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tell us about pathways to
allograft acceptance?
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Replacement of diseased organswith transplanted healthy donor ones remains the

best and often only treatment option for end-stage organ disease.

Immunosuppressants have decreased the incidence of acute rejection, but

long-term survival remains l imited. The broad action of current

immunosuppressive drugs results in global immune impairment, increasing the

risk of cancer and infections. Hence, achievement of allograft tolerance, in which

graft function is maintained in the absence of global immunosuppression, has long

been the aim of transplant clinicians and scientists. Regulatory T cells (Treg) are a

specialized subset of immune cells that control a diverse array of immune

responses, can prevent allograft rejection in animals, and have recently been

explored in early phase clinical trials as an adoptive cellular therapy in transplant

recipients. It has been established that allograft residency by Tregs can promote

graft acceptance, but whether intragraft Treg functional diversification and spatial

organization contribute to this process is largely unknown. In this review, we will

explore what is known regarding the properties of intragraft Tregs during allograft

acceptance and rejection. We will summarize recent advances in understanding

Treg tissue residency through spatial, transcriptomic and high-dimensional

cytometric methods in both animal and human studies. Our discussion will

explore properties of intragraft Tregs in mediating operational tolerance to

commonly transplanted solid organs. Finally, given recent developments in Treg

cellular therapy, we will review emerging knowledge of whether and how these

adoptively transferred cells enter allografts in humans. An understanding of the

properties of intragraft Tregs will help lay the foundation for future therapies that

will promote immune tolerance.

KEYWORDS

regulatory T cells (Treg), organ transplantation, intragraft, regulatory T cell migration, single
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Introduction

Solid organ transplantation can improve survival and quality of life

for those with end-stage organ disease. Originally a risky procedure

with short-term success due to acute rejection, over the decades this has

changed dramatically with advances in medicine and an improved

understanding of immunology. Early post-transplant mortality has

now decreased due to the development of immunosuppressants.

Several immunosuppressive drugs are commonly used in tandem to

prevent the rejection of the graft(1). However, transplant is still not a

cure due to the eventual failure of the transplanted organ from chronic

rejection and fibrosis as a result of the alloimmune response.

Furthermore, broad suppression of the immune system over a long

period of time leads to many serious side effects including

nephrotoxicity, as well as increased risks for diabetes, cancer and

infections, limiting long-term survival (1). Hence, achievement of

tolerance, a state of non-responsiveness to donor antigen with

preserved protective immunity, has been a major goal of transplant

clinicians and scientists. Regulatory T cells (Tregs), which have the

ability to maintain immune homeostasis and prevent autoimmunity,

have been the focus of many attempts to manipulate the immune

system toward operational tolerance, defined as maintenance of graft

without the need for immunosuppression for over 12 months with

otherwise normal immunity (2).
Definition and properties of Tregs

The existence of T cells with suppressive properties was

suspected for many years, but definitive identification was not

possible until CD4+CD25+ T cells were shown to mediate

allograft tolerance (3, 4). Later the now well-known transcription

factor, Forkhead Box P3 (FOXP3) was discovered to be essential to

the differentiation and function of this regulatory T cell population

(5, 6). In humans, the recognition of immune dysregulation,

polyendocrinopathy, enteropathy, X-linked syndrome (IPEX) as

an autoimmune disorder arising due to FOXP3 mutations,

solidified FOXP3 as the key transcription factor in Tregs (7, 8).

Canonically CD4+CD25+FoxP3+ Tregs account for approximately

5-10% of CD4+ cells (9), and are now recognized to be a

heterogeneous population with transcriptionally distinct subsets

(10, 11)). Tregs have multiple methods of regulating immune

responses. First, they produce the inhibitory cytokines interleukin

10 (IL-10), interleukin 35 (IL-35) and transforming growth factor b
(TGF-b), which suppress nearby effector T cells (12–15). Additional

inhibitory small molecules produced by Tregs include adenosine

(16–18) and Cyclic adenosine monophosphate (cAMP) (19).

Cytolytic Tregs kill effector T and B cells through the release of

granzymes and activation of apoptosis through TRAIL (20, 21). In

addition, as Tregs are unable to produce their own IL-2 and require

IL-2 to survive; they compete for it with other effector T cells, thus

depriving the latter of this essential cytokine (14, 15). Finally, Tregs

can modulate dendritic cell function via cytotoxic T lymphocyte

antigen 4 (CTLA4)-B7 interaction (22) which mediates inhibitory

signaling in dendritic cells (DCs) preventing their maturation (23,

24). Tregs have been shown to limit the interaction between DCs
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and naïve CD4 T cells in vivo via two-photon microscopy (25).

Tregs can also limit priming of T cells by DCs through the CTLA4-

B7 interaction (26). Further, Tregs can use CTLA4 to remove B7

molecules from the DCs surface, reducing their costimulatory

function (27). The multiple modes of suppression and inhibition

at their disposal render Tregs an interesting therapeutic candidate

to prevent acute and chronic allograft rejection.

More recently, in addition to CD25 and FOXP3, low

interleukin-7 receptor (CD127) expression has been used to

further distinguish Tregs from other helper T cell populations

(28–30). Other markers are also now being used to delineate

Tregs from T cells, including co-stimulatory markers (ICOS,

OX40, GITR, 4-1BB), co-inhibitory markers (CTLA-4, TIGIT,

LAG3), and trafficking molecules (CXCR4, CXCR5, CCR4, CCR5,

CCR7, CCR8 and CXCR7) (31), while expression of these markers

is not limited to Tregs, their expression pattern and level is distinct

from the majority of conventional T cells (31). In mouse, in

addition to the common Treg markers, the surface marker

neuropilin-1 (Nrp1/CD304) has been linked to Treg interaction

with dendritic cells, although its expression on human Tregs has

been uninformative (32). In the absence of inflammation, Nrp1

mediated prolonged Treg interactions with immature DCs leading

to homeostatic suppression of immune response (33). In addition,

Weiss et al., described Nrp1 as a marker of murine thymic Tregs

(tTregs) under noninflammatory conditions but is also expressed

on peripheral Tregs (pTregs) in highly inflamed environments (34).

Glycoprotein A repetitions predominant (GARP), which is a

receptor for latent TGF-b, is expressed on activated Tregs with

immune suppressive potential (32, 35).

CD39 is an ectoenzyme involved in adenosine synthesis (18); its

expression has been correlated with FOXP3 stability in human

Tregs and protection from xenograft versus host disease in mice

(36). The transcription factor Helios is correlated with human Treg

stability but does not mediate stability; Treg function and stability

were equivalent between Helios-deleted Tregs and unedited Tregs

(37). These studies highlight the dynamics of Tregs and that to

adequately distinguish Tregs from conventional T cells, a

combination of surface markers and transcription factors needs to

be considered.

The development of Tregs occurs via two distinct pathways.

tTregs are generated in the thymus and later migrate to the periphery

while pTregs arise directly in the periphery through differentiation

from naïve FOXP3-CD4+ T cells (38). pTregs have been found in the

gut and the placenta where they modulate interactions with the

external environment – including the microbiota – and prevent

aberrant antigen responses. Tregs can also be induced in vitro

through induction of conventional T cells with TGF-b and

interleukin 2 (IL-2) known as induced Tregs (iTregs) (38). The

degree of demethylation of the Treg-specific demethylated region

(TSDR), a non-coding element in the FOXP3 locus, differs between

tTregs and iTregs. A relatively lower degree of TSDR demethylation

in iTregs renders them unstable in FOXP3 expression and

immunomodulatory function (8, 39). For pTregs, induction by

TGF-b in the periphery and binding of the Foxp3 conserved

noncoding sequence 1 (CNS1) by NFAT is required for

differentiation. Furthermore, although FOXP3 is the main
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transcription factor driving Treg phenotype, the expression of

FOXP3 in Tregs requires T cell receptor (TCR) signaling, where

the recognition of self-antigens presented by major histocompatibility

complex (MHC) by the TCR is an essential step in tTreg development

(40). Described as a “goldilocks principle”, strong and transient TCR

stimulation is needed for Treg cell lineage commitment and robust

FOXP3 expression in CD4+ single positive thymocytes, whereas a

weak signal leads to conventional T cell development and a persistent

strong signal results in negative selection (41). This is also true for

iTregs, where a strong TCR signal is needed for induction (41). Naïve

T cells that encounter low amounts of high affinity agonist antigens

resulted in FOXP3 expression in vivo, creating pTregs (42).

Furthermore, activation of Treg suppressive function is TCR-

dependent. Only after activation can TCR-non-specific suppression

of bystander cells occur (40). The development of pTregs has been

likened to that of iTregs, but it should be noted that pTregs are

induced in vivo where other microenvironmental factors may be a

driving factor (38). Whether such mechanisms are similarly in place

in allografts, and the proportional involvement of tTregs and pTregs

in allograft tolerance are currently unknown as markers that reliably

distinguish the two populations in humans are unclear (43).
Tregs must enter allografts to enable
graft acceptance

In animal models, allograft tolerance has been shown to be

dependent on recipient Treg function and survival. Animal studies

in which Tregs were depleted through either thymectomy or a

CD25 monoclonal antibody demonstrated abrogation of allograft

acceptance, resulting in rejection (44, 45). Tolerance mediated by

Tregs is donor specific, as second donor-specific allografts were

accepted, but third-party grafts were rejected indicating that this

was not a result of generalized immune defects or broad

suppression of the immune system (44). In animal models,

occupancy of the allograft by T cells with regulatory function has

been shown to be required for allograft tolerance (46). In a mouse

skin transplant model treated with non-depleting CD4 and CD8

monoclonal antibodies to induce tolerance, re-grafting of tolerated

skin grafts into thymectomized and T-cell depleted host mice

prevented rejection when fresh naïve splenocytes were infused

(46). The re-transplanted allograft was found to contain T cells

that exited the graft, expanded and colonized the new host to an

extent that was detectable in the peripheral blood; further, they

prevented the rejection of fresh donor-specific allograft, suggesting

the presence of intragraft T cell populations including CD4+CD25+

Tregs that drive transferrable, dominant tolerance (46). A similar

observation was made in a murine pancreatic islet study in which

Tregs maintained stable graft function, and transfer of intragraft

Tregs into the newly transplanted graft resulted in induction of

tolerance (47). However, FOXP3 mRNA expression in allografts has

also been associated with acute rejection; in heart transplant

recipients, Tregs could be isolated from endomyocardial biopsies

from patients with acute cellular rejection and expanded in culture

(48). Furthermore, even though persistence of donor antigens is

required for tolerance in some models, this may not be sufficient. In
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complex treatment, Tregs were not able to drive tolerance of a

second allograft but instead led to rejection of the primary graft,

breaking established tolerance (49). This observation suggested that

in this model, intragraft Tregs prevented rejection but were not able

to exit the graft and expand sufficiently to control the rejection of a

second donor graft. The mode and timing of tolerance induction,

strain differences, or alterations within intragraft Treg populations

may be a factor in development of tolerance, as induction of

peripheral Tregs from FOXP3 deficient T cells through TGF-b
signaling promoted skin graft survival in mice treated with a non-

depleting anti-CD4 antibody, and were able to accept a second fresh

graft after over 100 days of the initial treated graft (50).

Accumulation of intra-graft FoxP3-expressing cells has been

observed in biopsies of liver allografts in operationally tolerant

patients. In a study of 69 adult liver transplant recipients where 14

proceeded to biomarker-guided immunosuppression withdrawal

and 8 achieved operational tolerance, the ratio of intrahepatic

FOXP3 to IFNG gene expression was elevated in tolerant patients

prior to immunosuppression withdrawal, suggesting that intragraft

Tregs mediated this state of tolerance (51). The gene for E-selectin,

an adhesion molecule responsible for lymphocyte recruitment, was

higher in liver biopsies of tolerant patients, which might reflect an

enhanced ability of these grafts to retain Tregs (51). Furthermore,

accumulation of CD4+FOXP3+ cells was found to occur after

immunosuppression withdrawal followed by downregulation of

proinflammatory genes in liver transplant patients without

progressing to rejection (52). Similarly, subclinical rejection – but

not acute rejection – of liver allografts was associated with higher

ratio of CD4+FOXP3+ Tregs to CD8+ T cells (53). In addition, Tregs

can be found in allografts many years after transplantation. For

example, FOXP3 expression was identified in a human composite

vascularized allograft up to six years post-transplant; TCR-Vb
repertoire analysis indicated that a select subset of presumably

alloreactive Tregs were expanded (54). In contrast, some studies

have associated Tregs and FOXP3 expression with adverse graft

outcomes. In a kidney transplant study of 36 individuals with acute

rejection, 18 with chronic allograft nephropathy and 29 with

normal biopsies, urine mRNA levels of FOXP3 were predictive of

graft failure within six months of an acute rejection episode (55).

Therefore, whether the presence of FOXP3 is protective or

detrimental to the survival of the allograft is unclear. One factor

to consider is that FOXP3 expression on its own is not synonymous

with a regulatory phenotype in CD4+ T cells. FOXP3 expression has

been detected in CD4+CD25- T cells in systemic lupus

erythematosus patients (56). Other cells types such as activated

CD4+CD25-T cells have also shown transient expression of FOXP3

without suppressive capabilities (57) as well FOXP3 has also been

described in certain cancers (58, 59). Another possibility to consider

is that altered patterns of Treg activation and migration into grafts

may tip the balance toward either protection or injury.

Investigators have sought to identify molecules involved in Treg

homing to allografts (Figure 1). In a murine cardiac transplant

study, recruitment of Tregs into the allograft was dependent on

chemokine receptor CCR4 and macrophage-derived chemokine

(CCL22) whereas in the absence of Treg recruitment into the
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graft, tolerizing therapies were ineffectual (44). CCL5 is chemokine

with three receptors: CCR1, CCR3 and CCR5 (60). These receptors

mediate recruitment leukocytes to sites of inflammation. CCL5

mediated Treg trafficking into rat kidney allografts (61). The

homing of Tregs sequentially to the allograft first via P/E-selectin,

CCR2, CCR4 and CCR5 and then to the draining lymph node using

CCR2, CCR5 and CCR7 is required for activation and immune

modulation (62). Further work showed that the migration of Tregs

through graft lymphatics is required to regulate allogeneic T cells in

the draining lymph nodes, a process that involves the interactions

between lymphotoxin b receptor(LTbR) presented by lymphatic

endothelial cells to LTab expressed on Tregs (63). In contrast,

chemokines may have negative effects on Treg recruitment to the

allograft, as tolerant grafts had high CCR4 expression on Tregs
Frontiers in Immunology 04
while rejected grafts had high CCR5 and CXCR3 expression on

Tregs (44).

Activated Tregs target effector T cells, preventing their

proliferation and migration to the graft, as well as inhibiting

donor-derived dendritic cell migration (62). Trafficking of Tregs

into allogeneic tissues may also be dependent on major

histocompatibility complex molecules or in the case of humans,

human leukocyte antigens (HLA). Development of donor-specific

human chimeric antigen receptor Tregs (CAR-Treg) against a class

I HLA molecule, HLA-A2, was found to direct trafficking of CAR-

Tregs into the A2 expressing allograft over nonspecific control in a

mouse skin transplant model (64). Transfer of these A2-CAR Tregs

suppressed T cell activation and subsequently rejection of a skin

allograft (64). These A2-transduced CAR Tregs exhibited better
FIGURE 1

Interaction of Tregs with the vascular endothelium, intragraft cells, and lymphatics. Depiction of Tregs entering the allograft through interactions
with chemokine ligands, integrins and potentially through TCR-MHC binding. Diapedesis of Tregs into the allograft, encountering antigen-presenting
cells such as B cells and dendritic cells, which can prime and sustain anti-donor T cell responses. Migration to tertiary lymphoid organs (TLOs) can
occur through interactions with chemokines such as CXCL13, CCL19 and CCL21. Subsequently, Tregs enters the lymphatics and migrate to the
draining lymph node through LTab/LTbR interaction and based on chemokine receptors CCR2, CCR5 and CCR7. Made using Biorender.com.
frontiersin.org
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control of allospecific immune responses and completely prevented

rejection in vitro and in vivo in a humanized skin transplant model,

without affecting the basic stability and function of the Tregs as

demonstrated by Noyan et al. (65). Therefore, Treg and HLA

specificity is likely to be needed for Treg homing and function,

although how HLA class II molecules interact with Treg trafficking

is not fully understood. These data suggest that directed migration

of Tregs to the graft is critical to their effectiveness of immune

modulation and at controlling of anti-donor responses.

Interestingly, the programmed death 1 (PD-1)/programmed

death ligand 1 (PD-L1) pathway, which has various roles in T cell

function, has also been investigated in Treg function. Tregs can use

PD-L1 to suppress autoreactive B cells in a mice expressing model

antigens in the kidney (66). In the transplant context, a rat model of

kidney transplant using membrane-anchored-protein PD-L1 on

glomerular endothelial resulted in higher FOXP3 expression in

treated grafts (67). In a scRNAseq study of mouse pancreatic islet

transplantation, expression of PD-1 on Tregs was associated with

tolerance (68). How this mechanism operates to promote tolerance

in allografts has not been well-defined and is an area for

further research.

Various methods have been used to generate Treg cell therapy

products for solid organ transplantation. In a 2016 pilot study in

living donor liver transplantation, Tregs were generated in a 2-week

culture with recipient and irradiated donor lymphocytes obtained

from leukapheresis with CD80 and CD86 monoclonal antibodies to

block costimulation (69); the resulting cells were administered,

resulting in 7 of 10 recipients becoming operationally tolerant.

Other studies differed in their methods of Treg manufacturing;

approaches have included fluorescence activated sorting and ex vivo

polyclonal expansion using stimulation beads (70) or depletion and

enrichment using a CliniMACS-based system (71–73), which

magnetically isolates CD25+ cells from CD8 and CD19-depleted

peripheral blood mononuclear cells (73, 74). One of the most

pivotal Treg therapy cell trials to date, the ONE study, was

performed in living donor kidney transplantation. It was an

international study involving France, Germany, Italy, the UK, and

the USA (75). Six different cell therapy products were generated,

four of which were Treg based (75) and included polyclonal Tregs

(2 centers), Tregs generated via costimulatory blockade in the

presence of donor peripheral blood mononuclear cells (one

center), and Tregs stimulated with donor B cells activated by

K562 expressing human CD40L (one center) (75). The study was

underpowered to show clear differences in Treg products, but it

preclinical studies show that polyclonal Tregs have lower potency

than donor alloantigen-reactive Tregs (reviewed in (76)). It is also

likely that genetic differences between individuals, pre-existing

disease and other factors impact the number and quality of Tregs

generated. For example, in the ARTEMIS study in liver

transplantation, donor-antigen reactive Tregs (darTregs) were

generated for cell therapy but many participants’ Tregs failed to

expand sufficiently (77). Further work is needed to determine the

factors that impact successful expansion of Tregs for use in clinical

trials and their ability to control anti-donor immune responses

within the graft. Knowledge of the properties of intragraft Tregs

from preclinical studies will help to inform this effort.
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Tertiary lymphoid organs as sites of
Treg-mediated immune regulation

In transplantation, intragraft lymphocytes have been observed to

cluster and organize into ectopic lymphoid structures, to differentiate

them from conventional primary and secondary lymphoid organs

which are generally formed during embryogenesis. These ectopic

structures arise in response to chronic inflammation, a common

occurrence in transplant, in a process known as lymphoid neogenesis

enabling localized immune response (78). They are therefore a

potentially important microenvironment for graft infiltrating Tregs,

and were first described in cardiac allograft biopsies in 1985 (79). The

composition of these structures varies, but they generally have

defined borders and are composed of lymphocytes with or without

high endothelial venules (HEVs) – lined by specialized peripheral

node addressin (PNAd)-expressing endothelial cells (80)– that enable

lymphocytes to enter non-lymphoid tissue (78). Those with HEVs are

often referred to as tertiary lymphoid organs (TLOs). It remains

controversial whether these lymphoid structures promote or inhibit

allograft survival (78, 81, 82). Due to inflammation-driven expression

of stromal chemokines CXCL13, CCL19 and CCL21, T and B cells

are recruited into allografts (78). Coupled with expression of tumor

necrosis factor a (TNFa) and lymphotoxin-mediated activation of

lymphotoxin b receptors on stromal cells, HEVs form and T and B

cells segregate into distinct compartments (78).

In mouse cardiac allografts, a higher number of ‘Quilty lesions’

or TLOs were found in allografts that were chronically rejected

compared to those with acute rejection suggesting that TLOs drive

consistent immune modulation (83). Expression of FOXP3 has

been described in these structures but its relation to allograft

tolerance has not been established, likely due to the varying

cellular composition of TLOs in different contexts. The presence

of Tregs in TLOs was associated with higher cardiac allograft

acceptance while in another mouse study, they were instead

associated with acute and chronic rejection (78). In lung

transplantation, TLOs are also known as bronchus-associated

lymphoid tissue (BALT). Migration of lymphocytes into lung

tissue to form BALT through HEVs and lymphocyte homing is

directed in part by a4b1 integrin, VCAM-1 and LFA-1 (84) and is

dependent on expression of IL-22 (78). Originally only thought to

be associated with rejection, a murine study in which lungs were

first into immunosuppressed recipients for 72 hours followed by re-

transplantation into untreated allogenic recipient, resulted in long-

term survival and was associated with presence of Tregs in close

proximity to dendritic cells within the BALT (85). The importance

of Tregs in inducing tolerance in this setting was validated by their

depletion using CD25 monoclonal antibody in the initial 72-hour

period during which tolerance was established (85). The presence of

TLOs in mouse lung allografts can also, however, be associated with

an increase in rejection and fibrosis (86).

TLOs have also been described in kidney allografts. In a non-

human primate study, lymphoid aggregates were identified in

kidney allografts by immunohistochemistry (87). These were few

in numbers after transplant but increased in rejecting grafts (87). In

line with the idea that lymphoid structures are detrimental to graft

survival, two animals that had operational tolerance had these
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cellular infiltrates disappear after the during the first year post-

transplant (87). However, the presence and function of Tregs were

not assessed in these grafts. Similarly, a study involving a cohort of

transplant patients who experienced chronic rejection, cellular

infiltrates of T cells, B cells, and DCs were found in clusters with

plasmablasts and plasma cells (82). Here, Tregs were not predictive

of longevity of the grafts. The benefit of studying kidney transplant

patients is the availability of protocol biopsies performed at certain

centers allowing for availability of samples throughout the lifespan

of the graft. From these biopsies, patients with subclinical rejection

without FOXP3+ infiltrates in the graft had worse graft outcome

than those with FOXP3+ infiltrates and those without subclinical

rejection (88). The presence of FOXP3+ Tregs seemed to confer a

graft outcome similar to that seen in those with a normal non-

subclinical rejection biopsy (88). In a highly tolerant murine model,

C57BL/6 mice received DBA/2 kidneys that developed operational

tolerance, grafts were developed periarterial Treg-rich lymphoid

structures, in which the Tregs expressed latency-associated peptide

(LAP) and exhibited increased proliferation activity (89).

TLOs are a rich environment in which numerous immune cells

have the opportunity to interact via cognate antigen-antigen

receptor interactions, costimulation and checkpoint pathways,

and cytokine signaling (89). In contrast to the prevailing view, in

which TLO development is lymphotoxin-dependent, in this study

TLOs formed in response to MHC class II disparity without the

need for lymphotoxin pathways (89). These findings suggest that

although TLO formation within allografts can be associated with

both rejection and acceptance, the developmental pathway,

localization and composition of these TLOs may be the driving

factor that dictates their role in allograft outcome. Close and early

interaction between Tregs and dendritic cells may be needed to

prevent activation and proliferation of effector T cells, but if

interaction occurs after effector T cells have experienced antigen

and proliferated, the presence of Tregs is unlikely to be sufficient in

controlling alloimmunity (90). Nevertheless, positioning of Tregs

within TLOs – where they are likely to encounter many antigen-

presenting cells – may be optimal for immune regulation.

Furthermore, it has recently become apparent that Tregs are a

heterogeneous population, and this may be one of the factors that

determines their localization and function within TLOs and other

allograft microenvironments.

Multidimensional analytic approaches
to exploring Treg heterogeneity
in allografts

Originally, Treg subpopulations were difficult to parse apart, but

recently technological breakthroughs have made high dimensional

analysis of transcriptomes and protein expression at the single cell

level possible. Techniques such as mass cytometry, single-cell

(scRNA-seq), single nucleus RNA sequencing (snRNA-seq), and

multiplexed imaging have enabled the investigation of Treg

subpopulations, their differentiation pathways and phenotype,

which would have otherwise been undetectable using conventional

bulk tissue analysis. These techniques allow for further analysis into
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Treg status in different tissue types, including their activation status,

epigenetic changes, and cytokine production.

scRNA-seq is a high dimensional technique used to analyze the

transcriptome of single cells. By capturing all the RNA content of

individual cells, scRNA-seq preserves the granularity and

complexity of subpopulations that are lost in bulk RNA

sequencing approaches. Usage of the entire sequenced

transcriptome in scRNA-seq analysis allows for shifts in cellular

differentiation pathways and expression profiles to be detected.

Coupled with unsupervised dimensionality reduction analysis, cells

with shared transcriptional profiles can be grouped into clusters

using tools such as Seurat (91) and singleR (92); gene expression

patterns can be compared between populations using heatmaps and

algorithms such as DESeq2 to determine differential gene

expression by utilizing negative binomial generalized linear

models (93). Comparison of gene expression can be used to

determine if two conditions or treatment modalities have an effect

on the composition of cell population and if these cells exhibit

changes in their gene expression. The usage of such analysis

methods in the comparison of rejecting and stable or tolerant

allografts may reveal differences in their immune cell composition

that could reveal important mechanistic pathways.

Investigators have begun to use these approaches to identify

novel Treg subpopulations, providing insights into the

transcriptional regulatory networks governing Treg biology.

Utilizing single cell transcriptomics and high dimensional

cytometry has provided further insights into the heterogeneity

and differentiation pathways of Treg populations. At the single-

cell RNA transcript level, Tregs are commonly identified using

FOXP3, CTLA4 and IL2RA gene expression (94, 95). However,

since single-cell suspensions are needed for these techniques, spatial

information on where cell populations of interest are distributed

within the tissue is lost. Cells that need to be analyzed in the context

of their neighbors require techniques that include spatial

information. These techniques include spatial transcriptomics, in

which the distribution of transcripts in tissue is visualized through

imaging of hybridized fluorescent probes or recording of locations

for sequencing-based approaches (96), albeit at low resolution.

Protein-based detection approaches include imaging mass

cytometry (IMC), multiplexed ion beam imaging by time-of-flight

(MIBI-TOF), co-detection by indexing (CODEX) and cyclic

Immunofluorescence (CycIF) (96). These approaches provide

high-dimensional information on cellular transcriptomes or

protein expression while maintaining the spatial data through

mapping back information on to their histological locations (97).

This is achieved through in silico processing which reconstructs the

positions of all detected cells via gene expression providing spatial

information that enables analysis of cell-cell interactions and

visualization of cells within structures (96). These high

dimensional techniques offer a more detailed view into the

complexities of Tregs and the changes that environmental cues

impose. With these and other methods, subpopulations of Tregs are

beginning to be described which may provide the granularity

needed to fully understand their phenotype and function in

allograft tolerance, although it should be noted that these

techniques have their limitations.
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Multidimensional data provides
evidence for unique properties of
tissue Tregs

Tregs are conventionally found in secondary lymphoid organs

such as the spleen, lymph nodes, tonsils, and Peyer’s patches.

However, distinct populations of Tregs have also been reported in

non-immunological tissues (98). In comparison to circulating

conventional Tregs, subsets of Tregs home and migrate into

tissues where they further differentiate and develop specialized

functions (10, 98–101). These Tregs are not a result of chronic

inflammation or immune perturbation but have homeostatic

functions that are specific to the needs of the tissue (100, 102).

Compared to conventional Tregs that migrate through the

lymphatics and remain in the lymph nodes, the presence of Tregs

in tissue allows for localized immune modulation and a tailored

response (103). A deeper understanding of Treg populations in

normal tissues is likely to inform the study of Tregs in accepted and

rejecting allografts.

Tregs have been identified in the visceral adipose tissue (VAT)

in mice (100). VAT Tregs are not a result of TGF-b induced

conversion of FOXP3-CD4+ cells to FOXP3+CD4+ cells, but are

in fact thymocytes that migrate to VAT tissue early in life (100, 104,

105). VAT Tregs have been proposed as modulators of insulin

resistance in obese mice (100), although in other studies they have

been shown to fail at promoting insulin resistance in aged mice

(106). In addition to VAT Tregs, the skin, which is the largest

barrier surface in the body, has a unique microbiome that is

required for self-tolerance (107). Perhaps not surprisingly, the

skin has resident Tregs (108). Skin Tregs function to promote

tolerance to commensal microbes, and are recruited rapidly in the

neonate (109). Skin Tregs modulate the immune system and

prevent skin inflammation (110, 111). Aside from maintaining

homeostasis, skin Tregs also promote tissue repair, through

transcription factor BATF (112), amphiregulin (AREG) and

proenkephalin (PENK) (107). Similar to the skin, the intestine

separates the external and internal environment and has its own

microbiota. Intestinal Tregs have described as having multiple roles

to ensure homeostasis; loss of intestinal Tregs can result in

inflammation and inflammatory bowel diseases such as ulcerative

colitis and Crohn’s disease (113). Intestinal Tregs were described as

divided into three groups; GATA3+Helios+, RORgt+, RORgt-

Helios- Tregs (114). These subpopulations of intestinal Tregs are

likely the result of unique stimuli present in the intestine, since Treg

expression of RORgt is modulated by the intestinal microbiota (115,

116). IL-33 signals through transforming growth factor (TGF)-b1
leading to the differentiation of Tregs and their accumulation in the

intestine (117). These tissue Tregs are similar to conventional Tregs,

but their specialized functions have made them suitable for their

tissue microenvironment.

Differentiation of tissue specific Tregs varies with the tissue and

is not fully understood. Tissue Tregs of the colon, VAT and skeletal

muscle from mouse were analyzed and found that for tissue

modifications many open coding regions were already accessible

in the spleen, suggestive of a pre-differentiation event that primed
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the transition of Tregs from lymphoid to nonlymphoid organs

(118). However, it should be noted that a shared pattern of open

chromatin does not necessitate similar gene expression between

cells; additional transcription factors drive specific gene expression

and it was indeed found that a limited set of transcription factors

regulated tissue Treg genes (118). Zemmour et al. used scRNA-seq

and described a core of FOXP3 dependent transcripts that were

uniformly expressed in Tregs that were under expressed or missing

in conventional T cells (94). Described as modular, the authors

propose that on top of the core Treg transcriptional program,

additional transcripts are expressed as a function of

differentiation and location (94). Secondly, they also found that

TCR signaling intensity shaped activated Treg differentiation (94),

suggesting that the presence of antigen in the microenvironment

impacts upon tissue Treg development. Analysis of transcripts

within the Treg population revealed a continuum of Treg states

leading to fully differentiated tissue Tregs, which are characterized

by tumor-necrosis factor receptor superfamily (TNFRSF) gene

expression – specifically TNFRSF4, TNFRSF9 and TNFRSF18 –

and expression of other non-lymphoid tissue-associated genes such

as KLRG1, RORA, and ITGAE (10). Miragaia et al., used mouse

skin and colon samples and comparison with nearby lymphoid

tissue to reveal tissue-specific differentiation signatures. Originating

from lymph nodes, colon and skin resident Tregs developed

through a shared pathway with expression of GATA3, IL1RL1,

TNFRSF4 and RORA; tissue specific gene expression was also

evident, where skin Tregs expressed DGAT2 while colon Tregs

expressed ITGA4 and GIMAP6 (10). Through trajectory analysis

Luo et al., described two differentiation pathways originating from a

common origin of CCR7+ cells (11). One pathway was described as

CCR7-CCR4mid/hi and had more suppressive capacity with

enrichment in gene transcripts related to cell-cell adhesion and

aggregation (11). The second pathway was described as CCR7-

CXCR3+ and had higher proliferative capacity than pathway one

and expressed glycolysis and tricarboxylic acid cycle transcripts

(11). A chromatin accessibility comparison of VAT and skin Tregs

with blood Tregs suggested a developmental trajectory of blood

naïve Tregs to blood memory Tregs rather than to tissue Tregs

(112). Combined, these data suggest that Tregs lie on a continuum

of progressive adaptation to tissue and differentiation in response to

their environment (10, 94). These tissue specific Tregs may be

differentiated from conventional Tregs based on additional modules

of gene expression, on top of the core regulatory program, that

confer tissue-specific functions. Continued exploration of tissue

Tregs may provide a basis for promoting Tregs function within

allografts to promote tolerance.
Single-cell characterization of Tregs in
allograft tissue

As tissue resident Tregs have now been described to have

specialized functions and do not appear to arise as a result of

inflammation or perturbations to the local environment, the

possibility arises that some allografts may also contain a
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homeostatic niche for similar Tregs independent of the alloimmune

response. However, this notion stands in contrast to observations

that the Treg content of allografts increases during rejection

concomitantly with the infiltration of other T cell populations

(48, 49, 55).

To resolve these questions, investigators have begun to apply high

dimensional techniques to transplanted organs. In a murine cardiac

transplant model analysis via a 37-parameter CyToF panel was

applied to splenocytes. The authors described four Treg

populations, two of which had higher expression of GITR and

MHCI, where MHCI expression was associated with allograft

rejection (119). These Treg clusters are denoted as GITRmidCD25-

MHCIlo, GITRloCD25loMHCIlo, GITRhiCD25-MHCIhi and

GITRhiCD25hiMHCIhi. The proportion of GITRmidCD25-MHCIlo

and GITRloCD25loMHCIlo cells was higher in no transplant control

when compared to syngeneic and allogeneic day 5 post-transplant

(119). Accordingly, GITRhiCD25hiMHCIhi Tregs increased in

proportion in allogeneic transplants at day 5 when compared to

control (119). This change in Treg cluster proportions and expression

of GITR and MHCI may have been due to chronic stimulation and

activation of Tregs due to chronic antigen presentation.

In a paper by Liu and colleagues, two kidney transplant

recipients were biopsied and the tissue was analyzed via scRNA-

seq and compared to a published healthy kidney dataset (120).

Annotation of the data revealed a sub-cluster of FOXP3-expressing

cells within what the authors described as the natural killer T cell

cluster. Unfortunately, further in-depth analysis on this cluster to

determine if these are truly Tregs or whether other Treg populations

exist was not performed, and the data are not publicly available

(120). Li and colleagues analyzed liver samples and blood from 55

liver transplant patients using scRNAseq to characterize the

immune landscape of the allograft (121). Interestingly, upon

further analysis of a CTLA4+CD8+ T cell population, they also

found a subset of CD4+CD8+FOXP3+ T cells. The authors

performed pseudotime analysis, a method that estimates the order

of cell differentiation in atemporal resolution without the need for

prior knowledge (122) and suggested that CD8+ T cells infiltrated

the graft and subsequently developed regulatory function through

increasing expression of both CD4 and FOXP3 (121). Any

conclusions made from this observation must account for the fact

that RNA expression does not correspond directly with protein level

expression, so although levels of CD4 and CD8 can be detected at

the RNA level, this may not translate to the protein level so this

cluster may in fact express only one of the co-receptors.

In addition to gene expression, scRNA-seq methodology also

allows for capturing T cell receptor (TCR) sequences when the RNA

is analyzed from the 5’ end instead of the 3’ end of the transcript,

given the location of the variable sequence of the TCR is nearer the

5’ end. As TCR signaling is required for Treg suppression and

extravasation into target tissue as well as into secondary lymphoid

organs, analysis of TCR clonality and repertoire may further our

understanding of Treg homing and retention in allografts. In this

regard, TCR analysis of peripheral blood and liver grafts of 7 liver

transplant recipients that were either stable, experiencing

subclinical rejection or acute cellular rejection was performed pre-

transplant and at 12- and 36-months post-transplant (123). TCR
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clonality did not increase in peripheral blood, but clonality of donor

reactive CD4+ and Tregs did increase in the liver allograft (123).

The TCR repertoires differed between peripheral blood and liver

allograft and showed only limited overlap with decreased frequency

post-transplant at both 12 months and 36 months (123). No change

in TCR repertoire was noted when focusing on the bulk population,

but donor reactive GARP+ Tregs displayed significantly higher

clonal repertoire compared to control (123). Tracking of Treg

clones in the peripheral blood at 12 months found that the

although the frequency of GARP+ Tregs in blood was 13.95%,

47.73% of the trackable hepatic Tregs were alloreactive in the blood,

pointing to an accumulation of donor reactive cells in the graft. This

may be indicative of TCR signaling-driven Treg differentiation into

tissue-resident cells as previously suggested (94).

Exploration of putative Treg
populations in published
allograft datasets

In order to characterize allograft-resident Tregs in greater

detail, we performed a secondary analysis of two publicly

available datasets from previously published work. In one study,

donor islets from C57BL/6 mice were transplanted into either

C57BL/6 mice (isograft) or into BALB/c mice (allograft) under

the kidney capsule and analyzed by scRNAseq at 7 days post-

transplant (124). Tregs were defined based on FOXP3 and IL2RA

expression. A higher proportion of Tregs was noted in allografts

compared to isografts (124). The authors did identify a population

of Tregs in the grafts, but further analysis of the Treg population to

determine similarities and differences between allogeneic and

syngeneic grafts was not performed (124). After obtaining the

data via the Gene Expression Omnibus database (GSE198865), we

performed further analysis on FOXP3 expressing cells (Figure 2).

Six subclusters were identified based on FOXP3 expression were

found, with cluster 0 expressing MS4A4B, FAM101B, KLF3 and

BCL2. Cluster 1 had both IKZF2, which encodes for Helios, and

IL1RL1 which encodes for ST2, receptor for IL33 (Figure 2B). Of the

other four clusters, one cluster expressed CD8b1, therefore possibly

representing a CD8+ Treg population, and another expressed high

levels of cell cycle genes (Figure 2B). Genes expressed in cluster 4

ranged from hematopoietic differentiation to receptor-type

transmembrane glycoproteins. Cluster 5 expressed many heat

shock proteins, along with podocin and ribonucleoprotein

(Figure 2B). These two clusters with a wide variety of genes

underscore the importance, discussed above, of sample processing

and quality control, as tissue processing to generate suspensions of

single cells often generates spurious stress transcripts (125). Proper

filtering of data will ensure removal of doublets and low quality

cells, the presence of which will lead to detection of aberrant gene

expression (126, 127).

We also explored the gene expression of a select number of

markers to determine Treg activation (TNFRSF4, TNFRSF18,

TIGIT, and LAG3), chemokine receptors and tissue Treg related

genes (Figure 2C). Looking at the whole expression levels of either

allo- or isografts, most Treg related markers genes similar between
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the grafts with the exception of IL2RA (CD25) and LAG3, which

were higher in isografts. The distribution of NRP1 expression in

allograft Tregs was wide, but generally NRP1 expression was higher

in isograft Tregs, suggesting that perhaps most of the FOXP3-

expressing cells in isografts were tTregs. Most of the chemokine

receptors and selectins were expressed at a very low level in Tregs

from both types of graft. CCR2, CCR3 and CCR7 transcripts

seemed to be higher in isograft Tregs while CCR4 and CXCR3

transcripts were instead higher in allograft Tregs. Treg CCR5

expression was for the most part similar between the graft types.

With the nonlymphoid-related markers (ITGAE, RORA, KLRG1,

IL1RL1, AREG, and GATA3); RORA, KLRG1, AREG and GATA3

were higher in allograft Tregs, while ITGAE and IL1RL1 were

instead higher in isograft Tregs. The combination of CCR4 and

AREG expression may suggest that FOXP3-expressing cells are

recruited and activated in allografts to promote repair.

In another murine study analyzing allografts using scRNAseq,

kidneys from 6-7 week old BALB/c mice were transplanted into

bilaterally nephrectomised B6 male recipients and macrophages

were found to infiltrate the graft (128). Kidney allograft-infiltrating

myeloid cells differentiated from monocytes to proinflammatory

macrophages by expression of Axl, potentially through interactions
Frontiers in Immunology 09
with the transcription factor C/EBPb (128). Kidney allograft

tolerance was induced by infusion of donor apoptotic cells (128).

The authors did not specifically investigate Tregs in tolerance and

rejection but shared their data on Gene Expression Omnibus

(GSE157292). We were able to select on cells with FOXP3 > 0 for

further analysis (Figure 3). In general, a higher expression of FOXP3

can be detected in the Tregs of tolerized grafts compared to rejected

grafts, but no large differences in the proportions of Treg

subclusters was seen (Figure 3A). Both rejected and tolerized

grafts had populations of FOXP3 expressing cells, but this

population was missing from kidneys in naïve animals. Four

distinct subpopulations of FOXP3 expressing cells were found,

characterized by high expression of IL7R and IFNGR1 in cluster

0, LGALS1 and SRGN in cluster 1, BCL2 and CD8 in cluster 2, and a

few histocompatibility molecules in cluster 3 (Figure 3B).

Analysis of the gene expression of selected markers show that

for the most part, the expression of Treg related genes is similar

between rejected and tolerized grafts with the exception of FOXP3,

which was higher in the Tregs of tolerized grafts (Figure 3C). A

similar higher expression of IKZF2, also known as Helios and NRP1

– neuropilin-1 was higher in the tolerized grafts. These Tregs may

be more activated as indicated through the expression of TNFRSF4
B

C
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FIGURE 2

Analysis of Tregs in Mouse Islet Allografts and Syngeneic Grafts (GSE198865). (A) Dimensional reduction plot of allo-graft and auto-graft cells with
FOXP3 > 0. Cells are separated into six clusters. (B) Heatmap indicating the different cell clusters of FOXP3 expressing cells, shows six clusters.
Cluster 0 expressing MS4A4B, FAM101B, KLF3 and BCL2, cluster 1 expressing IKZF2 and IL1RL1, cluster 2 expressing CD8b1, and cluster 3 expressing
high levels of cell cycle genes. Genes expressed in cluster 4 ranged from hematopoietic differentiation to receptor-type transmembrane
glycoproteins. Cluster 5 expressed many heat shock proteins, along with podocin and ribonucleoprotein. (C) Violin plots depicting genes relating to
Tregs (CD4, IL2RA, FOXP3, IKZF2, TNFRSF4, TNFRSF9, TNFRSF18, CTLA4, TIGIT, LAG3, and NRP1), chemokine receptors (CCR1, CCR2, CCR3, CCR4,
CCR5, CCR7, SELE, SELP, and CXCR3) and non-lymphoid tissue related genes (ITGAE, RORA, KLRG1, IL1RL1, AREG, and GATA3).
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and TNFRSF18. Many of the chemokine receptors are also of

similar values and expression between Tregs in the two types of

graft, except for CXCR3 which was found to be more highly

expressed in the Tregs of tolerized grafts. Nonlymphoid -related

markers such as KLRG1 and GATA3 were higher in the Tregs of

tolerized grafts while ITGAE, RORA were approximately of the

same level of expression in the Tregs of both types of grafts. A

slightly higher mRNA expression of AREG was also detected in the

Tregs of tolerized grafts although the difference was small. These

gene expression patterns seem to indicate that for the most part,

similar expression levels of genes were seen in Tregs between the

two types of grafts but additional activation of the Tregs, changes to

trafficking molecules and expression of repair molecule

amphiregulin indicate that the Tregs in tolerized grafts may have

taken on additional roles that perhaps drove tolerance. How these

observations correspond to functional differences remains to be

investigated. Still, the distribution of intragraft FOXP3 expressing

cells into five distinct clusters indicates that Tregs are not a

homogenous population and that this must be taken into account

when analyzing intragraft Tregs.

It should be noted that these analyses are only the start of

understanding Treg phenotype in transplanted organs. FOXP3
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expression does not equate strictly to Treg identity and has also

been described in CD4+CD25−T cells, and cancer cells (56–59).

Therefore, when FOXP3 expression greater than 0 is used to

identify Tregs, it must be borne in mind that cells with this

property instead represent a mixture of related cell types that

share in the expression of FOXP3. Also, although analysis of TCR

sequences is now possible, allowing inferences to be made about the

expansion of potentially alloreactive Treg populations, these

currently remain only inferences because our ability to identify

cognate peptide-MHC ligands from TCR sequences is limited.

Furthermore, caution must be used in interpreting these data, as

scRNA-seq datasets include noise from doublets and dying cells

which can result in false signals (126, 127). In a similar vein, false-

positive transcripts can be detected due to poor filtering of data

leading to erroneous differential gene expression analysis (129).

Batch effects, where expression of genes in one batch uniformly

differs from another batch, can also arise in scRNA-seq data.

Identifying and correcting for such batch effects is essential for

robust data interpretation (130). As high dimensional techniques

become more commonplace, understanding of their advantages and

limitations is essential to proper interpretation of the data.

Detection of irrelevant genes is a possibility when proper quality
B
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FIGURE 3

Analysis of Tregs in rejecting and tolerant mouse kidney allografts (GSE157292). (A) Violin plot prior to selecting on FOXP3 expressing cells, showing
that many cells were from rejected and tolerized grafts while naïve grafts had no/low expression of FOXP3 (left). Dimensional reduction plot of
rejected and tolerized grafts from FOXP3 > 0 expressing cells (right). (B) Heatmap indicating the different cell clusters of FOXP3 expressing cells,
showing four clusters. Characterized by high expression of IL7R and IFNGR1 in cluster 0, LGALS1 and SRGN in cluster 1, BCL2 and CD8 in cluster 2,
BCL2 and CD8 in cluster 3 and a few histocompatibility molecules in cluster 3. (C) Violin plots depicting genes relating to Treg (CD4, IL2RA, FOXP3,
IKZF2, TNFRSF4, TNFRSF9, TNFRSF18, CTLA4, TIGIT, LAG3, NRP1, and TGFB1), chemokine receptors (CCR1, CCR2, CCR3, CCR4, CCR5, CCR7, SELE,
SELP, and CXCR3) and nonlymphoid tissue-related genes (ITGAE, RORA, KLRG1, IL1RL1, AREG, and GATA3.
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control and processing of samples are not put into practice.

Ultimately, hypothesis-driven functional validation studies will be

required to confirm these observations.
Conclusions

With the development of high dimensional techniques,

detecting and distinguishing small gene expression differences

and rare cell populations is now possible. This has enabled

identification of Treg subpopulations, which may lead to better

understanding of the role of the allograft microenvironment in the

differentiation and function of Tregs. As these techniques become

more routine, the limitations noted above must be borne in mind.

Analysis pipelines need to be carefully validated to ensure high

quality data are properly analyzed. In addition to single-cell

techniques, recent advances in high-dimensional spatial biology

approaches can provide information on Treg cellular context and its

relationship to tissue structures, to aid in the understanding of the

role of Tregs in allograft longevity.

A large body of evidence supports the concept that intragraft

Tregs are critical for allograft acceptance. Translating the current

understanding of intragraft Tregs from gene profiles derived from

scRNA-seq data to protein-level validation will be an important

next step as gene expression does not correlate directly to protein

expression. Usage of newer high dimensional transcriptomic

methods that combine protein analysis with spatial locations such

as IMC can be a step to understanding the formation and structure

of allograft infiltrates and their phenotype including Tregs.

Finally, the advent of ex vivo allograft perfusion systems opens

up the possibility for directed graft modulation using Tregs (131)

and other immunoregulatory approaches, such as allograft genetic

engineering (132). An analysis of the properties of Tregs in accepted

or stable allografts may inform the rational design of these

therapies. Since systemic infusion of Tregs was shown to be

feasible without adverse effects in a phase I/II kidney transplant

trial (75), optimization of an allograft-directed approach could be

readily clinically translatable. Hence, a better understanding of Treg

transcriptional states within allografts may lead to a fuller

understanding of how to facilitate the induction of operational

tolerance, improving outcomes for thousands of patients facing the

prospect of organ transplantation.
Methods supplement

Public data from the Gene Expression Omnibus (GSE198865)

and (GSE157292) were selected for Treg analysis. Samples were

selected on mitochondrial gene content less than 10% for all

samples. For samples from GSE198865, nFeature(number of

genes in a cell) was selected between 200 and 5000. For samples

from GSE157292, naïve kidney samples were selected between 500

to 2000 genes per cell, for both rejected and tolerized kidney

samples, 200 to 3000 genes per cell were selected. Tregs were
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defined as cells with FOXP3 RNA > 0 prior to SCT integration(1,

2). Due to low cell count (94), all cells in the smallest sample were

considered when weighing anchors for GSE157292. Distinct

clusters of Tregs were displayed on a Uniform Manifold

Approximation and Projection (UMAP) plot and the top 10

differentially expressed genes in each cluster were shown in a

heatmap using DoHeatmap (91). Based on the literature, CD4,

IL2RA (CD25), FOXP3, IKZF2 (Helios), TNFRSF4 (OX40),

TNFRSF9 (4-1BB), TNFRSF18 (GITR), TIGIT, LAG3 and NRP1

(neuropilin 1) were selected as Treg genes, and expression level was

shown using violin plot for the different types of grafts. Similarly,

chemokine receptors, CCR1, CCR2, CCR3, CCR4, CCR5, CCR7,

selectin E, selectin P, and CXCR3 were also depicted in a violin plot.

To determine if nonlymphoid tissue-related genes were expressed

differentially in the grafts, ITGAE (CD103), RORA, KLRG1,

IL1RL1 (ST2), AREG (amphiregulin), and GATA3 genes were

also displayed as violin plots.
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45. Besançon A, Baas M, Goncalves T, Valette F, Waldmann H, Chatenoud L,
et al. The induction and maintenance of transplant tolerance engages both regulatory
and anergic CD4+ T cells. Front Immunol (2017) 8:218. doi: 10.3389/
fimmu.2017.00218

46. Graca L, Cobbold SP, Waldmann H. Identification of regulatory T cells in
tolerated allografts. J Exp Med (2002) 195:1641–6. doi: 10.1084/jem.20012097

47. Gagliani N, Jofra T, Valle A, Stabilini A, Morsiani C, Gregori S, et al. Transplant
tolerance to pancreatic islets is initiated in the graft and sustained in the spleen. Am J
Transplant (2013) 13:1963–75. doi: 10.1111/ajt.12333
frontiersin.org

https://doi.org/10.1080/08923973.2021.1966033
https://doi.org/10.1093/ndt/gfv437
https://doi.org/10.1084/jem.171.1.141
https://doi.org/10.4049/jimmunol.155.3.1151
https://doi.org/10.1038/ni904
https://doi.org/10.1126/science.1079490
https://doi.org/10.1038/83713
https://doi.org/10.1182/blood-2009-05-219584
https://doi.org/10.1016/j.phrp.2014.04.008
https://doi.org/10.1016/j.immuni.2019.01.001
https://doi.org/10.1038/s41467-021-24213-6
https://doi.org/10.1038/nature06306
https://doi.org/10.2353/ajpath.2007.070096
https://doi.org/10.1038/nri2343
https://doi.org/10.3389/fimmu.2019.00043
https://doi.org/10.4049/jimmunol.177.10.6780
https://doi.org/10.4049/jimmunol.177.5.2765
https://doi.org/10.1084/jem.20062512
https://doi.org/10.1084/jem.20062129
https://doi.org/10.4049/jimmunol.174.4.1783
https://doi.org/10.1038/sj.cdd.4402220
https://doi.org/10.1084/jem.192.2.295
https://doi.org/10.1073/pnas.0711106105
https://doi.org/10.1126/science.1160062
https://doi.org/10.1084/jem.20050783
https://doi.org/10.1038/ncomms7219
https://doi.org/10.1126/science.1202947
https://doi.org/10.1084/jem.20060772
https://doi.org/10.1016/j.jim.2006.10.008
https://doi.org/10.1007/s10753-012-9496-8
https://doi.org/10.3389/fimmu.2022.1055805
https://doi.org/10.3389/fimmu.2013.00253
https://doi.org/10.1016/j.immuni.2008.01.012
https://doi.org/10.1084/jem.20120914
https://doi.org/10.1038/s41467-020-17811-3
https://doi.org/10.1038/cmi.2016.30
https://doi.org/10.1002/eji.202149318
https://doi.org/10.1016/j.it.2016.08.012
https://doi.org/10.3389/fimmu.2018.02540
https://doi.org/10.1111/j.1365-2567.2008.02992.x
https://doi.org/10.1038/nri.2016.26
https://doi.org/10.1084/jem.20091999
https://doi.org/10.1084/jem.20091999
https://doi.org/10.1111/imr.12160
https://doi.org/10.1084/jem.20041709
https://doi.org/10.3389/fimmu.2017.00218
https://doi.org/10.3389/fimmu.2017.00218
https://doi.org/10.1084/jem.20012097
https://doi.org/10.1111/ajt.12333
https://doi.org/10.3389/fimmu.2023.1291649
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Bei et al. 10.3389/fimmu.2023.1291649
48. Dijke E, Velthuis J, Balk A, De Kuiper R, Klepper M, Caliskan K, et al. FoxP3+ T
cells can be expanded from rejecting cardiac allografts. Transplant Proc (2006)
38:3233–5. doi: 10.1016/j.transproceed.2006.10.071

49. Pilat N, Wiletel M, Weijler AM, Steiner R, Mahr B, Warren J, et al. Treg-
mediated prolonged survival of skin allografts without immunosuppression. Proc Natl
Acad Sci U S A (2019) 116:13508–16. doi: 10.1073/pnas.1903165116

50. Cobbold SP, Castejon R, Adams E, Zelenika D, Graca L, Humm S, et al. Induction of
foxP3 + Regulatory T cells in the periphery of T cell receptor transgenic mice tolerized to
transplants. J Immunol (2004) 172:6003–10. doi: 10.4049/jimmunol.172.10.6003

51. Chruscinski A, Rojas-Luengas V, Moshkelgosha S, Issachar A, Luo J, Yowanto H,
et al. Evaluation of a gene expression biomarker to identify operationally tolerant liver
transplant recipients: the LITMUS trial. Clin Exp Immunol (2022) 207:123–39.
doi: 10.1093/cei/uxab011

52. Taubert R, Danger R, LondoñoM-C, Christakoudi S, Martinez-Picola M, Rimola
A, et al. Hepatic infiltrates in operational tolerant patients after liver transplantation
show enrichment of regulatory T cells before proinflammatory genes are
downregulated. Am J Transplant (2016) 16:1285–93. doi: 10.1111/ajt.13617

53. Baumann AK, Schlue J, Noyan F, Hardtke-Wolenski M, Lehner F, Barg-Hock H,
et al. Preferential accumulation of T helper cells but not cytotoxic T cells characterizes
benign subclinical rejection of human liver allografts. Liver Transpl (2016) 22(7):943-
55. doi: 10.1002/lt.24427

54. Eljaafari A, Badet L, Kanitakis J, Ferrand C, Farre A, Petruzzo P, et al. Isolation of
regulatory T cells in the skin of a human hand-allograft, up to six years posttransplantation.
Transplantation (2006) 82:1764–8. doi: 10.1097/01.tp.0000250937.46187.ca

55. Muthukumar T, Ding R, Lee JB, Seshan SV, Schwartz JE. Messenger RNA for
FOXP3 in the urine of renal-allograft recipients. N Engl J Med (2005) 353:2342–51. doi:
10.1056/NEJMoa051907

56. Zhang B, Zhang X, Tang FL, Zhu LP, Liu Y, Lipsky PE. Clinical significance of
increased CD4+CD25-Foxp3+ T cells in patients with new-onset systemic lupus
erythematosus. Ann Rheumatol Dis (2008) 67:1037–40. doi: 10.1136/ard.2007.083543

57. Wang J, Ioan-Facsinay A, van der Voort EIH, Huizinga TWJ, Toes REM.
Transient expression of FOXP3 in human activated nonregulatory CD4+ T cells. Eur
J Immunol (2007) 37:129–38. doi: 10.1002/eji.200636435

58. Zuo T, Wang L, Morrison C, Chang X, Zhang H, Li W, et al. FOXP3 is an X-
linked breast cancer suppressor gene and an important repressor of the HER-2/erbB2
oncogene. Cell (2007) 129:1275–86. doi: 10.1016/j.cell.2007.04.034

59. Devaud C, Darcy PK, Kershaw MH. Foxp3 expression in T regulatory cells and
other cell lineages. Cancer Immunol Immunother (2014) 63:869–76. doi: 10.1007/
s00262-014-1581-4

60. Singh SK, Mishra MK, Eltoum I-EA, Bae S, Lillard JW, Singh R. CCR5/CCL5
axis interaction promotes migratory and invasiveness of pancreatic cancer cells. Sci Rep
(2018) 8:1323. doi: 10.1038/s41598-018-19643-0

61. Dilek N, Poirier N, Usal C, Martinet B, Blancho G, Vanhove B. Control of transplant
tolerance and intragraft regulatory T cell localization bymyeloid-derived suppressor cells and
CCL5. J Immunol (2012) 188:4209–16. doi: 10.4049/jimmunol.1101512

62. Zhang N, Schröppel B, Lal G, Jakubzick C, Mao X, Chen D, et al. Regulatory T cells
sequentially migrate from inflamed tissues to draining lymph nodes to suppress the
alloimmune response. Immunity (2009) 30:458–69. doi: 10.1016/j.immuni.2008.12.022

63. Brinkman CC, Iwami D, Hritzo MK, Xiong Y, Ahmad S, Simon T, et al. Treg
engage lymphotoxin beta receptor for afferent lymphatic transendothelial migration.
Nat Commun (2016) 7:12021. doi: 10.1038/ncomms12021

64. Dawson NAJ, Lamarche C, Hoeppli RE, Bergqvist P, Fung VCW, McIver E, et al.
Systematic testing and specificity mapping of alloantigen-specific chimeric antigen receptors
in regulatory T cells. JCI Insight (2019) 4(6):e123672. doi: 10.1172/jci.insight.123672

65. Noyan F, Zimmermann K, Knoefel A, Schulde E, Geffers R, Hust M, et al.
Prevention of allograft rejection by use of regulatory T cells with an MHC-specific
chimeric antigen receptor. American journal of transplantation : official journal of the
American Society of Transplantation and the American Society of Transplant Surgeons
(2017), 917–30. doi: 10.1111/ajt.14175

66. Gotot J, Gottschalk C, Leopold S, Knolle PA, Yagita H, Kurts C, et al. Regulatory
T cells use programmed death 1 ligands to directly suppress autoreactive B cells in vivo.
Proc. Natl Acad Sci (2012) 109:10468–73. doi: 10.1073/pnas.1201131109

67. Luo Z, Liao T, Zhang Y, Zheng H, Sun Q, Han F, et al. Ex vivo anchored PD-L1
functionally prevent in vivo renal allograft rejection. Bioeng Transl Med (2022) 7:
e10316. doi: 10.1002/btm2.10316

68. Leung CS, Yang KY, Li X, Chan VW, Ku M, Waldmann H, et al. Single-cell
transcriptomics reveal that PD-1 mediates immune tolerance by regulating proliferation of
regulatory T cells. Genome Med (2018) 10:71. doi: 10.1186/s13073-018-0581-y

69. Todo S, Yamashita K, Goto R, Zaitsu M, Nagatsu A, Oura T, et al. A pilot study
of operational tolerance with a regulatory T-cell-based cell therapy in living donor liver
transplantation. Hepatology (2016) 64:632–43. doi: 10.1002/hep.28459

70. Chandran S, Tang Q, Sarwal M, Laszik ZG, Putnam AL, Lee K, et al. Polyclonal
regulatory T cell therapy for control of inflammation in kidney transplants. Am J
Transplant (2017) 17:2945–54. doi: 10.1111/ajt.14415

71. Safinia N, Vaikunthanathan T, Fraser H, Thirkell S, Lowe K, Blackmore L, et al.
Successful expansion of functional and stable regulatory T cells for immunotherapy in
liver transplantation. Oncotarget (2016) 7:7563–77. doi: 10.18632/oncotarget.6927
Frontiers in Immunology 13
72. Sánchez-Fueyo A, Whitehouse G, Grageda N, Cramp ME, Lim TY, Romano M,
et al. Applicability, safety, and biological activity of regulatory T cell therapy in liver
transplantation. Am J Transplant (2020) 20:1125–36. doi: 10.1111/ajt.15700

73. Bergström M, Yao M, Müller M, Korsgren O, von Zur-Mühlen B, Lundgren T.
Autologous regulatory T cells in clinical intraportal allogenic pancreatic islet
transplantation. Transpl Int (2021) 34:2816–23. doi: 10.1111/tri.14163

74. Peters JH, Preijers FW, Woestenenk R, Hilbrands LB, Koenen HJPM, Joosten I.
Clinical grade treg: GMP isolation, improvement of purity by CD127pos depletion, treg
expansion, and treg cryopreservation. PloS One (2008) 3:e3161. doi: 10.1371/
journal.pone.0003161

75. Sawitzki B, Harden PN, Reinke P, Moreau A, Hutchinson JA, Game DS, et al.
Regulatory cell therapy in kidney transplantation (The ONE Study): a harmonised
design and analysis of seven non-randomised, single-arm, phase 1/2A trials. Lancet
(2020) 395:1627–39. doi: 10.1016/S0140-6736(20)30167-7

76. Alzhrani A, Bottomley M, Wood K, Hester J, Issa F. Identification, selection, and
expansion of non-gene modified alloantigen-reactive Tregs for clinical therapeutic use.
Cell Immunol (2020) 357:104214. doi: 10.1016/j.cellimm.2020.104214

77. Tang Q, Leung J, Peng Y, Sanchez-Fueyo A, Lozano J-J, Lam A, et al. Selective
decrease of donor-reactive Tregs after liver transplantation limits Treg therapy for
promoting allograft tolerance in humans. Sci Transl Med (2023) 14:eabo2628.
doi: 10.1126/scitranslmed.abo2628

78. Bery AI, Shepherd HM, Li W, Krupnick AS, Gelman AE, Kreisel D. Role of
tertiary lymphoid organs in the regulation of immune responses in the periphery. Cell
Mol Life Sci (2022) 79:359. doi: 10.1007/s00018-022-04388-x

79. Billingham ME. Endomyocardial biopsy detection of acute rejection in cardiac
allograft recipients. Heart Vessels (1985) Suppl. 1:86–90. doi: 10.1007/BF02072369

80. Ager A. High endothelial venules and other blood vessels: critical regulators of
lymphoid organ development and function. Front Immunol (2017) 8:45. doi: 10.3389/
fimmu.2017.00045

81. Koenig A, Thaunat O. Lymphoid neogenesis and tertiary lymphoid organs in
transplanted organs. Front Immunol (2016) 7:646. doi: 10.3389/fimmu.2016.00646

82. Xu X, Han Y, Wang Q, Cai M, Qian Y, Wang X, et al. Characterisation of tertiary
lymphoid organs in explanted rejected donor kidneys. Immunol Invest (2016) 45:38–51.
doi: 10.3109/08820139.2015.1085394

83. Baddoura FK, Nasr IW, Wrobel B, Li Q, Ruddle NH, Lakkis FG. Lymphoid
neogenesis in murine cardiac allografts undergoing chronic rejection. Am J Transplant
(2005) 5:510–6. doi: 10.1111/j.1600-6143.2004.00714.x

84. Xu B, Wagner N, Pham LN, Magno V, Shan Z, Butcher EC, et al. Lymphocyte
homing to bronchus-associated lymphoid tissue (BALT) is mediated by L-selectin/
PNAd, a4b1 integrin/VCAM-1, and LFA-1 adhesion pathways. J Exp Med (2003)
197:1255–67. doi: 10.1084/jem.20010685

85. Li W, Bribriesco AC, Nava RG, Brescia AA, Ibricevic A, Spahn JH, et al. Lung
transplant acceptance is facilitated by early events in the graft and is associated with
lymphoid neogenesis. Mucosal Immunol (2012) 5:544–54. doi: 10.1038/mi.2012.30

86. Watanabe T, Martinu T, Chruscinski A, Boonstra K, Joe B, Horie M, et al. A B cell–
dependent pathway drives chronic lung allograft rejection after ischemia–reperfusion injury
in mice. Am J Transplant (2019) 19:3377–89. doi: 10.1111/AJT.15550

87. Jonker M, Wubben JAM, ‘T Hart BA, Haanstra KG. Lymphoid-like structures with
distinct B cell areas in kidney allografts are not predictive for graft rejection. A non-human
primate study. Inflammation (2015) 38:2191–202. doi: 10.1007/s10753-015-0202-5

88. Bestard O, Cuñetti L, Cruzado JM, Lucia M, Valdez R, Olek S, et al. Intragraft
regulatory T cells in protocol biopsies retain Foxp3 demethylation and are protective
biomarkers for kidney graft outcome. Am J Transplant (2011) 11:2162–72. doi: 10.1111/
j.1600-6143.2011.03633.x

89. Rosales IA, Yang C, Farkash EA, Ashry T, Ge J, Aljabban I, et al. Novel intragraft
regulatory lymphoid structures in kidney allograft tolerance. Am J Transplant (2022)
22:705–16. doi: 10.1111/ajt.16880

90. Yang J, Brook MO, Carvalho-Gaspar M, Zhang J, Ramon HE, Sayegh MH, et al.
Allograft rejection mediated by memory T cells is resistant to regulation. Proc Natl
Acad Sci (2007) 104:19954–9. doi: 10.1073/pnas.0704397104

91. Hao Y, Hao S, Andersen-Nissen E, Mauck WM, Zheng S, Butler A, et al.
Integrated analysis of multimodal single-cell data. Cell (2021) 184:3573–87.e29.
doi: 10.1016/j.cell.2021.04.048

92. Aran D, Looney AP, Liu L, Wu E, Fong V, Hsu A, et al. Reference-based analysis
of lung single-cell sequencing reveals a transitional profibrotic macrophage. Nat
Immunol (2019) 20:163–72. doi: 10.1038/s41590-018-0276-y

93. LoveMI, HuberW, Anders S.Moderated estimation of fold change and dispersion for
RNA-seq data with DESeq2. Genome Biol (2014) 15:1–21. doi: 10.1186/s13059-014-0550-8

94. Zemmour D, Zilionis R, Kiner E, Klein AM, Mathis D, Benoist C. Single-cell
gene expression reveals a landscape of regulatory T cell phenotypes shaped by the TCR.
Nat Immunol (2018) 19:291–301. doi: 10.1038/s41590-018-0051-0

95. Poon MML, Caron DP, Wang Z, Wells SB, Chen D, Meng W, et al. Tissue
adaptation and clonal segregation of human memory T cells in barrier sites. Nat
Immunol (2023) 24:309–19. doi: 10.1038/s41590-022-01395-9

96. Williams CG, Lee HJ, Asatsuma T, Vento-Tormo R, Haque A. An introduction
to spatial transcriptomics for biomedical research. Genome Med (2022) 14:68.
doi: 10.1186/s13073-022-01075-1
frontiersin.org

https://doi.org/10.1016/j.transproceed.2006.10.071
https://doi.org/10.1073/pnas.1903165116
https://doi.org/10.4049/jimmunol.172.10.6003
https://doi.org/10.1093/cei/uxab011
https://doi.org/10.1111/ajt.13617
https://doi.org/10.1002/lt.24427
https://doi.org/10.1097/01.tp.0000250937.46187.ca
https://doi.org/10.1056/NEJMoa051907
https://doi.org/10.1136/ard.2007.083543
https://doi.org/10.1002/eji.200636435
https://doi.org/10.1016/j.cell.2007.04.034
https://doi.org/10.1007/s00262-014-1581-4
https://doi.org/10.1007/s00262-014-1581-4
https://doi.org/10.1038/s41598-018-19643-0
https://doi.org/10.4049/jimmunol.1101512
https://doi.org/10.1016/j.immuni.2008.12.022
https://doi.org/10.1038/ncomms12021
https://doi.org/10.1172/jci.insight.123672
https://doi.org/10.1111/ajt.14175
https://doi.org/10.1073/pnas.1201131109
https://doi.org/10.1002/btm2.10316
https://doi.org/10.1186/s13073-018-0581-y
https://doi.org/10.1002/hep.28459
https://doi.org/10.1111/ajt.14415
https://doi.org/10.18632/oncotarget.6927
https://doi.org/10.1111/ajt.15700
https://doi.org/10.1111/tri.14163
https://doi.org/10.1371/journal.pone.0003161
https://doi.org/10.1371/journal.pone.0003161
https://doi.org/10.1016/S0140-6736(20)30167-7
https://doi.org/10.1016/j.cellimm.2020.104214
https://doi.org/10.1126/scitranslmed.abo2628
https://doi.org/10.1007/s00018-022-04388-x
https://doi.org/10.1007/BF02072369
https://doi.org/10.3389/fimmu.2017.00045
https://doi.org/10.3389/fimmu.2017.00045
https://doi.org/10.3389/fimmu.2016.00646
https://doi.org/10.3109/08820139.2015.1085394
https://doi.org/10.1111/j.1600-6143.2004.00714.x
https://doi.org/10.1084/jem.20010685
https://doi.org/10.1038/mi.2012.30
https://doi.org/10.1111/AJT.15550
https://doi.org/10.1007/s10753-015-0202-5
https://doi.org/10.1111/j.1600-6143.2011.03633.x
https://doi.org/10.1111/j.1600-6143.2011.03633.x
https://doi.org/10.1111/ajt.16880
https://doi.org/10.1073/pnas.0704397104
https://doi.org/10.1016/j.cell.2021.04.048
https://doi.org/10.1038/s41590-018-0276-y
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1038/s41590-018-0051-0
https://doi.org/10.1038/s41590-022-01395-9
https://doi.org/10.1186/s13073-022-01075-1
https://doi.org/10.3389/fimmu.2023.1291649
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Bei et al. 10.3389/fimmu.2023.1291649
97. Barbetta A, Rocque B, Sarode D, Bartlett JA, Emamaullee J. Revisiting transplant
immunology through the lens of single-cell technologies. Semin Immunopathol (2022)
45:91–109. doi: 10.1007/s00281-022-00958-0

98. Shao Q, Gu J, Zhou J, Wang Q, Li X, Deng Z, et al. Tissue tregs and maintenance of
tissue homeostasis. Front Cell Dev Biol (2021) 9:717903. doi: 10.3389/fcell.2021.717903

99. Siegmund K, Feuerer M, Siewert C, Ghani S, Haubold U, Dankof A, et al.
Migration matters: Regulatory T-cell compartmentalization determines suppressive
activity in vivo. Blood (2005) 106:3097–104. doi: 10.1182/blood-2005-05-1864

100. Feuerer M, Herrero L, Cipolletta D, Naaz A, Wong J, Nayer A, et al. Lean, but
not obese, fat is enriched for a unique population of regulatory T cells that affect
metabolic parameters. Nat Med (2009) 15:930–9. doi: 10.1038/nm.2002

101. Lee J, Kim D, Min B. Tissue resident foxp3+ Regulatory T cells: sentinels and
saboteurs in health and disease. Front Immunol (2022) 13:865593. doi: 10.3389/
fimmu.2022.865593

102. Muñoz-Rojas AR, Mathis D. Tissue regulatory T cells: regulatory chameleons.
Nat Rev Immunol (2021) 21:597–611. doi: 10.1038/s41577-021-00519-w

103. Mueller SN, Mackay LK. Tissue-resident memory T cells: Local specialists in
immune defence. Nat Rev Immunol (2016) 16:79–89. doi: 10.1038/nri.2015.3

104. Cipolletta D, Cohen P, Spiegelman BM, Benoist C, Mathis D. Appearance and
disappearance of the mRNA signature characteristic of T reg cells in visceral adipose
tissue: Age, diet, and PPARg effects. Proc Natl Acad Sci (2015) 112:482–7. doi: 10.1073/
pnas.1423486112

105. Kolodin D, van Panhuys N, Li C, Magnuson AM, Cipolletta D, Miller CM, et al.
Antigen- and cytokine-driven accumulation of regulatory T cells in visceral adipose
tissue of lean mice. Cell Metab (2015) 21:543–57. doi: 10.1016/j.cmet.2015.03.005

106. Bapat SP, Myoung Suh J, Fang S, Liu S, Zhang Y, Cheng A, et al. Depletion of
fat-resident Treg cells prevents age-associated insulin resistance. Nature (2015)
528:137–41. doi: 10.1038/nature16151

107. Shime H, Odanaka M, Tsuiji M, Matoba T, Imai M, Yasumizu Y, et al.
Proenkephalin + regulatory T cells expanded by ultraviolet B exposure maintain skin
homeostasis with a healing function. Proc Natl Acad Sci (2020) 117:20696–705.
doi: 10.1073/pnas.2000372117

108. Campbell DJ, Koch MA. c. Cell Host Microbe (2017) 21:419–20. doi: 10.1016/
j.chom.2017.03.012

109. Scharschmidt TC, Vasquez KS, Truong H-A, Gearty SV, Pauli ML, Nosbaum A,
et al. A wave of regulatory T cells into neonatal skin mediates tolerance to commensal
microbes. Immunity (2015) 43:1011–21. doi: 10.1016/j.immuni.2015.10.016

110. Sather BD, Treuting P, Perdue N, Miazgowicz M, Fontenot JD, Rudensky AY,
et al. Altering the distribution of Foxp3+ regulatory T cells results in tissue-specific
inflammatory disease. J Exp Med (2007) 204:1335–47. doi: 10.1084/jem.20070081

111. Dudda JC, Perdue N, Bachtanian E, Campbell DJ. Foxp3+ regulatory T cells
maintain immune homeostasis in the skin. J Exp Med (2008) 205:1559–65.
doi: 10.1084/jem.20072594

112. Delacher M, Simon M, Sanderink L, Hotz-Wagenblatt A, Wuttke M,
Schambeck K, et al. Single-cell chromatin accessibility landscape identifies tissue
repair program in human regulatory T cells. Immunity (2021) 54:702–20.e17.
doi: 10.1016/j.immuni.2021.03.007

113. Lord JD, Shows DM, Chen J, Thirlby RC. Human blood and mucosal regulatory
T cells express activation markers and inhibitory receptors in inflammatory bowel
disease. PloS One (2015) 10:e0136485. doi: 10.1371/journal.pone.0136485

114. Cho I, Lui PP, Ali N. Treg regulation of the epithelial stem cell lineage. J
Immunol Regen Med (2020) 8:100028. doi: 10.1016/j.regen.2020.100028
Frontiers in Immunology 14
115. Sefik E, Geva-Zatorsky N, Oh S, Konnikova L, Zemmour D, McGuire AM, et al.
Individual intestinal symbionts induce a distinct population of RORg + regulatory T
cells. Science (2015) 349:993–7. doi: 10.1126/science.aaa9420

116. Tanoue T, Atarashi K, Honda K. Development and maintenance of intestinal
regulatory T cells. Nat Rev Immunol (2016) 16:295–309. doi: 10.1038/nri.2016.36

117. Schiering C, Krausgruber T, Chomka A, Fröhlich A, Adelmann K, Wohlfert
EA, et al. The alarmin IL-33 promotes regulatory T-cell function in the intestine.
Nature (2014) 513:564–8. doi: 10.1038/nature13577

118. DiSpirito JR, Zemmour D, Ramanan D, Cho J, Zilionis R, Klein AM, et al.
Molecular diversification of regulatory T cells in nonlymphoid tissues. Sci Immunol
(2018) 3:eaat5861. doi: 10.1126/sciimmunol.aat5861

119. Harden JT, Wang X, Toh J, Sang AX, Brown RA, Esquivel CO, et al. High-
resolution phenotyping of early acute rejection reveals a conserved alloimmune
signature. Cell Rep (2021) 34:108806. doi: 10.1016/j.celrep.2021.108806

120. Liu Y, Hu J, Liu D, Zhou S, Liao J, Liao G, et al. Single-cell analysis reveals
immune landscape in kidneys of patients with chronic transplant rejection.
Theranostics (2020) 10:8851–62. doi: 10.7150/thno.48201

121. Li X, Li S, Wu B, Xu Q, Teng D, Yang T, et al. Landscape of immune cells
heterogeneity in liver transplantation by single-cell RNA sequencing analysis. Front
Immunol (2022) 13:890019. doi: 10.3389/fimmu.2022.890019

122. Trapnell C, Cacchiarelli D, Grimsby J, Pokharel P, Li S, Morse M, et al. The
dynamics and regulators of cell fate decisions are revealed by pseudotemporal ordering
of single cells. Nat Biotechnol (2014) 32:381–6. doi: 10.1038/nbt.2859

123. Mederacke Y-S, Vondran FW, Kollrich S, Schulde E, Schmitt R, Manns MP,
et al. Transient increase of activated regulatory T cells early after kidney
transplantation. Sci Rep (2019) 9:1021. doi: 10.1038/s41598-018-37218-x

124. Chen P, Yao F, Lu Y, Peng Y, Zhu S, Deng J, et al. Single-cell landscape of
mouse islet allograft and syngeneic graft. Front Immunol (2022) 13:853349.
doi: 10.3389/fimmu.2022.853349

125. Kang RB, Li Y, Rosselot C, Zhang T, Siddiq M, Rajbhandari P, et al. Single-
nucleus RNA sequencing of human pancreatic islets identifies novel gene sets and
distinguishes b-cell subpopulations with dynamic transcriptome profiles. Genome Med
(2023) 15:30. doi: 10.1186/s13073-023-01179-2

126. Ilicic T, Kim JK, Kolodziejczyk AA, Bagger FO, McCarthy DJ, Marioni JC, et al.
Classification of low quality cells from single-cell RNA-seq data. Genome Biol (2016)
17:29. doi: 10.1186/s13059-016-0888-1

127. Bais AS, Kostka D. scds: computational annotation of doublets in single-cell RNA
sequencing data. Bioinformatics (2020) 36:1150–8. doi: 10.1093/bioinformatics/btz698

128. Dangi A, Natesh NR, Husain I, Ji Z, Barisoni L, Kwun J, et al. Single cell
transcriptomics of mouse kidney transplants reveals a myeloid cell pathway for
transplant rejection. JCI Insight (2020) 5:e141321. doi: 10.1172/jci.insight.141321

129. Soneson C, Robinson MD. Bias, robustness and scalability in single-cell differential
expression analysis. Nat Methods (2018) 15:255–61. doi: 10.1038/nmeth.4612

130. Haghverdi L, Lun ATL, Morgan MD, Marioni JC. Batch effects in single-cell
RNA-sequencing data are corrected by matching mutual nearest neighbors. Nat
Biotechnol (2018) 36:421–7. doi: 10.1038/nbt.4091

131. Miyamoto E, Takahagi A, Ohsumi A, Martinu T, Hwang D, Boonstra KM, et al.
Ex vivo delivery of regulatory T-cells for control of alloimmune priming in the donor
lung. Eur Respir J (2022) 59:2100798. doi: 10.1183/13993003.00798-2021

132. Mesaki K, Juvet S, Yeung J, Guan Z, Wilson GW, Hu J, et al. Immunomodulation of
the donor lung with CRISPR-mediated activation of IL-10 expression. J Heart Lung
Transplant (2023) 42:1363–77. doi: 10.1016/j.healun.2023.06.001
frontiersin.org

https://doi.org/10.1007/s00281-022-00958-0
https://doi.org/10.3389/fcell.2021.717903
https://doi.org/10.1182/blood-2005-05-1864
https://doi.org/10.1038/nm.2002
https://doi.org/10.3389/fimmu.2022.865593
https://doi.org/10.3389/fimmu.2022.865593
https://doi.org/10.1038/s41577-021-00519-w
https://doi.org/10.1038/nri.2015.3
https://doi.org/10.1073/pnas.1423486112
https://doi.org/10.1073/pnas.1423486112
https://doi.org/10.1016/j.cmet.2015.03.005
https://doi.org/10.1038/nature16151
https://doi.org/10.1073/pnas.2000372117
https://doi.org/10.1016/j.chom.2017.03.012
https://doi.org/10.1016/j.chom.2017.03.012
https://doi.org/10.1016/j.immuni.2015.10.016
https://doi.org/10.1084/jem.20070081
https://doi.org/10.1084/jem.20072594
https://doi.org/10.1016/j.immuni.2021.03.007
https://doi.org/10.1371/journal.pone.0136485
https://doi.org/10.1016/j.regen.2020.100028
https://doi.org/10.1126/science.aaa9420
https://doi.org/10.1038/nri.2016.36
https://doi.org/10.1038/nature13577
https://doi.org/10.1126/sciimmunol.aat5861
https://doi.org/10.1016/j.celrep.2021.108806
https://doi.org/10.7150/thno.48201
https://doi.org/10.3389/fimmu.2022.890019
https://doi.org/10.1038/nbt.2859
https://doi.org/10.1038/s41598-018-37218-x
https://doi.org/10.3389/fimmu.2022.853349
https://doi.org/10.1186/s13073-023-01179-2
https://doi.org/10.1186/s13059-016-0888-1
https://doi.org/10.1093/bioinformatics/btz698
https://doi.org/10.1172/jci.insight.141321
https://doi.org/10.1038/nmeth.4612
https://doi.org/10.1038/nbt.4091
https://doi.org/10.1183/13993003.00798-2021
https://doi.org/10.1016/j.healun.2023.06.001
https://doi.org/10.3389/fimmu.2023.1291649
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Intragraft regulatory T cells in the modern era: what can high-dimensional methods tell us about pathways to allograft acceptance?
	Introduction
	Definition and properties of Tregs
	Tregs must enter allografts to enable graft acceptance
	Tertiary lymphoid organs as sites of Treg-mediated immune regulation
	Multidimensional analytic approaches to exploring Treg heterogeneity in allografts
	Multidimensional data provides evidence for unique properties of tissue Tregs
	Single-cell characterization of Tregs in allograft tissue
	Exploration of putative Treg populations in published allograft datasets
	Conclusions
	Methods supplement
	Author contributions
	Funding
	References


