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Despite the promising advances in regenerative medicine, there is a critical need for
improved therapies. For example, delaying aging and improving healthspan is an
imminent societal challenge. Our ability to identify biological cues as well as
communications between cells and organs are keys to enhance regenerative
health and improve patient care. Epigenetics represents one of the major
biological mechanisms involving in tissue regeneration, and therefore can be
viewed as a systemic (body-wide) control. However, how epigenetic regulations
concertedly lead to the development of biological memories at thewhole-body level
remains unclear. Here, we review the evolving definitions of epigenetics and identify
missing links. We then propose our Manifold Epigenetic Model (MEMo) as a
conceptual framework to explain how epigenetic memory arises and discuss
what strategies can be applied to manipulate the body-wide memory. In
summary we provide a conceptual roadmap for the development of new
engineering approaches to improve regenerative health.
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Introduction

Regenerative health is based on the idea that we can utilize the body’s own regenerative
mechanisms to restore or regenerate tissues to promote better health. Regenerative medicine is
an emerging field, and strategies like tissue engineering (Hofer and Lutolf, 2021), development
of biomaterials (Gilbert et al., 2021), medical devices (Kim et al., 2019) and artificial organs
(Tetta et al., 2003), as well as cellular therapies (Culme-Seymour et al., 2012) are currently
paving new opportunities to improve the overall quality of life for patients. In particular,
breakthrough in cellular therapies show great promise (Fischbach et al., 2013) in the treatment
of cardiovascular diseases, diabetes, corneal blindness and cystic fibrosis. Cellular therapy refers
to the transfer of autologous or allogeneic cellular material into a patient for medical purposes.
For example, in the regenerative setting stem cell-based therapies use somatic stem cells to
repopulate damaged cells or reset tissue homeostasis. Somatic stem cells (SSCs, also known as
adult stem cells) are a relatively rare cell population that resides in specialized cellular niches
(Brunet et al., 2022). Our body uses SSCs as one way to repair tissues by replenishing lost or
injured cells and by giving rise to progenitor or differentiated cells. Yet, we do not fully
understand how these cells respond after an exposure to a stimulus, and which processes help to
build biological (phenotypic) memories that impact human lifespan.
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SSCs and epigenetics

SSCs can undergo self-renewal processes and differentiate into
specific cell types within their residential organs. To sustain body
health, these SSCs play a crucial role in the maintenance of tissue
homeostasis by replacing and replenishing exhausted cells as well as
damaged cells resulted from environmental and pathological
insults. For example, tissues with high turnover rates such as
blood, skin, intestine, and bone marrow possess active SSCs
(Post and Clevers, 2019). Conversely, tissues showing low
turnover rates such as brain, stomach, and esophagus have small
populations of stem cells (Sender and Milo, 2021). On the other
hand, the liver and muscle will only regenerate upon injury (Tierney
et al., 2018). However, over the course of one’s lifespan, stimuli,
including lifestyle changes, exposure to infectious agents, injury,
and aging (Ermolaeva et al., 2018), can also alter the SSCs niche and
exhaust their regenerative potential, leading to a decline of life
quality and increase of disease susceptibility. Consequently, stem
cell aging and exhaustion contribute to the decline of cellular
regenerative potential.

The cellular regenerative process is associated with the stem cell
epigenome. This is because stem cell aging and exhaustion do not arise
from changes in DNA sequences per se but rather emerge as altered
memories in cellular programs (Ren et al., 2017; Ermolaeva et al.,
2018). Besides, from a systems perspective the deterioration of cellular
feedback-loop mechanisms during aging and tissue damage can
diminish the cellular memory that maintains normal physiology
(Kriete et al., 2010; Leung and Cotsarelis, 2022). This decline of
regenerative health is also a whole-body trait that encompasses
multi-organ memory, communication, and regulation. For instance,
stem cell exhaustion is linked to diet (Hermetet et al., 2019), systemic
milieu (blood environment) (Murphy and Thuret, 2015), microbiome
(Tan et al., 2019), and even psychological stress can impact adult stem
cell’s health (Amonoo et al., 2019). Thus, our ability to expand
regenerative health to a systems level requires that we examine
epigenetics and underlying mechanisms not just at the cellular level
but also inspect how body-wide coordination can foster cellular and
systems memories.

However, a key challenge is that the current definition of
epigenetics is ambiguous (Greally, 2018) and lacks a formalism to
describe how cellular and body memories are built. Currently,
epigenetics focusses on chemical and structural modifications at
DNA and chromatin levels. To surpass this challenge, we propose
a new conceptual framework called Manifold Epigenetic Model
(MEMo) that addresses how multi-organ interactions may confer
memories to sustain a given whole-body trait, and how this principle
can be utilized to enhance regenerative health.

Herein we focus on how SSCs and epigenetics contribute to
cellular memories at the whole-body level. First, we will delve
into evolving definitions of “epigenetics” and attempt to identify
missing links. We will discuss how epigenetics and regenerative
health are a whole-body phenomenon and share our perspectives on
how we can utilize novel epigenetic concepts to devise our proposed
Manifold Epigenetic Model (MEMo). Then we will enumerate
engineering strategies that aim to boost tissue health, delay
aging, and mitigate disease. Importantly, our new conceptual
model can help shed new light on how to design interventions
aiming to manipulate body-wide epigenetic mechanisms and
restore regenerative health.

The evolving definitions of epigenetics

The landmark paper by Conrad Waddington in 1942
(Waddington, 1942a) (Figure 1) coined, for the first time, the term
“epigenetics”, which was built on top of the concept of epigenesis
(Lappalainen and Greally, 2017). In his original definition of
epigenetics, Waddington attempted to merge embryology with
genetics. Here the term “epigenetics” was defined as a “whole set of
complex developmental processes that connect genotype and
phenotype” (rephrased from the original paper). In this paper,
Waddington further stated that one general feature of
“epigenotype” is that “it consists of concatenations of processes
linked together in a network”. Another insight from this classic
paper, is that Waddington’s epigenetics was merely concerned with
“complex developmental processes that connect genotype and
phenotype” with no heritable traits. As rightly pointed out by Scott
Gilbert (Gilbert, 2012), the prefix “epi” in this context is not associated
with the Greek prefix for “above” or “beyond” as defined by most
current studies. Actually, the prefix of “epi” coined by Waddington
was used in the context of epigenesis, which referred to Aristotelian
version of embryology theory where specialized tissue structures are
developed from non-specialized precursors, in opposition to the
preformationism that the development started with a miniature
version of the organism in the gamete (Lappalainen and Greally,
2017). In short, the term “epigenetics” coined by Waddington is the
marriage of embryology (epigenesis) and genetics.

More than a decade later, and to account for why cells with the
same genetic materials may manifest different phenotypes, in 1958,
David Nanney defined the term “epigenetic system” as “auxiliary
mechanisms with different principles of operation involved in
determining which [library] of specificities are to be expressed in
any particular cells.” (Nanney, 1958) Nanney referred to the “library of
specificities” as a template for replicating mechanisms based on DNA
sequences. Thus, his definition hinted to the presence of cellular
memory from past events.

In early 1980s (Feinberg and Vogelstein, 1983), discovery of the
role of DNAmethylation in cancer formation opened a new avenue to
define epigenetics at the molecular level (Bird, 2002; Holliday, 2005). It
is when the prefix “epi” of epigenetics acquired a new meaning from
Greek root for “above” or “beyond” the genetics (i.e., the modifications
are “above” or “on top of” DNA which is the genetic material). This
definition of epigenetics was diverted from its original definition
provided by Waddington that carried the context of epigenesis
(i.e., developmental, and cellular memory).

Since then, the term epigenetics has become synonymous of DNA
methylation (Bird, 2002; Holliday, 2005) and later was extended to
include histone (Strahl and Allis, 2000; Jenuwein and Allis, 2001) and
chromatin modifications (Margueron and Reinberg, 2010). In 1987,
after more than a decade of his devotion to DNA methylation studies,
Robin Holliday offered a more encompassing definition for
epigenetics. He stated that “epigenetics is concerned with the
strategy of the genes in unfolding the genetic program for
development.” (Holliday, 1987) In 1996, Arthur Riggs and others
defined epigenetics as “the study of mitotically and/or meiotically
heritable changes in gene function that cannot be explained by
changes in DNA sequences” (Russo et al., 1996). The elegance of
this definition is that it tells what epigenetics is not and has since been
passed on to later epigenetic definitions. For instance, Cavalli and
Heard recently referred to epigenetics as “the study of molecules and
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mechanisms that can perpetuate alternative gene activity states in the
context of the same DNA sequence.” (Cavalli and Heard, 2019)

However, the scope of epigenetics narrowed as it became more
“molecularized” and recent definitions focused mostly on DNA and
chromatin modifications. For instance, in 2007 Adrian Bird defined
epigenetic events as “the structural adaptation of chromosomal
regions so as to register, signal, or perpetuate altered activity
states.” (Bird, 2007) In 2009, Berger and others provided an
operational definition for epigenetics by referring an epigenetic
trait as “a stably heritable phenotype resulting from changes in a
chromosome without alterations in the DNA sequence” (Berger et al.,
2009). In the past 2 decades, epigenetic studies have mainly focused on
molecular mechanisms that altered DNA and chromosomal states
(Allis and Jenuwein, 2016) and less emphasis was given to “memory”
of cellular events. To remedy this limitation, Tuuli Lappalainen and
John Greally recently defined epigenetic properties “as that of a cell,
mediated by genomic regulators, conferring on the cell the ability to
remember a past event.” (Lappalainen and Greally, 2017)

Epigenetics is more than just “above”, “on top of”, or
“beyond” genetics

While these definitions of epigenetics consider dynamic changes
in cellular states, they do not translate into knowledge of how cellular
memories are formed. We argue that the concept of phenotypic
memory (Figure 2) is vital for redefining epigenetics. This is
because without memory, no phenotypic trait can be retained and
therefore there will be no epigenetic mechanism to connect genotype
to phenotype. This argument aligns well with the original vision
provided by Waddington for “processes that connect genotype and
phenotype”. Another concept described by Waddington was of
“canalization” or the ability of a cell to select a canal (creode) at a
bifurcation point and engage in cell-fate decision towards a
developmental outcome (Waddington, 1942b). This idea of creodes
permits a cell to decide its fate based on biological priors, for example,

FIGURE 1
Timeline of epigenetic definitions since the termwas first coined by Conrad Waddington in 1942. Updated epigenetics definitions reflect key discoveries
and understanding over the past 80 years.

FIGURE 2
Biological memory in cellular systems. (A) Adaptive cellular
response without a memory output. Upon encountering a stimulus (e.g.,
environmental stress), cells change their activities in response to altering
conditions but return to a basal state in the absence of a stimulus.
(B) Cellular response that confers memory. After encountering a
stimulus, cells transit to a new state adapting to an imposed change. In
this scenario, cells fail to return to the initial basal state even in the
absence of an experienced stimulus. Cells transited to a new state but
“remember” previous events. Right panels show quasi-potential energy
landscapes (i.e., the energy barrier a cell needs to reorganize its
intermolecular activities) associated with cellular memory states.
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the presence of a mutation may set a cell to adopt a different fate. This
notion has been recently expanded by Greally who stated that there are
two types of epigenetic events: cellular reprogramming and different
proportions of cell types slide through the variable use of “creodes”
(polycreodism) (Greally, 2018). Our emphasis for phenotypic memory
in the definition of epigenetics therefore agrees with the epigenetic
events defined by Greally, who stresses that cellular memory is
epigenetic.

However, a key difference from alternative views is that
phenotypic memory is not necessarily a heritable trait, or
mitotically/meiotically transmittable at cellular levels as pointed by
Greally. For instance, the memory needed to sustain a phenotype
acquired as an adaptive response to environmental stresses is not
necessarily heritable (Ashapkin et al., 2020). Consequently, we opted
not to include heritability as a mandatory criterion to define
epigenetics, which opposes the most recent definitions of
epigenetics (Bird, 2007; Deichmann, 2016). Hence, we reason that
inclusion of heritability in defining epigenetics will be largely
restrictive to the vigor of the field. We summarize “non-genetic
mechanisms that confer diverse phenotypic memories under the
same genotypic contexts” as a good statement that captures the
essence of epigenetics.

In addition, phenotypic memory is not just initiated and
maintained by “epigenetic” modifications such as DNA
methylation and histone modifications at the single gene level, or
other mechanisms that have been recently aggregated under the same
umbrella of epigenetics, such as the inclusion of RNA-based gene
regulation (Matzke andMosher, 2014; Holoch andMoazed, 2015) and
three-dimensional chromosomal architecture (Zheng and Xie, 2019).
Indeed, phenotypic memory is an emergent property, namely, a
property arising from the collective action of genes. Actually, the
concept of epigenetics originally proposed by Waddington carried a
dynamic network view of development (Waddington, 1942a; Jablonka
and Lamm, 2012). He stated that one general feature of epigenotype is
that “it consists of concatenations of processes linked together in a
network”. This insightful foresight has been proved seminal with the
advances of systems biology around 2000 (Kitano, 2002). With
insights learned from systems biology, Angela Pisco, Aymeric
d’Hérouël, and Sui Huang have elegantly elaborated that the
“epigenetic landscape” in cell fate determination is more than a
metaphor and has specific mathematical foundations and the
“epigenetic memory” that maintain a cell type identity has its root
in gene regulatory network in producing multiple stable states (also
called “attractor” states) (Pisco et al., 2016). Furthermore, self-
sustained feedback loops in biological networks are crucial
elements for a biological system, such as a cell to “remember” a
past event, even when the signal that initiates the memory has been
withdrawn for a certain period or is absent (Ptashne, 2007).

A main conclusion drawn from the above arguments is that
coupling of different epigenetic layers goes beyond DNA
modification and includes distinct transcriptional gene regulation
and feedback mechanisms to bridge genotype to phenotype. Thus,
this framework discriminates hierarchical levels of regulation, a
mechanism often used when a biological system prioritizes
multiple objectives with the help of tunable functions. Another of
such examples comes from the olfactory system. In fact, this is a
conundrum in neuroscience, how monoallelic and diverse
expression of olfactory receptors (OR) can be sustained and at
the same time safeguard improper stimulation and wiring of the

olfactory system that would lead to misinterpretation of chemical
signals (Magklara and Lomvardas, 2013). To address this question,
Tian et al utilized information on OR expression, and constructed a
comprehensive mathematical model that captures all physical
interaction components of OR transcription. Their computational
modeling study shows that a coordinated and evolutionarily
optimized three-layered regulation mechanism, controls the
expression of each OR gene by coupling histone modifications,
enhancer competition, and negative feedback (Tian et al., 2016).
As such, multilayer coupling can efficiently modulate genes with
similar biological roles and simultaneously maintain circuit
homeostasis.

Expanding epigenetics

To circumvent the above-mentioned limitations, we provide an
operational definition of epigenetics by adhering to Waddington’s
definition and yet capture contemporary understanding of molecular
genetics and systems biology, especially the property of biological
systems such as cells to “remember” past events (Bonasio et al., 2010).
Since heritability is not a mandatory criterion to define epigenetics, we
redefine epigenetics as “the study of systems-based molecular and
cellular mechanisms that confer phenotypic memories that cannot be
explained by changes in DNA sequences”.

By including systems-based mechanisms in this definition we
highlight the role of networks and feedback-loop mechanisms in
coupling several epigenetic layers and forge phenotypic memories.
Also, the inclusion of both molecular and cellular mechanisms that
encompass chromatin modifications, biomolecular interactions, and
cell-cell communications serve as bridges to formulate a new
conceptual model on body-wide phenotypic memories as described
below.

Aging is a multi-organ process and youthfulness is a
state maintained by body-wide memory

Numerous links between aging and epigenetics are known. Yet,
current epigenetic models fail to account how body-wide memory
maintains a youthful state. Aging is an unavoidable and gradually
decline of functional and homeostatic integrity over the lifespan of an
individual. Aging is not an isolated biological event but a whole-body
process that impacts multi-organ communication and homeostasis.
Currently, well acknowledged hallmarks of aging are mainly genetic
and cellular (Lopez-Otin et al., 2013). These include genomic
instability, epigenetic alterations, telomere attrition, stem cell
exhaustion, cellular senescence, mitochondrial dysfunction,
deregulated nutrient sensing, loss of proteostasis, and altered
intercellular communication (Lopez-Otin et al., 2013).

However, multi-organ failure has been seen as a clinical symptom
in elderly patients (Wang and Fan, 1990). Further, a recent study using
high-resolution isotope microscopy imaging to measure the age of
cells and proteins found that adult mouse organs are composed of
mosaics of cells that span different ages (Arrojo et al., 2019). The
finding of age mosaicism across multiple organs is unexpected. This is
because tissues, such as skin, that is constantly being replaced
throughout a lifetime, are expected to be “young”. Whereas tissues,
such as the brain, that has minimal or no turnover, is expected to
reflect an individual’s age and long-lived proteins in these low-
turnover tissues are expected to decline with aging. Surprisingly,
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this study showed that most organs consist of mixed cells and proteins
of vastly different ages regardless of their regeneration potential. This
observation strongly suggests that aging involves inter-organ
communication and the regeneration of tissues in one organ
requires cues released from another organ. As such, we reason that
“altered inter-organ communication” is a hallmark of aging that is
currently missing in our list. Overall, a better understanding of
epigenetic mechanisms that mediate body-wide memory is needed
to augment our ability of enhancing cellular resilience, alleviating
aging, and identifying strategies that can sustain homoeostatic
responses to expand healthspan.

Although aging is a progressive process over a lifespan, there are
epigenetic memory mechanisms that can maintain and resist
pathological aging, such as in progeria (Burtner and Kennedy,
2010). The most persuasive evidence comes from heterochronic
parabiosis studies, in which investigators exposed old mice to a
young systemic (i.e., blood) environment (Conboy et al., 2005), and
showed that youthfulness is a body-wide phenotypic state involving
memory mechanisms throughout the body. The presence of young
systemic factors in the blood helped to rejuvenate vascular
(Katsimpardi et al., 2014), neuron regenerative and cognitive
functions in aged mice (Villeda et al., 2014), while factors from
old blood negatively regulated cognitive function (Villeda et al.,
2011) and impacted multiple tissues (Rebo et al., 2016). These
studies suggest a key role of “young” systemic factors in the
renewal of body-wide memories and restoration of a youthful
state, while factors from old blood counteract by disrupting these
memories.

However, geroscience, the study of aging, is mainly focused on
genetic and molecular bases (Fontana et al., 2010; Singh et al., 2019).

Even the hallmarks of aging (Lopez-Otin et al., 2013) lack aspects of
whole body epigenetic regulation as described above. Hence, there is a
need to better understand why we age and how epigenetic memory of
youth is established at the body-wide level to effectively restore healthy
and young state and slow down aging process.

Manifold epigenetics: A conceptual model to convey for
body-wide phenotypic memories

As illustrated above, the current epigenetic models which focus
mainly on DNA and chromatin modifications are unable to explain
how whole-body memories arise. Thus, we extended our definition of
epigenetics to formulate a conceptual model called Manifold
Epigenetic Model (MEMo). Here, manifold epigenetics is defined
as “the study that concerns with the totality of molecular, cellular,
and environmental systems-based mechanisms that confer body-wide
phenotypic memories without altering DNA sequences”. In other
words, any outputs of non-genetic systems that confer body-wide
phenotypic memories are within the mechanistic modes of manifold
epigenetics. We borrow the term “manifold” from mathematics that
deals with multidimensional topology, to refer to multifaceted and
multilayered nature of epigenetic mechanisms that regulate body-wide
phenotypic memories (Figure 3). MEMo also states that a whole body
phenotypic memory is an emergent property arising from the
collective coordination of epigenetic mechanisms derived from
multiple layers of systems activities. At the heart of these memory
mechanisms is the presence of positive feedback and/or feedforward
loops that sustain and stabilize a given phenotypic state throughout
biological systems (Xiong and Ferrell, 2003; Brandman et al., 2005;
Natoli and Ostuni, 2019; Takamiya et al., 2021) even in the absence of
stimulating cues.

FIGURE 3
TheManifold EpigeneticModel—MEMo. Thismodel proposes that epigenetic biologicmemory is an emergent property arising from a variety of systems-
based interactions between different components across several biological levels (cells, tissues, and organs). The whole-body phenotypic memory (e.g.,
youthfulness) is the response to external (drugs, toxicants, environment, diet, physical activity, andmental stress) and developmental cues, and represents the
orchestrated output from molecular, cellular, intercellular, and inter-organ memories. As illustrated, the epigenetic memory relies on positive feedback
loops in each biological layer to enforce persistent signals that sustain a given biological state.
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MEMo further indicates that the entity, be it a molecule, a cell, or
an organ that mediates the positive feedback, is the effective component
enabling a biological system to “remember” (i.e., sustain) a phenotypic
trait. We called these key components “epigenetic memory
enforcers”. For instance, gene B, cell B, and adrenal organ
illustrated in Figure 3 are memory enforcers. In other words,
MEMo predicts that the epigenetic state of a cell or an organ is
modulated by the epigenetic state of corresponding memory enforcers
in the network form. Furthermore, the epigenetic state of a memory
enforcer at a given biological level (e.g., organ level) is also dependent on
the epigenetic state of a memory enforcer at another biological level (e.g.,
cell level). Such multileveled dependency of epigenetic memory states
forms the basis of the “manifoldness” of epigenetic mechanisms to confer
body-wide phenotypic memories. The essence of MEMo is to view health
and disease under the light of networks to build a body-wide memory.

Manifold Epigenetic Engineering: A
guided principle to exploit manifold
epigenetic mechanisms

MEMo provides a conceptual framework to formulate a guided
principle called - Manifold Epigenetic Engineering (MEE) that
allow us to manipulate epigenetic memories underlying whole-
body context. Here, we use the term “engineering” to mean
“manipulation design”. MEE is defined by “non-genetic design
manipulations that exploit manifold epigenetic mechanisms to
dismantle noxious phenotypic memories while re-establishing
beneficial body-wide phenotypic memories”. Although still far
from being practical at the current stage, MEE nonetheless
provides a feasible guiding principle to design novel treatment
strategies based on manifold perspectives in medicine (Ung
et al., 2022).

Under the MEMo framework, memory enforcers are key
targets for biological manipulation. For example, in a
pathological state, memory enforcers arising but not solely
from exhausted cells, which play key roles in shaping
intercellular communication processes can drive epigenetic
memory. By stabilizing certain phenotypic states through
positive feedback loops, exhausted cells can support epigenetic
memory in disease, and they themselves are targets for engineering
manipulations aiming to restore healthy homeostasis.

The first step in MEE is therefore to identify memory enforcers
that are crucial for a given phenotypic memory. A hierarchical
approach can be used to decipher key players. We reason those
interactions among organs throughout the body exert more global
impact on epigenetic memory than the cell-cell communication in
local cellular niche. The same reason could also hold true for the
intercellular communication in a cellular niche which has broader
impact on epigenetic memory than intermolecular interactions
conferring epigenetic memory in any cell in that niche. As such,
we propose an “embedding” strategy to rank the importance of
memory enforcers. First, the organ(s) that act as memory enforcer
for a body-wide phenotype are deemed the target organ. Next, cell
types that act as memory enforcers within the target organ are deemed
as target cells. It is these target cells the main intervention subjects for
MEE because they are the key players that establish epigenetic
memories at the target organs that in turn sustain body-wide
epigenetic memories.

Reviving body-wide regenerative health
via MEE

To restore regenerative health viaMEE (Figure 4), we first need to
identify organ-wise epigenetic memory enforcers that produce
molecular factors that sustain activities, such as tissue repair and
stem cell regeneration at the inter-organ level. For example, the clues
for the “fountain of youth”, as indicated by heterochronic parabiosis
studies, may be present in young blood. Proteomics and metabolomics
data derived from young and old blood (Emilsson et al., 2018; Bar
et al., 2020) are valuable resources to find such factors.

We also advocate for blood-borne factors being part of the internal
milieu (environment) that encodes body-wide functional states
regardless of local intercellular signaling events and homeostatic
states. Deciphering such blood-borne young-stimulating factors is a
promising and approachable strategy to identify body-wide epigenetic
regulating factors and move towards a better regenerative health. A
starting point to sort out blood-borne young-stimulating factors from
other irrelevant factors is to identify secreted factors (peptides,
proteins, RNAs, etc.) whose expression levels are not just elevated
in young blood, but presumably low or even absent in old blood. The
next criterion is to inspect whether the level of any of these blood-
borne young-stimulating factors correlates with the expression of
receptors such as adenosine receptors (Feoktistov et al., 2009),
nerve growth factor receptor (NGFR) (Liu et al., 2021), and apelin
receptors (Kang and Yang, 2020) whose downstream activities have
been associated with youth-related pathways such as tissue repair and
remodeling (Ninov and Yun, 2015), and regulation of mitochondrial
metabolism (Singh, 2021). Here, systems-based approaches such as
Quantitative Endocrine Network Interaction Estimation (QENIE)
developed by Seldin et al. (2018) can be employed to infer such
ligand-receptor correlations at the whole-body level.

The next task is to find organs or tissues that produce these
“young-stimulating” factors. This requires the availability of multi-
organ omics data across different aging stages for both healthy and
disease states. Although such data are rare and currently it is very
challenging to obtain the multi-organ omics data from human (Tabula
Sapiens et al., 2022), there are increasing multi-organ omics data
generated frommouse models over past few years (Kozawa et al., 2020;
Schaum et al., 2020; Rumienczyk et al., 2021). Organs and/or tissues
that make circulating “young-stimulating” factors could be identified
by comparing multi-organ gene expression profiles at different age
groups. The inter-organ crosstalk with respect to young and old stages
can be inferred from expression of receptors and their ligands across
different organs (Rana et al., 2012). The “young” blood factors derived
from organs/tissues that are involved in positive feedback loops in the
inter-organ crosstalk are deemed epigenetic memory enforcers for
“youthful” phenotype and will become the target organs/tissues for
reviving regenerative health via MEE.

The next stage is to find cellular niches inhabiting target organs/
tissues that act as epigenetic memory enforcers. Thanks to the
advancement of single-cell and spatial transcriptomics technologies
(Stuart and Satija, 2019; Moffitt et al., 2022) and the Cell Atlas
initiative (Elmentaite et al., 2022), we can now integrate these two
layers of omics data to reveal intercellular dynamics within cellular
niches across different organs (Longo et al., 2021) and decipher cell-
cell communications that build epigenetic memories (Armingol et al.,
2021). From the receptor-ligand expression profiles (Efremova et al.,
2020), we can dissect intercellular communications and identify target
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cells, i.e., cell types that constitute positive feedback loops in the
intercellular memory to make young-stimulating factors, maintaining
the youthful phenotype of target organs. These target cells will be the
manipulating subjects of MEE. We hypothesize that these intercellular
communication web consists of both producers of young-stimulating
factor and different types of stem cells, including SSCs.

After identifying target cells, the subsequent task is to prioritize
manipulation approaches to engineer the desired epigenetic states in
these cells. The goal is to reactivate the function of target cells in older
individuals. Restored target cells and organs will then replenish blood-
borne young-stimulating factors to re-establish homeostasis and
body-wide epigenetic memories that collectively sustain youthful
phenotypes equipped with healthy regenerative capabilities. Toward
the goal of replenishing regenerative health, both general and
engineered strategies are needed. Below we briefly outline these two
intervention types.

General interventions

General interventions promote conducive biological environments,
such as nurturing cellular niches, that sustain the rehabilitation of stem
cells, and repair of injured or aging tissues towards a normal state.
Although non-specific, general interventions can nonetheless facilitate
the efficacy of engineered interventions to promote regenerative health.

General interventions include exercise, healthy diets, sleep, and a healthy
mental state. The health benefits of exercise are well recognized (Neufer
et al., 2015) and physical exercise is a mean to protect mitochondrial
health (Sorriento et al., 2021), since mitochondrial dysfunction is
associated with aging (Amorim et al., 2022). Fasting-mimicking diets
(low in calories, sugars, and protein but high in unsaturated fats) have
been shown to promote multisystem regeneration and improve cognitive
performance (Brandhorst et al., 2015) as well as reducing the risk of
diabetes, cancer, and cardiovascular disease (Wei et al., 2017). Sleep drives
the clearance of metabolites and protein aggregates in the brain and helps
prevent neurological disorders (Xie et al., 2013; Tarasoff-Conway et al.,
2015), such as Alzheimer’s disease, an age-related disease. Good mental
health is important to maintain healthy brain-body pathways to sustain
body-wide homeostasis (Gianaros and Wager, 2015; Hoogendoorn et al.,
2017). Hence, general interventions provide a general, non-specific body-
wide setting to facilitate the outcome of engineered interventions to
promote the restoration of regenerative health.

Engineered interventions

It is the target organ and target cells the subjects of engineered
interventions. Indeed, manipulation of activities of these target
organs/cells will augment epigenetic memories towards a given
body-wide phenotype. Since target organs are those involved in

FIGURE 4
Manifold Epigenetic Engineering (MEE). Schematic representation of key omic datasets and strategies to achieve MEE and invigorate whole body
regenerative health. The first MEE step is to identify circulating systemic factors present in higher levels in young but decreased or absent in aged individuals.
Next, multi-organ single-cell omics and spatial data can be used to identify cells that produce “young” factors and infer their communication networks within
cellular niches using knowledge from receptor-ligand interactions. Organs that produce “young” factors and are also involved in positive feedback
interactions are deemedmemory enforcers andwill be prioritized as target organs. Cell types that mediate positive feedbacks in the communication webs are
deemed memory enforcers and will be prioritized as target cells. Both target organs and cells will be subjected to engineered interventions (senescence cell
ablation, drug intervention, chromatin state editing, and partial reprogramming) in aged individuals to help restore regenerative health.
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establishing body-wide epigenetic memories, repairing their
dysregulated states can help restore tissue regenerative health. In
principle, this can be achieved by ablating senescent cells in these
organs via senolytic drugs (Robbins et al., 2021) or through engineered
senolytic chimeric antigen receptor (CAR) T-cells (Amor et al., 2020).
Engineered interventions on target cells include drug-based targeting,
chromatin state editing, and ex vivo partial reprogramming. The
epigenetic memory states for these target cells can be manipulated
via epigenetic drugs (or epidrugs) (Berdasco and Esteller, 2019) that
modify DNA methylation or histone modification states in the cells.
Furthermore, drugs that alter the activities of target proteins, such as
those acting as memory enforcers in maintaining cellular memories,
can be employed. Beside drugs, chromatin states of target cells can also
be manipulated via CRISPR-based genome editing approaches
(Nakamura et al., 2021).

Recent studies showed that partial reprogramming by ectopic
expression of Yamanaka factors can ameliorate age-associated
epigenetic hallmarks (Ocampo et al., 2016) and recover youthful
epigenetic states (Lu et al., 2020). The Yamanaka factors consist of
four transcription factors OCT4, SOX2, KLF4, and MYC (usually
simplified as OSKM) (Takahashi and Yamanaka, 2006). Technically,
it is feasible to conduct ectopic expression of OSKM via engineered
genetic constructs introduced into organoid culture of aged tissues with
cellular niches consist of target cells, including somatic stem cells derived
from patients. The reprogrammed tissues will then be transplanted back
to the donors. The “rejuvenated” memory enforcing cells with
reprogrammed epigenetic states will release signaling factors to alter
cell-cell communications and ultimately inter-organ crosstalk, leading to
the restoration of a healthy regenerative state.

Conclusion

We have briefly reviewed the historical context of epigenetics,
identified gaps in current definitions and provided a rationale to
include phenotypic memory in the context of epigenetics. We expand
this concept to the whole body and recognize the need for a new
conceptual framework to address body-wide epigenetic memory.
MEMo, as such a novel conceptual framework, could address how
epigenetic memory mechanisms emerge and encompass cellular,
tissues, and feedback loops to generate system (body-wide)
phenotypes. In addition, MEMo provides a practical
platform—such as MEE, which is capable of integrating engineered
manipulations to rehabilitate organismal traits, including youthfulness
(or regenerative health). These principles better reflect disease etiology
by moving from a gene-centric to a systems-level view and considering
the emergent properties that arise from the interplay of multiple types
of cells and organs throughout the body.

We reason that phenotypic memory underpins epigenetic
mechanisms and holds promise for a new chapter in biomedical
research. To our knowledge, there is no conceptual model that
provides mechanistic insights to explain how body-wide phenotypic
memories are built, albeit the existence of multiscale models that
incorporate events across different biological levels (Wolkenhauer et al.,
2014). Hence, the redefined epigenetics and formulation ofMEMoopens a
new avenue to understand disease pathogenesis and provides guidance for
innovative treatment. In particular, reviving body-wide regenerative health
via MEE will be a beneficial remedy for broad types of diseases. Our
current focus is on regenerative health, but nonetheless MEMo is

generalizable to many other biological conditions and cell types. This is
because epigenetic memories are ubiquitously present to sustain stability
and functionality of both physiological and pathological states. In
particular, T-cells that play pivotal roles in adaptive immunity, are in
many aspects similar to stem cells (Bhandoola and Sambandam, 2006)
such as stemness, lineage commitment, and cell exhaustion. As such,MEE
can also be applied to engineer immunity in elderly patients and reboot
their immune response.

Although, we are still far from realizing the full vision of MEE, our
concept nonetheless provides a roadmap for future works, in
particular the awareness of the importance of multi-organ omic
data across the lifespan in disease and healthy animal models, and
the need to develop integrative engineering approaches for better
manipulation of whole-body phenotypes, such as aging.
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