
免疫與幹細胞在健康和疾病的相關性
Leading Edge

Review
Two to Tango: Dialog between Immunity
and Stem Cells in Health and Disease
Shruti Naik,1,2,* Samantha B. Larsen,1 Christopher J. Cowley,1 and Elaine Fuchs1,*
1Robin Chemers Neustein Laboratory of Mammalian Cell Biology and Development, Howard Hughes Medical Institute,

The Rockefeller University, New York, NY 10065, USA
2Present Address: Department of Pathology and Ronald O. Perelman Department of Dermatology, NYU School of Medicine, New York,

NY 10016, USA
*Correspondence: shruti.naik@nyumc.org (S.N.), fuchslb@rockefeller.edu (E.F.)

https://doi.org/10.1016/j.cell.2018.08.071

Stem cells regenerate tissues in homeostasis and under stress. By taking cues from their microen-
vironment or ‘‘niche,’’ they smoothly transition between these states. Immune cells have surfaced
as prominent members of stem cell niches across the body. Here, we draw parallels between
different stem cell niches to explore the context-specific interactions that stem cells have with tis-
sue-resident and recruited immune cells. We also highlight stem cells’ innate ability to sense and
respond to stress and the enduring memory that forms from such encounters. This fascinating
crosstalk holds great promise for novel therapies in inflammatory diseases and regenerative
medicine.
Introduction
Our body’s tissues are in a constant state of flux, perpetually

turning over throughout our lifetimes. Fueling this turnover are

self-renewing tissue stem cells, which give rise to shorter-lived

progenitors charged with balancing proliferation and differentia-

tion in order to maintain equilibrium between hyperplasia and

atrophy (Figure 1). The rate of cellular replacement during ho-

meostasis is tissue and context specific. It is perpetual in blood,

epidermis, and intestine; limited in brain and muscle; and

episodic in the hair follicle and lactating mammary gland. How-

ever, when tissues are damaged, even often-quiescent stem

cells can bemobilized into action. Similarly, inflammatory and in-

fectious responses override the normal homeostatic cues in

ways that only recently have been appreciated.

Understanding how stem cells adapt to varying physiological

and pathological situations requires a close inspection of their

local microenvironment or ‘‘niche’’. Each niche is uniquely

tailored to suit the particular needs of a tissue, enabling its

stem cells to respond to heterogeneous networks of cellular

and extracellular inputs. Dynamic niche signals facilitate change

in stem cell behavior, e.g., from quiescence to active tissue

regeneration. In part, the stem cells’ own progenies become

important niche constituents: some progeny signal back to their

predecessors to fuel tissue growth, while others signal to stem

cells to restore homeostasis (Hsu et al., 2014a; 2014b). Heterol-

ogous niche components include extracellular matrix, nerves,

vasculature, stromal, and adipose tissue.

Given the crucial duties of stem cells in maintaining tissue

integrity and driving regeneration under stress, it is not surprising

that immune cells have recently emerged as key components of

the niche microcosm and prominent effectors of stem cell be-

haviors. Indeed, tissues are armed with sophisticated local im-

mune surveillance systems to monitor their health and integrity.

Resident and recirculating immune cell populations include cells
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of the innate immune system such as macrophages and den-

dritic cells, as well as adaptive immune T cells (reviewed by

Fan and Rudensky, 2016) (Figure 2).

The composition and function of resident immune cells varies

among tissues. The greatest immune activity is found in the

epithelial tissues of skin, lung, and gut, which not only continu-

ously turn over, but also routinely endure the physical, noxious,

and pathogenic traumas of our external environment. During

these assaults, stem cells communicate with the frontline of resi-

dent immune sentinels to orchestrate the systemic dissemina-

tion of distress commands. Responding immune effectors

quickly enter from circulation, infiltrating the stressed tissue to

clear invading pathogens, aid in repair, and reinstate homeosta-

sis (Figure 2).

Here, we review the intricate and vital dialog between immune

cells and stem cells and the consequences of this crosstalk for

tissue fitness and function. We discuss increasing evidence

that stem cells sense, communicate with, and co-opt resident

immune cells to aid in tissue homeostasis. In addition, we

discuss recent findings underscoring the remarkable capacity

of stem cells to sense damage and recruit infiltrating immune

cells to help them cope with stress. Stem cells also have intrinsic

immune modulatory capabilities and intriguing ways to shield

themselves from infections and inflammatory pathology. We

summarize how stem cells learn from their inflammatory encoun-

ters and adapt their responses to subsequent stressors. Finally,

we end with a discussion of the clinical implications and the ther-

apeutic potential of targeting immune-tissue stem cell interac-

tions in inflammatory diseases and regenerative medicine.

Immune Cell Regulation of Tissue Stem Cell Behavior
In recent years, there has been increasing appreciation for the

non-canonical functions of immune cells beyond immunity to

pathogens (Burzyn et al., 2013a; Davies et al., 2013). A myriad
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Figure 1. Tissue Stem Cell Hierarchy
Long-lived stem cells have the ability to self-renew
and give rise to short-term progenitors. These
short-term progenitors can also replicate them-
selves and generate differentiated progeny. They
are largely responsible for coordinating tissue
homeostasis.
of innate and adaptive immune cells resides in tissues and

performs tasks that are essential for organ homeostasis.

Included in this new mantle is their proactive role in regulating

stem cells and consequently tissue function. Although most

studies to date have focused on the crosstalk between immune

cells and stem cells within the context of tissue repair, recent

findings support a role for resident immune cells in the homeo-

static regulation of stem cells. In particular, two tissue-resident

immune cell types—macrophages and regulatory T cells

(Tregs)—have emerged as potent regulators of stem cells under

normal physiological conditions (Burzyn et al., 2013a; Davies

et al., 2013).

Macrophages in Homeostasis: More than Just
Professional Phagocytes
Macrophages are found in all tissues of the body and show

remarkable functional diversity based on their ontogeny and

the inflammatory status of the tissue (Epelman et al., 2014; Lavin

et al., 2014). Thus, the term macrophage is used to define a

broad diversity of cell types. Classically known as professional

phagocytes for their ability to devour dead and dying cells, mac-

rophages were among the first identified immune cell types

capable of modulating stem cells.

In the bonemarrow,macrophages govern hematopoietic stem

cell (HSC) retention (Chow et al., 2011) (Figure 3A). CD169+ tis-

sue-resident macrophages augment expression of the chemo-

kine CXCL12 by niche mesenchymal stem cells (MSCs) to limit

HSC egress into the blood. In addition to their impact on

HSCs, this subset of CD169+ macrophages in the bone marrow

also supports the expansion of HSC progeny, specifically devel-

oping erythroblasts. They do so by forming ‘‘erythroblastic

islands,’’ composed of erythroblast progenitors tethered to a

central macrophage through multiple receptor-ligand interac-

tions (Chow et al., 2013) (Figure 3A). These intriguing structures

act as seeds of erythropoiesis, and when the micro-niches are

disrupted by CD169+ macrophage depletion, recovery from

hematopoietic stress is hampered. Although the precise

communication circuitry between macrophages and erythro-

blasts remains unknown, these micro-niches govern erythro-

blast maturation (Chow et al., 2013).

Stem cells in mammary glands (MaSCs) also require signals

from tissue macrophages for ductal morphogenesis (Gyorki

et al., 2009). Chakrabarti and colleagues discovered that MaSCs
express a Notch ligand Delta like 1 (DLL1),

which activates resident Notch-express-

ing macrophages (Chakrabarti et al.,

2018). This interaction stimulates macro-

phages to produce Wnt ligands, which in

turn triggers MaSC proliferation.
More recently, macrophages have been identified as key com-

ponents of intestinal stem cell (ISC) crypts, which are responsible

for sustaining continuous production of the transit-amplifying

(TA) cells and their differentiated epithelial cell progeny, including

goblet cells, enterocytes, enteroendocrine, and Tuft cells that

form the adsorptive villi of the intestine (Tan and Barker, 2014)

(Figure 3B). Resident macrophages intimately associate with

crypts, and when mice are treated with blocking antibodies

against CSF1 (colony stimulating factor 1)-receptor—which, in

the intestinal crypt, are expressed by macrophages—stem cell

survival is diminished, and ISC lineage choice is skewed (Sehgal

et al., 2018).

Hair follicles are unusual in that they undergo natural cyclical

bouts of rest (telogen) and regeneration (anagen). Accordingly,

the stem cells that fuel this process shift from quiescent to active

states and back as they give rise to the shorter-lived proliferative

progenitors (transit amplifying cells) that fuel the periodic re-

growth of the hair follicle as well as the 7 additional epithelial

cell lineages that form the hair and its channel (Yang et al.,

2017) (Figure 3C). The activation of this natural, cyclical regener-

ativeprocessdemandschangeswithin the stemcell nicheand in-

volves both the dampening of quiescence signals (BMPs) and an

increase in stem cell activation and regenerative signals (WNTs)

(Greco et al., 2009; Plikus et al., 2008). While the origins of quies-

cence signals have been traced to terminally differentiated stem

cell progeny that line the ‘‘inner bulge’’ (Hsu et al., 2011) aswell as

longer-range signals from the dermis (Plikus et al., 2008), skin-

resident macrophages have been identified as a contributor of

stem cell activating signals. During the progression from resting

to regenerative phases, macrophages gather around the follicle.

Intriguingly, as these perifollicular macrophages die off, they

releaseWNT7b andWNT10a to promote the activation of hair fol-

licle stem cells (HFSCs) (Castellana et al., 2014).

Regulatory TCells: Newcomers to theWorld of StemCell
Niches
Defined by their expression of transcription factor FOXP3 (fork-

head box P3), Tregs are a subset of CD4+ helper T lymphocytes.

Like macrophages, Tregs display functional heterogeneity and

plasticity as an apparent means of adaption to varying physio-

logical states (Sakaguchi et al., 2013). Tregs are potent suppres-

sors of the immune response, where they function in preventing

catastrophic autoimmunity (Josefowicz et al., 2012). A number of
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Figure 2. Tissue-Resident, Recirculating, and Inflammatory Immune Cells
A constellation of immune cells inhabits tissues, the composition of which varies by tissue site and the inflammatory status of the tissue. Extra-lymphoid tissues
and in particular epithelial barrier tissues such as the skin, lungs, and gut house the greatest number of resident immune sentinels. This includes dendritic cells,
macrophages, innate lymphoid cell (ILC) subsets, gd T cells and regulatory T cells (Tregs) that seed tissues early in life. With age and exposure to commensals and
pathogens, tissues also acquire CD8+ T resident memory cells (TRM) and recirculating CD4+ T helper subsets. During an acute stress response, inflammatory
macrophages/monocytes, neutrophils, basophils, and eosinophils are recruited to the damage to reinforce the function of resident cells. Lymphoid organs such
as the lymph node and spleen are epicenters for naive or unprimed T cells. These cells are primed by dendritic cells to differentiate into effectors and migrate into
tissues via blood where they enact their effector functions.
stem cell niches have a paucity of inflammatory cells in their vi-

cinity, leading researchers to wonder whether these immune-

privileged sites might be possible residences for Tregs (Fujisaki

et al., 2011; Hirata et al., 2018).

The bone marrow is a known reservoir for Tregs, and their spe-

cific depletion pointed to a role in controlling HSC quiescence

and pool size (Fujisaki et al., 2011). In the absence of bone

marrow Tregs, HSCs were fewer in numbers and displayed

increased sensitivity to oxidative stress (Hirata et al., 2018).

Treg-derived adenosine, sensed directly by the HSC’s adenosine

receptor, has been implicated in HSC responsiveness to oxida-

tive stress and maintenance of quiescence (Figure 3A). This

raises the tantalizing possibility that communication networks

might exist between stem cells and tissue-resident Tregs.

In this regard, Tregs have also been implicated in preserving the

integrity of the LGR5+ ISCs in the intestine, where depletion of

Tregs leads to a pronounced reduction in ISC numbers (Biton

et al., 2017). Consistent with the notion that Tregs can directly in-

fluence the stem cells, co-culturing intestinal organoid cultures

with Tregs or their effector cytokine IL-10 results in a significant

enrichment of LGR5+ ISCs (Figure 3B).

In skin, resident Tregs are found near the stem cell niche of hair

follicles (Ali et al., 2017) (Figure 3C). Rosenblum and colleagues

recently reported that Treg numbers fluctuate during the normal

hair cycle, peaking in telogen when stem cells are quiescent,

and then reaching a low during anagen (Ali et al., 2017). Although

it remains unclear how Tregs influence hair cycling in their native
910 Cell 175, November 1, 2018
setting, a role for Tregs in maintaining stemness and quiescence

would parallel the role of Tregs in HSCs and ISCs (Ali et al., 2017;

Biton et al., 2017; Fujisaki et al., 2011; Hirata et al., 2018).

Macrophages and Tregs in Injury Repair
Over a century ago, Élie Metchnikoff observed the recruitment of

macrophages to injured tissues and postulated that thesemono-

nuclear cells facilitate repair by clearing debris (Metchnikoff,

1893). Since then, our understanding of the contributions of im-

mune cells to tissue regeneration has improved greatly. Tissue

damage resulting from mechanical injury, or exposure to infec-

tious and toxic agents causes the release of damage associated

molecular patterns (DAMPS) from dying cells and pathogen

associated molecular patterns (PAMPS) from pathogens that

activate the immune system (Janeway and Medzhitov, 2002).

The ensuing inflammatory response is tightly controlled to

ensure efficient healing. Thus, as Metchnikoff predicted, cells

of the immune system are indispensable for clearing damage-

associated debris and pathogenic or noxious materials that

may penetrate tissues upon injury.

Lessons from Damaged Muscle

Recent advances highlight even more sophisticated mecha-

nisms by which macrophages promote regeneration (Aurora

and Olson, 2014). This involves a carefully orchestrated, dam-

age-induced immune response that provides stem cells with

temporal signals toguidehealing. In skeletalmuscle, for instance,

quiescent muscle stem cells (satellite cells) are stimulated by



Figure 3. Niche-Specific Immune-Stem-Cell Interactions
(A) Hematopoietic stem cells (HSCs) reside in the bone marrow (BM) in close apposition of sinusoids and arterioles. They are retained in this niche by Nestin+

mesenchymal stem cell (MSC)-derived CXCL12. Bone marrow macrophages are critical for maintaining the production of CXCL12 and retaining HSCs in this
niche. Bone marrow Tregs are also localized close to HSCs and produce IL-10 and Adenosine to control HSC quiescence and pool size. In the absence of Tregs,
HSCs produce more reactive oxygen species (ROS) and consequently increase their numbers. Erythroblast progenitors in the BM aggregate around a central
macrophage, which provides cues to direct their maturation into erythrocytes.
(B) Intestinal stem cells (ISCs) reside in crypt structures at the base of intestinal villi and are flanked by Paneth cells and transit amplifying (TA) cells. ISCs give rise
to all intestinal lineages, including goblet cells, enteroendocrine cells, tuft cells, enterocytes and Paneth cells. However, when ISCs at the base of the crypt are
ablated, these progenitors can replenish niche vacancies. Intestinal macrophages promote the differentiation of ISCs to Paneth cells, while resident Tregs promote
ISC self-renewal via IL-10. CD4+ T helper (Th)1 and Th17 cells and innate lymphoid cells (ILC) type 3 promote the production of transit amplifying progeny, while
Th2 and ILC2 promote differentiation of tuft and goblet cells via IL-13.
(C) The hair follicle is one of the few systems in mammals where tissue regeneration happens in natural bursts (the hair cycle) and in the absence of injury. The
bulge region of the hair follicle is home to hair follicle stem cells (HFSCs). At the bulge base (hair germ), ‘primed stem cells’ give rise to the short-term progenitors

(legend continued on next page)

Cell 175, November 1, 2018 911



damage-induced signals frommacrophages and by Tregs to pro-

mote their myogenesis and repair of damaged muscle fibers

(Arnold et al., 2007; Brack and Rando, 2012; Burzyn et al.,

2013b; Du et al., 2017).

During repair, macrophage dynamics remodel satellite cell re-

sponses. Inflammation-activated macrophages (M1) promote

satellite cell proliferation and expansion by secreting ‘‘a disinte-

grin-like and metalloproteinase with thrombospondin motifs

type 1’’ (ADAMTS1) (Du et al., 2017). ADAMTS1 then targets

and suppresses NOTCH function, releasing satellite cells from

quiescence and facilitating new tissue growth. As repair pro-

ceeds, inflammatory M1 macrophages are replaced with regen-

erative M2 macrophages, driving the differentiation of the

expanded satellite cell pool into myoblasts (Arnold et al., 2007)

(Figure 3D). In this way, the two states of macrophages each

have distinct roles in the repair process.

As studies on muscle injury show, there is a clear need to halt

inflammation-induced stem cell proliferation while at the same

time promoting downstream progenitor (myoblast) proliferation

and myocyte differentiation, leading to fused myotubes and

newmuscle tissue. Interestingly, following injury, clonal Treg pop-

ulations expand concomitantly with the switch in macrophage

state (Burzyn et al., 2013b). These regeneration-associated Tregs
secrete the epidermal growth factor (EGF)-like growth factor,

amphiregulin (AREG), which in turn stimulates the differentiation

of myoblasts from satellite cells (Figure 3D). Further underscor-

ing the importance of this pathway, the accumulation and,

consequently, function of these damage-associated Tregs is

driven by the cytokine IL-33, whose loss results in ineffective

muscle repair (Kuswanto et al., 2016).

At later stages of healing, Tregs also play a pivotal role in

myotube differentiation, as they continue to curb excessive in-

flammatory T cells responses and allow for M2 macrophage

evolution (Burzyn et al., 2013b). These studies raise the enticing

possibility that, like macrophages, Tregs have a means of sensing

and adjusting their function to each stage of repair. If so,

this could explain why in some contexts—e.g., intestinal homeo-

stasis—Tregs seem to function in promoting stem cell self-

renewal, while in other contexts—e.g., muscle—Tregs promote

differentiation.

Eosinophils, which are granulocyte effectors of type 2 immu-

nity, are also rapidly recruited to damaged muscle tissue.

There, through their effector cytokine IL-4, they drive the acti-

vation of fibroblast and adipocyte progenitors (FAPs), which

facilitate myogenesis by clearing necrotic debris. The absence

of eosinophil-derived instructive cues results in atypical FAP

differentiation into adipocytes and fatty muscle degeneration
that undergo natural cyclical bouts of active tissue regeneration (anagen). Growth
the dermis and the inner bulge niche layer, keep stem cells in quiescence through
signals and BMP inhibitor levels in the hair germ accumulate until stem cells bec
Perifollicular macrophages are a crucial source of WNTs and tip the balance in fav
at the height of quiescence; Tregs reach a low point at the height of the hair grow
thereby precociously inducing anagen. During this injury response, inflammatory m
cycling and disseminate distress signals to adjacent unplucked follicles. Regen
depilation.
(D) Muscle stem cells (satellite cells) are quiescent at steady state and only acti
support satellite cell self-renewal and activation via AREG and ADAMTS1, respec
regenerative M2 macrophages, which promote myoblast self-renewal and differe
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(Heredia et al., 2013). Taken together, these findings on the im-

mune responses in muscle repair illustrate beautifully how the

coordinated activation of multiple progenitor populations by

resident and recruited immune cells is necessary for optimal

repair.

Lessons from Injuries to Epidermal Appendages

While studies on injured muscle point to an important role of

macrophages and Tregs in orchestrating the behavior of stem

cells in normal homeostasis, stem cells can also act as generals

in coordinating the response to injury. One interesting example is

hair plucking, which, in contrast to the normal hair cycle, causes

local tissue damage to the stem cell niche (bulge) of the hair fol-

licle. Plucking mechanically removes the BMP-producing inner

bulge cells, which not only anchor the hair but also participate

in maintaining stem cell quiescence during normal telogen

(Hsu et al., 2011).

Intriguingly, however, hair plucking not only triggers a new hair

cycle, enhancing the regenerative capacity of the stem cells, but

it may also activate a damage-sensing mechanism. In this sce-

nario, the chemokine CCL2 is expressed by these hair follicle

stem cells, which could explain the associated macrophages

that surround the niche (Chen et al., 2015). These macrophages

may not just be mere scavengers, as their loss delays the induc-

tion of hair cycling and activation of adjacent unplucked follicles.

Chen et al. (2015) attribute the activation of hair cycling and

dissemination of distress signals to the ability of these skin mac-

rophages to secrete the inflammatory cytokine TNFa. Curiously,

however, TNFa has apoptotic effects on cultured keratinocytes,

and mice either lacking TNFa receptor or treated with blocking

antibodies to TNFa show accelerated, not delayed, skin regener-

ation after wounding (Mori et al., 2002). Sifting through the

possible indirect mechanisms of action becomes a daunting

task, asmost tissue cells have receptors for secreted pro-inflam-

matory factors like TNFa.

Tissue damage is accompanied by an elevation in regenera-

tion-inducing WNTs (Clevers et al., 2014). In zebrafish, tailfin

injury results in enhanced WNT signaling, and interestingly,

when WNTs are diminished, fewer macrophages are recruited

to the wound site (Petrie et al., 2014). If wound-induced WNTs

also elevate levels of stem-cell-derived CCL2 and other putative

macrophage chemoattractants, this would explain the link be-

tween elevated WNTs and macrophage numbers seen in zebra-

fish skin appendage injuries. It is also possible that inmammalian

skin, recruited inflammatory macrophages augment WNT levels

in the wound, as seen in the natural hair cycle (Castellana et al.,

2014). If so, this could begin to shed light on the current conun-

drum of why macrophages have such positive effects on
inhibitory signals such as bonemorphogenic proteins (BMPs), supplied by both
out most of the hair cycle. In the resting phase of the hair cycle (telogen), WNT
ome activated to launch a new tissue regenerative cycle.
or of regeneration. By contrast, Tregs are highest in telogen when stem cells are
th phase. Hair plucking removes the inner bulge and its quiescence signals,
acrophages are also found near the bulge, where they appear to promote hair

erative Tregs also appear to facilitate the progression to anagen following hair

vate following injury. Regenerative Tregs and inflammatory macrophages (M1)
tively. As repair progresses, Tregs facilitate the switch from inflammatory M1 to
ntiation.



regeneration despite their production of inflammatory cytokines

such as TNFa.

Similar to macrophage depletion, Treg deficiency also derails

new hair growth stimulated by hair depilation (Ali et al., 2017).

It is presently still unclear whether depilation elicits a injury

response by immune cells. However, the regeneration-associ-

ated Treg activity observed upon hair depilation is in line with

the role of Tregs in muscle injury. Based upon these comparisons,

it is tempting to speculate that depilation-induced injury to the

HF niche may induce a transition from homeostatic Tregs to

‘‘regenerative’’ Tregs to stimulate repair (Gerriets et al., 2016;

Nosbaum et al., 2016).

Indeed, while many issues await future exploration, it is

becoming increasingly clear that through mechanisms distinct

from regenerative processes in homeostasis, injury-induced

changes to the tissue microenvironment impact not only stem

cells and/or their proliferative progeny, but also resident immune

cells. For the skin, the underlying mechanisms involved could

have important clinical relevance, as alopecia areata, an autoim-

mune disorder resulting in inflammation and hair loss, has been

linked through genome-wide association studies to certain

genes involved in Treg activation and proliferation (Petukhova

et al., 2010).

Comparing Roles of Macrophages and Tregs in

Homeostasis and Injury

Restoring tissue integrity during and after an active immune

response is paramount for limiting pathology and promoting in-

flammatory resolution. Thus, it is reasonable to expect that mac-

rophages and Tregs serve the dual functions of modulating

immunity and promoting regeneration. Consistent with this

notion, macrophages and Tregs seem to either repurpose their

existing immune pathways and/or adopt novel pro-regenerative

functions to engage stem cells and short-lived progenitors

(Figure 3). Given their burgeoning role in controlling stem cells,

conversations between stem cells and tissue-resident immune

cells seem likely to become unhinged in disease states. This hy-

pothesis is consistent with a number of pathological conditions

that are associated with loss of immune regulation, inflamma-

tion, and tissue hyperplasia (Gersemann et al., 2011; Lowes

et al., 2007; Naik et al., 2017; Ordovas-Montanes et al., 2018).

Many fundamental questions remain. Are macrophages and

Tregs obligatory residents of all stem cell niches? Like stem cells,

do macrophages and Tregs play universal roles in regeneration in

homeostasis and/or wound repair? How much of their participa-

tion emanates from macrophage and/or Treg autonomous

signaling as opposed to taking their cues from the stem cells

themselves or from other cells within the niche microenviron-

ment? Given the broad if not universal role of WNT signaling in

tissue regeneration, how many cell types besides stem cells

and macrophages are impacted by regenerative WNT signaling

at a wound site? Do stem cells directly communicate with

immune cells? If so, what molecular language do they

employ in these conversations, and how does this change in

response to injury? As these questions are answered, it will be

interesting to see whether a unifying principle of stem-cell-im-

mune crosstalk can be assigned to tissue injuries while still

permitting tailoring according to the type of stem cell and wound

involved.
Stem Cell Crosstalk with Other Niche Resident

Immune Cells

Whether direct or indirect, stem cell-immune cell interactions

include not only macrophages and Tregs, but also other tissue-

resident immune cells, such as innate lymphoid cells. Indeed,

multiple subsets of innate lymphoid cells can play context-spe-

cific roles in directing regeneration and differentiation of stem

cells (Lindemans et al., 2015; von Moltke et al., 2016). Probing

stem cell interactions with other tissue-resident cells, including

dendritic cells, natural killer cells, and effector and memory

T cells, will reveal if and how these functionally distinct popula-

tions contribute to niches (Fan and Rudensky, 2016; Mueller

and Mackay, 2016) (Figure 2).

Granulocytes, such as neutrophils, are typically reserved for

active immune responses and not traditionally considered ‘‘tissue

resident’’ in non-lymphoid tissues at steady state (Figure 2). How-

ever, in the bone marrow where these immune effectors are

generated, theymodulate the HSC niche and exert their influence

on HSC retention and regeneration (Casanova-Acebes et al.,

2013; Bowers et al., 2018). Since neutrophils are lineage-derived

from HSCs, this could reflect a feedback mechanism employed

by neutrophils to control their predecessors (Hsu et al., 2014a).

Resident immune cells seed extra-lymphoid tissues early in life

and continue to elaborate with age. Characterizing the immune

cells that reside within stem cell niches of healthy tissues and

analyzing their phenotypic consequences when systematically

ablated will shed light on their contributions to stem cell func-

tions. Of additional importance will be elucidating how different

immune cells home to stem cell niches. Is this process initiated

by stem cells themselves, or do other members of the niche con-

trol immune localization in their ecosystem? The density and

activity of immunecells differsmarkedly across tissues, as exem-

plified by the varied repertoire of immune cells that patrol epithe-

lial barrier tissues such as the skin and gut (Fan and Rudensky,

2016; Mueller and Mackay, 2016). Do stem cells in these tissues

more readily take their cues from immune cells under physiolog-

ical conditions, while other less immunologically active tissues

call upon their immune partners only under duress? Addressing

these questions will require dissection of the immune-stem cell

crosstalkwithin individual stemcell niches aswell as at themacro

level comparatively across organ systems.

Stem Cells and Immune Cells in Inflammation
The dialog between immune cells and stem cells in wound repair

has ancient roots. When a tissue barrier is breached, stem cells

must repair the damage as quickly as possible to limit pathogen

entry. It is tempting to speculate that damage-sensing stem cells

might place the emergency call that recruits an immune

response. If so, this could provide an immediate means of

focusing immune reactions toward the wound site and possibly

also amplifying the regenerative response. Glimpses of highly

targeted immune responses during wound repair can be gleaned

by eliminating either cellular constituents of the inflammatory im-

mune repertoire or the individual factors they express. Because

epithelial tissues bear the brunt of inflammation-inducing

noxious agents and pathogens, they are particularly relevant

models to study the intertwined relationship between immunity

and regeneration.
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Stem Cells Adapt to Their Inflammatory Milieu

Sustained inflammatory challenges are associated with specific

modules of immunity that can be broadly classified into T helper

(Th) 17, 1, and 2 responses, each of which engages a unique set

of effector mechanisms intended to mitigate the posed threat.

For instance, a Th17 response results in the recruitment of neu-

trophils and eradication of extracellular pathogens; a Th1

response activates macrophages to cope with intracellular

pathogens; and Th2 responses are critical for worm clearance

(Vahedi et al., 2013). Guided by these threat-specific milieus,

stem cells tailor their behavior to reinforce tissue integrity and

contribute to host defense.

Xavier and colleagues examined the differentiation trajectory

of ISCs in the presence of Th1, Th2, and Th17 in vitro (Biton

et al., 2017). Co-culturing intestinal organoids with different clas-

ses of T cells or their prototypic effector cytokines resulted in a

striking loss of ISCs and the enrichment of short-lived progeny,

so-called ‘‘transit amplifying’’ (TA) progenitors. Notably, each

co-culture system resulted in unique subsets of lineage-specific,

terminally differentiated cells. Th1 co-cultures increased the pro-

portion of Paneth and goblet cells; Th17 signals promoted

generation of enterocytes; and Th2 signals shifted the organoid

toward an enteroendocrine fate.

Interestingly, these differentiated lineages in turn are known to

enact effector functions necessary for mitigating the posed

threat. For instance, parasite infections result in the enrichment

of Th2 cytokine IL-13, which signals to ISCs to drive differentia-

tion of tuft and goblet cells that, in turn, secrete mucus to aide in

parasite expulsion and act to reinforce Th2 responses (von

Moltke et al., 2016). Moreover, during an active response, im-

mune effectors localize to the vicinity of the stem cells to form

the ‘‘inflamed niche’’ and instruct stem cell behavior (Biton

et al., 2017; Naik et al., 2017). Accordingly, ISCs express recep-

tors for a number of inflammatory mediators, enabling them to

adjust to their specific inflammatorymilieu (Biton et al., 2017; Lin-

demans et al., 2015; von Moltke et al., 2016).

It is unclear how stem cells revert to their homeostatic func-

tions once inflammation resolves. However, their ability to do

so is vital for tissue health. Indeed, the absence of appropriate

spatial and temporal resolution of an active immune response

leads to chronic inflammation. This dire condition appears to

spare no tissue stem cell and is central to a number of im-

mune-mediated diseases including psoriasis, atopic dermatitis,

asthma, rhinosinusitis, and inflammatory bowel disease (IBD)

(Gersemann et al., 2011; Lowes et al., 2007; Ordovas-Montanes

et al., 2018). Moreover, in these chronic states, prolonged stem

cell dysregulation can result in a defective barrier and antimicro-

bial function, which in turn can permit microbial penetration and

further intensify the inflammatory response (Belkaid and Hand,

2014). Not surprisingly, chronic inflammation in tissues results

in activation of aberrant wound repair programs (Lowes et al.,

2007; Rieder et al., 2007).

Age-Associated Inflammation and Stem Cells

Age-associated decline in tissue function is usually marked by

increased levels of pro-inflammatory mediators, low-grade sys-

temic inflammation, and impaired wound healing (Blau et al.,

2015; Goldberg and Dixit, 2015). Recent studies suggest that

some of these age-related defects result from miscommunica-
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tion between immune cells and tissue stem cells and/or an accu-

mulation of pro-inflammatory mediators in the tissue.

Mouse skin offers an interesting ecosystem to examine this

failed conversation between resident immune cells and aged

stem cells, as its epidermis houses a unique population of gd

T cells, called dendritic epidermal T cells (DETCs), that orches-

trate wound repair (Jameson et al., 2002). Upon wounding,

epidermal progenitors upregulate expression of Skint genes

that are essential for alerting DETCs (Keyes et al., 2016). In

turn, DETCs secrete keratinocyte growth factor and insulin

growth factors to stimulate epidermal progenitor proliferation

and accelerate healing (Jameson et al., 2002) (MacLeod et al.,

2013). In aging skin, this communication network breaks down,

and as a result, epidermal progenitors are left on their own to

re-epithelialize the wound bed without the help of DETCs (Keyes

et al., 2016). Although human epidermis lacks DETCs, similar im-

pairments in the dialog between other tissue-resident T cells and

stem cells could underlie chronic wounds in aged individuals.

In addition to grappling with breakdowns in their communica-

tions with resident immune cells, aging stem cells also experi-

ence an accumulation of inflammatory mediators that leads to

their functional decline. In the skin, the proliferative capacity of

hair follicle stem cells diminishes, as does their capacity for hair

regeneration (Matsumura et al., 2016;Doles et al., 2012). Notably,

blocking the inflammatory response is sufficient to reverse the

proliferative defects in these stem cells. Similarly, in the intestine,

aged macrophages increase expression of TNFa, resulting in

diminished ISC function, breaches in the epithelial barrier, and

increased intestinal permeability. This breakdown in tissue integ-

rity creates a feed-forward circuit of inflammation, further perpet-

uating the aged phenotype (Thevaranjan et al., 2017).

The link between inflammation and aging stem cells is

conserved across species, even those with different lifespans.

In Drosophila intestine, for instance, ISCs are regulated by

macrophage-like hemocytes, which are recruited upon tissue

damage (Ayyaz et al., 2015). In young flies, the interaction with

hemocytes promotes ISC proliferation and infection resistance,

but in aging flies, it leads to intestinal dysplasia. Whether in in-

sects or in mammals, blurring the physical lines of defense

across an epithelial barrier causes bacteria translocation into

the underlying tissue. These penetrating microbes further stimu-

late macrophages and other immune cells thereby perpetuating

the age-driven inflammatory circuit.

A common theme emerging across aging tissues is that per-

turbations in the inflammatory mediators combine with intrinsic

alterations in the stem cells to disrupt tissue architecture.

Indeed, in a number of in vitro and in vivo settings, aged stem

cells exhibit altered proliferative or differentiation capacity (Oh

et al., 2014). Hyperproliferation of aged Drosophila ISCs leads

to aberrant assembly and the formation of polyploid clusters.

This deviation in stem cell behavior radically alters intestinal

morphology and can be recapitulated in young flies exposed to

paraquat, an oxidative stress agent (Biteau et al., 2008). Aged

and paraquat-exposed ISCs maintain high levels of JNK activity,

suggesting a common underlying stress response in both set-

tings (Biteau et al., 2008).

These are just a few of the many emerging examples that

draw remarkable parallels between inflammatory diseases and



age-related tissue dysfunction. In these situations, a buildup of

pro-inflammatory factors invariably leads to tissue dysmorphia

and functional decline. Thus, the keys to reversing the aging pro-

cess in stem cells and rejuvenating tissues will be therapies that

not only stimulate tissue stem cell self-renewal but also target in-

flammatory mediators that accumulate with age.

Immune Privilege: Protection from Friendly Fire
Tissues have evolved a number of strategies to preserve their

precious pools of stem cells in the face of harm. These include

flooding the niche with anti-inflammatory mediators and upregu-

lating the expression of immune suppressive molecules. Bone

marrow Tregs, for instance, produce the immune suppressive

cytokine IL-10 in the vicinity of HSCs to limit inflammatory stress

in their niche (Fujisaki et al., 2011) (Figure 3A). This permissive

environment facilitates the transplantation of genetically non-

identical allo-HSCs, which are rapidly lost upon depletion

of Tregs.

The epithelial tissues that line our body have developed partic-

ularly sophisticatedmeans of protecting their stem cells. The hair

follicle stem cell niche has long been described as a site of im-

mune privilege, expressing low levels of immune-activating mol-

ecules and high numbers of Tregs (Ali et al., 2017; Christoph et al.,

2000). Working smoothly in normal homeostasis, this inflamma-

tion-repelling sanctuary can become overwhelmed by exuberant

immune responses (Petukhova et al., 2010). In such inflamma-

tory settings, immune signals can also be protective. ISCs, for

instance, rely on signals from type 3 innate lymphoid cells

(ILC3) for protection from inflammatory and injurious damage

and stimulate their activation via IL-22 to promote regeneration

(Aparicio-Domingo et al., 2015; Hanash et al., 2012). Intriguingly,

IL-22 and its downstream effector STAT3 bypass the need for

Paneth cell-derived signals to activate ISCs and promote regen-

eration (Lindemans et al., 2015). Obviating requirements for ho-

meostatic niche signals such as Wnts, and instead co-opting

inflammatory cues to guide their behavior, may represent a

stem cell adaptation to persevere and preserve tissue integrity

under inflammatory stress.

Agudo et al. (2018) recently uncovered that a stem cell’s im-

mune privilege status is linked to its level of activity. Like most

tissue cells, cycling stem cells of the intestine, ovary, and mam-

mary gland display major histocompatibility class I (MHC-I) as

well as an array of cytokine receptors on their surface. Thus,

as stem cells acquire mutations that are displayed as surface

neoantigens complexed with MHC-I, they are likely to be expe-

ditiously cleared from the tissue by killer T cells. This feature

could serve as a check on hyperplasia and tumor formation.

By comparison, quiescent stem cells such as those of the hair

follicle and muscle downregulate their antigen presenting ma-

chinery, which allows them to stay under the radar of immune

surveillance and maintain tissue production long-term, albeit

while increasing the mutational burden of these long-lived cells

(Zindl and Chaplin, 2010). How cancerous cells similarly co-opt

immune modulatory pathways such as PD-L1 to escape from

immune surveillance and contribute tumor relapse following

therapy is an intense avenue of study, which is still unfolding.

Thus, immune privilege can be both extrinsically imposed on

stem cells (i.e., by Tregs) and—at least in the cancerous state—
intrinsically tuned by upregulating the expression of immune

suppressive molecules (Barber et al., 2006). This ability to ma-

neuver the immune system may have profound implications for

stem cell clonal selection and tissue fitness.

Stem-Cell-Intrinsic Immunity and Innate Pathogen
Sensing Pathways
In addition to engaging immune cells, stem cells themselves

have the ability to protect themselves against stressful situa-

tions, including pathogen encounters. In a recent study, Wu

et al. (2018) discovered that stem cells are hardwired to express

antiviral interferon-stimulated genes (ISGs), which help them

fight viral infections (Figure 4A). Although the precise means by

which stem cells maintain high ISG expression is unclear, they

express an array of PAMP and DAMP receptors, which could

be responsible for upregulating ISGs. In the case of active viral

infections, mesenchymal stem cells can activate ISGs by

sensing infection through the cytosolic double stranded (ds) viral

DNA sensor cGAS (Yang et al., 2015). Becausemany of these re-

ceptors have endogenous ligands that are available even in the

absence of infections, stem cells have installed regulatory

machineries to avoid aberrant activation by innate sensors.

Dormant HSCs for example, express the circular RNA cis-

GAS, with higher affinity for cGAS than its activating ligand,

enabling calibration of HSC sensitivity to endogenous dsDNA

and thereby preventing exhaustion (Xia et al., 2018) (Figure 4A).

Another cytosolic DNA sensor, absent in melanoma 2 (AIM2),

also seems to function in stem cell biology, as when AIM2 is

lost, gut microbiota become dysbiotic and ISCs proliferate un-

controllably. In a manner that appears to be independent of

its traditional role in governing the inflammasome pathway,

AIM2-deficient mice display an increased susceptibility to

develop colon cancer (Man et al., 2015; Wilson et al., 2015)

(Figure 4A).

Neuronal stem and precursor cells in the brain express an

array of toll like receptors (TLRs), which sense a broad range

of microbial and damage signals through an equally complex

array of ligands. Studies in mice that lack different TLRs highlight

their broad roles in controlling proliferation, differentiation, and

migration of neural stem cells (Alvarado and Lathia, 2016). Not

surprisingly, however, different TLRs and ligands can havemark-

edly distinct and varied effects on stem cell behavior. Notably, a

number of neurodevelopmental disorders are linked to early

pathogen exposure, suggesting that inappropriate TLR activa-

tion on neural progenitors has grave consequences for disease

(Atladóttir et al., 2010; Jiang et al., 2016; Patterson, 2009).

HSCs are perhaps the most stress-sensitive tissue stem cells

whose rapid response is vital for organismal survival. These stem

cells are therefore highly in tune with their macro and microenvi-

ronment and express a myriad of TLRs whose engagement is

capable of rapidly skewing fate choices from the normal differen-

tiation program (Nagai et al., 2006). By increasing innate immune

effectors such as macrophages, HSCs can bolster systemic

immunity to swiftly cope with threats. As part of a motile organ

system, HSCs patrol the body and also reside in niches outside

the bone marrow such as the lung (Lefrançais et al., 2017; Mass-

berg et al., 2007; Wright et al., 2001). These circulating and

peripherally localized HSCs may be the first to sense danger,
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Figure 4. Stem-Cell-Intrinsic Immunity and Memory
(A) Stem cells express a variety of cytokine and pattern recognition receptors that can sense damage associated and pathogen associated molecular patterns
(DAMPs, PAMPs) and cytokine signals from immune cells. These include both surface associated receptors and intracellular sensors such as cGAS and absent in
melanoma 2 (AIM2) which bind double stranded DNA. AIM2 limits intestinal stem cell proliferation bymodulating AKT. Hematopoietic stem cells express a circular
RNA ‘‘cis-GAS’’ to regulate cGAS activation and limit exhaustion. SCs also express high levels of interferon-stimulated genes (ISGs) in contrast to differentiated
progeny, and these baseline ISGs protect SCs from viral infections.
(B) Stem cells are trained by a variety of acute inflammatory encounters: directly by b-glucan, IL-1b, Bacillus Calmette–Guérin (BCG) vaccine forMycobacterium
tuberculosis, and indirectly by Toll like receptor 7 (TLR7) agonist (Imiquimod) induced inflammation. These stimuli activate inflammatory transcription factors
(STATs, NF-kB), which likely facilitate the remodeling of chromatin and acquisition of histone modifications at inflammatory stress response genes resulting in
dramatic transcriptional and metabolic changes to the SCs and altered activation and cellular output. Upon resolution, stem cells retain changes to a subset of
chromatin loci including altered accessibility and histonemodifications. These changesmay bemaintained by homeostatic transcription factors in the absence of
overt inflammation. Inflammation-experienced stem cells also exhibit heightened glycolytic activity and in the case of HSCs exhibit bias toward the myeloid
lineage. During a secondary challenge, stem cells and their progeny exhibit heighted responses at genes corresponding with memory chromatin domains. This
adaptive behavior promotes vaccine and pathogen responses and in the case of epithelial stem cells augmented wound healing. On the other hand, a negative
consequence of such memory may be increased predisposition to autoimmunity, cancer, or aging.
rapidly respond, or serve as an alternate reservoir when the pri-

mary niche is compromised.

Together, these studies point to a binary role for innate sensing

by stem cells: first, as a primitive pathogen detection system;

and second, as an intrinsic rheostat to guide their own behavior.

One reason for this may be the presence of signals emanating

from the damaged tissue necessitating the cooperation of

anti-pathogen and regenerative responses within stem cells.

Although the relative contribution of innate receptors on stem

cells versus their accessory cells is still unclear, it seems increas-

ingly likely that synergistic stimulation of innate sensors on stem

cells during an active pathogen or damage response will be

essential to trigger the immune-stem-cell crosstalk that is

necessary to ensure rapid and efficient restoration of tissue

homeostasis.
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Stem Cells Remember Inflammation
Owing to their longevity, stem cells encounter a number of in-

flammatory pressures. Their participation in inflammatory reac-

tions poises stem cells to remember assaults long after they

resolve. Recent studies have shed light on the remarkable ca-

pacity of stem cells to document inflammatory encounters by

altering their chromatin landscape and subsequently their

function.

The paradigm of inflammatory imprinting or ‘‘training’’ has

been well documented in innate immune cells, which in contrast

to antigen-specific T and B lymphocytes, alters the behavior of

innate effectors to non-specific secondary stimuli (Netea et al.,

2016). A series of elegant experiments have recently chronicled

inflammatory training in parental HSCs. Kaufman and colleagues

discovered a dramatic rewiring of HSCs following administration



of the Mycobacterium tuberculosis (Mtb) vaccine. Intriguingly,

HSCs then pass on this knowledge to their macrophage and

monocyte progeny, which by elevating inflammatory mediators

are more efficient at killing Mtb. These effects appeared to

be rooted in changes to chromatin, as macrophages from vacci-

nated mice retained activating histone modifications (H3K4me3

and H3K27ac) at genes associated with pathogen responses

(Figure 4B). Importantly, adoptive transfer and parabiosis studies

revealed that vaccine-inducedmemory is long lasting and auton-

omous to HSCs (Kaufmann et al., 2018).

In a complementary study, b-glucan, a bacterial and fungal cell

wall component-induced IL-1b release, which was capable of

training both HSCs and myeloid progenitors. These trained

HSCs and myeloid progenitors were able to more efficiently

ward off inflammatory challenges when compared to naive

HSCs. Intriguingly, IL-1b-trained HSCs exhibited dramatic

changes in their energy metabolism, displaying augmented

glycolysis and cholesterol biosynthesis, adjustments that turned

out to be critical for conferring downstream functional changes

in b-glucan-dependent HSC training (Figure 4B) (Mitroulis

et al., 2018).

Microbial stimuli are not the only environmental stressors that

can induce inflammation and reprogram progenitors. Calorically

rich ‘‘Western’’ diets are associated with type II diabetes,

obesity, and cardiovascular disease, all of which have an inflam-

matory component (Hotamisligil, 2006). Remarkably, mice fed

even transiently (4 weeks) with a Western diet displayed HSC

proliferation, skewing the HSCs toward myeloid lineages and

thereby exaggerating responses to a variety of inflammatory as-

saults. HSC chromatin accessibility was altered in a manner that

was traced to the inflammasome activator NLRP3 (NLR Family

Pyrin Domain Containing 3 NLR Family Pyrin Domain Containing

3), which in response to a ‘‘Western’’ diet metabolite, became

activated to process and release the pro-inflammatory cytokine

IL-1b (Christ et al., 2018). Exactly how IL-1b sets off its down-

stream effectors to elicit sustained changes in chromatin acces-

sibility remain unclear.

Unexpectedly, the link between inflammation, the inflamma-

some, IL-1b and epigenetic reprogramming of stem cells also

has its reach outside the hematopoietic system, in this case, in

the skin epithelial stem cells that experience an acute inflamma-

tion (Naik et al., 2017). While inflammatory memory has long

been thought to be a phenomenon unique to hematopoietic lin-

eages, surface epithelia bear the brunt of inflammation and ulti-

mately are responsible for expeditious repair of tissue damage.

By possessing a memory of an acute inflammatory assault,

epithelial stem cells are better able to cope with subsequent bar-

rier breaches. Epidermal stem cells remodel their chromatin

following acute inflammation and although most of these

changes in chromatin accessibility resolve following restoration

of tissue homeostasis, a number of genomic loci associated

with inflammation and the stress response remain accessible.

Upon a secondary inflammatory challenge, e.g., wounding,

these experienced stem cells rapidly upregulate transcripts gov-

erned by accessible chromatin domains. A key mediator of this

memory is the inflammasome activator AIM2, which augments

IL-1b to promote the regenerative process following injury

(Naik et al., 2017).
Ordovas-Montanes et al. (2018) recently extended the findings

of non-hematopoietic stem cell memory to respiratory epithelial

progenitors in human allergic inflammatory disease. Airway

epithelia from chronic rhinitis polyps displayed an enrichment

for basal progenitor programs. Secondary stimulation of cultured

polyp cells with type 2 cytokines IL-4 and IL-13 revealed a

heightened transcriptional response and reinforcement of Wnt/

b-catenin pathways that drive basal cell programs compared

to non-polyp tissue. Although the basis of this memory remains

unexplored, it likely contributes to epithelial pathology and

dysfunction in allergic disease. If so, by bearing an inflammatory

memory to adapt rapidly to injury, stem cells may face delete-

rious maladaptations in chronic inflammatory conditions.

Exploring the relative contribution of immune and non-immune

memory to disease onset and pathology in recurrent inflamma-

tory diseases will be critical for devising therapeutic strategies

with long-term efficacy.

While still in its infancy, uncovering commonalities in mecha-

nisms underlying stem cell memory across different tissues will

shape our understanding of inflammatory training and its contri-

bution to tissue fitness. One area begging for insights is how

epigenetic memory works, and how chromatin information can

be propagated to offspring when stem cells divide. Inflamma-

tion-associated transcription factors such as STATs and

NF-kB are activated rapidly by post-translational mechanisms,

and the ensuing chromatin changes they elicit are notable in

that they contain many accessible regions with sequence motifs

not just for STATs and NF-kB but also for stem cell transcription

factors (Naik et al., 2017). These newly accessible domains also

contain binding sites for stem cell transcription factors, suggest-

ing that they may remain open by binding these factors even

when inflammation-activated TFs are no longer present. If so,

this would explain why some chromatin domains remain poised

long after the inflammation has resolved (Figure 4B).

Another factor contributing to the stabilization of this state

could be DNA modifications, i.e., methylation (Hofmeister

et al., 2017). Although histone modifications are less stable in

their inheritance than DNA methylation, many stem cells divide

infrequently, and this may permit more dynamic modifications

to be sustained over time. At present, the molecular details un-

derlying inflammatory memory are obscure, but offer a plethora

of interesting avenues to explore in the future to add to our

growing understanding of recurrent inflammatory disorders

that often manifest in a single location.

Translating the Knowledge of Immune-Stem-Cell
Crosstalk to the Clinic
Throughout this review, we have touched upon the key signals

that activate immune-stem cell crosstalk to drive homeostasis

and wound repair, but that when dysregulated can lead to dis-

ease. In this regard, there are three obvious means of leveraging

these interactions for therapeutic benefit: (1) boosting immune

mediators to promote regeneration, (2) correcting immune ab-

normalities that underlie tissue degeneration, and (3) interrupting

this dialog to curb pathologies in autoimmune conditions and ag-

ing (Karin and Clevers, 2016; Mass et al., 2017).

A number of immune-derived cytokines and growth factors

such as amphiregulin, IL-6 and IL-22 are known to directly
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promote healing (Ali et al., 2017; Keyes et al., 2016; Lindemans

et al., 2015). Infusing damaged tissues with recombinant ver-

sions of these factors and/or identifying agonists for their down-

stream targets in stem cells could greatly enhance repair. For

instance, in muscular dystrophies, characterized by progressive

skeletal muscle loss, augmenting Tregs or regenerative M2 mac-

rophages, or alternatively, supplying the tissue with their effector

cytokines, might help to restore muscle function (Arnold et al.,

2007; Burzyn et al., 2013b). In cases such as chronic non-healing

wounds, where stem cells fail to emit or respond to signals in

their microenvironment, pro-regenerative signals will need to

be complemented with a rewiring of the inflammatory circuitry

in order to promote healing. A precise calibration of the inflam-

matory responses that enable repair will be necessary to kick-

start healing in these situations (Zhao et al., 2016).

Proper resolution of inflammation demands repair, regenera-

tion, and clearance of damaged tissue. For instance, in recurrent

IBD, ISCs from inflamed intestines may be less capable of

orchestrating efficient tissue repair. Indeed, single nucleotide

polymorphisms (SNPs) in genes involved in epithelial restitution

have a strong association with IBD pathology (McCole, 2014).

In vitro-generated organoids with corrected SNP variants is

one way to overcome this issue and restore the intestinal barrier.

Such genetically engineered organoids can be transplanted into

inflamed intestines to promote healthy tissue restoration (Holm-

berg et al., 2017). As researchers continue to explore this expo-

nentially expanding field of immune-stem cell interactions, they

will be armed with a better understanding of the specific factors

that can be therapeutically targeted to promote regeneration or

curb inflammation-associated tissue dysfunction.
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