in the following
section, and the content we identified is then parsed into
specific categories and reviewed with respect to ongoing
work.

Methods of Review

The first challenge in conducting this review was the sheer
number of recent publications in the TERM field. The origins
of the terms “tissue engineering” and “regenerative medi-
cine” have been previously discussed in this journal,1 with
the former coming into common parlance in the mid-to-late
1980s and the latter gaining momentum around the turn of
the 21st century. Since their definition, the TERM field
has grown substantially. A simple search for “tissue
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engineering” or “regenerative medicine” within a commonly
used database (Scopus®; Elsevier) reveals over 40,000 hits
to date, with more than 28,000 original articles and 6000
review articles. The number of TERM articles continues to
rise (Fig. 1) with nearly 4000 original articles published in
2010, compared to a mere 360 a decade earlier. This can be
partially attributed to the increasing use of the same common
terminology, particularly for the more recent “regenerative
medicine.” Still, there is no doubt that our field is expanding
and capturing a larger portion of the work done across the
biomedical sciences. More importantly, it makes a brute force
review of the field impossible.

This brings us to our second challenge, namely, how to
objectively decide which recent articles to include in this
review. The most objective measure of an article’s impact (in
our un-objective opinion) is the number of times it has been
cited. However, each impactful article must be read by the
field, digested, and inspire new experiments (and possibly
obtain funding for said experiments), which then need to be
completed and published. This process creates a “citation lag
time” of 1-3 years. Indicators which allow a more immediate
sense of an article’s impact include a journal’s impact factor,
“buzz” within the field, online views or downloads, and
press releases or newspaper/periodical stories, but lack
somewhat in objectivity.

Our challenge then was to develop a framework in which
to organize recent advances in the TERM field given both the
abundance of literature and the need for objective metrics to
evaluate impact. To do so, we first examined impactful ar-
ticles from previous years to determine if there were early
and common trends among these articles. We limited our
initial TERM search to original articles (excluding reviews)
and organized these by the number of times cited. Examin-
ing the top 20 most cited articles in the TERM field (Table
1),°?° a few trends become clear. First, a high number of
citations early (within 2 years) generally indicated that the
article would be impactful later as well (5 years). A typical
example is the article by Zuk et al.” published in Tissue En-
gineering in 2001, which first described the isolation and
characterization of adipose-derived progenitor cells. Second,
in the year of publication, there is substantial variability due
to articles being published early or later in the year (Fig. 2).
By 1-2 years postpublication, this variability sharply de-
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FIG. 1. The rise of tissue engineering and regenerative

medicine (TERM). (Results obtained via Scopus® search us-
ing key words “tissue engineering” OR “regenerative medi-
cine”). Color images available online at www.liebertpub
.com/teb
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creases. Thus, even though the number of citations varies
widely early on, the numbers tend to converge for impactful
articles. This means however, that there may be impactful
articles published in 2012, which we cannot isolate at this
time. As such, we have expanded our review to include years
2010 and 2011, since we feel we can better identify key
publications in this more expansive time frame using cita-
tions as an objective measure.

We then applied this analysis to TERM articles published
in 2010-2012. Examining the top 50 publications in terms of
citations (See Fig. 3 for a scatter plot in each year and do-
main), one can appreciate the distribution in times cited.
Using the Grubbs’ test for outliers (circled on these plots),
one can then clearly identify publications that have separated
from the pack and represent a study that has had broad
impact on the TERM field in a short period of time. Within
this set of studies, we identified several key themes in the
TERM literature. These are: Tissue Engineering: Grafts and
Materials, Regenerative Medicine: Scaffolds and Factors that
Control Endogenous Tissue Formation, Clinical Trials, and
Novel Cell Sources: Induced Pluripotent Stem Cells. These
categories will form the basis for the next sections. In each
area, one or more highly impactful articles will be high-
lighted, and a discussion of recent publications will be in-
cluded to augment and expand upon these key themes that
are clearly emerging in the TERM field. Finally, we will
conclude with a discussion on where the TERM field may
be headed and how to monitor such an ever-expanding
community.

Recent Advances in TERM
Tissue engineering: grafts and materials

When first conceived, many engineers considered that
tissue engineering would involve the de novo engineering of
new tissues for implantations, using starting materials and
methods drawn from chemical engineering, biomaterials
science, and mechanical engineering principles. However,
some of the most high profile recent studies on tissue engi-
neering have focused on translating relatively simple ap-
proaches into preclinical and clinical studies. For example, in
2009 the field was stimulated by the first report of an en-
gineered airway based on a cadaveric decellularized implant
in a human patien’c,26 one of the first instances of a tissue
engineering approach saving a life. Since then, replacements
based on this idea have increased in complexity, including
engineered lungs, livers, and vascular grafts. A common
theme in many of these approaches is the use of decellular-
ized extracellular matrix (ECM) to serve as a scaffold for cell
seeding. The rationale is that a decellularized ECM maintains
a niche, which can serve to maintain cell phenotype and
encourage production of tissue specific matrix and functional
properties. This type of approach is not radical, as decel-
lularized tissues have been used as allografts in surgical re-
placement procedures for decades, and pioneering work by
Badylak and colleagues”*® has defined the regenerative
potential of these ECM-based implants.

Two recent notable examples in this area that emerged
from our objective analysis were studies by Petersen et al.*
and Ott et al.*® Both of these studies reported data on the
use of decellularized lung tissue as a scaffold for viable
lung replacement (Fig. 4A). In general, cell seeding of
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FIG. 2. Number of citations each year postpublication (as a
percentage of total TERM articles in that year) for the top 20
TERM publications. Data presented as box and whiskers plot
featuring median, interquartile range, and minimum/manxi-
mum (Langer and Vacanti® excluded as an outlier).

decellularized ECM from donor animals and culture allow-
ing both media and air exchange maintained cell viability
and allowed the production of lung-specific matrix (Fig. 4B)
and other molecules, including surfactant protein precursors.
When used for short-term replacement (several hours) of the
left lung in adult rats, blood perfusion and ventilation were
achieved with the tissue-engineered graft. Petersen et al.*
reported lower oxygen levels compared to normal; however,
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FIG. 3. Top 50 TE and RM publications for 2010-2012 with
the outliers circled. These publications formed the basis of
this review and defined discussion categories.
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complete hemoglobin saturation was achieved. Ott et al.*
further noted the presence of pulmonary secretions, sug-
gesting functionality. Yet, the transplanted lungs required
higher pressure to be fully inflated and had fluid buildup,
suggestive of pulmonary edema. While additional preclinical
studies are necessary to show the longer-term viability and
efficacy of such approaches, these results are unquestionably
promising with regard to ECM-based scaffolds for lung re-
placement.

These same principles have also been applied to liver re-
generation, for example in a recent publication by Uygun
et al.,*" which also emerged from our objective screen. In this
study, rat liver tissue was decellularized and perfused with
primary rat hepatocytes. Cell viability was maintained over 5
days in culture, and albumin and urea production increased
with time, with albumin production reaching 20% of normal.
Vascularized grafts were then implanted and perfused
in vivo, following a nephrectomy in recipient rats. After 8h,
cells maintained viability at preoperative levels (~80% via-
bility) and remained histologically similar to the native tissue
(Fig. 4C). Here too, additional preclinical work is required to
fully investigate the potential of such ECM-based cell-seeded
grafts, but this early work is quite promising.

While vascular autografts are quite common, some have
considered devitalized allografts (from cadaveric tissue) as
an alternative source, and have shown good mechanics and
biocompatibility through this decellularization process.** As
an alternative to removing cells from native tissue, Dahl
et al.?® recently took an interesting tissue engineering ap-
proach to create vascular grafts. Here, the authors isolated
human smooth muscle cells and cultured them on tubular
polyglycolic acid scaffolds (Fig. 4D). Over a period of several
months, the grafts possessed suture retention strength, burst
pressure, and compliance similar to native tissues. These
“engineered” grafts were then decellularized and stored for
up to 1 year without an appreciable loss in mechanical
function. In a model of arteriovenous bypass in baboons, the
grafts remained functional for up to 6 months, with little
fibrosis, calcification, or thickening, and 88% of the grafts
remained patent and mechanically stable. In a canine model
of carotid or coronary bypass, these grafts preseeded with
endothelial cells remained 83% patent at 1 month with only
one occlusion. Although little immunogenicity was noted
and all grafts remodeled to possess a biochemical composi-
tion more similar to native tissue, longer-term studies and
direct comparison to the clinical gold standard will be nee-
ded to fully validate this approach. This work is quite in-
teresting, however, as it replaces traditional cadaveric grafts
with those generated through “traditional” TE approaches
(cells coupled to biomaterials and grown in vitro), which
have several potential advantages. It will be interesting to see
whether this novel concept is adopted across the spectrum of
organ/tissue replacement in TERM.

Stemming from the publications noted above that met our
objective criteria for inclusion in this review, considerable
work has been carried out to expand this exciting new TERM
focus area. For instance, recent studies have examined how
other cell types, such as mesenchymal stem cells, can colo-
nize and integrate within decellularized lung tissues.** In
cardiac applications, methods have been developed to en-
hance decellularization while preserving vascular beds in
thick tissue slices.® Similarly, bone allograft processing
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techniques have recently been optimized to support mesen-
chymal cell attachment and mineral deposition.’® In-
vestigators have also begun to explore how such tissues can
be re-enervated, for example in skeletal muscle preparations,
guiding both vascular health as well as neural connectivity to
the host.*” These and other publications support the growing
interest and increasing complexity in organ/native ECM-
based tissue replacement approaches.

In addition to these ECM-derived approaches, there of
course remains active development of novel biomaterial
scaffolds. Progress in the past year has included electrospun
materials that foster cellular colonization®* and can direct
depth dependent and anatomic reconstitution of cell and
matrix organization.*”*! Other studies have built off of the
acellular concept, imbuing acellular materials with molecules
that attract progenitor cells to the wound interface.** Still
other studies have developed materials that can optimally
deliver and sequester cells within a repair environment,
based on nano-scale surface topography.* In terms of vas-
cularization, progress has been made in both engineered
artificial vascular networks** as well as via the development
of advanced materials that allow endothelial cells to remodel
and build their own vascular network.* Finally, while quite
a lot of work focuses on decellularized matrices and cell-
seeded biomaterials, significant progress continues in the
formation of almost completely cell based tissue constructs,
even for load bearing structures.*® This activity, premised
upon both “traditional” and emerging themes, points to
continued innovation and expansion of TERM applica-
tions for the repair and replacement of ever more complex
systems.

Regenerative medicine: scaffolds and factors
that control endogenous tissue formation

Over the past decade, it is clear that regenerative medicine
approaches have increased in popularity for a variety of
reasons. Cellular therapies remain a large focus, and the ef-
ficacy of several cell types have been evaluated in vivo. In
addition, considerable efforts in regenerative biology have
focused on the developmental origins of stem and progenitor
cells, and on elucidating how they persist (or don’t) in adult
organisms. Another major focus has been on the develop-
ment of biomaterials to either release bioactive factors to aid
in the healing response and/or provide a scaffold that can
promote appropriate tissue formation. This generally acel-
lular approach seeks to foster repair by optimizing the re-
sponse of endogenous progenitor cell pools, rather than cell
delivery itself.

For example, one interesting recent study that emerged
from our objective analysis highlighted the multiple roles
that a scaffold may play in promoting the regenerative re-
sponse in the case of bone healing in a rat model. This study,
by Kolambkar ef al.,*” employed a combined scaffold using a
tubular mesh made from electrospun poly(e-caprolactone)
nanofibers that wrapped around the bone defect and helped
to localize a peptide-modified alginate hydrogel injected to
fill the defect and deliver recombinant bone morphogenetic
protein-2 (rhBMP-2) (Fig. 5). With delivery of rhBMP-2,
bony bridging occurred consistently (as assessed by micro-
computed tomography), but did not occur with the scaffolds
alone, showing the importance of growth factor delivery. In

5

addition, macroscopic perforations in the nanofiber mesh
seemed to accelerate repair, resulting in a twofold increase in
the torsional stiffness of the healing bone. Revascularization
of the defects was not increased, and the authors suggest that
the perforations allowed endogenous progenitor cells to in-
filtrate and positively influence repair. Thus, when designing
scaffolds for regenerative medicine applications, there are
many factors to consider which may ultimately impact their
success, even for relatively simple tissues such as ligaments
and tendons.*®

For methods such as that noted above to be successful, the
endogenous progenitor pool must be both local to the defect
site and of sufficient number/capacity as to mount a repair
response. In a recent study by Jaskelioff et al.** (which also
emerged from our objective analysis), the authors investi-
gated how stem cell depletion is related to genome damage.
Specifically, they tested the hypothesis that declining organ
function may be eliminated or even reversed by engineering
progenitor cells to reactivate endogenous telomerase activity.
Their findings showed a marked reversal of degenerative
neuronal and sensory phenotypes in adult mice, supporting
the notion that maintenance of progenitor cell pools, or res-
cuing progenitor cell activity, can lead to wide scale tissue
and organ rejuvenation.

Along a similar line, investigators have queried normal
regenerative processes in amphibians and mammals to de-
fine the role of endogenous stem cell populations in regen-
eration. For instance, our objective screen of the literature
picked up a recent publication by Porrello et al,”® who
studied cardiac regeneration in mice. These investigators
found, quite strikingly, that while cardiac regeneration can
occur early (1 day after birth), this capacity is lost by 7 days
after birth. This early healing was characterized as “regen-
erative,” with a lack of fibrosis and normal heart function
achieved after 2 months. Conversely, just a week later, the
response to the same injury was characterized by a repair
response, with scar tissue formation, much like one would
see in mature animals. This disjunction between fetal and
adult regenerative response may offer new insight into re-
generative therapies across a range of diseases and injuries.
More generally, the study of injury mechanisms, and how
they interface and activate endogenous progenitor cell pop-
ulations, is an active and growing area of inquiry,”"** with a
particular focus on elucidating how progenitor cells interact
with cells of the immune system.>*°

In addition to this age dependent change in regenerative
capacity, considerable work has focused on identifying
precisely which pool of stem cells actively participates in
endogenous repair/regeneration processes. Work by Rin-
kevich et al.”® showed via lineage tracing that those cells
that reconstitute the mouse digit are lineage restricted. That
is, the stem cell pool that forms cartilage and bone for in-
stance is different than the cell population that forms other
adjacent tissues (muscle and skin). Understanding how,
when, and where these different progenitor cell populations
are operative will inform ongoing TERM studies aimed at
recruiting and manipulating these endogenous regenerative
cell sources. Studying atypical resolution of injury and/or
repair in other mammalian species may shed additional
light on regenerative processes. For example, the recent
report on “skin shedding” and regeneration in an African
spiny mouse,” while certainly atypical, may provide new
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60 min

+/| Normal liver

FIG. 4. Use of decellularized tissue matrix for TE applications. Whole lungs can be readily decellularized through perfusion
techniques [right upper lobe (RUL), right middle lobe (RML)] (A). When implanted in vivo, such tissues are perfused by red
blood cells and maintain partial function in the short-term (B). Recellularized liver matrix also maintains similar structure and
cellular viability and phenotype (C). Scale bar=100 um. Decellularized tissue-engineered vascular grafts maintain patency
when implanted and allow repopulation with native cells [graft (g), carotid artery (ca), adventitia (a)] (D). White arrowhead
points out alpha-smooth muscle actin-positive cell. Scale bars=100 um. (Adapted from Petersen et al.,** Ott et al.,*® Uygun
et al.,>" and Dahl et al.,*® [with permission from AAAS and MacMillan Publishers, Ltd]).
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FIG. 5. Bioscaffolds for bone regeneration. Nanofibers with macroscopic perforations and alginate releasing bone mor-
phogenetic protein-2 (BMP-2) were placed within a critically sized bone defect (A). Micro-computed tomography images
showing increased bone formation with scaffold treatment (B). (Adapted from Kolambkar et al.*’ [with permission from
Elsevier]).
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directions for TERM investigators. While these models may
sometimes be far afield from the actual application of re-
generative strategies (arising as they often do from devel-
opmental biology studies), they build a basic science
framework from which novel technologies may grow.
Moreover, they define the theoretical and basic science
limits on what will be possible with endogenous tissue
engineering/regenerative medicine.

This area of regenerative medicine is continually expand-
ing. For instance, in a high profile article from 2010, Lee et al.
showed that whole joint cartilage repair could be achieved in
a rabbit model in which a polymeric joint prosthesis was
implanted, with endogenous cells recruited to via inclusion
of transforming growth factor beta (TGF-B).>® Along these
same lines, Shah et al. reported the use of nanofibers made
from peptide amphiphile molecules which have high bind-
ing affinity for TGF-B and showed the potential for cartilage
regeneration in rabbits.”® Still others have turned to novel
methods, such as control through magnetic fields, to permit
superior release of factors in 0iv0.2° In some cases, rather than
delivering a specific growth factor, investigators have uti-
lized the broader paracrine activities of injected cells, par-
ticularly stem cells, to advance regeneration. Indeed, this
paracrine effect is thought by many to be one of the domi-
nant mechanisms by which injected stem cells offer a thera-
peutic benefit.®’~** Tt is important to point out that these
factors, whether they derive from the scaffold or are re-
leased by implanted cells, can influence the regenerative
environment in nonintuitive ways. For instance, a recent
report detailed how growth factors themselves can bind to
pro-inflammatory cytokines to prevent arthritis in mice,®
allowing for the possibility of simultaneous anabolic and
anti-catabolic functionality.

In the biomaterials domain of regenerative medicine,
much attention has been paid to the advancement of ma-
terial design through the promotion of endogenous stem
cell differentiation toward a specific phenotype of interest
by modulating physical attributes of the scaffold (including
stiffness, topography, and })01rosity).66_70 Others have sug-
gested that stem cells with a specific propensity towards a
defined lineage may have different physical properties”"
and have used these differences to select for a specific
cell phenotype from a heterogeneous population prior to
implar1tati0n.72’73 Thus advanced materials, which both
select refined populations and direct their differentiation,
may provide a mechanism to achieve improved in vivo
regeneration.

Clinical trials

TERM approaches are also making their way into clinical
practice, with a number of clinical studies published over the
past few years. For instance, a tissue engineering approach
was used to restore function in a small cohort of boys with
large urethral defects.”* Biopsies of bladder tissue were ob-
tained, and smooth muscle and epithelial cells were isolated
and cultured. The cells were then seeded onto tubular poly
(glycolic acid)-poly (lactic-co-glycolic acid) scaffolds (Fig.
6A). Following culture for 1 week to ensure cell viability and
matrix production, grafts were used for urethral recon-
struction. The authors report that all five patients maintained
functional flow rates at 36-72 months postimplantation and
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that biopsies confirmed tissue organization similar to the
native tissue. This approach shows promise for traumatic or
congenital injuries to the urethra where simple repair or on-
lay grafts are insufficient.

In addition to tissue replacement, much interest has fo-
cused on the perfusion of cells into the heart for the treat-
ment of myocardial infarction, and several clinical studies
have recently reported initial results. One phase I prospec-
tive, randomized, controlled trial (RCT) aimed to treat in-
farction with progenitor cells (called cardiosphere-derived
autologous stem cells).”” Autologous endomyocardial cells
were obtained and cultured using a specific culture method,
including culture in nonadherent plates to form three-
dimensional (3D) cardiospheres in order to obtain a popu-
lation positive for CD105 and negative for CD45 (Fig. 6B).
Although some adverse events were reported with implan-
tation of these cells, by 6 months, a significant reduction in
scar mass and increase in viable heart mass and wall thickness
was found. However, no differences in functional measure-
ments, such as ejection fraction could be determined at this
early time point. Nevertheless, the reduction in scar tissue and
increase of viable tissue with this treatment supported
movement on to a phase 2 study. Other recent studies inject-
ing bone marrow-derived progenitor cells also lend support to
the injection of stem cells to enhance function following
myocardial infarction and failure of coronary stents.”®

In other applications, autologous stem cell therapy has
been used to reverse corneal destruction due to burns. In one
study,”” autologous limbal stem cells were cultured on fibrin
to treat corneal damage in over 100 patients. At 10 years
follow-up, more than 75% of patients had a restored corneal
epithelium layer. Clinical success was correlated to the per-
centage of functional stem cells (holoclone-forming) ob-
served in culture. Specifically, if cultures contained more
than 3% holoclone-forming cells, clinical success was found
in 78% of patients. On the other hand, if less than 3% holo-
clone-forming cells were found, success was seen in only
11% of patients. This study shows the potential for limbal
stem cells for corneal repair; however, additional random-
ized controlled clinical trials are needed.

Another quite popular focus of clinical trials in recent
years has revolved around the use of platelet-rich plasma
(PRP) to treat orthopedic sports injuries, with both consid-
erable interest and criticism abounding in the literature.
Several randomized control trials are underway, and early
results have been recently published. Peerbooms et al. first
reported the beneficial effects of PRP over corticosteroid in-
jections for the treatment of lateral epicondylitis in a double-
blind RCT.”® At 1 year, marked improvements were seen in
both patient reported outcomes as well as functional scores,
and more recent data suggests these results persist up to
2 years.”

Others have reported on the limited impact of PRP or
platelet-rich fibrin matrix (PRFM) for other types of injuries,
such as rotator cuff repairs or Achilles tendinopathy.®** In
addition to these studies, another recent study showed that
blood elements (including platelets) can induce a pro-
inflammatory response.*® Thus, while such platelet-based
treatments may offer some promise, much research, both
clinical and basic science, is still needed to evaluate the im-
pact of PRP and PRFM. Complications include variable pa-
tient demographics, injury types and previous treatment,
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and potential differences between the many PRP and PRFM
products currently on the market. Together, these clinical
and preclinical studies may soon resolve these issues, and
may provide a valuable adjuvant to repair in certain clinical
scenarios.

In the coming years, it is likely that there will be a dra-
matic increase in the number of published clinical studies
that utilize TERM approaches. Indeed, the number of regis-
tered clinical trials in the U.S. featuring either “tissue engi-
neering” and/or “regenerative medicine” has increased from
38 in 2007 to 83 in 2011. These translational studies will
inform the field as to the true efficacy of TERM approaches
in clinical practice and will help to refine work across the
research space, from in vitro development to preclinical
models.

Novel cell sources: induced pluripotent stem cells

While the work above quite often involves the delivery of
adult stem cells, significant interest remains in the develop-
ment and application of newly emergent progenitor cell
sources. For example, research into the use of embryonic
stem cells (ESCs) for TERM applications continues unabated.
A recent study by Marolt ef al. showed, for example, that
culture of human ESCs on decellularized bone matrix in a
perfusion bioreactor® resulted in formation of a stable
bone-like tissue. Quite interestingly, when these tissue con-
structs were implanted subcutaneously in immunodeficient
mice, teratomas formed with implantation of undifferenti-
ated human ESCs but not with implantation of ESC-derived
bone. This work illustrates the continued development of
ESC-based therapies in TERM, as well as the potential limi-
tations in such work when differentiation is not adequately
controlled.

The past several years have also borne witness to a truly
impactful (if not the most impactful) development in TERM.
That is, the discovery and characterization of induced plu-
ripotent stem cells (iPSCs), first defined by Takahashi and
Yamanaka in 2006,% describing how differentiated adult
cells could be reprogrammed back to an embryonic state
through the presence of only four transcription factors (Oct-
4, Sox-2, c-Myc, and KIlf4). The original article detailing this
technology has already been cited over 4400 times to date!
The impact of this work cannot be overstated, as was evi-
denced by the awarding of the Nobel Prize in Medicine to
Dr. Yamanaka this past year, only 6 years after publication of
his seminal article. Research surrounding the use of iPSCs
has seen a rapid and exponential growth, and interested
readers are directed to a number of fine reviews on this
topic.®®® Instead, we will highlight some of the most
highly impactful articles found through our objective anal-
ysis to provide a general sense of the immense progress in
this area.

While the original iPSC “cocktail” was quite simple, recent
work has focused on further refining and simplifying this
process. Instead of ectopic expression of several transcription
factors, an alternative approach is to express specific micro-
RNAs (miRNAs). In a recent study, expression of the
miR302/367 cluster via viral transfection was able to repro-
gram both mouse embryonic fibroblasts and human foreskin
and dermal fibroblasts with a several fold increase in effi-
ciency relative to the typical transcription factors.”® Another
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major issue limiting translation of iPSC technology has been
the need for viral infection to introduce the necessary tran-
scription factors for reprogramming, which raises regulatory
concerns due to genomic integration or mutagenesis and is
relatively inefficient. Alternatively, synthetic mRNAs can be
used directly to reprogram differentiated cells into iPSCs.”"
This approach was much more efficient (two orders of
magnitude higher than viral transfection). Due to the short
activity span of such treatments, however, multiple injec-
tions would be needed clinically. The authors also note that
RNA-derived iPSCs had global transcriptional patterns that
were more similar to human ESCs, suggesting that this re-
programming process may yield cells of higher quality. Di-
rect transfection of miRNAs without a viral carrier can also
allow reprogramming of mouse and human somatic cells
into iPSCs.”® Another way to create iPSCs is to create het-
erokaryons (fused cells) from mouse ESCs and human fi-
broblasts, which allows reprogramming with 70% efficiency
within 1 day and allows study of the molecular mecha-
nisms of reprogramming.”

Others have tested the hypothesis that differentiated cells
can be reprogrammed in situ, abrogating the need for in vitro
manipulation. For example, Qian et al. injected a retrovirus
expressing the Yamanaka transcription factors to reprogram
adult resident nonmyocytes in the murine heart into iPSCs.”*
Analysis of single cells revealed ventricular cardiomyocyte-
like action potentials, beating upon electrical stimulation,
and evidence of electrical coupling. In an injury model
(coronary ligation), retroviral treatment modestly attenuated
cardiac dysfunction for up to 3 months. Although iPSC in-
duction did not fully restore function following injury, this
study shows that in vivo reprogramming could have thera-
peutic potential.

Along these lines, there has been considerable interest in
direct reprogramming of one differentiated cell into another.
For example, it has recently been shown that retroviral ex-
pression of a set of transcription factors can reprogram car-
diac fibroblasts into myocyte-like cells both in vitro and
in vivo in a mouse model.” Following induction of myo-
cardial infarction, injected retroviruses led to a substantial
improvement in functional outcomes, such as ejection frac-
tion, for up to 12 weeks relative to controls. More recently,
cardiac fibroblasts have been reprogrammed into myocytes
via expression of specific miRNAs.”® Huang et al. directly
induced mouse tail-tip fibroblasts into hepatocyte-like (iHep)
cells.” When transplanted ectopically in vivo in a model of
liver failure, these iHep cells significantly improved surviv-
ability (~40%) at 8 weeks relative to fibroblasts (0%); how-
ever, survivability was still less than true hepatocytes
(~90%). Similarly, expression of a combination of three
genes has been shown to convert mouse embryonic and
postnatal fibroblasts into neurons in vitro.”® These studies,
and many others like them, indicate the very rapid devel-
opments and innovations that are occurring in this sphere of
regenerative medicine.

As iPSCs become more widely available and adopted by
the TERM community, the transition to translation of this cell
type has already started. However, some caution must be
taken in this process, as there remain several issues that
could limit their eventual clinical potential. For instance,
while some studies have focused in the in vivo applications of
these cells in situations of organ repair, issues have arisen
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FIG. 6. Recent clinical applications of TERM approaches. A tissue-engineered urethra can maintain function in patients in the
long-term (A). Injection of cardiosphere-derived stem cells can reduce scar size in patients postinfarction (B). (Adapted from Raya-
Rivera et al.”* and Makkar et al.” [with permission from Elsevier]). CDC, cardiosphere-derived cells.

related to the immunogenicity of autologous cell-derived
iPSCs that are reprogrammed in vitro and reimplanted. In an
inbred mouse model, “autologous” ESCs failed to illicit an
immune response, while “autologous” embryonic fibroblasts
reprogrammed into iPSCs were mostly rejected by the host
and featured T cell infiltration.”” The authors of this study
attributed these findings to abnormal gene expression in a
portion of the iPSCs. While this is certainly a potential rea-
son, additional work is required to fully understand this
behavior.

An additional persistent concern with iPSCs is the vari-
ability in their differentiation pathways, most likely arising
from incomplete or aberrant reprogramming of the parent
population.'™ In response, Boulting et al. have recently
suggested the use of a set of validated cell lines to expedite
research findings and to better standardize results.'”" Other
investigators have developed novel processing methods to
isolate “pure” populations of iPSC for particular applica-
tions. For instance, work by Diekman et al.1%% showed that
passage through a chondrogenic “filter,” that is, selecting
subpopulations that originally differentiate towards the
chondrogenic lineage most robustly, enabled the isolation of
sub-populations of iPSCs that had improved cartilage for-
mation when placed back into 3D culture conditions (Fig. 7).
These differentiation-based selection criteria for iPSC will
undoubtedly become more complex and refined in future
work. For example, such sorting could be coupled with
concepts demonstrated in the work of Gilbert et al.,'”® who
showed that the matrix elasticity on which progenitor cells
are plated can influence the retention or loss of stemness.
Similarly, soluble factors, sometimes derived from high
throughput screening of chemical libraries, could be used to
further refine these cell populations, as well as enforce their
differentiation trajectories in vitro and in vivo.'""*'® These
and other microenvironmental inputs will likely be used to
tune iPSC differentiation specificity, efficacy, and fidelity

p2 GFP+

Type X Type VI Type ll

Type |

FIG. 7. Induced pluripotent stem cells (iPSCs) can produce
cartilage-like matrix. Collagen immunohistochemistry for
matrix made by passage 2 iPSCs sorted via expression of
type II collagen (GFP+). (Adapted from Diekman et al.'®
[with permission from the National Academy of Sciences]).
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over the coming years to forward specific TERM applications
and translation of this cell type on to preclinical and clinical
applications.

Concluding Remarks and Discussion

Writing a Year in Review that captures the present state
and future directions of any field of inquiry is no easy task,
especially when that field is as diverse and ever-changing
as TERM. In fact, since its inception, the TERM field has
been characterized in some sense by its lack of definition
and its incredible breadth. Indeed, it is precisely this
breadth and diversity that drew so many of us into the
field in the first place. Many seemingly discordant lines of
research have now become intertwined in TERM and con-
stitute the fabric of our field, with these concepts arising
from the blurring of boundaries between traditional disci-
plines. While this point is sometimes easy to forget, much of
what we now consider commonplace in TERM was only a
short time ago separated by barriers of dogma and disci-
pline. As these lines continue to blur, and multi-disciplinary
research becomes more the rule than the exception, our field
is experiencing tremendous growth. The unlimited poten-
tial of this work has captured the attention of the lay public
(as evidenced by the recent 3 day, front-page New York
Times profile on the TERM field'%%). Moreover, in almost
every aspect of the field as evidenced in this review, we are
beginning to witness the critical stage of transition to
translation.

While quite exciting for all in involved, rapid growth of
any field is not without its drawbacks. Specifically, the pace
of growth is now so fast that it impossible for most of us to
keep up with the field as a whole, or even a small subset of it.
For example, a TERM search specific to “cartilage” returns
more than 450 articles published in 2011 alone, meaning that
one would need to read more than one article per day just to
stay abreast of this small portion of the TERM terrain. It is
difficult (amongst all this noise) to recognize and separate
the truly important contributions from those that are less so.
In addition to the sheer numbers of physical publications in
the TERM field, the number of outlets through which re-
search findings are being disseminated is also expanding.
The scientific community is increasingly exploiting new
mechanisms to achieve faster publication (i.e., all electronic
journals). In the absence of other, faster objective metrics, the
increased use of editorials, reviews, letters to the editor, etc.
might provide a way to increase credibility and interest
quickly in emerging themes in TERM, as well as mitigate
the “citation lag time” commonly found, even for important
articles.

In this review, we attempted to both engage the diversity
and to encapsulate the ever-expanding TERM field by
“letting the numbers speak for themselves,” using the im-
pact trajectories of the last several years to provide a
framework for discussion. In using these objective criteria
to guide us, we found considerable innovation in a number
of traditional TERM fields, but also new ideas that are be-
ginning to take hold in emerging focal areas. For instance,
in the realm of tissue replacement, we are now seeing not
just scaffolds of ever-increasing complexity derived from
standard engineering methods, but also complex scaffolds
predicated on natural designs (and native tissues them-
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selves, once decellularized). In the broader field of regen-
erative medicine, we are seeing developmental biology
begin to address not just the formation of tissues, but the
specific role that endogenous stem cells play in both gen-
erative and regenerative processes. Integrating these basic
science findings with novel materials that specifically re-
cruit endogenous populations may provide a next wave in
smart biomaterials for tissue repair. Likewise, new cell
sources, most prominently iPSCs, have come to the fore,
making autologous cell-based therapies for any tissue a real
possibility. Finally, our objective screen showed that ours is
truly a translational field, and that TERM advances are
being reduced to clinical practice at an ever-increasing rate.
Furthermore, as we are by and large quantitative scientists,
both the quantitative nature of these outcome measures and
levels of evidence in support of these applications are ad-
vancing as well. Together, these advances are now begin-
ning to change the lives of small subsets of the population,
and in the future, these novel approaches will be able to
address a host of diseases and instances of tissue degener-
ation that were heretofore untreatable. Here’s hoping that
the next Year in Review will continue to find such exciting
activity, and further illustrate the growing impact of TERM
technologies on improving human health.
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