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Abstract

Surface epithelia provide a critical barrier to the outside world. Upon a barrier breach, resident
epithelial and immune cells coordinate efforts to control infections and heal tissue damage.
Inflammation can etch lasting marks within tissues, altering features including scope and quality
of future responses. By remembering inflammatory experiences, tissues are better equipped to
quickly and robustly respond to barrier breaches. Alarmingly in disease states, memory may fuel
the inflammatory fire. Here, we review the cellular communication networks in barrier tissues and
the integration between tissue-resident and recruited immune cells and tissue stem cells underlying
tissue responses to environmental stress.

Fuchs In Brief

Barrier tissues such as skin have mechanisms to remember and adapt to insults from the
environment to minimize potential future harm. Recent work sheds light on the cellular, molecular,
and tissue-level mechanisms of barrier tissue memory.
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INTRODUCTION

Whether invertebrates, vertebrates or plants, multicellular organisms share the ability to
mount an immune response and adapt to environmental stress and infection. In mammals,
these fundamental features are particularly pertinent for mammalian barrier epithelia of the
skin, airway, gut, and urogenital tract which form the interface between the environment and
the body. Under homeostatic conditions, epithelial barrier tissues exclude microbes and
retain body fluids. To do so, these tissues constantly rejuvenate their epithelium by
supporting its frequent turnover, a process required for elimination of dying or damaged
cells. This is achieved through the function of tissue-specific stem cells, which reside in
specialized local niches that afford relatively insulated supportive microenvironments.
Positioned near barrier interfaces, epithelial stem cells must sense and respond to changes in
the tissue status. When their integrity is breached and pathogens invade, the stem cells must
quickly adjust and work with resident immune cells and other tissue cells to mount
inflammatory and repair responses.

How epithelial barrier tissues achieve these feats differs depending upon the tissue, its
principal functions, and the specific stresses it endures. Body surfaces such as the skin
epidermis must contend with physical, chemical and biological factors including physical
traumas, fluctuations in temperature, pH, and osmolarity, noxious substance exposure, and
microbial colonization. To insulate themselves from biotic and abiotic stresses that impede
their function and threaten the organism’s survival, epidermal stem cells (EpdSCs) generate
a shield of overlying layers of terminally differentiating epithelial cells. The process
culminates in the production of an armor of enucleated, flattened “squames” that are sealed
together by lipid bilayers (Quiroz et al., 2020). These outer layers also contain ‘defensins,’
evolutionary ancient host defense peptides with direct antimicrobial and/or immune
signaling activities. The dead squames are continually sloughed from the skin surface,
replaced by a flux of inner differentiating cells moving outward from the innermost layer of
self-renewing EpdSCs that balance growth and differentiation (Figure 1A).

Although the defensins and cellular “armor” of the epidermis provide considerable
protection, they are not sufficient to meet the challenge of a severe barrier breach such as
wounding. To further its defensive posture, the stem cell layer is peppered with dendritic
epidermal T cells (DETCs) and a specialized type of tissue macrophages, Langerhans cells,
which join forces with the EpdSCs when the barrier is breached. In the underlying dermis,
additional resident and migratory immune cells are ready to relay signals to draining lymph
nodes and bolster inflammatory responses to control the infection (Figure 1A). Epidermal
appendages such as hair follicles and sebaceous glands also have orifices open to the body
surface, which are colonized by distinct microbes and pathogens. This necessitates distinct
niches of dedicated stem cell and different immune cell populations that patrol against
barrier breaches at these deeper skin sites.

By contrast, simple epithelial linings of many of the internal organs have only one layer of
polarized cells that distinguish the external from internal environment to form a barrier.
Additionally, as exemplified by the small intestine, their stem cells multitask, producing an
array of distinct cell lineages that go beyond the adsorptive villus cells that capture nutrients.
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At the crypt base, the niche of intestinal stem cells (ISCs) protect themselves by generating
neighboring Paneth cells that produce a bevy of antimicrobial peptides. ISC progeny further
up along the crypt or crypt-villus axis in the epithelium are goblet cells, which secrete
mucus to protect the epithelial layer from invasive bacteria and fungi. In addition, tuft cells
secrete cytokines with immunomodulatory function to communicate with resident immune
cells in the nearby stroma, while enteroendocrine cells secrete gastrointestinal hormones
regulating processes from digestion to defense (Figure 1B).

Despite the many intrinsic mechanisms of resistance of epithelial barrier tissues to invading
pathogens, assistance of resident and migratory immune cells is required to unleash full
protection. Similar to the skin, other barrier tissues harbor many of the same resident
immune cell types, although their proportions, behavior and mobilization differ depending
upon the circumstances. Throughout this review, we draw not only upon the specialized
adaptations that contribute to epithelial barrier tissue diversity, but also the commonalities in
the epithelial-immune cell communication networks that orchestrate barrier tissue dynamics.

A common facet of these networks is a combination of a sedentary and migratory behavior
of their immune cell components. Many immune cells residing at epithelial barriers partake
in their defense against invading microbes locally, where they assist cell-intrinsic immune
function of epithelia. However, some immune cells exit the tissue to initiate protective
responses within nearby draining lymph nodes. Concurrently, circulatory immune cells are
recruited to the afflicted tissue in response to cues ensuing from infection, injury or other
stresses. Another notable shared characteristic of stem cell niches is that blood vessels and
lymphatic capillaries or sinusoids can be found in their close proximity (Gur-Cohen et al.,
2019; Kiel et al., 2005; Shen et al., 2008; Tavazoie et al., 2008; Verma et al., 2018),
suggesting a critical crosstalk between epithelial stem cells, the vascular and lymphatic
endothelium, and resident and non-resident immune cells. Beyond immune and endothelial
constituents that contribute to epithelial function, barrier tissues have sensory and motility
functions controlled by neurons, which also engage in cellular communication networks
[reviewed in (Hsu et al., 2014; Jacobson et al., 2021)]. Epithelia also host microbial
constituents that exert potent influence on cellular composition and phenotypes within
tissues [reviewed in (Honda and Littman, 2016; Kayama et al., 2020)]. Complex
communications between these highly diverse cellular and microbial constituents affect
barrier tissues at steady state as well as in times when tissues experience damage or infection
and inform tissue responsiveness.

The ability of epithelia to react quickly to the abiotic and biotic stresses they encounter is
daunting considering the wide range of provocations. A major factor in the tissue’s ability to
maintain its function while facing the barrage of ever-changing stressful environments is its
ability to “learn” from its inflammatory experiences and, as a result, be poised to regain
homeostasis more quickly following future exposures. Thus, rather than signifying a return
to the “naive” tissue state existing prior to a challenge, a new basal state arises in barrier
tissues that have experienced inflammation. Increasing evidence indicates that the numbers,
seeding density, activation state, and specific location of immune cells within tissues are
influenced by environmental factors, including microbial colonization, both during normal
neonatal development and also upon injury and inflammation episodes in early life and
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adulthood (Milutinovi¢ and Kurtz, 2016; Reimer-Michalski and Conrath, 2016; Sharrock
and Sun, 2020). Highly sensitive to exposures, these immunologic features of tissue undergo
iterative changes throughout life and, in a combinatorial manner, define tissue
responsiveness. In this review, we discuss how barrier epithelial tissues as a whole adapt to
and remember their inflammatory experiences. Their adaptive and maladaptive reactions of
tissues to inflammatory processes are likely at the crux of not just their efficient healing and
fitness, but also chronic inflammatory and degenerative diseases, aging and cancer.

FORMS OF CELLULAR ADAPTATIONS IN BARRIER TISSUES

Tissue adaptation is the phenomenon wherein a tissue, following an initial challenge,
acquires the ability to respond differently upon future repeat or novel insults. By this
definition, tissue adaptation comprises both beneficial and maladaptive responses. In this
sense, tissue memory can be encoded not only by cell intrinsic epigenetic and metabolic
changes that alter responsiveness, but also in lasting changes, ‘memories’, in tissue immune
cell composition and feed-forward cellular circuits that impact parenchymal cell function
(Figure 2).

Concepts of memory and adaptation have emerged from studies of adaptive and innate
immune cells and tissue stem cells. In vertebrates, memories of specific pathogens or
harmful agents are harbored within antigen-experienced memory T and B lymphocytes.
Pathogen-specific clones of adaptive immune memory cells are endowed with augmented
capacity to defend the host upon re-infection, the result of (i) selection for highly sensitive
antigen recognition by their receptors and (ii) enriched frequencies, sentinel location and
behavior relative to other T and B cells. These cells and their characteristic features were
once considered the sole mediator of vertebrate defense adaptation, hence fitting with their
label as “adaptive immune cells”. This thinking evolved when it was realized that innate
immune cells such as macrophages and natural killer (NK) cells can undergo stimulus-
dependent epigenetic changes, some of which persist long after the inflammation has
resolved (Lau and Sun, 2018; Netea et al., 2020; Sun et al., 2009).

Referred to as innate immune memory, priming, or ‘trained immunity’ (Divangahi et al.,
2020), these lasting changes in response to a specific stimulus are thought to sensitize tissues
to respond differently to future assaults. Through mechanisms unknown, they also prepare
the tissue to grapple with multifarious secondary challenges. Importantly, these innate
immune memory adaptations exist in various modes (discussed below), the diversity of
which has yet to be fully revealed but with chromatin features at response genes as key
determinants (Foster et al., 2007; Smale et al., 2014; West and Heagy, 2002). Dynamic and
durable tolerance programs likely limit potential damage to epithelial tissues that are under
frequent attack. Consequently, loss of these programs, can shift tissues towards
hyperinflammatory disease states (Figure 3), while their preservation in innate immune cells
may assist the transition of tissues from pro-inflammatory to anti-inflammatory states,
enabling their healing and restoration of fitness.

Although memory and adaptation in response to an inflammatory stimulus have been
traditionally been attributed to different types of immune cells, these phenomena have now
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been shown to extend to parenchymal cells. In the first such study of its kind, it was found
that upon exposure of mouse skin to a psoriatic-like inflammatory stimulus, certain
epigenetic alterations to EpdSC chromatin persist and endow the epidermis with the ability
to respond more robustly to subsequent diverse challenges (Naik et al., 2017). Additionally,
when human respiratory epithelial progenitors from allergen-exposed tissue are placed in
culture, they are slow to restore normalcy at the chromatin level (Ordovas-Montanes et al.,
2018). These findings have raised the tantalizing possibility that stem cells and perhaps other
tissue cell types may be able to epigenetically adapt to inflammation and equip barrier
tissues with a heightened capacity to collaborate in tackling subsequent encounters.

Two additional features of inflammatory memory are important to consider. First, although
overall tissue structure is often restored following inflammation, subtle differences linger in
barrier tissues. This is particularly true for resident immune cells, whose numbers and
overall composition can shift during inflammation and then endure long after the initial
stressor is gone. Second, within the bone marrow, early hematopoietic progenitors can
respond to microbes, endotoxins and dietary changes by skewing their differentiation
potential from lymphoid to myeloid fates (Christ et al., 2018; Kaufmann et al., 2018; Khan
et al., 2020; Mitroulis et al., 2018). This may result in perpetuation of altered immune cell
composition in circulation and within tissues.

Given the intricate cross-talk among tissue cells, persistent changes in the frequency and/or
location of even a single cell type could have cascading effects on cell-to-cell
communication within tissues (Adler et al., 2020; Zhou et al., 2018), thereby amplifying the
imbalance in cellular compositions and behaviors and further shifting the tissue from its
naive state. Such types of changes unfold in the context of viral infection (Kadoki et al.,
2017) and in inflammatory diseases such as ulcerative colitis (Smillie et al., 2019). Though
the detailed parameters of most cell circuits remain poorly understood, /n7 vivo studies using
single cell approaches and defining ligand-receptor connectivity illuminate what must reflect
a complex web of cellular circuits in response to inflammation.

Particular states of a tissue are predominantly defined by its cellular constituents, their
function, and critically, their cooperative programs (Figures 2 and 3). In the next section, we
highlight several key immune cell players with potent activity in establishing tissue status
and responsiveness (Figure 4). We discuss relevant cell circuits in barrier tissues that typify
an emerging paradigm of dynamic and modular inter-cellular communications in
coordination of tissue function.

INFLAMMATORY ADAPTATIONS BY LYMPHOCYTES

Tissue Resident Memory T Lymphocytes

At the onset of an infection, tissue-resident dendritic cells (DCs) specialized in sensing
pathogens, capture their antigens, and display them through surface major histocompatibility
complexes (MHCs). DCs then traffic to local lymph nodes where they present MHC-loaded
antigens to naive T cells (TN), each unique in its expression of a particular T cell receptor
(TCR). Upon recognition of the MHC-antigen complex, a T cell expressing an optimally
matched TCR will proliferate and differentiate into effector and memory populations that
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migrate to the site of infection and exert their function (Figure 4A). By producing pro-
inflammatory mediators such as IFN-y, CD8" effector T cells are distinguished by direct
potent cytolytic function while CD4* T cells recruit and activate other immune and non-
immune cells and can sometimes be cytolytic.

The role of these activated T cells is primarily to mount an attack against infectious agent
following tissue injury or infection. However, once the tissue has healed, antigen-
experienced CD4" and CD8* cells persist. These include long-lived circulating memory T
cells, effector-memory T cells (capable of circulating and surveying peripheral tissues),
central-memory T cells (occupying the spleen and other secondary lymphoid tissues as they
await activation) and tissue resident memory T cells (TRM). Due to their strategic
positioning within tissues, TRM are situated to patrol for previously encountered pathogens
and react rapidly to secondary challenge (Gebhardt et al., 2009; Masopust et al., 2001, 2010;
Wakim et al., 2008). In doing so, these TRM endow the tissue with a ‘memory’ of prior
encounters and with a protection that is superior in its immediacy to non-resident memory T
cells (Jiang et al., 2012; Park et al., 2018).

The tissue residence of pathogen-specific memory CD8" T cells is particularly important for
pathogens that can persist if not controlled at their site of entry, such as herpes simplex virus
1 (HSV1) (Gebhardt et al., 2009; Wakim et al., 2008). Beyond their direct cytotoxic activity,
CD8* TRM exert broad tissue conditioning effects to promote pathogen clearance —
including upregulation of epithelial cell defense mechanisms, maturation of local dendritic
cells, mobilization of natural killer (NK) cells, and recruitment of circulating T cells.
Moreover, these effects can augment clearance of persistent viruses such as HSV1 and
heterologous pathogens even at distant sites (Ariotti et al., 2014; Jiang et al., 2012; Schenkel
etal., 2014).

In general, CD8* TRM predominate as stable tissue-resident sentinels, while memory CD4+
T cells are more broadly distributed and show greater tendency to re-circulate and occupy
regional lymph nodes (Collins et al., 2016; Gebhardt et al., 2011; Klicznik et al., 2019). That
said, although typically less abundant and more transient than their CD8* counterparts,
CD4" TRM nevertheless contribute significantly to local immune activation and tissue
immune defense, as exemplified by the recent discovery of a longer-lived TRM population
of CD4" cells derived from early effector T cells and important for rapid clearance of
pathogens in a secondary response (Amezcua Vesely et al., 2019; Beura et al., 2019; Glennie
et al., 2015; lijima and Iwasaki, 2014; Teijaro et al., 2011).

Colonization with commensal bacteria and fungi in the skin can also stimulate production of
TRM, equipping the tissue with commensal-sensing CD4+ and CD8+ T cells that are poised
for both anti-pathogen activity and tissue homeostasis and repair (Harrison et al., 2019; Naik
et al., 2015). Analogously in the intestine, resident CD8+ TRM are primed to control oral
infection by Listeria monocytogenes (Sheridan et al., 2014), while virus-activated CD4+
TRM establish residence and drive local immune cell mobilization upon pathogen re-
encounter (Beura et al., 2019). Their additional links to draining lymph nodes and other
circulating memory T cell populations enable CD4+ and CD8+ TRM to provide an arsenal
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for immune surveillance and/or rapid attack upon secondary assaults against myriad fungal,
parasitic, and bacterial organisms, including both pathogens and commensals.

TRM are typified by their expression of specific surface receptors that enable them to be
recognized and retained by their tissue (Masopust and Soerens, 2019). Conversely, the
epithelium must also employ various mechanisms to entice TRM to establish tissue
residency and, subsequently create an environment conducive to retaining TRM for
prolonged periods of time. Their stem cells do so by producing epithelial-derived TRM
survival signals such as IL-15 and IL-7 (Adachi et al., 2015a; Mackay et al., 2013). This
mutually beneficial relationship between epithelial progenitors and TRM is further
augmented by cues emanating from other resident immune cells, such as macrophages
(lijima and Iwasaki, 2014). Despite the clear benefits for an epithelial tissue afforded by
memory T cells, TRM can also present heightened inflammatory disease risk to tissues.
CD4+ TRM-like cells, for instance, accumulate within the intestine of human inflammatory
bowel disease patients, where their abundance correlates with disease activity (Zundler et al.,
2019).

Taken together, the positioning of TRM at key commensal and pathogen epithelial gateways
and their dependency on epithelial-derived cytokines and other factors protects barrier
tissues from infection during homeostasis, but also raises the possibility of tissue
dysregulation leading to hyperproliferative conditions in inflammatory disease. Striking the
sweet-spot, diverse tissue constituents including epithelial cells themselves, form regulatory
circuits, which can adjust the availability of maintenance factors for TRM cells, thereby
modulating their numbers (Adachi et al., 2015a; Mackay et al., 2013). Because antigen
specificity, localization and abundance of TRMs are key determinants of a barrier tissue’s
ability to remember and adapt to an inflammatory encounter, altering TRM cell maintenance
factors within barrier tissues might help not only in deciphering the cellular circuits that
govern tissue adaptation, but also in therapeutically dampening down the deleterious
consequences to cumulative TRM memory.

Regulatory T Lymphocytes

Regulatory T cells (Treg) represent an essential specialized immunosuppressive lineage of
CDA4+ T lymphocytes that is phenotypically and functionally defined by expression of
transcription factor FOXP3 (Josefowicz et al., 2012). Treg have broad distribution in
lymphoid tissues and diverse non-lymphoid tissues, and are especially abundant at barrier
sites (Whibley et al., 2019). While Treg are best known for their critical immunomodulatory
function, they also participate in homeostatic tissue maintenance and in reparative processes
following injury (Figure 4B). In the skin for example, Treg have been implicated in
stimulating stem cells to regenerate hair (Ali et al., 2017). In the intestine, ISCs express
MHC class I, enabling them to act as unconventional antigen-presenting cells that directly
stimulate resident and circulation-recruited Treg. The latter become activated and produce
IL-10, a immunomodulatory cytokine that can feed back on the ISCs to support their self-
renewal capacity (Biton et al., 2018). Such circuitries between barrier epithelial stem cells
and immune cells must be tightly regulated to maintain the balance between proliferation
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and differentiation in the epithelium and at the same time to be poised to trigger an
inflammatory response when a breach occurs.

In settings of tissue injury and inflammation, Treg cell numbers prominently rise in the
affected tissues, as documented not only for skin and gut, but also for adipose, brain and
muscle tissues. Many of these expanded Treg cells are found in the proximity or within stem
cell niches, where through production of anti-inflammatory and tissue repair mediators
including I1L-10 and transforming growth factor B (TGFp), they coordinate diverse processes
that in addition to stem cell self-renewal, include dampening inflammation, essential for
facilitating tissue repair (Arpaia et al., 2015; Burzyn et al., 2013; Cipolletta et al., 2012;
Feuerer et al., 2009; Lay et al., 2018; Naik et al., 2018; Sather et al., 2007; Scharschmidt et
al., 2017; Whibley et al., 2019). By secreting these factors, Treg may help to restock stem
cell niches which otherwise become taxed in the course of tissue repair, and thereby aid in
restoring the homeostatic balance between long-lived quiescent stem cells and their
immediate proliferative short-lived progeny, which fuel parenchymal cell differentiation.

Treg can also facilitate conversion of inflammatory macrophages to a reparative state, a
process again integral to tissue repair. One intriguing aspect of Treg is their accumulation in
tissues following microbial colonization, which takes place early in postnatal development
(Scharschmidt et al., 2015). In the intestine, specific microbes and their metabolites regulate
maintenance of intestinal Treg and localized conversion of naive CD4 T cells into
immunosuppressive Treg, key in promoting intestinal homeostasis (Arpaia et al., 2013;
Atarashi et al., 2013; Campbell et al., 2020; Hang et al., 2019; Ohnmacht et al., 2015; Sefik
et al., 2015; Smith et al., 2013; Song et al., 2020). As such, starting at a very early age,
increased Treg frequencies may already be a sign of microbial exposure, with later
consequences for tissue homeostasis and immunity.

Whereas recurrent rounds of inflammatory stimulation increasingly enhance memory in
TRM, activated Treg display only a transient increase in their immunomodulatory effector
functions, which resolve following inflammation (van der \eeken et al., 2016). Rather, the
memory of inflammation-experienced Treg is conferred through their increased preference
for nonlymphoid tissues following microbial exposure. Indeed, a “memory” state in the
traditional sense may be the baseline at which Treg are maintained in tissues after their
neonatal exposure to commensal antigens.

In non-lymphoid tissues, Treg are transcriptionally and metabolically modified through
changes in their local environment that impact combinatorial expression of tissue-restricted
and inducible transcription factors (DiSpirito et al., 2018; Panduro et al., 2016; Whibley et
al., 2019). The outcome of this transcriptional and metabolic tune-up is tissue-specific
adaption of Treg functionality, which at a population level, supports extended tissue
residency of Treg and shapes their functional outputs. Hence, regardless of the presence or
absence of intrinsic Treg memory features, recruitment and incorporation of Treg facilitates
their involvement in tissue-specific cellular networks. This includes their regulation of tissue
stem cells, and thus can broadly impact tissue physiology and subsequent responses to
inflammatory stimuli.
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B Lymphocytes

While T cells are typically considered the orchestrators of tissue adaptation and defense, B
lymphocytes command a spotlight through their ability to generate antibodies, which can
bind to Fc receptors (FCR) on diverse tissue resident immune cells. Upon antibody-mediated
FcR crosslinking, the innate immune cells become armed with antigen-specific effector
function, triggering cytokine and chemokine release and/or antibody-dependent-cytotoxicity
(Figure 4E). In turn, these stimuli elicit direct responses from epithelia, vasculature and
smooth muscle. This antibody-dependent circuitry is a key component of the acute and
memory immune responses to parasites and other extracellular pathogens, as well as venoms
and noxious agents that must be expunged from the tissue and/or detoxified (Palm et al.,
2012). Neatly ascribing to the spectrum from optimal defense to disease (Figure 3), these
same mechanisms also define common allergic pathologies.

Beyond arming tissue resident innate immune cells with these antibody-dependent
capabilities, B lymphocytes themselves can migrate through or occupy barrier tissues to
mediate antigen-specific immunity and memory via antibody secretion. In mucosal tissues of
the lung and gut, local plasma cells produce IgM, IgG, and dimeric IgA that are secreted and
transported via immunoglobulin receptors through the epithelium to the exterior mucosa,
where they mediate protective immunity (Adachi et al., 2015b; Allie et al., 2019; Iwasaki,
2007; Onodera et al., 2012). By contrast in the vaginal epithelium, protective antibody
responses are conferred by memory B cells which enter the tissue upon TRM-mediated
signaling (Oh et al., 2019). Though infrequent in skin, tissue resident B cells have been
implicated in regulating microbial colonization, microbial defense upon barrier breach,
suppressing aberrant inflammation via IL-10 secretion, and augmenting apoptotic cell
clearance via IgM deposition (Debes and McGettigan, 2019).

Overall, B lymphocytes can endow resident innate immune cells with a potent and sustained
antigen-specific response capacity. They can secrete antibodies in the steady-state in situ, or
mount rapid migratory forays into tissues, guided by cues from CD4+ TRM. Given tissue
residency and steady-state production of factors like IL-10, it is tempting to speculate that B
cells may engage in tissue level circuits or adaptations, as do Treg.

Innate-like T Lymphocytes

In contrast to conventional CD4* and CD8* a3 TCR-expressing T cells, innate like T cells
such as iINKT, MAIT and -y6 T cells express TCRs with restricted diversity (Godfrey et al.,
2015; Lau and Sun, 2018). These ‘innate-like’ T cells preferentially localize to barrier
tissues where they rapidly generate effector molecules in response to initial antigen
encounter. Beyond a robust primary response, -y6 T cell function can be enhanced by a
priming challenge, a feature consistent with “conventional” memory T cells (Figure 4C). For
example, in the skin, psoriatic-like inflammation elicits expansion of a population of IL-17-
producing -y8 T cells that persist in the dermis long after the initial response. Moreover,
upon re-challenge, inflammation-experienced & T cells proliferate more rapidly and
increase their IL-17 production (Ramirez-Valle et al., 2015). Similarly, oral infections of L.
monocytogenes in mice promote expansion of y& T cells in the intestinal lamina propria,
typified by classical memory features that include expansion, contraction and a more brisk
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response to secondary L. monocytogenes infection (Romagnoli et al., 2016; Sheridan et al.,
2013). Along with their high motility, these features make y& T cells key sentinels in
surveying epithelial barrier tissues for damage.

Another intriguing facet of -y8 T cells is their selective preference for particular barrier
tissues and for distinct locales within. This preference depends upon their particular TCR
utilization and butryophylin-like (BTNL) proteins are expressed by cells within the tissue
(Hayday, 2019; Willcox and Willcox, 2019). For instance, developing thymic epithelia
express BTNL protein SKINT1, which promotes the differentiation of dendritic epidermal
v6 T cells (DETCs), that then home selectively to the epidermal progenitor layer (Boyden et
al., 2008) [reviewed by (Nielsen et al., 2017)]. Upon injury, EpdSCs upregulate other
SKINTSs at the wound bed, which prompt resident DETCs to produce keratinocyte-
stimulating factors that in turn promote tissue repair (Keyes et al., 2016; MacLeod et al.,
2013; Naik et al., 2018).

Analogously, the intestinal preference of different y& T cells is defined at least in part by
their unique BTNL protein expression (Di Marco Barros et al., 2016; Melandri et al., 2018;
Vantourout et al., 2018) [reviewed by (McCarthy and Eberl, 2018)]. Moreover, BTNL
expression can change in disease states, and this can have a profound effect on tissue fitness.
Such a shift occurs in patients with celiac disease, a chronic gastrointestinal inflammatory
disorder, resulting in altered tissue -y6 T cell populations. Intriguingly, while gluten
avoidance resolves and restores normal BTNL expression, intestinal y& T cell populations
remain altered long after the inflammatory pathology resolves (Mayassi et al., 2019). Given
that expression levels of BTNL molecules also correlate with inflammatory bowel disease
and cancer (Lebrero-Fernandez et al., 2016), memory of inflammation in tissue resident y&
T cells may not only impact subsequent protection from pathogens, but also sensitize the
epithelium in adverse ways. These observations beg for future studies on the underlying
mechanisms by which -y8 T cells exert heightened memory-like responses and how shifts in
specific populations of y& T cells impact barrier epithelial integrity in health and disease.

Innate Lymphoid Cells

Innate lymphoid cells (ILCs) comprise NK cells, ILC1, ILC2, ILC3 and lymphocyte tissue
inducer cells (LTi) (Vivier et al., 2018). Although they derive from common lymphoid
progenitors, they differ from T and B cells in that they do not express antigen-specific
receptors that undergo genomic receptor rearrangement. ILCs are largely confined to tissues
where their homeostatic and effector functions rely upon cytokine and innate immune
receptors such as TLRs. In these tissues, ILCs participate in tissue homeostasis, repair and
immunity (Figure 4D).

The field of innate lymphocyte memory began with the discovery that NK cells can form
antigen-specific, cell intrinsic memory replete with all the features of adaptive immune
memory in response to systemic viral infection (Sun et al., 2009). While NK cells reside
primarily in the liver and spleen, their contribution to barrier tissue inflammation is evident
in contact hypersensitivity models (a stereotypical “memory” response) that lack T and B
cells (O’Leary et al., 2006; Paust et al., 2010; Peng et al., 2013). By contrast, ILCs are
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prominent in barrier tissues, where they too are capable of inflammatory memory (Gasteiger
etal., 2015).

ILC1 function in responses to viruses and bacteria (Cortez and Colonna, 2016; Fuchs et al.,
2013) where following an infection, they form a stable pool of memory cells that are typified
by persistent transcriptional and epigenetic alterations. This endows them with the ability to
enhance protective effector responses upon a secondary challenge (Weizman et al., 2017).
By contrast, ILC2 function in epithelial repair, parasitic expulsion, and type 2 inflammatory
reactions (Vivier et al., 2018). In response to lipid mediators and alarmins (I1L-25, IL-33 and
thymic stromal lymphopoietin or TSLP), ILC2 produce and secrete type 2 cytokines (IL-4,
IL-5, IL-9 and IL-13), which can either have host-protective or pathogenic activity. In the
lung and lymph nodes, exposure to IL-33 results in robust expansion of ILC2. Although
these numbers wane when the allergen-response subsides, a subpopulation of “allergen-
experienced” ILC2 persists for days to months with heightened capacity for proliferation and
type 2 cytokine production upon re-exposure to IL-33 elicited by the original or unrelated
stimulus (Martinez-Gonzalez et al., 2016).

While ILC2 appear capable of intrinsic inflammatory memory, their role in tissue memory
may take several forms. For example, in the intestinal epithelium, tuft cells constitutively
express 1L-25, which supports ILC2 under physiologic conditions (Gerbe et al., 2016;
Howitt et al., 2016; von Moltke et al., 2016). Following helminth infection, however,
microbial metabolites stimulate tuft cells to activate ILC2s, which in turn, act on the ISCs to
favor their differentiation into goblet and tuft lineages over other ISC fate options. This
creates a feed-forward inflammatory circuit, triggered by helminths but fueled by ILC2s,
ISCs and tuft/goblet cells (von Moltke et al., 2016; Nadjsombati et al., 2018). Indeed, goblet
cell hyperplasia is a characteristic of chronic inflammatory disease in the intestine,
suggesting that these circuits may become entrenched in maladaptive epithelial responses.

Another ILC-epithelial stem cell circuit involves ILC3, whose members are typified by their
expression of nuclear retinoid orphan receptor RORy, and by their ability to express and
secrete IL-17 and IL-22, when provoked by pathogens. IL-17 triggers a potent inflammatory
response through its ability to mobilize resident immune cell populations and recruit
neutrophils to tissues. IL-22 is thought to fuel repair, tissue reorganization, and/or
hypertrophy through its ability to stimulate barrier epithelial stem cells to induce
phosphorylation and activity of the transcription factor STAT3, which then increases stem
cell proliferation and suppresses tissue differentiation (Ekman et al., 2019; Lindemans et al.,
2015).

Although it remains unclear how ILC3 generate cell intrinsic memory of inflammation, by
instructing durable intrinsic reprogramming in ILCs and epithelial stem cells, lasting feed-
forward cellular circuits can be considered a form of memory within barrier tissues. In
addition, as judged by the effects of their cytokines on inflammation and EpdSC behavior,
activity of ILC3 subpopulations may invoke long-lasting epigenetic memory features in the
stem cells in barrier tissues (Naik et al., 2017).
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In summary, this section has highlighted the diversity of immune cell types and their
complex communication circuitry involved in regulating barrier tissue homeostasis and
adaptation. We next highlight concepts of cell-intrinsic adaption in two especially influential
tissue-resident cell types, macrophages and epithelial stem cells. The combination of these
cell-intrinsic adaptations and alterations in tissue cellular composition and cell circuit
composition combine to orchestrate overall tissue behavior (Figure 2).

INFLAMMATORY MEMORY IN NON-LYMPHOID BARRIER TISSUE
RESIDENTS

Macrophages

Macrophages and other mature myeloid lineage cells diverge from lymphoid cells early in
hematopoiesis and many establish long-term residence in barrier tissues. Although lacking
somatically rearranged antigen receptors altogether (Artis and Spits, 2015), these cells
respond to local cues to adopt distinct transcriptional and phenotypic profiles to perform
their roles in tissue maintenance and responsiveness. This tailors tissue resident
macrophages to receive microbial signals, stimulate adaptive immune cells and coordinate
temporal tissue inflammatory and healing responses.

In times of duress, macrophages can also derive from blood monocytes, which typically
circulate for one to two weeks as sentinels that are poised to enter barrier tissues when called
upon, where they can differentiate to augment local inflammatory responses. Fueled by
stimulation of innate sensors like TLRs or inflammasomes and metabolic perturbations,
monocyte-derived tissue macrophages undergo epigenetic and transcriptional remodeling.
Although these changes resolve following withdrawal of the causative insult, they do so to
varying degrees and rates with some epigenetic features (histone modifications and
chromatin accessibility) persisting for days to months afterward (Netea et al., 2020; Saeed et
al., 2014). Such chromatin remodeling bestows the associated genes with the ability to
become activated quickly should the stimulus return to the tissue (Figure 4F).

Additional intrigue comes from the recent discoveries of epigenetic memory in longer-lived
inflammation-experienced tissue-resident macrophages. Following respiratory viral infection
of the airway epithelium, tissue resident alveolar macrophages can display augmented
responsiveness for several weeks, including increased expression of MHCII, elevated
glycolysis and neutrophil recruitment potential (Yao et al., 2018). CD8" T cell-derived
interferon-y was required to initiate heightened macrophage responsiveness, but dispensable
for its maintenance. Moreover, the memory appeared to be autonomous, as upon
transplantation into naive mice, it was propagated, augmenting the response upon
rechallenge. Similar findings were made following helminth infection, initiating a long-term
memory that endowed airway macrophages with enhanced parasite clearance capabilities for
at least 45 days (Chen et al., 2014).

Further supporting the concept of tissue resident macrophages as a repository for
inflammatory memory, brain microglia remain changed for at least six months following
systemic inflammation (Wendeln et al., 2018). In this study, the authors used different
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challenge conditions to induce either microglia “tolerance” or “training” phenotypes, which
persisted and either promoted or helped reverse diseased state. While these states might be
more accurately described as ‘tissue maintenance and repair (reparative)’ and ‘chronic
inflammation promoting (inflamed)” states, it was interesting that in an experimental model
of Alzheimer’s disease, the “reparative” state of microglia was linked to protection against
neurodegeneration and cognitive decline, while “inflamed” conditions exacerbated disease
(Wendeln et al., 2018). Additionally, “reparative” microglia reduced neuronal damage
following induced focal ischemia (Wendeln et al., 2018). These findings further underscore
the exciting potential for tissue-resident macrophage memory across tissues in health and
disease.

Barrier Epithelial Stem Cells—Until recently, tissue memory was thought to be the
exclusive purview of immune cells. The discovery that epidermal stem cells also harbor
memories of their inflammatory experiences upended this view and also unleashed the
concept that long-lived, often quiescent stem cells harbor ideal conditions for establishing a
record of inflammatory experiences(Naik et al., 2017).

In a mouse model of psoriasis, cutaneous application of a synthetic TLR7/8 ligand,
imiquimod, sparked a chain of signaling events that first prompted dendritic cells to produce
IL-23, which then stimulated ILCs and RORyt* T cells to generate IL-22 and I1L-17 (van der
Fits et al., 2009; Pantelyushin et al., 2012). In turn, IL-22 and IL-17 induced
phosphorylation of STAT3 in EpdSCs, dramatically altering their chromatin landscape and
triggering hyperproliferation (Naik et al., 2017). Upon resolution of inflammation, most
changes in chromatin reverted, but some chromatin domains retained enhanced accessibility
for months afterwards. These open chromatin domains harbored binding motifs for both
STATs and epidermal stem cell TFs, and although few were transcribed after pathology
resolved, the genes associating with these domains were more rapidly induced upon a
subsequent assault. Additionally, as judged by transgenic reporter assays, these persistent
open chromatin domains harbored inflammation-sensing activity (Naik et al., 2017). By
these criteria, EpdSCs retain an epigenetic memory of their inflammatory experiences, in
much the same way as first described for macrophages.

Recent studies extended the concept of tissue progenitor memory to early hematopoietic
progenitors in the bone marrow. While underlying mechanisms are still unfolding, there are
a few intriguing parallels between inflammatory memory of EpdSCs and hematopoietic
progenitors that invite further investigation. Both require IL1p for manifesting inflammatory
memory, and in both populations, memories can persist for months and confer more rapid
response upon secondary stimulation (Naik et al., 2017; Mitroulis et al., 2018). Another
possible parallel is that Western diet, recently found to enhance inflammatory memory in
hematopoietic progenitors, results in increased expression of cholesterol biosynthesis genes
(Christ et al., 2018). Although the effects of Western diet and/or metabolism on EpdSCs
have not yet been examined, it is curious that shifts in cholesterol biosynthesis seem to
underlie the heightened memory in both of these progenitor populations (Naik et al., 2017).

Further insights await deeper probing into the underlying process of inflammation-
associated epigenetic memory. Like EpdSCs, long-term hematopoietic stem cells (HSCs)
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also possess epigenetic memories of inflammation (de Laval et al., 2020), and it is tempting
to speculate that different stem cell populations may employ converging mechanisms to
achieve similar shifts in rapid-response employment of gene expression. Intriguingly, both
stem cell types appear to use memory to achieve optimal performance in fighting infections
and tissue damage. However, HSCs exposed to repetitive inflammatory stimulants skew their
fate towards the myeloid lineages, which armors the organism with more macrophages for
the next inflammatory assault (Bekkering et al., 2018). By contrast, inflammatory memory
in EpdSCs enables a more rapid reaction to a secondary assault such as wounding that
enhances the reparative phase to seal wounds and restore the skin barrier (Naik et al., 2017).

The realization that inflammatory memory extends beyond immune cells also opens the door
for addressing other non-immune cell populations that might also retain epigenetic memory.
To this end, it was recently reported that basal cells in the human respiratory epithelium in
human chronic allergic disease develop distinct epigenetic signatures, some of which were
still detectable even after 5 weeks in the same culture media (Ordovas-Montanes et al.,
2018). Moreover, polyp-derived basal keratinocytes still responded to IL-4 and IL-13 in a
fashion distinct from their control counterparts. Although mutational and intrinsic
differences may at least partially account for these differences, it will be exciting in the
future to learn whether these long-lived epigenetic changes impact downstream tissue
defense in normal nasal progenitors and in disease.

The ability of epithelial progenitors to retain epigenetic marks of their inflammatory
encounters make the links between chronic inflammation, dysplasia and oncogenesis all the
more thought provoking. In the intestinal epithelium, a high fat diet results in increased
proliferation and “stemness” in ISCs and their progeny as well as alterations to the resident
immune cell composition and a balance between inflammatory vs. regenerative factors in
this milieu (Beyaz et al., 2016). Acting in epithelial stem and progenitor cells, the
transcription factor PPAR~y, which serves as a fatty acid sensor, acted at the helm to drive
these effects. Intriguingly, intestinal crypts retained enhanced growth 1 week after mice were
returned to a normal chow diet. Although the proliferative effects subsided by 4 weeks, the
sustained high-fat diet nevertheless increased susceptibility of ISCs to spontaneous intestinal
dysplasia and carcinomas. The possibility that a diet-induced or microbial dysbiosis-driven
inflammatory “overdrive” could result in heightened stem cell activity could come with a
downside of potential hypertrophy and persistent pathophysiology.

Taken together, these studies highlight two features of epithelial stem cells that have major
implications for their participation in tissue adaptation to inflammation. First, under both
homeostatic conditions and upon challenge, epithelial stem cells are recipients of immune
cell-derived cues that directs their growth and differentiation. Second, reception of these
signals can imprint durable memory of inflammation on epithelial stem cells enabling
augmented responses to future challenge or dysregulation of growth and disease.

Memory Mechanics—How inflammatory memory works at a molecular level is a major
question whose answer has been elusive. In response to inflammation, otherwise closed
chromatin has to be opened. Often, this activity is attributed to ‘pioneer factors’--
transcription factors that initiate new regulatory chromatin events by de novo binding and
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opening of nucleosomal DNA, an activity sometimes enabled by linker histones mimicry
and scanning function through repressed or inactive chromatin (Zaret, 2020). Even if
inflammation-driven signal activated transcription factors, e.g. STATs or NF-kB, could bind
to nucleosomes, their activity is only transient, implying that there must be some other
means to keep chromatin open once accessible.

Most histone modifications are expected to be reset or “diluted out” with each round of
DNA replication, making post-mitotic and/or infrequently dividing stem cells optimal
candidates to retain memory. That said, certain histone modifications can recruit DNA
methyltransferases to specific target sites in the genome (Baubec et al., 2015; Weinberg et
al., 2019). This opens the possibility that inflammation-induced memory might be
propagated through cytosine methylation, which can be stably inherited over years, even on
evolutionary time scales (Catania et al., 2020). The notion that offspring might inherit the
inflammatory adaptations of their parents is both enticing and unsettling.

Another clue to inflammatory memory, however, is that DNA domains harboring epigenetic
memory are typically in more accessible states and can contain sequence motifs for the
binding of both inflammation induced transcription factors and lineage defining transcription
factors, defining the particular cell specific memory features (Naik et al., 2017). In support
of an appealing potential model for propagating memory, studies on enhancers have shown
that key regulatory DNA elements can act as dynamic binding platforms for both lineage-
specific and signal-activated transcription factors (Adam et al., 2015, 2018; Ciofani et al.,
2012; Josefowicz, 2013; Long et al., 2016; Samstein et al., 2012; Vahedi et al., 2012). If
such a mechanism is operative in inflammatory memory, as has been proposed (de Laval et
al., 2020; Naik et al., 2017; Ostuni et al., 2013; Saeed et al., 2014), the initial inflammatory
transcription factor would not need to remain bound to maintain the open chromatin state
(Figure 5).

As attractive as this model may be, it still leaves a number of questions unaddressed. What
are the specific transcription factors that initiate and/or sustain heritable memory over time
and through cell divisions? What are the epigenetic mechanisms initiated by these
transcription factors, for example mitotic bookmarking-- an ability for transcription factors
to remain bound through mitosis-- or establishment of heritable DNA or histone
modifications? Finally, and perhaps most importantly, how can epigenetic memory begin
with a specific inflammatory stimulus, but later lend itself to recall by diverse stimuli?

CONCLUSIONS AND PERSPECTIVES

It is now clear that within tissues, diverse cell types ranging from cells of the adaptive and
innate immune system to tissue stem cells, are subject to inflammation-induced modulation
of their numbers and cell-intrinsic characteristics and along with other long-lived cells
within barrier tissues, including fibroblasts, endothelial cells, and neurons enable collective
retention of inflammatory memory. Rather than acting individually, these diverse tissue
residents engage in interconnected circuits, which can encode memory through positive
feedback loops or through long-term cell-intrinsic memory.
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While still in its infancy, a conserved mechanism of cell intrinsic memory across cell types
is beginning to emerge that includes temporary cytokine receptor or inflammatory signaling
and results in durable changes in cellular metabolism and epigenetic landscape. As they
accumulate, tissue memories or adapted tissue states are likely to define the level of
readiness to challenge but also bring with it the risk of disease resulting from chronic
inflammation of tissue hypertrophy or diminished adaptability to divergent insults. Although
the environmental cues and memory mechanisms still remain poorly understood, it is
reasonable to hypothesize that changes accumulate in a progressive and iterative manner.
This “buildup” may even begin during development and then continue throughout lifespan,
with “normal” homeostatic fluctuations, microbial colonization, and stress likely being
major contributors. As future studies are conducted, the extent to which adaptations persist
as well as the relevance of these tissue states to susceptibility to infection, inflammatory
disease, and transitions from inflamed to neoplastic tissue will most assuredly continue to
unfold.
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Barrier tissue composition in the skin and the small intestine

A. The skin is a multilayered barrier whose epithelium is derived from an inner layer of
epidermal stem cells (EpdSC). EpdSC progeny differentiate as they move up towards the
exterior surface, eventually becoming enucleated “squames” that provide the exterior
coating of the body (Stratum corneum). Appendages of the epidermis, hair follicles harbor
unique stem cells (HFSC) residing within an anatomical structure called the ‘bulge’.
Through cyclical bouts of quiescence and activation (the “hair cycle’), HFSCs periodically
regenerate the hair follicle and regrow hair. An appendage of the HF, sweat glands (SG)
harbor their own stem cells. All skin stem cells reside within a basal layer at the interface
between the epithelium and the dermis.

B. In contrast to skin, intestinal epithelium is comprised of a single layer of epithelial cells
all derived from the continuous activity of intestinal stem cells (ISCs) that reside within
intestinal crypts. ISCs are interspersed with Paneth cells, which are also derived from ISCs.
Tuft cells, goblet cells and enteroendocrine cells are all ISC progeny that develop as ISCs
commit to differentiate and move up to form the villus cells that are extruded into the lumen.
Despite these differences, barrier epithelia all display extensive involvement of immune
cells, that contribute in diverse ways discussed in this review to tissue homeostasis, response
to challenges, and adaptive tissue features (Figure 4). Epithelial cells in both tissues secrete
antimicrobial peptides, such as defensins. CD4" regulatory T cells (Treg), CD8 T resident
memory cells (TRM), innate lymphoid cells (ILC).
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Tissue adaptation to inflammation
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Adaptation in tissues comprises alterations in cellular composition (left circle) and the
functional states of those cells (right circle). Interactions between numerically or
phenotypically altered cellular constituents of tissues form tissue circuits (overlap) that
determine the function and thresholds for reactivity. These circuits can include signals
between adaptive and innate cells, adaptive and stem cells, innate and stem cells.
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Figure 3.

The spectrum of tissue adaptation

Cells within barrier epithelial tissues experience diverse exposures to inflammatory stimuli
over a lifetime. Whether memories or adaptations might accumulate is a fascinating
possibility as yet unexplored. In a model where they do so, tissue adaptation would be
expected to occur on a spectrum represented by the red and blue triangle. In this model, a
paucity of normal developmental cues and inflammatory exposures might render tissues
vulnerable to infection, resulting in poor tissue recovery following a naive injury. By
contrast, when a tissue is perpetually exposed to excessive inflammatory signals, this may
drive chronic inflammation and cancer via accumulation of tissue “memories”.
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Figure 4.
Constituents of epithelial tissue memory.

A. During an acute immune response, a subset of clonal-expanding T cells, derived from
naive T cells (TN) after selection within lymph nodes, home into tissues, where they
differentiate into tissue resident memory T cells (TRM), taking up long-term residence and
surveilling the tissue during the memory phase. During a recall response, these poised TRM
undergo stereotypical adaptive immune responses on site with augmented cytotoxicity,
cytokine and chemokine secretion, and recruitment of diverse immune cells. Accumulation
and increased number of TRM in tissues occurs temporally in response to post-natal
developmental exposures. Under homeostatic conditions, TRM produce factors that drive
EpSC growth. Inflammation-experienced TRM may be endowed with augmented tissue
repair and immunosuppressive activity

B. Accumulation and increased number of regulatory T cells (Treg, TR) in tissues represents
a memory of sorts of these developmental exposures. Under homeostatic conditions, TR
produce factors that drive epithelial stem cell (EpSC) growth. Inflammation-experienced TR
may be endowed with augmented tissue repair and immunosuppressive activity.

C. y8T cells appear early in development in epithelial tissues. In addition to recognition of
endogenous ligands, y8T cells can also respond to common microbial molecules, molecular
signatures of tissue damage, and inflammatory cues to expand in tissues with capacity for
long-term residence and augmented recall responses featuring cytotoxicity, cytokine and
chemokine responses, and, unusual for T cells, phagocytosis and cross-presentation.
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D. Natural killer cells (NK) predominantly circulate but can transit through tissues
sufficiently to contribute to contact hypersensitivity reactions. “Experienced” innate
lymphoid cells (ILC) can persist for months or more, endowed with cell intrinsic memory of
inflammation and the ability for augmented cytokine production and proliferation in
subsequent responses.

E. Upon antigen encounter and activation, tissue resident B cells can be induced to produce
antibody in situ. These antibodies can also contribute to tissue adaptation by binding Fc
receptors (FCR) on myeloid cells and augmenting or directing their activity.

F. Tissue-resident macrophages of embryonic origin are long-lived, self-renewing sentinels
that also support tissue homeostasis. Under inflammatory conditions, newly-minted
peripheral blood monocytes can be recruited into tissues where a subset may convert to
adopt the phenotype and function of local tissue resident macrophages. Inflammation can
also alter the phenotype of tissue resident macrophages, endowing them with long-term cell
autonomous memory enabling TRM maintenance, augmented cytokine and chemokine
production and immune cell recruitment upon subsequent challenge.
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Model of the acquisition of cell intrinsic memory and augmented function in barrier tissue

cells.

During exposure to inflammation, a barrier tissue cell experiences the transient activity of
signal activated transcription factors such as pSTAT3 and NFKB. In a model still untested,
these transcription factors open inflammation response gene chromatin, possibly providing
accessibility for the binding of native transcription factors and/or histone marks. Following
resolution of the inflammatory state, these homeostatic chromatin marks could then leave
behind a durable epigenetic memory of inflammation. In barrier epithelial stem cells such as
EpdSCs, most of these genes exist in a poised (accessible) but transcriptionally dormant
state (Naik et al., 2017). Upon rechallenging, this poise state then becomes rapidly re-
activated, presumably though easier accessibility of inflammation-activated transcription
factors, rapidly fueling transcription and augmented growth and tissue repair. How memory
endows cells with the ability to respond more rapidly to different inflammatory experiences
remains a mystery, even in current models such as this one.
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