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SUMMARY

Their position at the crypt base puts Paneth cells in a unique
position to interact with active intestinal stem cells and in-
fluence the intestinal stem cell niche. However, they also
interact with other cells and organ systems and possess the
ability to take on stem cell-like characteristics under certain
circumstances. Paneth cells are professional secretory cells
that classically play a role in the innate immune system by
secreting antimicrobial factors into the lumen to control
enteric bacteria. In this role, Paneth cells are able to sense
cues from luminal bacteria and respond by changing pro-
duction of these factors to protect the epithelial barrier.
Paneth cells rely on autophagy to regulate their secretory
capability and capacity. Disruption of this pathway through
mutation of genes, such as Atg16L1, results in decreased
Paneth cell function, dysregulated enteric microbiota,
decreased barrier integrity, and increased risk of diseases
such as Crohn’s disease in humans. Upon differentiation
Paneth cells migrate downward and intercalate among
active intestinal stem cells at the base of small intestinal
crypts. This localization puts them in a unique position to
interact with active intestinal stem cells, and recent work
shows that Paneth cells play a critical role in influencing the
intestinal stem cell niche. This review discusses the
numerous ways Paneth cells can influence intestinal stem
cells and their niche. We also highlight the ways in which
Paneth cells can alter cells and other organ systems.
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Pthat are named after Josef Paneth, who was among
the first to describe these cells.1 PCs are intercalated be-
tween active intestinal stem cells (aISCs) in the small in-
testine (SI) of those species that have PCs, including mice
and humans.2 Some species (such as dogs) do not have PCs,
whereas other species (such as horses and anteaters) have
large numbers of PCs per crypt.3 PCs are long-lived differ-
entiated secretory cells that do not migrate up the crypt-
villus axis, unlike other differentiated cell types.4 It has
been shown that PCs provide a support system for the aISCs
by expressing Notch ligands5 and secreting molecules such
as Wnt3a, epidermal growth factor (EGF),6,7 and lactate.8

Thus, these cells remain at the crypt base. PCs can sense
calorie restriction, which drives stem cell proliferation via
mammalian target of rapamycin (mTOR) inhibition.9 PCs
also control the site of crypt fission, pushing the more
malleable aISCs out of the crypt base to form new crypt
invaginations.10 PCs perform numerous functions in ho-
meostasis, including antimicrobial protein secretion,11–13

modulation of the small intestinal microbiota,14,15 and im-
mune surveillance.16 To manage this secretory capacity, PCs
have an expanded endoplasmic reticulum (ER) network and
rely heavily on autophagy and the unfolded protein
response (UPR).17,18 This puts PCs at risk for ER stress, and
PC-specific genetic defects in autophagy are related to in-
flammatory bowel diseases.17,19 Metaplastic PCs in regions
other than the SI (colon, stomach) are related to chronic
inflammatory states.20 PCs can also dedifferentiate after
intestinal damage induced by doxorubicin (DXR) or irradi-
ation (IR).21–23 Dedifferentiation of PCs into a stem-like
state is dependent on Notch signaling.21–23 This review
will focus on the divergent roles of PCs in homeostasis and
intestinal damage.
Homeostasis
PC Lineage Specification

As members of the secretory lineage, PCs require
ATOH1, a master secretory regulatory protein, for differ-
entiation and maintenance.24,25 Atoh1 is a downstream
target of Wnt/b-catenin signaling. Consistent with the high
levels of Wnt/b-catenin signaling in the crypt base, Atoh1 is
highly expressed in PCs.26 Although they receive compara-
ble levels of Wnt/b-catenin signaling in aISCs, Atoh1 is
suppressed by Notch signaling.27 Notch signaling controls
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the secretory/absorptive switch in progenitor cells. In
addition, other factors direct allocation of secretory pro-
genitors to the PC lineage over other secretory cell fates.
GFI1, SPDEF, and SOX9 are known transcription factors that
drive transcriptional programs of the PC lineage.28–30

Secretory cells are also influenced by scaling factors such
as MIST1.31 We have recently shown that PC maturity and
maintenance of their secretory capacity are maintained by
Mist1 expression.32

Wnt signaling, which activates b-catenin/Tcf transcrip-
tional programs, plays an important role in maintaining PC
identity. Secretory progenitors can be directed to the PC
lineage by enhancement of b-catenin/Tcf signaling via FGFR3
signaling.33 A membrane bound Wnt receptor on PCs, Friz-
zled5 (FZD5), is required for PCs to maintain their secretory
program.34 Loss of FZD5 induces ectopic positioning of PCs
along the villi.34 FZD5 interacts with LGR4 together with Wnt
molecules to drive b-catenin/Tcf signaling in PCs. Loss of
LGR4 produced a more drastic alteration than FZD5
knockout, causing an 85% reduction in PC number.35,36 Wnt
signaling directly affects mitogen-activated protein kinase
(MAPK) activity. MAPK modulates lineage allocation and PC
maturation, and when MAPK is impaired, only immature PCs
are present.37,38 MAPK can also influence Wnt signaling via
Tcf4.38,39 Thus, there are multiple levels of crosstalk and
control between these pathways. From this, it is clear that PC
allocation and maturation depend both directly and indirectly
on the Wnt/b-catenin pathway.
Role of PCs in the aISC Niche
PCs serve an important role in the aISC niche. The in-

fluence of PCs on the aISC niche has been suggested as early
as 1967, on the basis of the observations that human pa-
tients lacking PCs exhibited impaired epithelial prolifera-
tion.40 However, there was no definitive evidence for their
role in the stem cell niche until 2011, when Sato et al7

demonstrated that PCs significantly improved stem cell
survival when co-cultured with isolated single aISCs, and
that they secreted critical Wnt factors. This article suggested
that PCs are sources of Delta-like ligand 4 (DLL4), EGF, and
transforming growth factor a, on the basis of transcriptional
analysis of PCs compared with ISCs. Others have also
demonstrated that PCs are sources of Notch ligands DLL1
and DLL4, binding to Notch receptors Notch1 and Notch2 on
ISCs and absorptive progenitors.27,41 Because of the seminal
paper by Sato et al identifying the PC’s role in aISC survival
in vitro, considerable interest has been directed at under-
standing the PC-ISC interaction.

Wnt/b-catenin signaling is critical for aISC self-renewal
and survival. PCs express the canonical Wnt ligands
(Figure 1) Wnt3a, Wnt 9b, and Wnt11, which bind to Frizzled
receptors on aISCs to drive b-catenin/Tcf signaling.7,42 Wnt
ligands are membrane bound and can diffuse across the
membranes of 1–2 cells away from the source cell.43 Wnt-
beads in physical proximity to one side of a stem cell drive
asymmetrical division.44 Local Wnt signal strength is
controlled by cell division, which results in membrane dilution
of the Frizzled receptors.43 PCs also express R-spondin1,45,
which is a co-ligand for LGR4/5 and functions to potentiate
Wnt signaling to aISCs.46 Aged PCs do not support aISC
self-renewal as robustly as young PCs47 and appear to
reduce Wnt signaling to adjacent ISCs in 2 ways: reduced
Wnt3a47 and increased secretion of Notum, a Wnt inhibi-
tor.48 However, in mice, PCs are dispensable for homeo-
stasis and functionally redundant in vivo, because it has
been shown that there are mesenchymal sources of Wnt.49

When subepithelial Wnt support is absent in organoid
culture, PC presence or exogenous Wnt supplementation is
required.50,51 Ultimately, PCs are important, although not
required, for providing and modulating Wnt/b-catenin
signaling within the SI.

Notch signaling is essential to maintain stemness, and
without it, aISCs differentiate into secretory lineage cells.5,52

PCs are a major source of Notch ligands (Figure 1); PCs and
Notch signaling develop together over the first 2–3 weeks of
life in the intestine of post-natal mice.53 The absorptive/
secretory switch is controlled by lateral inhibitory Notch
signaling between absorptive cells or aISCs and secretory
cell types.54 PCs express DLL1 and DLL4,7,55 which bind to
Notch receptors Notch1 and Notch2, expressed on neigh-
boring cells.41,54 Both sets of Notch ligands and receptors
function redundantly, although genetic knockout of DLL1 or
Notch1 exhibits a more striking phenotype than their
counterparts.5,41 PCs also express radical fringe protein,
which enhances Notch signaling to the receptor-expressing
cell.56 Thus, PCs use the strength of Notch signaling to
modulate cell fate in the aISC zone. In addition, undiffer-
entiated secretory precursors express DLL1.55 A recent
publication demonstrates that in the absence of PCs, other
secretory cell types can express Notch ligands.57 This is a
fascinating example of the high degree of cellular plasticity
present within the intestinal epithelium.

EGF is critical for aISC proliferation and intestinal
growth,58 signaling via MAPK.59 Loss of EGF receptor
functionality enhances radiosensitivity of the intestinal
crypts and impairs recovery after injury.60 Blockade of EGF
or MAPK signaling in organoids results in aISC quiescence
and expands the enteroendocrine cell lineage.59 EGF protein
has been identified in PCs in rat SI,6,61 and isolated murine
PCs express Egf transcripts.7 It is generally regarded as a
necessary component of organoid culture.62 This would
suggest that the presence of PCs in culture is insufficient to
supply all EGF signaling required for aISC proliferation.
However, 2 recent enteroid culture studies have shown that
exogenous EGF is not necessary if there is Wnt activation
and BMP inhibition.63,64 Although aISC EGF requirements
are unclear, PCs are unlikely to be the only source of EGF
near the aISCs. Recent evidence demonstrates that extra-
cellular vesicles from mesenchymal cells carry ligands
capable of binding to and stimulating EGF receptors on
aISCs.65 Subepithelial fibroblast extracellular vesicles were
able to substitute for exogenous EGF in organoid culture.65

PCs provide EGF signaling to aISCs and, like other signaling
pathways, potentially has redundant mechanisms if needed.

New research suggests that PCs metabolically support
aISCs.8,9 PCs inhibit mTORC1, a master regulator of cellular
metabolism, which leads to production and secretion of



Figure 1. Paneth cells of
small intestine are found
at the crypt base, inter-
calated among the active
intestinal stem cells.
Their close proximity al-
lows them to interact with
active intestinal stem cells
in numerous ways. Illus-
trated here are interactions
associated with Notch
signaling, Wnt signaling,
and provision of Paneth
cell-derived lactate for use
by active intestinal stem
cells for oxidative phos-
phorylation. NADþ,
oxidized nicotinamide
adenine dinucleotide.

2021 Paneth Cells1241
cyclic ADP-ribose (cADPR) to aISCs (Figure 1).9 ISCs
respond to this increased cADPR by enhancing self-
renewal via Wnt signaling.9 In contrast, PCs from aged
mice activate mTORC1 signaling and subsequently sup-
press aISC self-renewal by secreting a Wnt inhibitor,
Notum.48 These studies demonstrate how PCs can
modulate the strength of Wnt signaling via mTORC1
activation/suppression.

It was recently demonstrated that PCs secrete lactate, a
glycolytic end product, to support aISC function.8 Metabolic
pathway usage in aISCs is dependent on the local energy
substrates available, including those substrates derived
from PCs.8,66 PCs primarily use glycolysis and thus have a
robust supply of lactate to transfer to aISCs. After conver-
sion of lactate to pyruvate, aISCs can utilize oxidative
phosphorylation. This co-dependent interaction was
demonstrated by combining chemical inhibition of glycol-
ysis or oxidative phosphorylation pathways with aISC-PC
co-culture.8 Furthermore, aISCs have more mitochondria
than PCs, and reactive oxygen species generation drives
differentiation of aISCs.8 Therefore, mitochondrial number
is another mechanism for aISC self-renewal and lineage
differentiation maintenance. Other articles have demon-
strated that metabolic regulation of ISCs is important for
their self-renewal and proliferation.67–75 However, no
further work has been published to our knowledge that
investigates the metabolic relationship specifically between
ISCs and PCs.
Role of PC in Host-Microbiota Interactions
A multitude of factors work to provide innate immunity

within the SI, including secreted immunoglobulin A, secreted
mucus, bile salts, resident microbes, and intraepithelial T
lymphocytes.76 As a part of the innate immune system, PC-
produced host defense proteins, which are packaged in api-
cal cytoplasmic granules within PCs, are important. PCs co-
ordinate interactions with the intestinal microbiome via
degranulation of these apical granules into the intestinal
lumen.77 After degranulation, PCs can regenerate granules in
less than a day, an impressive feat of robust protein pro-
duction.78 These secreted host defense proteins include
lysozyme, angiogenin 4, secretory phospholipase A2, and a-
defensins, also known as cryptdins in mice.13,77,79–81

Of the PC-secreted antimicrobial proteins, a-defensins are
major contributors to microbiota modulation and are
secreted at high concentrations into the lumen on stimula-
tion.82 Expression of a-defensins increases postnatally and is
highest in the distal SI.83 a-Defensins are small (w4 kDa)
cationic proteins that exhibit disulfide bridges between
cysteine residues, which are important for their antimicrobial
activity.77 Models of PC dysfunction result in decreased
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a-defensin expression and intestinal inflammation, implying
that a-defensins regulate local immune responses to the
microbiota.17,19,84

Pro-a-defensins must undergo cleavage into the active
form after secretion. In humans, the luminal enzyme trypsin
cleaves pro-a-defensins human defensin5 (HD5) and human
defensin6 (HD6) into the active form.85,86 In contrast, the
enzyme required for cleavage of murine pro-a-defensins,
matrix metalloproteinase-7 (MMP7), is packaged in PC
granules of mice and secreted alongside the pro-a-defen-
sins.87 Luminal activation of pro-a-defensins can occur in
the colon but not in the SI of Mmp7 knockout (KO) mice
under homeostatic conditions.88 Therefore, genetic
knockout of Mmp7 can be used as a model for a-defensin-
deficiency in the SI.89–92 Mmp7 KO mice exhibit shifts in the
microbial community of the distal SI as compared with wild-
type littermates89 and have increased susceptibility to
experimental enteric infections.90,91 These studies highlight
the importance of a-defensins in host-microbiota in-
teractions in the SI. For a deeper evaluation of the impact of
PC defensin levels and the role modulating PC function plays
in Crohn’s disease, see a recent review by Yang and Shen.93
Disease
PCs have clear roles in homeostasis of normal intestine.

These cells are also important in a number of different in-
testinal pathologies. Most of the diseases associated with
PCs have been studied in the SI; however, ectopic PCs are
observed in other tissues such as the esophagi of Barrett’s
esophagus patients.94,95 Here we discuss roles PCs may play
in disease states in the gastrointestinal (GI) tract as well as
other organ systems.

Role of PCs in Infections of the GI Tract
PCs are involved in the response to bacterial, viral, and

parasitic GI tract infections.96–99 Degranulation of PCs is
rapidly induced both directly and indirectly by diverse
stimuli including lipopolysaccharide (LPS), cholinergic
stimulation, and interferon gamma.82,100 Degranulation in
response to LPS or bacteria occurs only with apical stimu-
lation of PCs.78 Thus, PCs are able to sense pathogens
entering the crypt lumen and respond rapidly. This supports
the theorized role of PCs in maintaining crypt sterility.
Demonstrating the importance of a-defensin production by
PCs, Mmp7 KO mice exhibit enhanced susceptibility to
salmonellosis,91 whereas transgenic mice expressing HD5
are protected.99 An excellent discussion of the antiviral role
of PCs is presented in Holly and Smith.96

GI infections can alter PC development, suggesting that
host-microbiota crosstalk is also important for lineage
allocation. In Clostridium difficile infection, STAT5 signaling
is required for new PC production from progenitor cells.98

Trichinella spiralis infection also drives production of new
PCs through the action of mucosal associated T cells101 and
pushes older PCs to the borders of the crypt base.97 PCs
represent an important therapeutic target in diverse in-
fections of the GI tract because of PCs’ close relationship
with aISCs and their massive secretory capacity. This
secretory capacity allows for the distribution of high con-
centrations of host proteins into the lumen of the GI tract,
which could be harnessed for local delivery of host-
produced therapeutic peptides.

Role of PCs in Graft-vs-Host Disease
Graft-vs-host disease (GVHD) occurs as a result of allo-

genic stem cell transplantation. Secondary to immune sys-
tem activation in GVHD, aISCs are rapidly targeted for
removal by T cells. PC number also decreases because of the
base of the crypt being targeted by the immune system.102

Reduction in PC number correlates strongly with disease
incidence in patients at risk for GVHD.102 PC loss likely in-
creases the disease severity via multiple mechanisms,
including alterations in protective a-defensins. Decreased
luminal a-defensin concentrations concurrent with PC loss
are associated with an overgrowth of Escherichia coli within
the SI.103 This overgrowth amplifies the severity of the in-
testinal inflammation present in GVHD. Oral administration
of a-defensins partially ameliorates PC loss after transplant
but does not improve long-term survival of affected mice,
suggesting that GVHD severity is not primarily driven by a-
defensin deficiency.104 Pretreatment with R-spondin1 in-
creases aISC and PC numbers in experimental models of
GVHD.104 R-spondin1 treatment also reduces pericryptal T-
cell infiltration, suggesting that R-spondin1 affects immune
cells in addition to epithelial cells.104,105

PC production of the antimicrobial REG3g (the human
homolog of murine Reg3g) is under the control of cytokine
interleukin (IL) 22 (Figure 2).106 REG3g is a potential
biomarker and therapeutic target in GVHD.106 GVHD re-
duces REG3g production by decreasing IL22 pericryptal
signaling.106,107 REG3g depletion can be reversed by post-
transplant administration of IL22, reducing disease
severity. Furthermore, REG3g addition enhances crypt
survival and reduces apoptotic markers cleaved caspase-3
and -8 in an in vitro model of GVHD.106 However, IL22
signaling must be carefully controlled because excess IL22
actually decreases aISC and PC numbers in organoid cul-
ture.108,109 Further work must be done to understand the
fine-tuning required to maintain appropriate PC numbers
and adequate PC products.

Role of PCs in Ileal Crohn’s Disease
Crohn’s disease is a multifactorial, relapsing-remitting

chronic inflammatory disease of the distal ileum and colon.
Genome-wide association studies of Crohn’s disease patients
demonstrate an association of disease prevalence with mu-
tations in key PC genes such as XBP1, ATG16L1, IRE1a, and
NOD2.110 PCs have an expanded ER network and rely on
autophagy for normal PC functions including generation and
exocytosis of granules. Mutations in autophagy related 16
like 1 gene (ATG16L1) are associated with higher levels of ER
stress in PCs and increased mucoadherent bacteria, sug-
gesting a reduction in antimicrobial peptides.111 Other de-
rangements in ATG16L1 function lead to impaired granule
production and exocytosis, as well as an accumulation of
dysfunctional mitochondria.17 Mutations in ATG16L1 have



Figure 2. Paneth cells secrete factors, including IL17A, and are impacted by others, such as IL22 or TNFa, which can
travel through the blood stream and have local and systemic effects. Paneth cells are induced by TNFa to secrete IL17,
which can lead to increased barrier permeability and injury to other organs including kidney and liver. IL22 receptor signaling in
Paneth cells promotes their maturation. However, excess IL22 leads to increased expression of genes associated with ER
stress. Overt loss of Paneth cells is associated with increased incidence of necrotizing enterocolitis, bacterial infections, and
persistent inflammation.
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shown to lead to impaired clearance and accumulation of
IRE1a, which leads to increased sensitivity to ER stress and a
predisposition to ileitis and Crohn’s disease.112 In addition,
mutations in Xbp1 lead to an impaired UPR, causing addi-
tional increases in ER stress.110,113 Because ER stress is
necessary for the maturation and maintenance of PCs, a
balance of this key cellular process must be maintained.32

Alterations in the a-defensin makeup and function from
PCs can lead to decreased host control of the commensal
bacteria population.114 In addition, misfolding of a-defensin
proteins has been associated with ER stress and ileitis in a
mouse model of Crohn’s disease.115

Our current understanding is that as professional
secretory cells, PCs are exquisitely sensitive to disruptions
in their ability to manage misfolding of proteins. This ren-
ders them vulnerable to mutations in genes associated with
UPR or autophagy, often resulting in disruption in produc-
tion of antimicrobial factors and misregulation of the
luminal microbiota. As such, this places PCs as a central
player in the chronic inflammation found in Crohn’s disease,
sometimes referred to as Paneth’s disease.84 However, it is
still not clear whether it is dysfunction of PCs that drives the
development of disease or whether changes in environment
including diet,116 use of antibiotics,117 or the use of to-
bacco118 cause microbial dysbiosis and inflammation,
exacerbating ER stress in PCs as a consequence. Ultimately,
determining the mechanisms that regulate PC allocation and
function and by which PCs regulate their environment re-
mains a priority to understand disease ontology.
As with GVHD, IL22 production is relevant to the pa-
thology of Crohn’s disease. However, in contrast to GVHD,
where IL22 depletion increases the severity of the disease,
elevated IL22 is observed with chronic Crohn’s disease le-
sions.119 This suggests that persistent IL22 exposure im-
pedes long-term recovery.109,119 Furthermore, Powell
et al120 demonstrated that IL22 increases ER stress and
IL22 production inhibition reduces ER stress in Crohn’s
disease patients. Together, IL22 is a viable therapeutic
rheostat for maintenance of PC and ISC populations, as well
as prevention of persistent inflammation.
Role of PCs in Necrotizing Enterocolitis
Necrotizing enterocolitis (NEC) is a GI disease found

predominantly in premature infants defined by intramural
gas present in the intestinal wall and is associated with high
mortality.121 This intramural gas is produced by bacteria
that have colonized the subepithelium after transiting the
epithelial barrier.121 Although NEC’s pathogenesis is multi-
factorial, histologic analysis of tissues from NEC patients has
shown an absence or decreased number of PCs compared
with healthy infants.122,123 Specific ablation of PCs by a zinc
chelator, dithizone, and simultaneous inoculation of the in-
testine with pathogenic bacteria cause NEC-like injury in
rats and mice.124,125 In addition, decreased intestinal
perfusion observed as a result of dithizone-induced loss of
PCs is associated with development of NEC.121,126 Reduced
PC density can result in decreased expression of PC-specific
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a-defensins, which has been associated with NEC.127,128

This lack of PCs in patients with NEC may contribute to or
initiate the pathologic process.

Role of PCs in Systemic Disease: IL17A
Generally, PC products have been identified as protective

of the organism and supportive of the stem cell niche.
However, PCs also produce IL17A, a pro-inflammatory
cytokine (Figure 2).129 IL17A from PCs has been described
in several studies as detrimental to recovery from inflam-
mation in the intestine and in other organ systems.130,131 In
a murine model of alcoholic hepatitis, PC number and IL17A
production increase after chronic alcohol binging, associated
with systemic bacteremia and hepatic inflammation.132

Elevated IL17A loosened the tight junctional network,
leading to increased movement of bacteria and pathogen-
associated molecular patterns (PAMPs) from the luminal
space.132 IL17A was identified as a causal factor for the
persistence of disease, because antibody blockade of IL17A
was sufficient to restore the barrier and ameliorate the
alcohol-induced changes.132 Finally, it was demonstrated
that PCs were the source of the increased IL17A, not Th17
cells.132 Paradoxically, experimental treatment of Crohn’s
disease and ulcerative colitis patients with IL17 or IL17R
neutralizing antibodies led to worsening of disease, sug-
gesting potential beneficial roles for IL17 in intestinal
health.133

In addition to chronic inflammatory states, PC-derived
IL17A is also important in acute organ injury. PC-secreted
IL17A increases the severity of ischemia/reperfusion
injury in the liver.131 After ischemia/reperfusion injury,
isolated intestinal crypts and hepatic portal plasma exhibi-
ted increased IL17A.131 By genetic and pharmacologic
ablation of IL17A and its receptor (IL17R), it was demon-
strated that the increased IL17A originates from PCs.131

Further support for the role of PCs was demonstrated by
decreased IL17A after depletion of PCs in the ischemia/
reperfusion model.131 A similar mechanism of damage by
PC-secreted IL17A was demonstrated in acute kidney injury
subsequent to ischemia/reperfusion.134 Finally, multiple
organ dysfunction secondary to ischemia/reperfusion was
exacerbated by increased IL17A after knockout of TLR9 in
intestinal epithelium.130 Tumor necrosis factor alpha
(TNFa) stimulation increases secretion of IL17A from PCs,
driving TNFa-induced small intestinal damage, and causes
dysfunction of PCs as defined by decreased secretory
granule number, mitochondrial dilation, and accumulation
of autophagic vacuoles.129,135 These findings imply that
secretion of IL17A from PCs is influenced by the local
luminal environment. These studies suggest that control of
PC sourced IL17A may be a therapeutic target in multiple
systemic diseases (Figure 2).

Reversion
In addition, a newer role for PCs and their secretory

progenitors has been demonstrated in the realm of epithe-
lial regeneration after damage. van Es et al55 demonstrated
that DLL1þ secretory progenitor cells contribute to
intestinal epithelial repair after 6 Gy of whole body IR. This
ability to revert to a more stem-like phenotype or reversion
is transient because initiation of lineage tracing 1 day before
IR, but not 5 or 14 days, showed an increased ability to
create ribbons of labeled cells. Similarly, Hayakawa et al21

demonstrated that BHLHA15þ (MIST1) cells, which mark
both mature and immature secretory cells, are able to
contribute to epithelial regeneration when labeled 1 day
before damage. In addition, reversion capacity appears
dependent on the source and extent of damage, because
lineage tracing events were only observed after DXR but not
after treatment with 5-fluoruracil, hydroxyurea, 10 Gy
whole body IR, or diphtheria toxin-induced stem cell loss.21

They demonstrated that this tracing was transient and was
not from mature PCs. These studies suggest that only
immature secretory cells may be able to revert to a stem-
like state.

In contrast, Jones et al22 observed increased numbers of
lineage trace events from mature PCs marked by DEFA4
after DXR treatment. Yu et al23 also observed LYZ1þ mature
PCs contributing to regeneration after 12 Gy IR. With the
increased numbers of lineage tracing from these cells, they
also observed more PCs positive for proliferating cell nu-
clear antigen, a marker of cellular proliferation.23 Finally,
Schmitt et al136 demonstrated c-kitþ/lysozymeþ cells could
be activated with stem cell factor (SCF) to acquire stem cell-
like features. Furthermore, the activated cells formed
enteroids in culture, and reconstitution assays showed that
SCF-treated PCs increased enteroid forming capacity of
Lgr5þ cells.136 SCF treatment increased pGSK3b, leading to
accumulation of cytoplasmic b-catenin and increased
expression of Wnt-responsive genes in PCs, which suggests
that Wnt signaling plays a role in PC conversion.136 How-
ever, constitutive activation of b-catenin in PCs did not
result in reversion of PCs, suggesting that chronic activation
of Wnt signaling is insufficient to cause PCs to acquire stem-
like traits.136 Because PCs are exposed to high levels of Wnt
signaling because of their location in the crypt, it seems
reasonable that initiation of reversion would require addi-
tional signals after intestinal injury.

Multiple studies have demonstrated the importance of
Notch signaling for reversion capacity in PCs. In the studies
by Hayakawa et al21 and Yu et al,23 activated PCs or pro-
genitors after injury showed increased HES1 expression (a
Notch target) and nuclear localization of Notch intracellular
signaling domain, YAP, and pStat3 as a result of Notch
signaling. Overexpression of NICD or Notch in PCs induced
lineage tracing events, increased number of proliferating
PCs, and loss of secretory cells.21–23 However, treatment
with a Notch inhibitor (DBZ) or knocking out ADAM10 in
PCs prevented PC-derived lineage tracing events.21,22 These
studies provide compelling evidence for the necessity of the
Notch pathway in the ability of PCs and secretory pro-
genitors to reacquire a stem-like state.
Conclusions
Even though more than 100 years have passed since the

discovery of PCs, we still do not fully understand the
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influence and importance of PCs both within the intestine
and systemically. Under homeostatic conditions, PCs
contribute numerous products, including Wnts, cellular
metabolites, and even traditional antimicrobial products, to
the normal function of aISCs. Deletion or dysfunction of PCs
promulgates diseases of the SI and can be associated with
loss or dysregulation of aISCs. Although PCs are considered
relatively long-lived quiescent cells, recent evidence sug-
gests some degree of PC plasticity, allowing them to regain
stem-like characteristics and contribute to epithelial
regeneration. Future work in understanding the role of the
PC in maintaining the commensal microbiota, as well as
aiding in the maintenance of the intestinal crypt, will pro-
vide valuable therapeutic targets to mitigate disease states
where PC dysfunction may play a role.
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