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Adaptive and innate immune cells have typically been

functionally and temporally segregated even though they share

a number of salient features. Over the past decade, significant

advances have been made in understanding the composition

and diversity of both innate and adaptive cell populations. This

has shed light on how cells from two distinct pathways are so

highly complementary. Innate lymphoid cells (ILCs) are

pivotally positioned in tissues to form a stable population akin

to tissue-resident T cells that protects the body. Nevertheless,

the pathway by which different lymphocytes enter tissues,

terminally differentiate and are replenished to maintain

populations remains incompletely understood. Recent

evidence challenges our assumptions about the sedentary

lifestyles of so called ‘tissue-resident cells’ and pushes us to

consider their roles in orchestrating protection of the immune

system beyond the classical models.

Addresses
1Division of Immunology, The Walter and Eliza Hall Institute of Medical

Research, 1G Royal Parade, Parkville, Melbourne 3052, Australia
2Department of Medical Biology, University of Melbourne, Melbourne

3010, Australia

Corresponding author: Belz, Gabrielle T (belz@wehi.edu.au)

Current Opinion in Immunology 2019, 58:53–59

This review comes from a themed issue on Special section on pre-

commited lymphocytes

Edited by Alexander Y Rudensky

For a complete overview see the Issue and the Editorial

Available online 21th May 2019

https://doi.org/10.1016/j.coi.2019.04.008

0952-7915/Crown Copyright ã 2019 Published by Elsevier Ltd. All

rights reserved.

Introduction
Immune cells are largely concentrated in primary and sec-

ondary lymphoid tissues,but it is increasinglyclear thatavast

number of lymphocytes can accumulate in non-lymphoid

tissues even at steady-state. These cells affect critical func-

tions in maintaining immune homeostasis together with

mediation of responses to infectious or inflammatory stimuli.

‘Tissue residency’ refers to immune cells that establish in

the tissue parenchyma or stroma where they can reside for

an extended period of time without moving from tissue to
www.sciencedirect.com 
tissue. Demarcating immune cells into ‘tissue-resident’

versus ‘circulating’ cells provides a framework for defin-

ing two patterns of immune cell behavior matching the

specialized functions of these cells. Circulating cells

move between the blood and secondary lymphoid tissues,

while tissue-resident immune cells move between the

blood and nonlymphoid tissues thereby establishing long-

term within the peripheral compartments. Tissue-resi-

dency implies that cells are relatively fixed or static in

tissues providing a mechanism by which immune surveil-

lance can be effectively executed through sampling of

constituents of the blood or lymph that filter through

organs. This makes them potent controllers of infection at

the point of entry of infectious organisms to the body and

provides a time and energy efficient method of eliminat-

ing pathogens.

The classic paradigm in immunology involves innate

immune cells residing at barriers and in tissues mediating

front-line defense, while adaptive cells undergo a series of

triggers to arm them with effector molecules and migra-

tory potential to continuously patrol for pathogen inva-

ders and recruit the larger secondary army. This was

challenged when it was discovered that some T cells

remained in non-lymphoid tissues for much longer than

anticipated [1,2] and this retention was governed by

specific interactions between lymphocyte receptors and

the extracellular matrix [3]. These initial studies ushered

a number of elegant studies [4–7] that demonstrated that

TRM are both located, and functionally different from,

effector and memory cells allowing CD8+ T cells to

establish their weaponry alongside innate cells at the

frontier of tissue invasion.

The concept of tissue-residency initially emerged from

studies of a distinct subset of CD8+memory T cells which

develop within the affected tissues following a primary

infection or insult and do not spread beyond this point or

contribute to the circulating pool [4]. Now, it has become

increasingly clear that other immune cell types exhibit

tissue-residency and establish relatively stable popula-

tions within non-lymphoid tissues. For example, tissue-

resident regulatory T cells (Tregs) have been defined and

these cells exhibit a different transcriptome from other

non-lymphoid tissue Treg populations and accumulate as

animals age [8]. Deeper investigation revealed that this

population of Tregs undergo an unexpected multi-step

maturation program that relies on priming in the

spleen before exiting the lymphoid tissue and establish-

ing in non-lymphoid tissues accompanied by a final
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diversification in the visceral adipose tissue [9�] (Figure 2).

Collectively, these studies highlight the complexity of

the lifecycle of lymphocyte lineages as they establish

tissue residency.

In the innate system, ILCs have been seen as long-term

inhabitants statically embedded in peripheral tissues and

largely lacking a pathway for circulation around the body.

The level of tissue residency has mainly been determined

using parabiosis. In this approach, the vasculature of two

mice is conjoined allowing circulating lymphocytes to

exchange between the two hosts. Strikingly, TRM and

ILC fail to exchange at a very low frequency within the

reference timeframe of the experiment leading to the notion

that this is not their typical pathway [10–12,13�]. After initial

seeding, expansion and maturation of ILCs, little redistri-

bution of these cells was found to occur at steady-state.

Under inflammatory conditions ILCs greatly expanded, but

their relocalization to different tissues remained modest

[13�,14]. While the data strongly support the static nature

of these populations, it does not discount the possibility that

the maintenance of tissue-resident cells may depend on

circulating progenitors which are not generated in situ, nor
Figure 1

Tissue-resident

Liver ILC1

Small intestinal 
ILC1

Salivary gland
ILC1

CD49a+

CD69+

CD61+

CD49a+

CD69+

CD61+

CD103+

T-BET
EOMES
HOBIT

T-BET
HOBIT

T-BET
HOBIT

ROR

Surface receptors (black) and transcription factors (red) that promote reside

within tissues.

Current Opinion in Immunology 2019, 58:53–59 
that circulating cells adopt a phenotype distinct from the

mature tissue-resident cells obscuring their detection, like

ILCprogenitors inhumans[15�].Detailedgenomicprofiling

has revealed that tissue-resident cells differ both transcrip-

tionally and metabolically from their circulating counter-

parts [16,17�,18] and these alterations are likely to markedly

skewourmodelingof thecirculatoryandmigratorypathways

undertaken by ILCs.

Factors required to establish residency of TRM

The hallmarks of tissue residency are defined by (i) core

surface receptors which include CD69, CD103, CD49a and

CD44, (ii) homing molecules such as S1PR and (iii) meta-

bolic activity (Figure 1). Critically, CD103 and CD49a

(VLA-1, very late antigen-1) not only define key markers

of TRM but form the binding partners for the ligands E-

cadherin and collagen, respectively, that tether cells within

the tissues [3]. CD44, like CD103 and CD49a, is a receptor

for hyaluronic acid, a component of the extracellular matrix

[19,20]. Classically, CD44 is a marker of T cell activation on

newly generated effector cells but functionally it is also

likely to be important in TRM [21,22].
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Tissue-residency defines the final dominant destination of an immune

cell. The pathway to tissue-residency is typified by three different

scenarios. Firstly, following activation, tissue-resident CD8+ T cells

localize to peripheral tissues and largely remain at that site while a

smaller fraction of cells are retained for long periods but can slowly

recirculate. In the second setting, ILCs localize in mucosal tissues and

do not undergo recirculation but largely replenish through slow division

at the tissue site. However, progenitors that exhibit a phenotype

distinct from mature cells, are likely to travel in the circulation for

deposition in non-lymphoid tissues, particularly mucosal sites. The

third pathway highlights the importance of intermediary tissues such

as the spleen where Tregs destined to become visceral adipose

tissue-resident cells undergo a priming phase which is an essential

part of their developmental pathway. Expression of PPARg is also

upregulated to facilitate the cellular metabolism requirements in

adipose tissue.
Transcriptional regulators of TRM

Governance of the TRM phenotype is orchestrated via a

constellation of transcription factors. These include

HOBIT (homolog of Blimp1 in T cells or ZNF683),

BLIMP1, KLF2, RUNX3, T-BET and EOMES. In

mice, HOBIT and BLIMP1 cooperate synergistically

to regulate the expression of genes involved in retention

of cells in tissues, and their egress [18]. This is largely

mediated by their regulation of two T-box transcription

factors T-BET and EOMES which when downregulated

induce responsiveness to TGF-b and upregulation of

CD103 [23,24]. Low levels of T-BET are, however,

essential to maintain responsiveness to IL-15 enabling

the formation of TRM and their function [25]. The

HOBIT-BLIMP1 transcriptional module is also required

to regulate other tissue-resident lymphocytes such as
www.sciencedirect.com 
natural killer T (NKT) cells and liver-resident ILC1

[18] (Figure 1). Interestingly, the role of HOBIT in

ILC1 is not consistent between ILC1s from different

organs. HOBIT is expressed by ILC1s across organs such

as the salivary gland and small intestine and yet only liver

ILC1s are affected by the loss of HOBIT [26]. Many

factors may be involved in regulating the egress of cells

from a tissue and it cannot be assumed that transcription

factors associated with tissue residency will have con-

served functions in all organs. In human tissues, HOBIT

is more broadly expressed than in mouse tissues while

TRM also lack expression of T-BET and EOMES. Thus,

how HOBIT fits into the picture as a key regulator not

completely clear. HOBIT expression in man occurs at

lower levels on both circulating and tissue resident CD8+

T cells but is strongly expressed in natural killer (NK)

cells suggesting that its role in defining TRM is not

universal across species [27]. TRM cells in humans appear

to depend more closely on factors such as NOTCH-1 and

HIF-1a, or organ-specific factors such as RUNX3, BATF

(Basic Leucine Zipper ATF-Like Transcription Factor),

AHR (aryl hydrocarbon receptor) and AP-1 as seen in the

lung [28]. RUNX3 has been shown to regulate circulating

effector T cells but also directs the differentiation and

maintenance of CD103+TRM cells [29�]. Both NOTCH-1

and AHR are necessary for the maintenance of TRM cells

[17�,28,30]. Collectively, multiple transcription factors

have a significant impact on the development of TRM,

and true master regulators have not yet been fully estab-

lished. Nevertheless, a distinct set of genes, overlaid by

local tissue influences, may universally define these cells

(Figure 1).

TRM also appears to have important roles in tumors,

particularly those lodged in peripheral tissues. This is

well illustrated by several recent studies that demonstrate

a positive association between TRM cells and an enhanced

clinical outcome for melanoma, breast tumors, lung ade-

nocarcinoma, ovarian carcinoma and the efficacy of cancer

vaccination [7,31–36]. Tumor-infiltrating T cells are a

heterogeneous population that include effector, effector

memory and TRM. Single cell RNA sequencing of infil-

trating CD8+ T cell within tumors identified TRM gene

signatures that could be clustered based on their level of

expression of previously characterized immune check-

points genes including PD-1, TIM-3, CTLA-4, LAG3

and TIGIT, or mitotic genes [34,35]. In breast cancer, the

TRM gene signature was associated with a significantly

better prognosis in early stage triple-negative breast can-

cer, a subtype of breast cancer with an aggressive clinical

behavior [35]. The efficacy of anti-PD-1 treatments

observed in patients harboring triple-negative tumors

[37] suggest that they may rely on PD-1high-expressing

TRM cells much more than CD8+ non-TRM

(CD8+CD103�) cells as the clinical prognosis was aligned

to a significantly enriched baseline TRM gene signature in

responders to anti-PD-1 therapy [35]. In lung
Current Opinion in Immunology 2019, 58:53–59
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adenocarcinoma, three clusters TRM were identified [34].

Strikingly, one cluster expressed many more immune

check-point genes than the other two clusters. Interest-

ingly, patients that showed poorer enrichment for TRM

genes that included immune check point genes had

improved survival outcomes [34]. These studies illustrate

the complexity and heterogeneity of tumor-infiltrating T

cells even within the TRM subset which has thought to be

a relatively homogeneous population. Collectively, these

results highlight the central importance of having high

quality, rather than a large number of, infiltrating T cells

to influence patient survival.

Tethering and letting go

While transcription factors are essential in dictating the

developmental pathway of TRM, retention in tissues

depends on mechanisms that tightly regulate lymphocyte

tethering and egress to ensure stable positioning within

tissues and at barrier surfaces for front-line immune

protection. The most well studied receptor ligand pairs

that establish tethering are CD103 and E-cadherin, and

CD49a and collagen [3,16,17�]. Loss of either of these

receptor/ligand partners via blocking or genetic deletion

results in continuous circulation of cells in the blood

without establishment in the tissues. Transforming

growth factor (TGF)-b induces CD103 expression and

promotes retention of both CD8+ memory T cells and

salivary gland ILC1, but not liver or gut, ILC1

[17�,23,38,39]. The capacity to ‘leave’ tissues is dictated

by receptors such those in the S1PR family. S1PR1

mediates chemotaxis of T cells toward sphingosine-1-

phosphate found in lymphatic endothelial cells and effer-

ent lymph [40]. S1PR1 is antagonized by CD69 which

assists in maintaining TRM in the skin epidermis and

lungs [17�,41]. It is regulated by multiple transcription

factors including HOBIT/BLIMP1, KLF2 and RUNX3

[18,28,29�,42,43].

Similar to TRM, ILC appear to be almost exclusively

tissue-resident at steady-state. Under parabiotic condi-

tions exchange between conjoined mice is negligible

even two months after surgery. This is in stark contrast

to T cells which show �50% interchange between the

respective hosts [13�,44�]. Despite this, ILC exhibit an

array of chemokine and cytokine receptors that suggest

they have the capacity to become mobile and may not be

permanently resident. NK cells express S1PR5, which is

regulated by T-BET, and is critical for the egress of NK

cells from the bone marrow and lymph nodes [45–47]. L-

selectin, or CD62 ligand (CD62L), is expressed by most

lymphocytes including naı̈ve and memory CD8+ T cells

but on activation is cleaved as on effector T cells which

allows them to enter the circulation and migrate to non-

lymphoid tissues and sites of inflammation. Similarly, the

ability of NK cells to return to lymphoid tissues is

dependent on CD62L expression. A subset of activated

or inflammatory KLRG1+ST2 (IL-33 receptor)low ILC2,
Current Opinion in Immunology 2019, 58:53–59 
are highly responsive to stimulation with IL-25 or hel-

minth-induced activation and can develop into circulating

cells [44�]. These cells express the receptor S1PR5 similar

to NK cells and exhibit S1P-mediated chemotaxis

enabling mobilization into the circulation and deposition

in distant tissue sites [45]. The failure to detect migration

in ILC2 previously might be attributable to the use of

antibiotics that potentially downregulate the ability of

microbes to induce homing receptors [13�]. ILC2 can also

be mobilized from bone marrow in response to a fungal

aeroallergen challenge with Alternaria extract through

ST2-dependent downmodulation of CXCR4 [48] while

chronic allergen exposure promotes an increase in blood

and lung ILC2 through a b2 integrin-dependent manner

[49]. Using the elegant Kaede transgenic mouse in which

photoconversion of fluorescent dyes can be induced to tag

individual ILC, RORgt+ ILC3 were shown to migrate

from mucosal and peripheral sites to local secondary

tissues. For LTi-like ILC3 at least, this depended on

CCR7 expression [50] while positioning of ILC3 in

cryptopatches relies on RANK/RANKL-mediated signals

[51]. Thus, stability of ILC in tissues is likely to be

important to their protective functions at steady-state

while tissue-specific and systemic inflammatory cues

drive multiple signals to mobilize ILC populations to

effector sites paralleling the induction of adaptive

immune cells (Figure 2).

Functional changes in tissue residency
The metabolic state of immune cells is essential for their

survival and to repopulate distinct tissue sites. These meta-

bolic constraints on glucose and oxygen availability are

reflected in the adaptations of lymphocytes in different

tissue microenvironments. Effector and effector memory

T cells rely on aerobic glycolysis to catabolize glucose but

TRMare positioned within the parenchyma of tissues such as

the lung, epidermis or solid tumors that are typically low in

glucose and require different energy programs. P2RX7, a

receptor for adenosine triphosphate (ATP), is vital for the

generation and maintenance of memory cells, specifically

memoryprecursor and centralmemory T cells which exhibit

higher energy requirements compared with effector and

effector memory T cells. Long-lasting memory cells express

higher levels of P2RX7 to sense extracellular ATP, a signal

released by damaged cells. In preparation for the increase in

energy requirement, metabolic reprogramming occurs,

whereby the mitochondria is modified for more efficient

oxidative phosphorylation. TRM also have high expression

and dependency on the P2RX7 receptor for their develop-

ment and maintenance [52�]. It is not known whether

P2RX7 regulates their metabolism, but it is likely that

maintenance of long-lived memory and TRM will have

similar metabolic requirements and regulatory mechanisms.

In the skin, TRM preferentially use the free fatty acid

transporters FABP4 and FABP5 to metabolize fatty acids.

These transporters are also required for the survival of
www.sciencedirect.com
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TRM in both normal and psoriatic skin and lung [53�].
Fatty acids are a substrate found in the skin, lung, the gut

through the action of bacteria [54] and are abundant in

melanomas. They are important contributors to energy

generation but also enhance molecules such as acetyl-

CoA which drive the production of cytokines such as

IFN-g [55]. However, conditions in different tissues vary

both anatomically and temporally as in the case of increas-

ingly hypoxic conditions that might emerge in the setting

of tumors as they grow in size. This alters the oxygen

concentration which is essential for fatty acid catabolism.

Thus, it is likely that tissue-resident immune cells have

specific but multiple strategies for coping with the

dynamic environment in which they reside (Figure 2).

Peroxisome proliferator-activated receptor g (PPARg),
also known as NR1C3 (nuclear receptor subfamily 1,

group C, member 3) regulates glucose metabolism and

is expressed by a variety of immune cells including ILC2,

NKT cells and Treg cells. Treg cell expansion in adipose

tissue is directly induced by IL-33 [56] and ILC2 express

both PPARg and ST2 [57,58] but whether this is a sensing

pathway for ILC2 in adipose tissue or other sites is yet

unknown. It seems likely, however, that the ability of

ILCs to finely sense metabolites would be critical to

maintain tissue homeostasis.

Conclusions
Here we have outlined the parallels that exist between

the innate and adaptive immune cells in their distribution

and behavior. Collectively, they form a complex but

highly synergistic network although key pieces of the

puzzle that coordinate their regulation and interactions

remain unknown. Progress on these elements will be

essential to our understanding. Firstly, TRM exhibit a

distinct transcriptional profile but it is not yet known

whether they arise from a distinct progenitor separate

from effector and memory T cell lineages. Secondly, are

tissue-resident lymphocytes replenished from local pro-

liferation in situ or do they rely on circulating progenitors

that can re-seed the interstitial compartments? In ILCs,

proliferation has been thought to occur at a low rate within

the tissues themselves leading to the idea that the numer-

ical maintenance of the population occurs in isolation

from circulating cells. This model, however, has been

fortified by the paucity of evidence supporting circulating

ILCs which has in part been blindsided by the lack of

recognition that circulating cells may ‘look’ completely

different from the mature populations. Thirdly, we need

to think broadly about the identity of circulating precur-

sors as they may not mimic the resident populations.

Thus, a complete rethink of how we tackle resolving

the elements of the tissue–tissue and tissue-vascular

migratory pathways is warranted. Fourth, the factors that

establish life-long maintenance in tissues, as opposed to

long-term positioning followed by mobilization are poorly

resolved. Whether these are similar or different for ILCs

and T cells is not yet known, nor how collaboration is
www.sciencedirect.com 
mediated between two distinctly different resident

immune cell subsets. Fifth, while some key transcrip-

tional regulators have been elucidated, the complete

blueprint remains to be dissected. Transcription factor

such as HOBIT, which is a key coordinator in the murine

lineages, are differently expressed in human tissues sug-

gesting it is not a master regulator. In addition, how the

overlay of different tissue microenvironments modulates

the transcriptional architecture remains to be uncovered.

Addressing these and related questions are likely to shed

new light on our understanding of the immune cell net-

works that protect our borders.

Conflict of interest statement
Nothing declared.

Acknowledgements
We thank Dr Nicolas Jacquelot for critical reading of the manuscript and
helpful suggestions. This work was supported by grants and fellowships
from the National Health and Medical Research Council of Australia
(GTB), an Australian Government Research Training Program Scholarship
(Q.H), The Rebecca L. Cooper Foundation Medical Research Foundation
and the Victorian State Government Operational Infrastructure Support and
Australian Government NHMRC Independent Research Institute
Infrastructure Support Schemes (Walter and Eliza Hall Institute of Medical
Research).

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

� of special interest

1. Masopust D, Vezys V, Marzo AL, Lefrancois L: Preferential
localization of effector memory cells in nonlymphoid tissue.
Science 2001, 291:2413-2417.

2. Marshall DR, Turner SJ, Belz GT, Wingo S, Andreansky S,
Sangster MY, Riberdy JM, Liu T, Tan M, Doherty PC: Measuring
the diaspora for virus-specific CD8+ T cells. Proc Natl Acad Sci
U S A 2001, 98:6313-6318.

3. Ray SJ, Franki SN, Pierce RH, Dimitrova S, Koteliansky V,
Sprague AG, Doherty PC, de Fougerolles AR, Topham DJ: The
collagen binding alpha1beta1 integrin VLA-1 regulates CD8 T
cell-mediated immune protection against heterologous
influenza infection. Immunity 2004, 20:167-179.

4. Gebhardt T, Whitney PG, Zaid A, Mackay LK, Brooks AG,
Heath WR, Carbone FR, Mueller SN: Different patterns of
peripheral migration by memory CD4+ and CD8+ T cells.
Nature 2011, 477:216-219.

5. Mackay LK, Stock AT, Ma JZ, Jones CM, Kent SJ, Mueller SN,
Heath WR, Carbone FR, Gebhardt T: Long-lived epithelial
immunity by tissue-resident memory T (TRM) cells in the
absence of persisting local antigen presentation. Proc Natl
Acad Sci U S A 2012, 109:7037-7042.

6. Gebhardt T, Wakim LM, Eidsmo L, Reading PC, Heath WR,
Carbone FR: Memory T cells in nonlymphoid tissue that
provide enhanced local immunity during infection with herpes
simplex virus. Nat Immunol 2009, 10:524-530.

7. Malik BT, Byrne KT, Vella JL, Zhang P, Shabaneh TB,
Steinberg SM, Molodtsov AK, Bowers JS, Angeles CV, Paulos CM
et al.: Resident memory T cells in the skin mediate durable
immunity to melanoma. Sci Immunol 2017, 2.

8. Feuerer M, Shen Y, Littman DR, Benoist C, Mathis D: How
punctual ablation of regulatory T cells unleashes an
autoimmune lesion within the pancreatic islets. Immunity 2009,
31:654-664.
Current Opinion in Immunology 2019, 58:53–59

http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0005
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0005
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0005
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0010
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0010
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0010
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0010
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0015
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0015
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0015
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0015
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0015
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0020
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0020
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0020
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0020
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0025
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0025
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0025
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0025
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0025
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0030
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0030
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0030
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0030
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0035
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0035
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0035
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0035
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0040
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0040
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0040
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0040


58 Special section on precommited lymphocytes
9.
�

Li C, DiSpirito JR, Zemmour D, Spallanzani RG, Kuswanto W,
Benoist C, Mathis D: TCR transgenic mice reveal stepwise,
multi-site acquisition of the distinctive fat-Treg phenotype.
Cell 2018, 174:1-15.

Pivotal new insight to the non-static nature of the localization of immune
cells in non-lymphoid tissues identifying that a step-wise process that
may involve lymphoid tissue intermediary priming sites was an essential
component of the lifecycle of an immune cell that ultimately adopts a
tissue-resident lifestyle.

10. Sojka DK, Plougastel-Douglas B, Yang L, Pak-Wittel MA,
Artyomov MN, Ivanova Y, Zhong C, Chase JM, Rothman PB, Yu J
et al.: Tissue-resident natural killer (NK) cells are cell lineages
distinct from thymic and conventional splenic NK cells. eLife
(Cambridge) 2014, 3:e01659.

11. Peng H, Jiang X, Chen Y, Sojka DK, Wei H, Gao X, Sun R,
Yokoyama WM, Tian Z: Liver-resident NK cells confer adaptive
immunity in skin-contact inflammation. J Clin Invest 2013,
123:1444-1456.

12. Jiang X, Clark RA, Liu L, Wagers AJ, Fuhlbrigge RC, Kupper TS:
Skin infection generates non-migratory memory CD8+ T(RM)
cells providing global skin immunity. Nature 2012, 483:227-231.

13.
�

Gasteiger G, Fan X, Dikiy S, Lee SY, Rudensky AY: Tissue
residency of innate lymphoid cells in lymphoid and
nonlymphoid organs. Science 2015, 350:981-985.

Highlighted the differential between innate and adaptive cells in their
radioresistance and capacity to repopulate from progenitors. In addition
to expanding our fundamental knowledge, these findings may have
implications for therapeutic approaches.

14. Moro K, Kabata H, Tanabe M, Koga S, Takeno N, Mochizuki M,
Fukunaga K, Asano K, Betsuyaku T, Koyasu S: Interferon and IL-
27 antagonize the function of group 2 innate lymphoid cells
and type 2 innate immune responses. Nat Immunol 2016, 17:76-
86.

15.
�

Lim AI, Li Y, Lopez-Lastra S, Stadhouders R, Paul F, Casrouge A,
Serafini N, Puel A, Bustamante J, Surace L et al.: Systemic human
ILC precursors provide a substrate for tissue ILC
differentiation. Cell 2017, 168:1086-1100.e101.

Challenged the assumption that progenitors to tissue-resident innate
cells would exhibit a phenotype or a transcriptional program aligned to
their mature phenotype. Provokes a complete rethink of how we dissect
out different components of the circulatory pathway.

16. Wakim LM, Woodward-Davis A, Bevan MJ: Memory T cells
persisting within the brain after local infection show functional
adaptations to their tissue of residence. Proc Natl Acad Sci U S
A 2010, 107:17872-17879.

17.
�

Mackay LK, Rahimpour A, Ma JZ, Collins N, Stock AT, Hafon ML,
Vega-Ramos J, Lauzurica P, Mueller SN, Stefanovic T et al.: The
developmental pathway for CD103(+)CD8+ tissue-resident
memory T cells of skin. Nat Immunol 2013, 14:1294-1301.

Established for the first time that transcription factors could work colla-
boratively to exert a broad regulation of tissue resident innate and
adaptive immune cells.

18. Mackay LK, Minnich M, Kragten NA, Liao Y, Nota B, Seillet C,
Zaid A, Man K, Preston S, Freestone D et al.: Hobit and Blimp1
instruct a universal transcriptional program of tissue
residency in lymphocytes. Science 2016, 352:459-463.

19. Lesley J, Hascall VC, Tammi M, Hyman R: Hyaluronan binding by
cell surface CD44. J Biol Chem 2000, 275:26967-26975.

20. Lesley J, Howes N, Perschl A, Hyman R: Hyaluronan binding
function of CD44 is transiently activated on T cells during an in
vivo immune response. J Exp Med 1994, 180:383-387.

21. Baaten BJ, Li CR, Bradley LM: Multifaceted regulation of T cells
by CD44. Commun Integr Biol 2010, 3:508-512.

22. Walzer T, Arpin C, Beloeil L, Marvel J: Differential in vivo
persistence of two subsets of memory phenotype CD8 T cells
defined by CD44 and CD122 expression levels. J Immunol 2002,
168:2704-2711.

23. Zhang N, Bevan MJ: Transforming growth factor-beta signaling
controls the formation and maintenance of gut-resident
memory T cells by regulating migration and retention.
Immunity 2013, 39:687-696.
Current Opinion in Immunology 2019, 58:53–59 
24. Mackay LK, Wynne-Jones E, Freestone D, Pellicci DG, Mielke LA,
Newman DM, Braun A, Masson F, Kallies A, Belz GT et al.: T-box
transcription factors combine with the cytokines TGF-beta
and IL-15 to control tissue-resident memory T cell fate.
Immunity 2015, 43:1101-1111.

25. Cheuk S, Schlums H, Gallais Serezal I, Martini E, Chiang SC,
Marquardt N, Gibbs A, Detlofsson E, Introini A, Forkel M et al.:
CD49a expression defines tissue-resident CD8(+) T cells
poised for cytotoxic function in human skin. Immunity 2017,
46:287-300.

26. Weizman OE, Adams NM, Schuster IS, Krishna C, Pritykin Y,
Lau C, Degli-Esposti MA, Leslie CS, Sun JC, O’Sullivan TE: ILC1
confer early host protection at initial sites of viral infection. Cell
2017, 171:795-808 e712.

27. Lunemann S, Martrus G, Goebels H, Kautz T, Langeneckert A,
Salzberger W, Koch M, Bunders MJ, Nashan B, van Gisbergen K
et al.: Hobit expression by a subset of human liver-resident
CD56(bright) natural killer cells. Sci Rep 2017, 7:6676.

28. Hombrink P, Helbig C, Backer RA, Piet B, Oja AE, Stark R,
Brasser G, Jongejan A, Jonkers RE, Nota B et al.: Programs for
the persistence, vigilance and control of human CD8(+) lung-
resident memory T cells. Nat Immunol 2016, 17:1467-1478.

29.
�

Milner JJ, Toma C, Yu B, Zhang K, Omilusik K, Phan AT, Wang D,
Getzler AJ, Nguyen T, Crotty S et al.: Runx3 programs CD8(+) T
cell residency in non-lymphoid tissues and tumors. Nature
2017, 552:253-257.

Highlights the contributions of Runx3 in supporting the tissue-residency
gene program.

30. Zaid A, Mackay LK, Rahimpour A, Braun A, Veldhoen M,
Carbone FR, Manton JH, Heath WR, Mueller SN: Persistence of
skin-resident memory T cells within an epidermal niche. Proc
Natl Acad Sci U S A 2014, 111:5307-5312.

31. Djenidi F, Adam J, Goubar A, Durgeau A, Meurice G, de
Montpreville V, Validire P, Besse B, Mami-Chouaib F: CD8+CD103
+ tumor-infiltrating lymphocytes are tumor-specific tissue-
resident memory T cells and a prognostic factor for survival in
lung cancer patients. J Immunol 2015, 194:3475-3486.

32. Webb JR, Milne K, Nelson BH: Location, location, location:
CD103 demarcates intraepithelial, prognostically favorable
CD8(+) tumor-infiltrating lymphocytes in ovarian cancer.
Oncoimmunology 2014, 3:e27668.

33. Ganesan AP, Clarke J, Wood O, Garrido-Martin EM, Chee SJ,
Mellows T, Samaniego-Castruita D, Singh D, Seumois G,
Alzetani A et al.: Tissue-resident memory features are linked to
the magnitude of cytotoxic T cell responses in human lung
cancer. Nat Immunol 2017, 18:940-950.

34. Guo X, Zhang Y, Zheng L, Zheng C, Song J, Zhang Q, Kang B,
Liu Z, Jin L, Xing R et al.: Global characterization of T cells in
non-small-cell lung cancer by single-cell sequencing. Nat Med
2018, 24:978-985.

35. Savas P, Virassamy B, Ye C, Salim A, Mintoff CP, Caramia F,
Salgado R, Byrne DJ, Teo ZL, Dushyanthen S et al.: Single-cell
profiling of breast cancer T cells reveals a tissue-resident
memory subset associated with improved prognosis. Nat Med
2018, 24:986-993.

36. Nizard M, Roussel H, Diniz MO, Karaki S, Tran T, Voron T,
Dransart E, Sandoval F, Riquet M, Rance B et al.: Induction of
resident memory T cells enhances the efficacy of cancer
vaccine. Nat Commun 2017, 8:15221.

37. Loi S, Adams S, Schmid P, Cortes J, Cescon DW, Winer EP,
Toppmeyer DL, Rugo HS, De Laurentiis M, Nanda R et al.:
Relationship between tumor infiltrating lymphocyte (TIL)
levels and response to pembrolizumab (pembro) in metastatic
triple-negative breast cancer. Ann Oncolol 2017, 28(Suppl. 5):
v605-v649.

38. Cortez VS, Cervantes-Barragan L, Robinette ML, Bando JK,
Wang Y, Geiger TL, Gilfillan S, Fuchs A, Vivier E, Sun JC et al.:
Transforming growth factor-beta signaling guides the
differentiation of innate lymphoid cells in salivary glands.
Immunity 2016, 44:1127-1139.
www.sciencedirect.com

http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0045
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0045
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0045
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0045
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0050
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0050
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0050
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0050
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0050
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0055
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0055
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0055
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0055
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0060
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0060
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0060
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0065
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0065
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0065
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0070
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0070
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0070
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0070
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0070
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0075
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0075
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0075
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0075
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0080
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0080
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0080
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0080
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0085
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0085
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0085
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0085
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0090
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0090
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0090
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0090
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0095
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0095
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0100
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0100
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0100
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0105
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0105
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0110
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0110
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0110
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0110
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0115
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0115
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0115
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0115
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0120
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0120
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0120
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0120
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0120
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0125
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0125
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0125
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0125
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0125
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0130
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0130
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0130
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0130
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0135
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0135
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0135
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0135
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0140
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0140
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0140
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0140
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0145
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0145
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0145
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0145
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0150
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0150
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0150
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0150
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0155
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0155
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0155
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0155
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0155
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0160
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0160
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0160
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0160
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0165
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0165
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0165
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0165
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0165
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0170
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0170
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0170
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0170
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0175
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0175
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0175
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0175
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0175
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0180
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0180
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0180
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0180
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0185
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0185
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0185
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0185
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0185
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0185
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0190
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0190
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0190
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0190
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0190


Innate immune cell networks Huang and Belz 59
39. Robinson PW, Green SJ, Carter C, Coadwell J, Kilshaw PJ:
Studies on transcriptional regulation of the mucosal T-cell
integrin alphaEbeta7 (CD103). Immunology 2001, 103:146-154.

40. Cyster JG, Schwab SR: Sphingosine-1-phosphate and
lymphocyte egress from lymphoid organs. Annu Rev Immunol
2012, 30:69-94.

41. Lee YT, Suarez-Ramirez JE, Wu T, Redman JM, Bouchard K,
Hadley GA, Cauley LS: Environmental and antigen receptor-
derived signals support sustained surveillance of the lungs by
pathogen-specific cytotoxic T lymphocytes. J Virol 2011,
85:4085-4094.

42. Park SL, Mackay LK, Gebhardt T: Distinct recirculation potential
of CD69(+)CD103(-) and CD103(+) thymic memory CD8(+) T
cells. Immunol Cell Biol 2016, 94:975-980.

43. Woon HG, Braun A, Li J, Smith C, Edwards J, Sierro F, Feng CG,
Khanna R, Elliot M, Bell A et al.: Compartmentalization of total
and virus-specific tissue-resident memory CD8+ T cells in
human lymphoid organs. PLoS Pathog 2016, 12:e1005799.

44.
�

Huang Y, Mao K, Chen X, Sun MA, Kawabe T, Li W, Usher N, Zhu J,
Urban JF Jr, Paul WE et al.: S1P-dependent interorgan
trafficking of group 2 innate lymphoid cells supports host
defense. Science 2018, 359:114-119.

Challenged the paradigm that ILC2 are statically and permanently
embedded in tissues and identified mechanisms by which effector
ILC2 can amplify and traffick to mediate immune protection. Also high-
lights that tissue-residency need not be forever even though the dwell
time in tissues may be long.

45. Walzer T, Chiossone L, Chaix J, Calver A, Carozzo C, Garrigue-
Antar L, Jacques Y, Baratin M, Tomasello E, Vivier E: Natural killer
cell trafficking in vivo requires a dedicated sphingosine 1-
phosphate receptor. Nat Immunol 2007, 8:1337-1344.

46. Fang V, Chaluvadi VS, Ramos-Perez WD, Mendoza A, Baeyens A,
Rivera R, Chun J, Cammer M, Schwab SR: Gradients of the
signaling lipid S1P in lymph nodes position natural killer cells
and regulate their interferon-gamma response. Nat Immunol
2017, 18:15-25.

47. Jenne CN, Enders A, Rivera R, Watson SR, Bankovich AJ,
Pereira JP, Xu Y, Roots CM, Beilke JN, Banerjee A et al.: T-bet-
dependent S1P5 expression in NK cells promotes egress from
lymph nodes and bone marrow. J Exp Med 2009, 206:2469-
2481.

48. Stier MT, Zhang J, Goleniewska K, Cephus JY, Rusznak M, Wu L,
Van Kaer L, Zhou B, Newcomb DC, Peebles RS Jr: IL-33
promotes the egress of group 2 innate lymphoid cells from the
bone marrow. J Exp Med 2018, 215:263-281.

49. Karta MR, Rosenthal PS, Beppu A, Vuong CY, Miller M, Das S,
Kurten RC, Doherty TA, Broide DH: Beta2 integrins rather than
beta1 integrins mediate Alternaria-induced group 2 innate
www.sciencedirect.com 
lymphoid cell trafficking to the lung. J Allergy Clin Immunol
2018, 141:329-338 e312.

50. Mackley EC, Houston S, Marriott CL, Halford EE, Lucas B,
Cerovic V, Filbey KJ, Maizels RM, Hepworth MR, Sonnenberg GF
et al.: CCR7-dependent trafficking of RORgamma(+) ILCs
creates a unique microenvironment within mucosal draining
lymph nodes. Nat Commun 2015, 6:5862.

51. Bando JK, Gilfillan S, Song C, McDonald KG, Huang SC,
Newberry RD, Kobayashi Y, Allan DSJ, Carlyle JR, Cella M et al.:
The tumor necrosis factor superfamily member RANKL
suppresses effector cytokine production in group 3 innate
lymphoid cells. Immunity 2018, 48:1208-1219.e4.

52.
�

Borges da Silva H, Beura LK, Wang H, Hanse EA, Gore R,
Scott MC, Walsh DA, Block KE, Fonseca R, Yan Y et al.: The
purinergic receptor P2RX7 directs metabolic fitness of long-
lived memory CD8(+) T cells. Nature 2018, 559:264-268.

Highlights the ability of long-lived memory cells to perceive signals of
damaged tissue in their microenvironment and adapt their mitochondria
to facilitate the metabolic requirements of memory cells.

53.
�

Pan Y, Tian T, Park CO, Lofftus SY, Mei S, Liu X, Luo C,
O’Malley JT, Gehad A, Teague JE et al.: Survival of tissue-
resident memory T cells requires exogenous lipid uptake and
metabolism. Nature 2017, 543:252-256.

Provides the first insights to the differential adaptations of TRM versus
conventional CD8+ T cell populations that allow them to take advantage of
access to free fatty acids as substrates for their metabolism and survival.

54. Furusawa Y, Obata Y, Fukuda S, Endo TA, Nakato G, Takahashi D,
Nakanishi Y, Uetake C, Kato K, Kato T et al.: Commensal
microbe-derived butyrate induces the differentiation of
colonic regulatory T cells. Nature 2013, 504:446-450.

55. Zhang Y, Kurupati R, Liu L, Zhou XY, Zhang G, Hudaihed A,
Filisio F, Giles-Davis W, Xu X, Karakousis GC et al.: Enhancing
CD8(+) T cell fatty acid catabolism within a metabolically
challenging tumor microenvironment increases the efficacy of
melanoma immunotherapy. Cancer Cell 2017, 32:377-391 e379.

56. Vasanthakumar A, Moro K, Xin A, Liao Y, Gloury R, Kawamoto S,
Fagarasan S, Mielke LA, Afshar-Sterle S, Masters SL et al.: The
transcriptional regulators IRF4, BATF and IL-33 orchestrate
development and maintenance of adipose tissue-resident
regulatory T cells. Nat Immunol 2015, 16:276-285.

57. Molofsky AB, Van Gool F, Liang HE, Van Dyken SJ, Nussbaum JC,
Lee J, Bluestone JA, Locksley RM: Interleukin-33 and interferon-
gamma counter-regulate group 2 innate lymphoid cell
activation during immune perturbation. Immunity 2015, 43:161-
174.

58. Robinette ML, Fuchs A, Cortez VS, Lee JS, Wang Y, Durum SK,
Gilfillan S, Colonna M, Immunological Genome C: Transcriptional
programs define molecular characteristics of innate lymphoid
cell classes and subsets. Nat Immunol 2015, 16:306-317.
Current Opinion in Immunology 2019, 58:53–59

http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0195
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0195
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0195
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0200
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0200
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0200
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0205
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0205
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0205
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0205
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0205
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0210
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0210
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0210
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0215
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0215
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0215
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0215
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0220
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0220
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0220
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0220
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0225
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0225
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0225
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0225
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0230
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0230
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0230
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0230
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0230
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0235
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0235
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0235
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0235
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0235
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0240
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0240
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0240
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0240
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0245
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0245
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0245
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0245
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0245
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0250
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0250
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0250
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0250
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0250
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0255
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0255
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0255
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0255
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0255
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0260
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0260
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0260
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0260
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0265
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0265
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0265
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0265
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0270
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0270
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0270
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0270
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0275
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0275
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0275
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0275
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0275
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0280
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0280
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0280
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0280
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0280
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0285
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0285
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0285
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0285
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0285
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0290
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0290
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0290
http://refhub.elsevier.com/S0952-7915(18)30101-8/sbref0290

	Parallel worlds of the adaptive and innate immune cell networks
	Introduction
	Factors required to establish residency of TRM
	Transcriptional regulators of TRM
	Tethering and letting go

	Functional changes in tissue residency
	Conclusions
	Conflict of interest statement
	References and recommended reading
	Acknowledgements


