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Innate lymphoid cells (ILC) are lymphocytes lacking
rearranged antigen receptors such as those ex-
pressed by T and B cells. ILC are important effector
and regulatory cells of the innate immune system,
controlling lymphoid organogenesis, tissue inflam-
mation, and homeostasis. The family of ILC consists
of cytotoxic NK cells and the more recently described
noncytotoxic group 1, 2, and 3 ILC. The classification
of noncytotoxic ILC—in many aspects—mirrors that
of T helper cells, which is based on the expression of
master transcription factors and signature cytokines
specific for each subset. The IL-22 producing RORgtþ

ILC3 subset was recently found to be critical in the
prevention of intestinal graft-versus-host disease
(GVHD) following allogeneic hematopoietic cell trans-
plantation (HCT) via strengthening the intestinal
mucosal barrier. In this review, we summarize the
current view of the immunological functions of
human noncytotoxic ILC subsets and discuss the
potentially beneficial features of IL-22 producing
ILC3 in improving allo-HCT efficacy by attenuating
susceptibility to GVHD. In addition, we explore the
possibility of other ILC subsets playing a role in
GVHD.

Abbreviations: Ahr, aryl hydrocarbon receptor; AMP,
antimicrobial peptide; GVHD, graft-versus-host dis-
ease; HCT, hematopoietic cell transplantation; IFN,
interferon; ILC, innate lymphoid cells; ISC, intestinal
stem cells; KLRG1, killer cell lectin-like receptor
subfamily G member 1; LTi, lymphoid tissue inducer;
NCR, natural cytotoxicity receptor; TNF, tumor necro-
sis factor; TSLP, thymic stromal lymphopoietin
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Development and Classification of ILC
Subsets

Innate lymphoid cells (ILC) are effector cells contributing to

the early immune responses against microbes (1), stimu-

lating tissue regeneration (2) and strengthening the

epithelial barrier at mucosal surfaces (3). A detailed

description of the tissue-specific functions of the human

ILC subsets have recently been provided elsewhere (4).

The family of ILC includes the cytotoxic natural killer (NK)

cells, as known since the 1970s for their ability to kill target

cancer cells and produce interferon (IFN)-g. In addition to

NK cells, three major subsets of noncytotoxic ILC have

been described during the last decade. The classification of

these noncytotoxic ILC into group 1, 2, and 3 ILC is based on

their expression of specific transcription factors and

cytokine secretion profiles largely reflecting the Th1/Th2/

Th17 subsets (Figure 1) (5). Additionally, ILC subsets are

defined by the expression pattern of certain cell surface

proteins, which are partly different in humans and in mice

(Table 1).

ILC show lymphoid morphology but lack rearranged

antigen-specific receptors and lineage markers associated

with other lymphocytes such as T and B cells. Alike these

latter cell types, ILC develop from the common lymphoid

progenitor (CLP). However, in contrast to T and B cells, ILC

critically depend on the transcriptional repressor Id2 for

commitment to the ILC lineage (6). The Id2-dependent ILC

progenitor (ILCp) or common innate lymphoid progenitor

(CLIP) gives rise to all ILC subsets including NK cells.

Furthermore, as a progenitor of ILC1, ILC2, and ILC3, the

common helper-like innate lymphoid progenitor (CHILP)

was identified, which depends on the transcription factors

PLZF, GATA3, NFIL-3, and Notch (6,7). The development of

human ILC and their progenitor(s) are less well character-

ized. However, recently, the human progenitor of IL-22

producing ILC3 was described as RORgtþ CD34þ hemato-

poietic stem cells selectively residing in the tonsil and

intestinal lamina propria (8).

Recent observations associate one specific ILC subset, the

IL-22 producing ILC3, with reduced sensitivity to graft-

versus-host disease (GVHD) after allo-hematopoietic cell

transplantation (HCT) (9,10). Hence, this review provides an

overview of the noncytotoxic ILC: ILC1, ILC2, and ILC3,

with particular focus on the IL-22 producing ILC3 as

potential players in the prevention of GVHD.
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ILC Subsets

ILC1
Group 1 ILC, similarly to NK and CD8þ T cells, depend on T-

bet and produce IFN-g and TNFa in response to IL-12 and IL-

18 stimulation.

In humans, based on IL-7Ra (CD127) expression, two ILC1

populations can be distinguished. The intraepithelial

CD127� ILC1, found in the human intestine, express

CD56, CD94, NKp44, and CD103. This cytotoxic ILC1

subset exists in mouse as well, where it was found to

express CD160 and NKp46 but not CD103. Furthermore,

this subset was NFIL-3-, and T-bet-dependent and IL-15-

responsive (11). Importantly, these cells, although cytotox-

ic, were shown to be distinct from NK cells as they also

developed in il15r�/� mice lacking NK cells.

The second subgroup of ILC1 in humans, the CD127þ ILC1

was found in the inflamed human gut lamina propria, and do

not express CD56, CD94, and NKp44 (12). In the mouse,

another CD127þ T-betþ NKp46þ Eomes� non-NK ILC1

lineage was identified (13). This particular ILC1 subset

showed poor cytotoxicity, but was the major producer of

IFN-g and TNF in response to Toxoplasma gondii intestinal

infection.

Figure 1: The human ILC subsets. The

classification of human innate lymphoid cells

into group 1–3 ILC is based on their expression of

specific transcription factors and cytokine

production profiles. ILC, innate lymphoid cells;

IFN, interferon; NCR, natural cytotoxicity

receptor; TNF, tumor necrosis factor; TSLP,

thymic stromal lymphopoietin.

Table 1: Cell surface phenotype of human and mouse ILC subsets

CD127� ILC CD127þ ILC1 ILC2 NCR� ILC3 NCRþ ILC3

human mouse human mouse human mouse human mouse human mouse

CCR6 � � + � +/� � +/� + �
CD4 � � � � � � � þ/� � �
CD7 ND ND þ ND þ ND þ ND þ ND

CD25 ND ND � � þ þ � þ � ND

CD56 þ NA � NA � � � NA þ/� NA

CD90 ND ND ND ND ND þ ND þ ND þ
CD94 þ NA � NA � NA � � � þ/�
CD103 þ � � � � � ND ND � ND

CD117 � � � � þ/� þ þ þ þ þ
CD127 � � þ þ þ þ þ þ þ þ
CD161 þ � þ � þ � þ � þ �
CRTH2 � ND � ND þ þ � ND � ND

ICOS � ND � ND þ þ ND � þ �
IL-1bR ND ND þ þ þ ND þ þ þ þ
IL-12RB ND ND þ þ � � � � � �
IL-23R ND ND � � � ND þ þ þ þ
NKp44 þ NA � NA � NA � NA þ NA

NKp46 � þ � � � � � � þ þ
Sca1 NA ND NA ND NA þ NA þ NA ND

ST2 � � � � þ þ � � � �
NCRþ refers to NKp44þ ILC3 in human and NKp46þ ILC3 in mouse. Expression level of the cell surface markers is displayed as follows: þ
indicates high expression, � indicates no expression, þ/� indicates bimodal expression. ND indicates that expression level is not defined

and NA indicates that the marker is not applicable in the respective species.
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ILC1 are most probably involved in inflammation by

producing IFN-g upon sensing epithelial and myeloid cell-

derived danger signals. Both CD127� and CD127þ ILC1 are

highly accumulated in the inflamed ileum of Crohn’s

disease patients, potentially contributing to the pathogene-

sis of gut inflammation (11,12).

ILC2
ILC2 secrete type 2 cytokines; IL-4, IL-5, IL-9, and IL-13 in

response to IL-33, IL-25, and thymic stromal lymphopoietin

(TSLP) (14–16). Additionally, ILC2 produce amphiregulin,

which is crucial in tissue regeneration (2). For the

development and function of human and mouse ILC2,

the transcription factors GATA3 and RORa are essen-

tial (17). In the peripheral blood, the majority of CD127þ ILC

are ILC2, additionally, group 2 ILC have been found in the

healthy human lung (2,18) and in the skin (19,20). An

updated view on ILC2 function in pulmonary and dermal

inflammatory diseases is provided elsewhere (21). In

humans, ILC2 are abundant in nasal polyps of patients

with chronic rhinosinusitis (CRS) and in bronchoalveolar

lavage (BAL) of idiopathic pulmonary fibrosis patients

(18,22). In the skin, increased presence of ILC2 is asso-

ciated with atopic dermatitis both in human and mouse

as reviewed elsewhere (21). Furthermore, ILC2 were

identified in the mouse adipose tissue regulating fat

metabolism (14).

ILC3
Group 3 ILC are characterized by IL-22 and IL-17 secretion in

response to IL-23 and IL-1b stimulation (5,23,24). ILC3

express the transcription factor RORgt, and the develop-

ment of mouse ILC3 depends on RORgt, Notch, and Tcf1,

as recently summarized elsewhere (6). Additionally, the

transcription factor aryl hydrocarbon receptor (Ahr) is crucial

in themaintenance and function of ILC3 (4). The first subset

of ILC3 to be described was the lymphoid tissue inducer

(LTi) cells, essential for proper lymph node formation during

embryogenesis and for the formation of lymphoid follicles in

the postnatal intestine, as extensively reviewed else-

where (25). Human ILC3 can be further divided into two

subsets based on expression of the natural cytotoxicity

receptor (NCR) NKp44. NCRþ ILC3 are cellular sources of

the tissue protective cytokine IL-22 (4). Additionally,

engagement of NKp44 triggers TNF release providing a

pro-inflammatory function for NCRþ ILC3 (26). The NCR�

ILC3 secrete little IL-22 but do produce IL-17, similarly to

the LTi-like ILC3 in the mouse (25). In the mouse, the ILC3

populations are differentially defined. Murine a4b7þ

progenitors give rise to CCR6þ T-bet� ILC3, such as LTi

cells, which heterogeneously express CD4. The a4b7�

ILC3 progenitors depend on AhR for their development into

CCR6� T-betþ ILC3, which may or may not express the

NCR NKp46 (5).

NCR� ILC3 make up one of the most frequent ILC subsets

in the humanperipheral blood,whileNCRþ ILC3 are virtually

absent in the circulation during homeostasis (20). Impor-

tantly, the healthy human intestine hosts dominantly NCRþ

ILC3,which have been shown to be essential inmaintaining

gut homeostasis (1). The signature cytokine of NCRþ ILC3

is IL-22, a cytokine belonging to the IL-10 cytokine family.

Exceptionally among cytokines, IL-22 does not target

immune cells, but stromal cells and epithelial cells at

physical barriers, such as skin, gut, and liver (27). Mouse

studies established a crucial role for IL-22 in gut homeosta-

sis, since ILC3-derived IL-22 protected against Citrobacter

rodentium–induced colitis (1). Furthermore, IL-22-produc-

ing ILC3 in the gut were found to control anatomical

containment of commensal bacteria, thereby protecting

against intestinal inflammation (28). Intestinal epithelial

cells express the IL-22 receptor (IL-22R) and IL-22 directly

induces production of the Reg family of antimicrobial

proteins (AMPs) (29). Reg3b and Reg3g are important

regulators of epithelial barrier function and control

the microbial colonization at epithelial surfaces. Further

notions on how ILC3 and other ILC subsets may control

intestinal homeostasis and inflammation are discussed

elsewhere (27).

Interestingly in the skin, accumulation of IL-22 producing

NCRþ ILC3 is linked to dermal inflammation in psoriasis

patients (21).

Development of GVHD

The only curative treatment for hematologic malignancies

nonresponding to induction chemotherapy is allogeneic

HCT. However, alloreactive donor T cells can attack vital

organs by recognizing recipient antigens, which leads to

development of GVHD. The occurrence of GVHD is the

major limiting factor in the therapy success of HCT and

represents high morbidity and mortality. Prior to HCT,

patients with malignant hematological disorders receive

conditioning chemotherapy and radiotherapy in order to

cytoreduce the malignancy and to deplete the nonmalig-

nant host immune system to avoid rejection of the

transplant. However, conditioning chemotherapy affects

not only the immune cells but also the rapidly proliferating

epithelial cells lining the mucosal barrier of the gastro-

intestinal tract and the skin (30). The consequence of

compromised barrier function is uncontrolled spreading of

commensal bacteria and tissue injury, which may further

stimulate donor alloreactive T cells, and thereby aggravate

tissue damage in the gut, skin, and liver (31). This syndrome

is clinically recognized as acute (a)GVHD, which typically

occurswithin the first 3months after transplantation.Major

characteristics of aGVHD are activated antigen-presenting

cells (APC), pro-inflammatory cytokine milieu, and en-

hanced recruitment and activation of effector T cells.

Gastrointestinal aGVHD or mucositis is an especially

important component of transplant morbidity andmortality,

since it cannot be efficiently controlled by immunosuppres-

sive corticosteroid therapy (32). Notably, the colonic

ILC in GVHD
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mucosal tissue alterations of GVHD patients were reminis-

cent of chronic inflammatory bowel disease (33). The

currently existing therapy of aGVHD focuses exclusively on

the donor or graft immune responses against the recipient

tissue (31) but the host responses during GVHD and the

recipient-specific potential therapeutic target mechanisms

are very poorly understood. Additionally, the regulation of

recipient GVHD sensitivity has not been addressed yet.

Potential of IL-22 Producing ILC3 in GVHD
Therapy

Lessons from mouse studies
The critical involvement of ILC in GVHD immunity was

evidenced for the first time in a mouse model of acute

intestinal GVHD,where IL-22 producing ILC3were found to

attenuate GVHD (9). In particular, host IL-22 deficiency

resulted in increased incidence and severity of GVHD with

excessive epithelial cell apoptosis and disrupted intestinal

mucosal barrier. Furthermore, GVHD caused the most

significant damage to the intestinal stem cells (ISC), which

was even more pronounced in case of host IL-22

deficiency. ISC are located at the base of the intestinal

epithelial crypts between Paneth cells and ISC are able to

generate the whole crypt-villus structures in vivo and in

vitro (34). The authors identified IL-22R expression on ISC

and epithelial progenitor cells, which—together with

mature intestinal epithelial cells—produce antimicrobial

proteins Reg3b and Reg3g in response to IL-22 (29). In

IL-22-deficient host mice, Reg3b and Reg3g mRNA was

dramatically reduced which was associated with increased

epithelial damage and loss of intestinal stem cells (9). Thus,

IL-22 appears as a crucial host-derived factor modulating

susceptibility to GVHD (Figure 2). The known cellular

sources of IL-22 are T cells and ILC3 and very recently an

IL-22 reporter mouse revealed that the major and most

stable IL-22-producing cells are the NKp46� CD4� ILC3,

while only a minority of NKp46þ ILC3 expressed IL-22 (35).

In line with these recent findings, only IL-22 produced by

the IL-23-responsive RORgtþ CCR6þ NKp46� ILC3 proved

to be essential in the protection against GVHD (9).

Importantly, intestinal IL-22 producing ILC3 were of

recipient origin, as being radio-resistant they persisted

following lethal conditioning radiotherapy, bone marrow

transplantation, and even after donor T cell reconstitution in

the lamina propria.

The significance of ILC3-derived IL-22 after immunodeple-

tion was also shown in the enhanced regeneration of

thymic epithelial cells and in the reconstitution of thymic T

cell compartments (36). The identified cellular cascade

after thymic injury consisted of upregulation of radio-

resistant CD103þ DCs providing IL-23, which in turn

stimulated IL-22 release from RORgtþ CCR6þ NKp46�

LTi cells in the thymus. This supported proliferation and

recovery of the epithelial microenvironment and boosted

thymopoiesis.

Lessons from human studies
Recently, human peripheral blood ILC recovery was

followed longitudinally in acute myeloid leukemia (AML)

patients after induction chemotherapy and allogeneic

HCT (10). Human ILC were depleted after induction and

conditioning chemotherapy and their complete reconstitu-

tion post-HCT required more than 6 months. Reconstituted

ILC were donor-derived and all ILC subsets showed

higher expression of the activation marker CD69 and the

proliferation marker Ki-67 as compared to ILC from healthy

individuals’ blood. Already after induction chemotherapy,

but prior to allogeneic HCT, ILC2 and ILC3 subsets showed

a dichotomy in CD69 expression. Patients with increased

expression of gut-homingmarkers on CD69high ILC showed

lower incidence of intestinal GHVD. Additionally, NCRþ

ILC3 appeared rapidly in the peripheral blood after HCT,

while this ILC subset is absent in the circulation under

homeostatic conditions. Notably, 12 weeks after HCT, the

circulatingNCRþ ILC3 countwas highest in patients that did

not develop GVHD. Further associations were observed

between the phenotype of reconstituted ILC and the

development of aGVHD; (1) the activated CD69high ILC

subsets expressed more homing markers for gut (a4b7,
CCR6) and skin (CLA, CCR10), (2) the appearance of

CD69high ILC, especially NCRþ ILC3, lowered the incidence

of aGVHD after HCT (Figure 2). In contrast, patients with a

Figure 2: NCR+ ILC3-derived IL-22 protects againstGVHDafter

HCT. Conditioning chemotherapy causes damage to the intestinal

crypt stem cells (ISC) and to the epithelial progenitors, which, via

activation of alloreactive T cells, leads to intestinal GVHD (right

panel). After HCT, NCRþ ILC3 expressing CD69 and the gut-

homing markers a4b7, CCR6 appear in the circulation most

probably via upregulation of IL-23. The activated NCRþ ILC3

produce IL-22, which is required for the expression of antimicrobial

peptides (AMPs) by the ISCs and the epithelial progenitors. AMPs

limit the tissue damage caused by conditioning chemotherapy and

immune depletion (left panel). Additionally, there are clues for an

association between protection against GVHD and ILC2 and NCR�

ILC3 subsets, however, in a yet uncharacterized manner. NCR,

natural cytotoxicity receptor; ILC, innate lymphoid cells; GVHD,

graft-versus-host disease; HCT, hematopoietic cell transplantation.
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more na€ıve ILC phenotype, lacking expression of gut- and

skin-homing markers, more frequently developed intestinal

aGVHD (10).

These findings point toward an important role of IL-22

producing ILC3 in preventing GVHD development in

humans and are in line with previous observations in a

mouse model of acute intestinal GVHD (9,10). It is very

likely that IL-22 producing NCRþ ILC3, as epithelial tissue

protecting cells, are crucial in the reintegration of mucosal

barriers after immune depletion and allogeneic HCT.

Thereby, NCRþ ILC3 suppress further tissue damage,

alloreactive T cell activation and the occurrence of GVHD

(Figure 2) (31). Furthermore, IL-22 cytokine-based therapy

has already been considered for prevention of GVHD and

lung transplantation complications (37). The active status

and gut/skin homing receptor expression of ILC, especially

the IL-22-producing ILC3, seems to minimize GVHD

development following HCT. Therefore, screening patients

for activation molecules and homing integrins on ILC3 prior

to allogeneic HCT can be critical in anticipating the patient’s

sensitivity to subsequent GVHD. In case that this associa-

tion between ILC3 and susceptibility to GVHD is further

confirmed in future independent cohorts, supplying acute

myeloid leukemia patients with IL-22 or IL-22-producing

ILC3 might be a mean to prevent GVHD. IL-22 could be a

relatively safe target in enhancing mucosal healing, since it

does not directly affect immune cell functions. However,

possible adverse effects might occur, for example, due

to dysregulated responses of keratinocytes in the

skin (20,37). Of note, in an earlier large-scale clinical study

investigating human gastrointestinal GVHD risk factors,

Reg3a protein was identified as indicator of higher

incidence for developing GVHD after allo-HCT (38). As

mentioned previously, the antimicrobial Reg3 proteins are

downstream of IL-22/IL-22R pathway, mainly produced by

epithelial cells and ISC. This finding suggests possible

differences in the underlying mechanism of GVHD devel-

opment in mouse and human.

Possible Roles for Other ILC Subsets in
GVHD

In the above mentioned study, in the patients that did not

develop GVHD, not only the NCRþ ILC3, but all circulating

ILC subsets expressed high levels of the activation marker

CD69 andeither skin- or gut-homing integrinmolecules (10).

This suggests that ILC1, ILC2, and the NCR� ILC3 might

also be associated with protection against GVHD. Particu-

larly, the CD69high ILC2 and NCR� ILC3 subsets expressed

significantly higher levels of the gut-homingmarker a4b7 in
patients without GVHD. However, the authors stated that

further larger cohorts are necessary for studying the

relation between these ILC subsets and GVHD sensitivity.

Theoretically, these ILC subsets and their released

cytokines and other mediators might also contribute to

the GVHD pathology.

ILC2 in GVHD

Mouse studies based on Th2 cells provided evidence for a

protective role for type 2 cytokines, such as IL-4, IL-5, IL-9,

and IL-13, in GVHD (31). These cytokines are also

extensively produced by ILC2. All together, variable effects

had been reported about Th2 cytokines. Interestingly, at

least in mice, ILC2 produce the EGF-related factor

amphiregulin, which was shown to trigger epithelial tissue

repair and restore lung tissue homeostasis after influenza

virus infection (2). This notion suggests that ILC2 could

possibly affect the sensitivity to GVHD via boosting

epithelial cell regeneration after the conditioning therapy-

induced tissue damage. However, the experimental data

that support such a role of ILC2 in GVHD development are

still missing.

NCR� ILC3 in GVHD

NCR� ILC3 and NCRþ ILC3 produce IL-17. In mouse

models of GVHD, IL-17 produced by Th17 cells turned out

to be sufficient but not necessary to induce GVHD (31).

Notably, IL-17 contributed to the early development of

CD4þ T cell-mediated GVHD by triggering pro-inflammatory

cytokines. Elsewhere, adoptive transfer of Th17 cells

resulted in lethal GVHD, which was dependent on TNF-a
and IL-17 production. In contrast, selective depletion of

Th17 cells by targeting the Th17-specific RORgt transcrip-
tion factor did not affect theGVHDdevelopment in amouse

model. There is no direct evidence for a role of NCR� ILC3-

derived IL-17, but based on the reports about Th17 cells,

IL-17might not be crucially involved in theGHVDpathology.

Conclusions and Perspectives

Despite advances in our understanding andmanagement of

allogeneic hematopoietic cell transplantation immunology

field, GVHD remains the major challenge and limitation of

allogeneic HCT therapy. Besides mainly focusing on the

donor immune system, the role of host defense responses

is becoming increasingly recognized. Recent reports

described the central importance of recipient sensitivity

to developing acute intestinal GVHD that is dictated by the

homeostatic status of the gut epithelial tissue. Conditioning

chemo- and radiotherapy causes damage to the intestinal

epithelial crypts and the epithelial progenitor cells, which

are responsible for regenerating the entire gut mucosal

lining. Group 3 ILC have recently been identified as

sentinels of the intestinal epithelial crypts via production

of IL-22, a cytokine that is crucial in maintaining epithelial

cell integrity. It has turned out that the appearance of

activated human ILC3 in the circulation positively correlates

with enhanced protection against GVHD development after

HCT. There is a strong reason to believe that the IL-22

producing ILC3 are able to diminish the risk for GVHD by

triggering the regeneration of the intestinal mucosa. Future

ILC in GVHD
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research should dissect the exact contribution of ILC3 and

possibly also other ILC subsets in GVHD immunology.

Additionally, larger clinical studies are required for confirm-

ing the critical importance of ILC in regulating GVHD

susceptibility.

Outstanding Questions:

(1) What regulates the appearance of NCR+ ILC3 in the

blood circulation after conditioning chemotherapy?

(2) Besides IL-22 which other NCR+ ILC3-derived factors

might be important in the prevention against GHVD

after allo-HCT?

(3) Are ILC1 and ILC2 involved in the development of

GVHD?

Acknowledgments

This project has received funding from the European Union’s Horizon 2020

research and innovation program under the Marie Sklodowska-Curie grant

agreement No 655677 to V.K. Additional financial support was provided by

the Austrian Science Fund FWF (grant P25531-B23) to V.K., and by the

Swedish Research Council and the Swedish Society forMedical Research to

J.M.

Disclosure

The authors of this manuscript have no conflicts of interest

to disclose as described by the American Journal of

Transplantation.

References

1. Satoh-Takayama N, Vosshenrich CA, Lesjean-Pottier S, et al.

Microbial flora drives interleukin 22 production in intestinal

NKp46þ cells that provide innate mucosal immune defense.

Immunity 2008; 29: 958–970.

2. Monticelli LA, Sonnenberg GF, AbtMC, et al. Innate lymphoid cells

promote lung-tissue homeostasis after infection with influenza

virus. Nat Immunol 2011; 12: 1045–1054.

3. Sonnenberg GF, Fouser LA, Artis D. Border patrol: Regulation of

immunity, inflammation and tissue homeostasis at barrier surfaces

by IL-22. Nat Immunol 2011; 12: 383–390.

4. HazenbergMD, Spits H. Human innate lymphoid cells. Blood 2014;

124: 700–709.

5. Spits H, Artis D, Colonna M, et al. Innate lymphoid cells-a proposal

for uniform nomenclature. Nat Rev Immunol 2013; 13: 145–

149.

6. Diefenbach A, Colonna M, Koyasu S, Development, differentia-

tion, and diversity of innate lymphoid cells. Immunity 2014; 41:

354–365.

7. Constantinides MG, McDonald BD, Verhoef PA, Bendelac A.

A committed precursor to innate lymphoid cells. Nature 2014; 508:

397–401.

8. Montaldo E, Teixeira-Alves LG, Glatzer T, et al. Human

RORgammat(þ)CD34(þ) cells are lineage-specified progenitors

of group 3 RORgammat(þ) innate lymphoid cells. Immunity 2014;

41: 988–1000.

9. Hanash AM, Dudakov JA, Hua G, et al. Interleukin-22 protects

intestinal stem cells from immune-mediated tissue damage and

regulates sensitivity to graft versus host disease. Immunity 2012;

37: 339–350.

10. Munneke JM, Bjorklund AT, Mjosberg JM, et al. Activated innate

lymphoid cells are associatedwith a reduced susceptibility to graft-

versus-host disease. Blood 2014; 124: 812–821.

11. Fuchs A, Vermi W, Lee JS, et al. Intraepithelial type 1 innate

lymphoid cells are a unique subset of IL-12- and IL-15-responsive

IFN-gamma-producing cells. Immunity 2013; 38: 769–781.

12. Bernink JH, Peters CP, Munneke M, et al. Human type 1 innate

lymphoid cells accumulate in inflamed mucosal tissues. Nat

Immunol 2013; 14: 221–229.

13. Klose CS, Flach M, Mohle L, et al. Differentiation of type 1 ILCs

from a common progenitor to all helper-like innate lymphoid cell

lineages. Cell 2014; 157: 340–356.

14. Moro K, Yamada T, Tanabe M, et al. Innate production of T(H) 2

cytokines by adipose tissue-associated c-Kit(þ) Sca-1(þ) lymphoid

cells. Nature 2010; 463: 540–544.

15. Neill DR, Wong SH, Bellosi A, et al. Nuocytes represent a new

innate effector leukocyte that mediates type-2 immunity. Nature

2010; 464: 1367–1370.

16. Price AE, Liang HE, Sullivan BM, et al. Systemically dispersed

innate IL-13-expressing cells in type 2 immunity. ProcNatl Acad Sci

USA 2010; 107: 11489–11494.

17. Mjosberg J, Bernink J, Golebski K, et al. The transcription factor

GATA3 is essential for the function of human type 2 innate

lymphoid cells. Immunity 2012; 37: 649–659.

18. Mjosberg JM, Trifari S, Crellin NK, et al. Human IL-25- and IL-33-

responsive type 2 innate lymphoid cells are defined by expression

of CRTH2 and CD161. Nat Immunol 2011; 12: 1055–1062.

19. Kim BS, Siracusa MC, Saenz SA, et al. TSLP elicits IL-33-

independent innate lymphoid cell responses to promote skin

inflammation. Sci Transl Med 2013; 5: 170ra16.

20. Teunissen MB, Munneke JM, Bernink JH, et al. Composition of

innate lymphoid cell subsets in the human skin: Enrichment of

NCR(þ) ILC3 in lesional skin and blood of psoriasis patients.

J Invest Dermatol 2014; 134: 2351–2360.

21. Mjosberg J, Eidsmo L. Update on innate lymphoid cells in atopic

and non-atopic inflammation in the airways and skin. Clin Exp

Allergy 2014; 44: 1033–1043.

22. Hams E, Armstrong ME, Barlow JL, et al. IL-25 and type 2 innate

lymphoid cells induce pulmonary fibrosis. Proc Natl Acad Sci USA

2014; 111: 367–372.

23. Eberl G,MarmonS, SunshineMJ, Rennert PD, Choi Y, LittmanDR.

An essential function for the nuclear receptor RORgamma(t) in the

generation of fetal lymphoid tissue inducer cells. Nat Immunol

2004; 5: 64–73.

24. Cupedo T, Crellin NK, Papazian N, et al. Human fetal lymphoid

tissue-inducer cells are interleukin 17-producing precursors to

RORCþ CD127þ natural killer-like cells. Nat Immunol 2009; 10:

66–74.

25. Spits H, Cupedo T. Innate lymphoid cells: Emerging insights in

development, lineage relationships, and function. Annu Rev

Immunol 2012; 30: 647–675.

26. Glatzer T, Killig M, Meisig J, et al. RORgammat(þ) innate

lymphoid cells acquire a proinflammatory program upon engage-

ment of the activating receptor NKp44. Immunity 2013; 38: 1223–

1235.

27. Sonnenberg GF. Regulation of intestinal health and disease by

innate lymphoid cells. Int Immunol 2014; 26: 501–507.

Konya and Mj€osberg

2800 American Journal of Transplantation 2015; 15: 2795–2801



28. Sonnenberg GF, Monticelli LA, Alenghat T, et al. Innate lymphoid

cells promote anatomical containment of lymphoid-resident

commensal bacteria. Science 2012; 336: 1321–1325.

29. Sanos SL, Vonarbourg C, Mortha A, Diefenbach A. Control of

epithelial cell function by interleukin-22-producing RORgammatþ
innate lymphoid cells. Immunology 2011; 132: 453–465.

30. Keefe DM, Brealey J, Goland GJ, Cummins AG. Chemotherapy for

cancer causes apoptosis that precedes hypoplasia in crypts of the

small intestine in humans. Gut 2000; 47: 632–637.

31. Blazar BR, Murphy WJ, Abedi M. Advances in graft-versus-host

disease biology and therapy. Nat Rev Immunol 2012; 12: 443–

458.

32. Hill GR, Ferrara JL. The primacy of the gastrointestinal tract as a

target organ of acute graft-versus-host disease: Rationale for the

use of cytokine shields in allogeneic bone marrow transplantation.

Blood 2000; 95: 2754–2759.

33. Asplund S, Gramlich TL. Chronic mucosal changes of the colon in

graft-versus-host disease. Mod Pathol 1998; 11: 513–515.

34. Sato T, Vries RG, Snippert HJ, et al. Single Lgr5 stem cells build

crypt-villus structures in vitro without a mesenchymal niche.

Nature 2009; 459: 262–265.

35. Ahlfors H,Morrison PJ, Duarte JH, et al. IL-22 fate reporter reveals

origin and control of IL-22 production in homeostasis and infection.

J Immunol 2014; 193: 4602–4613.

36. Dudakov JA, Hanash AM, Jenq RR, et al. Interleukin-22 drives

endogenous thymic regeneration in mice. Science 2012; 336: 91–

95.

37. Sabat R, Ouyang W, Wolk K. Therapeutic opportunities of the IL-

22-IL-22R1 system. Nat Rev Drug Discov 2014; 13: 21–38.

38. Ferrara JL, Harris AC, Greenson JK, et al. Regenerating islet-

derived 3-alpha is a biomarker of gastrointestinal graft-versus-host

disease. Blood 2011; 118: 6702–6708.

ILC in GVHD

2801American Journal of Transplantation 2015; 15: 2795–2801


