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Regulatory T-cells (Treg) are critical for the maintenance of immune homeostasis and
tolerance induction. While the immunosuppressive mechanisms of Treg have been
extensively investigated for decades, the mechanisms responsible for Treg cytotoxicity
and their therapeutic potential in regulating immune responses have been incompletely
explored and exploited. Conventional cytotoxic T effector cells (Teffs) are known to be
important for adaptive immune responses, particularly in the settings of viral infections and
cancer. CD4+ and CD8+ Treg subsets may also share similar cytotoxic properties with
conventional Teffs. Cytotoxic effector Treg (cyTreg) are a heterogeneous population in the
periphery that retain the capacity to suppress T-cell proliferation and activation, induce
cellular apoptosis, and migrate to tissues to ensure immune homeostasis. The latter can
occur through several cytolytic mechanisms, including the Granzyme/Perforin and Fas/
FasL signaling pathways. This review focuses on the current knowledge and recent
advances in our understanding of cyTreg and their potential application in the treatment of
human disease, particularly Graft-versus-Host Disease (GVHD).
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INTRODUCTION

Regulatory T cells (Treg) play a complex multifaceted role in maintaining immune homeostasis and
promoting tolerance at steady state. Treg are widely regarded to engage in various suppressive
mechanisms directed against T-cells and antigen presenting cells (APC). Since their discovery,
CD4+CD25+ T-cells have been found to protect against autoimmune disease (1) and are known to
be critical for tolerance against alloresponses in vivo (2) including bone marrow and solid organ
transplantation tolerance in allogeneic murine recipients (3–5). Adoptive transfer of Treg with
alloreactive T-cells have shown efficacy in limiting the Graft-Versus-Host Disease (GVHD)
response in preclinical transplant models, and Graft-versus-Leukemia (GVL) responses have by-
and-large, but not uniformly, remained intact (6–8). Clinical trials have demonstrated that Treg
infusion during allogeneic hematopoietic stem cell transplantation (alloHSCT) can reduce and treat
GVHD (9–14). Decisive conclusions on post-transplant relapse rates await randomized trials. To
date, current studies observing high-risk acute leukemia adult patients treated by haploidentical
org April 2022 | Volume 13 | Article 8647481
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transplantation with an infusion of Foxp3+ Treg four days prior
to T-cells have shown similar reductions in GVHD occurrence
and severity as previous studies and the cumulative incidence of
relapse was significantly lower than their historical controls (11–
13). This balance between ameliorating GVHD while preserving
GVL continues to be a major consideration for the development
of effective GVHD treatments. Recent data has come to light that
subsets of cytotoxic effector Treg (cyTreg) may have a unique
application here and are capable of suppressing GVHD while
effectively preserving GVL activity (8, 15–17).

Studies dating back to the early 2000s demonstrated that Treg
engage in cytolytic activities. While cytolysis is a well characterized
mechanism of conventional cytotoxic T effector cells (Teffs) and
natural killer (NK) cells, it was surprising to find that Treg also
engaged in directed killing of target cells to suppress immune
responses while maintaining traditional suppressive capabilities
(18, 19). Before cytolysis was directly ascribed as a mechanism of
suppression by Treg, cytolysis had been reported as a critical
pathway for immune homeostasis as its been documented that
mutations in killing pathways are associated with many
autoimmune and inflammatory diseases, including autoimmune
lymphoproliferative syndrome (ALPS) (20–23) and Griscelli’s
syndrome (24–26). There is now a growing repository of data
supporting the important role of cytotoxicity in cyTreg for
immune regulation and disease control. In this review, we
discuss the current and growing knowledge of cyTreg, the
directed killing and immunosuppressive mechanisms that drive
their function, and their potential clinical applications for the
treatment of human disease, including cancer, inflammatory
disease and GVHD.

Mechanisms of cyTreg Mediated
Suppression and Cytotoxicity
The primary function of Treg is to maintain immune
homeostasis and self-tolerance by modulating the activity of
effector lymphocyte populations. Traditionally, both CD4+ and
CD8+ Treg have been recognized to impart immunosuppressive
effects through contact dependent and independent mechanisms.
For example, CTLA-4 expression by Treg is recognized as an
integral marker of contact dependent immunosuppression.
CTLA-4 is known to inhibit T-cell activation and expansion by
both directly engaging with CD28 on the surface of T-cells to
block co-stimulation, and by cleaving CD80/CD86 from the
surface of APC to further inhibit APC/T-cell interactions (27–
31). In addition to contact dependent pathways, Treg have also
been shown to suppress T-cell activity through the release of
soluble factors, such as IL-10 and TGF-b. IL-10 is produced by
several immune cell populations, including Treg and has been
shown to be important for preventing mucosal inflammation and
autoimmunity (32–34). IL-10 is known to suppress the activity of
T-cells by inhibiting the APC expression of MHC class II and
CD80/86 and the production of proinflammatory cytokines
(IL1a, IL1b, IL-12, IL-18, TNFa) and chemokines (MCP1,
MCP5, RANTES, IP-10, IL-8, and MIP-2), as well as impeding
T-cell proliferation and cytokine production (IL-2, IFNg, IL-4,
IL-5, TNFa). Similarly, TGF-b production has also been shown
Frontiers in Immunology | www.frontiersin.org 2
to be important in modulating inflammation (35–37), and the
contact-dependent function of TGF-b has been well-described to
orchestrate the induction and maintenance of peripheral Treg
(pTreg) (38, 39), induced Treg (iTreg) (38, 40), and invariant
natural killer T-cells (iNKT) (41, 42). Several studies have
highlighted the suppressive activity of Treg-derived TGF-b,
which has been reported to inhibit both NK and Teff cytotoxic
activity (43–45). Interestingly, both IL-10 and TGF-b signaling
have also been reported to play a role in cytotoxicity. While TGF-
b has been shown to drive the induction of CD103 expression in
CD8+ iTreg, which in some circumstances has been shown to be
a simultaneously cytotoxic and immunosuppressive T-cell subset
(46), IL-10 has also demonstrated cytolytic characteristics during
systemic lupus erythematosus (SLE) (47–49). IL-10 produced by
B cells and monocytes can induce Fas/FasL expression on cell
surfaces of various immune cells, including T-cells to cause
apoptosis via caspase 8 activation (47, 48). IL-10 induced Fas/
FasL pathway is important for disease control and has otherwise
been an under reported functional mechanism of IL-10 signaling
(Figure 1) (50–52). Similarly, IL-10 has also been shown to
induce the production of cytotoxic enzymes and IFNg in CD8+

T-cells, and, in conjunction with IL-2, differentiation of cytotoxic
T-cells from their precursors, demonstrating a dual function of
IL-10 signaling in immune regulation (53, 54).

Treg can be classified into subtypes based on their phenotypic
profiles, cytokine production, and expression of lineage defining
transcription factors such T-bet and RORgt (55). With the use of
advanced sequencing technologies, we are expanding our
understanding of the similarities and unique aspects of Treg
subtypes based on their transcriptome (56, 57). Höllbacher et al.
(2020) (58) performed RNA sequencing on Treg and found that
subtypes clustered together, although with notable differences,
suggesting lower diversity amongst Treg as compared to CD4+ T
helper cells (Th). For example, expression of IL-10 was limited to
only a few Treg subtypes which included Th1-like Treg and
Th17-like Treg. Th1-like Treg also had the highest expression of
the coinhibitory receptors TIM3 and LAG3, and the cytolytic
molecules GZMA and GZMB (58). In contrast, other genes
associated with Treg suppressive function such as CTLA4,
PDCD1, TIGIT, and PRF1, were not preferentially expressed by
any Treg subtype (58). Furthermore, single cell RNA sequencing
demonstrates Treg clustering within lymphoid tissues into
central versus effector Treg populations, and within non-
lymphoid tissues into multiple other Treg populations that
represent tissue adaptation and local immune control (56). For
example, in the colon of healthy mice there were three clusters of
Treg, two which expressed genes associated with Th2 and
immunoregulatory and immune suppressive Th3 lineages (56).
These findings suggest each Treg subset may have a specialized
mechanism to modulate specific types of immune responses, and
that some may have a greater potential to engage in
cytolytic mechanisms.

Several subsets of CD4+ and CD8+ Treg have been reported to
engaged in directed killing of target cells through perforin and
granzyme mechanisms. Perforin is a glycoprotein that
polymerizes to form channels within target cell membranes
April 2022 | Volume 13 | Article 864748
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(59, 60). These channels allow for free and non-selective
transport of ions, water, and other molecules including pro-
apoptotic granzymes, which disrupts cell homeostasis and cause
cell death (59, 61). While Teff and NK cells are major sources of
perforin and granzymes, which are released from cytoplasmic
granules upon recognition of target cell (62), cyTreg have also
been shown to produce perforin and granzymes (Figure 1)
(18, 19, 27, 63). Granzymes are highly conserved serine
proteases that make up the majority of the cytoplasmic granules
of Teff and NK cells. While NK cells constitutively express and
store granzymes, other T-cell subsets (i.e. CD4+ T-cell, CD4+ Treg)
must be activated to produce granzymes (64, 65).

Granzymes maintain both cytotoxic and non-cytotoxic
mechanisms to regulate immune responses. Ten granzymes
have been discovered in mice, of which five are known in
humans; these differ in their primary substrate specificities
Frontiers in Immunology | www.frontiersin.org 3
within target cells (66). Granzyme A (GzA) and B (GzB) are
the most abundant and therefore the most frequently studied.
GzA activates caspase-independent programmed cell death
through cleavage of intracellular substrates, including
mitochondrial complex I substrate NDUFS3 and precursor IL-
1b (Figure 1) (67–70). GzB promotes apoptosis through the
BH3-interacting domain death agonist (Bid), a proapoptotic Bcl-
2 family member, by inducing mitochondrial permeabilization
or direct proteolysis and activation of caspases (Figure 1)
(71, 72). Though yet to be studied in Treg, special attention
should be brought to the formation of supramolecular attack
particles (SMAPs) by Teff (73) and NK cells (74) that allow for
hours of sustained killing. Cytotoxic T-cell SMAPs are
multiprotein complexes assembled from over 285 different
proteins including cell adhesion molecules, chemokines,
cytokines, and cytolytic perforin, granzymes, and galectin-1
A

B

FIGURE 1 | Cytolytic mechanisms utilized by cyTreg to modulate immune responses. (A) Granzyme perforin pathway. (B) Fas/FasL pathway (top), TRAIL/TRAILR
pathway (middle), TNFa/TNFR pathway (bottom). Spi6, Serpin protease inhibitor 6; TRAIL, tumor necrosis factor-related apoptosis-inducing ligand; TRAILR, tumor
necrosis factor-related apoptosis-inducing ligand receptor; DR5, death receptor; TNFa, tumor necrosis factor alpha; TNFR, TNFR, tumor necrosis factor receptor;
Bid, BH3 interacting-domain death agonist; tBid, truncated Bid; FADD, Fas-associated protein with death domain; TRADD, TNFRSF1A associated via death domain;
NF-kB, nuclear factor kappa B; DISC, death-inducing signaling complex.
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stored within secretory lysosomes of cytolytic lymphocytes (73,
74). SMAPs are contained within a shell rich in glycoproteins,
including perforin, granzymes and thrombospondin-1, that
interact with target cells to theoretically allow autonomous
killing by SMAPs, promoting killing during interactions that
are transient or less precise (73).

While many of these cytotoxic mechanisms are well described
in Teff and NK cells, there are important roles for these
functional pathways in cyTreg function, which we discuss
throughout this review. Although the role of many of these
pathways in cyTreg remain unclear, there appears to be an
intricate system of regulation for cyTreg to engage in killing
and/or immunosuppressive functions in vitro and in vivo.
CD4+ TREG ENGAGE IN CYTOLYSIS TO
REGULATE IMMUNE RESPONSES

CD4+CD25+Foxp3+ Treg are essential for maintaining immune
homeostasis, preventing autoimmunity, and promoting
tolerance (75). There are three major subsets of CD4+ Treg:
thymic derived Treg (tTreg), Treg that are induced in the
periphery from CD4+Foxp3neg conventional T-cells (pTreg),
and Treg generated in vitro from CD4+Foxp3neg conventional
T-cells using TGF-b and IL-2 (iTreg) (76). Treg have been
reported to engage in multiple contact-dependent and
independent mechanisms. These mechanisms can directly
suppress immune cells or function indirectly by modulating
APC and/or generating an anti-inflammatory milieu (77–79).
For example, Treg can modulate APC through CTLA-4, suppress
multiple cell types through secretion of anti-inflammatory
cytokines (IL-10, TGF-b, IL-35), suppress T-cells via IL-2
Frontiers in Immunology | www.frontiersin.org 4
consumption, use cytolytic pathways to kill T-cells or APC,
and generate immunosuppressive environments through
adenosine production via the ectoenzymes CD39 and CD73
(77) (Table 1).

While mouse studies have provided insights into the various
mechanisms available for CD4+ Treg, the importance of these
pathways in regulating immune tolerance is further supported in
clinical reports of patients with inborn errors of immunity. For
example, patients with CTLA-4 haploinsufficiency experience
immune dysregulation and deficiency with a spectrum of clinical
manifestations that can include lymphoproliferation and
autoimmunity targeting multiple organs such as the lungs,
gastrointestinal tract, brain, bone marrow, kidney, hypophysis, and
thyroid (92, 93). Importantly, these patients had either normal or
elevated numbers of Treg, but CTLA-4 protein expression was
significantly decreased on Treg and this was associated with
impaired Treg suppressive function (92, 93). Patients with
mutations in the Treg master transcription factor FOXP3 that
preclude CD4+ Treg generation or function experience immune
dysregulation, polyendocrinopathy, enteropathy, X-linked (IPEX)
syndrome with onset in early life and a high mortality rate (106–
109). Treg have constitutive expression of the alpha subunit (CD25, or
IL-2RA) of the trimeric IL-2R which allows them to uptake IL-2 more
readily during an immune response and engage in a positive feedback
cycle whereby IL-2 promotes Foxp3 expression in Treg (110). Patients
with mutations in IL2RA can have severe enteritis, viral infection
susceptibility, pronounced lymphoproliferation, autoimmunity, and
an IPEX-like syndrome (94, 95, 111) (94, 95, 106–109). IL-10 signaling
has been particularly important for tolerance induction in the gut, as
patients with loss of function mutations in IL-10 or IL-10R develop
very early onset severe inflammatory bowel disease (96, 97).While loss
of IL-10 signaling affects Treg suppressive function on multiple cell
types including T-cells leading to GI disease, there is evidence
TABLE 1 | Immunosuppressive and cytotoxic killing mechanisms used by CD4+ Treg subsets.

Treg Subtype Source/Origin Key Markers Organism Functional Mechanisms References

CD4+ tTreg Thymus derived Foxp3+, CD4+, CD25hi, CD127lo Mouse GzB dependent killing
+/- perforin dependent killing
TRAIL/DR5 dependent killing
IL-10 mediated suppression
CTLA-4 mediated suppression
IL-2 deprivation
CD39/CD73 adenosine mediated suppression

(80–91)

Human Perforin dependent killing
Partially GzB dependent killing
IL-10 mediated suppression
CTLA-4 mediated suppression
IL-2 deprivation

(18, 92–98)

CD4 pTreg Peripherally induced Foxp3+, CD25hi, CD127lo

often helios neg, Nrp1neg
Mouse Fas/FasL dependent killing

GzB dependent killing
Perforin dependent killing

(99–101)

CD4 Tr1 Peripherally induced Foxp3neg Mouse GzB dependent killing
IL-10 mediated suppression

(15, 102, 103)

Human GzB dependent killing
Perforin dependent killing
IL-10 and TGF-b mediated suppression

(19, 103–105)
April 2022 | Volume 13 |
GzB, granzyme B; TRAIL/DR5, tumor necrosis factor related apoptosis ligand (TRAIL)/death receptor 5 (DR5) pathway.
Symbols: +/- pathway or marker is shown to be intermittently applicable or inconsistently reported between multiple studies.
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demonstrating that patients with IL-10R mutations fail to augment
iTreg formation compared to healthy controls (112). Lastly, the
immune regulatory role of perforin is demonstrated in patients with
monoallelic perforin gene mutations resulting in partial degranulation
defects that only present complications following an infection or other
immune trigger such as cancer, whereby patients are unable to mount
an appropriate immunological response (113). Thus, the role of
perforin may be important for Treg mediated immune tolerance
but may not be as critical as is the expression of other genes such as
CTLA-4 and FOXP3 based upon the clinical consequences of loss-of-
function defects.

Interestingly, the exact mechanisms used by CD4+ Treg to
suppress remains incompletely understood, particularly in vivo.
Treg dependency on different mechanisms in vitro and in vivo is
likely attributed to the fact that different kinds of suppression
might be necessary depending on the type, timing, intensity and
duration of inflammation, and anatomical site of the immune
reaction, as well as which cell needs to be suppressed i.e. T-cells, B
cells, or APC. Here we review the role and importance of cytolysis
as a mechanism of CD4+ Treg to module immune responses.

CD4+ CyTreg Use Perforin
Granzyme Pathway
An early study by Grossman et al. (2004) (18) demonstrated that
following activation, human CD4+ tTreg expressed the tryptase GzA,
whereas CD4+ pTreg expressed the serine protease GzB. Both CD4+

Treg subtypes were shown to kill autologous target cells in vitro in a
perforin and CD18 dependent manner, suggesting that the interaction
via the immunological synapse was necessary for cytotoxicity to occur
(Table 1). They also demonstrated that activated T-cells and immature
dendritic cells (DCs) were preferentially killed compared to resting T-
cells and mature DCs, indicating that not all target cells have
equivalent susceptibility to CD4+ Treg mediated killing (18).
Interestingly, CD4+ tTreg had more potent in vitro killing compared
to CD4+ pTreg (18). Differential granzyme expression and killing
potential between Treg subsets suggest each subtype may have
different roles in immune regulation. Notably, granzyme expression
patterns also differ between different human T-cells subsets. While
most resting NK cells and approximately half of CD8+ T-cells co-
expressGzA andGzB, very few restingCD4+ T-cells express bothGzA
and GzB (19). Unstimulated, freshly isolated human CD4+ Treg and
CD4+CD25neg T-cells express little to no GzB or perforin expression
(18). Naive CD4+ T-cell activation with IL-2 alone leads to minor GzB
expression, while activation with CD3/CD28 beads leads to
intermediate percentage of GzB expressing cells with no GzA
expression (19). The quantity of granzymes expressed based on level
of activation in the different T-cell subsets supports the idea that some
cells are more readily equipped to engage in cytolytic pathways. These
data raise many questions that need to be further investigated such as:
is the differential killing potential between CD4+ tTreg and pTreg
associated with the differential granzyme expression? Why is it
advantageous for human CD4+ tTreg to express GzA and CD4+

pTreg to express GzB?
Similar to human CD4+ Treg, freshly isolated murine CD4+

tTreg also have little to no GzB or perforin expression (80).
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The expression of these molecules is upregulated following
activation with slower kinetics and quantity compared to that of
CD8+ T-cells, and with greater quantity compared to that of
CD4+CD25neg T-cells (80). GzB deficient murine CD4+ tTreg
showed reduced suppression of T-cell proliferation when
compared to wildtype and perforin deficient CD4+ tTreg;
suppression in this assay was due to increased T-cell apoptosis
(Table 1) (81). It is unfortunate that GzA expression or its role in
murine CD4+ tTreg killing was not evaluated in this particular
study, as previous human CD4+ tTreg studies showed preferential
expression for GzA (18). Furthermore, these results differ from the
Grossman et al. (2004) study which showed human CD4+ Treg
killing occurred in a perforin dependent mechanism; although
notably the role of GzB was not evaluated (18). The mechanism
by which GzB mediates cytolysis in the absence of perforin has yet
to be fully described (81). It has been shown that GzB in the
extracellular space can induce apoptosis of smooth muscle cells,
offering an alternative pathway by which Treg can induce target cell
death (114). Furthermore, it’s possible that Treg induced
mechanical movement alone can induce necrosis of target cells, as
killing in this form has been reported in the absence of perforin in
T-cells (115). Altogether, these data demonstrate CD4+ Treg express
killing molecules following activation and engage in cytolysis of
immune cells through either a perforin or GzB dependent process. It
is challenging to fully grasp the role perforin, GzB, and GzA in Treg
killing, as each study typically measured the expression and tested
the mechanistic role of only some of these molecules. For example,
GzA is rarely investigated in Treg killing literature.

While it was originally known that CD4+ tTreg cells could
directly suppress B cell proliferation, Ig production, and class switch
recombination (116, 117), the exact mechanism used to suppress
had not been described. Zhao et al. (2006) (80) demonstrated that
activated murine CD4+CD25+ tTreg suppressed B cell proliferation
in a cell contact-dependent, cytokine independent manner that was
dependent on the upregulation of perforin and granzymes, and
independent of the death receptors, Fas and TRAILR. They
demonstrated that activated CD4+CD25+ tTreg preferentially
killed antigen presenting B cells compared to resting bystander B
cells in a GzB dependent, partially perforin dependent manner
(Table 1) (80). They found freshly isolated CD4+CD25+ tTreg had
little to no granzyme expression and could not engage in killing of B
cells, but could potently suppress in vitro T-cell proliferation (80). In
contrast, pre-activated CD4+CD25+ tTreg had increased expression
of GzB and became licensed to kill B cells, but not T-cells (80). Why
murine CD4+ tTreg in this study failed to kill T-cells is unclear as
Gondek et al. (2005) (81) and Grossman et al. (2004) (18) reported
mouse and human Treg could directly kill T-cells. A possible reason
for the differences in these mouse studies might be that Treg in the
Zhao et al. (2006) (80) study were stimulated with 5 µg/ml of plate
bound anti-CD3 compared to 10 µg/ml of plate bound anti-CD3 in
the Gondek et al. (2005) study (81). It’s possible that higher levels of
activation were required to trigger sufficient perforin and granzyme
molecule expression in order to stimulate T-cell killing. In
summary, CD4+ tTreg use the perforin granzyme pathway to
suppress B cell immune responses.
April 2022 | Volume 13 | Article 864748
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While CD4+ Treg had been reported to kill autologous
immune cells, Choi et al. (2013) (98) was the first to explore
whether CD4+ tTreg could co-opt this strategy to kill malignant
cells. The idea that CD4+ Treg can be utilized to enhance anti-
tumor immunity is paradigm shifting as Treg are associated with
suppression of desired anti-tumor or anti-infectious responses.
Choi et al. (2013) (98) demonstrated that an EGFRvIII-specific
bispecific T-cell engager (BiTE) could redirect human
CD4+CD25+CD127dim/- Foxp3+ Treg and activate them in the
presence of glioblastoma tumors expressing EGFRvIII. While
human CD4+CD25+CD127dim/- Foxp3+ Treg are known to be
highly suppressive, these Treg showed increased expression of
perforin, GzA, and GzB after activation (98). Furthermore, they
potently lysed EGFRvIII+ tumor cells in vitro in the presence of
EGFRvIII-specific BiTE and failed to lyse tumor in the presence
of a non-specific BiTE, or when Treg were cultured in the
absence of BiTEs. These human CD4+ tTreg killed EGFRvIII
tumor cells in a perforin-dependent, partially GzB-dependent
manner (98). Lastly, GzB+ Foxp3+ cells were identified in human
primary glioblastoma tissues suggesting a potential role of cyTreg
in the tumor microenvironment (TME) not previously
recognized (98). Research will be necessary to determine which
type of cyTreg, whether CD4+ pTreg or tTreg, would be more
effective killers in the TME, and to determine what engages the
cytolytic potential versus other suppressive mechanisms against
tumor cells. Altogether, these data suggest that BiTEs, and
potentially other therapies such as Chimeric Antigen Receptors
(CAR), have the potential to redirect suppressive Treg to induce
their cytolytic potential against tumor cells in an effort to
promote anti-tumor responses. Whether CD4+ Treg redirected
with BiTEs or CARs can engage in anti-tumor responses in vivo
will need to be investigated.

Multiple groups had shown the role of the perforin and
granzyme pathways in CD4+ cyTreg mediated suppression in
vitro. However, it was unknown whether CD4+ cyTreg also
regulated immune responses in vivo. Cao et al. (2007) (99)
tested this idea using multiple tumor models and donor mice
deficient in GzA, GzB, and perforin. They found that murine
CD4+ Treg isolated from the TME upregulated GzB, but not
GzA, and that perforin and GzB deficiency were essential in
dampening anti-tumor responses in vivo (99). They further
demonstrated in ex vivo experiments that murine CD4+ Treg
derived from tumors killed NK and CD8 T-cells in a perforin,
GzB dependent manner (Table 1) (99). This was the first report
of CD4+ cyTreg using cytolysis similar to NK and CD8+ T-cells
to suppress immune responses in vivo. Boissonnas et al. (2010)
(82) further demonstrated the cytolytic potential of CD4+ cyTreg
in anti-tumor responses using two-photon microscopy in
explanted tumor draining lymph nodes (LN) to show that DC
death only occurred when perforin sufficient Foxp3+ Treg were
present and in the presence of tumor antigens (Table 1). A
limitation of this study was the measured expression of both GzB
and perforin in CD4+ Treg without mention of GzA, and the use
of only perforin KOmice for in vivo studies. Thus, more research
will be needed to understand GzA expression of CD4+ cyTreg in
tumor models, determine the exact role of GzA and GzB for in
Frontiers in Immunology | www.frontiersin.org 6
vivo suppression, and evaluate CD4+ cyTreg anti-tumor
potential in vivo. Altogether, these data suggest that CD4+ Treg
utilize granzyme and perforin pathways to suppress anti-tumor
responses in vivo.

To further support the role of cytolytic pathways in Treg
suppression in vivo, Gondek et al. (2008) (83) demonstrated
murine CD4+ tTreg initiated and maintained allograft tolerance
in a GzB dependent, perforin independent manner. These results
are in contrast with the two studies above which found Treg
mediated killing was perforin dependent. Furthermore, gene
expression analysis showed that mouse CD4+Foxp3+ iTreg
expressed GzB, GzC, Fas-L, and DAPK2 (death-associated
protein kinase 2) albeit at lower levels compared to CD8+

Foxp3+ iTreg. These results were supported through in vivo
findings whereby CD4+ iTreg suppressed GVHD but abrogated
GVL effects (8). Thus, the cytolytic potential of CD4+ iTreg
compared to CD4+ tTreg in vivo will need to be evaluated.
Lastly, Loebbermann et al. (2012) (84) sought to evaluate
whether pulmonary responses were regulated by Treg during
acute RSV infection in mice and found GzB deficiency in Treg
worsened pulmonary pathology, suggesting GzB dependent
suppression of lung inflammation during acute viral lung
infection (Table 1). Unfortunately, they did not measure
perforin or GzA expression of these Treg in the lungs or use
KO mice to evaluate the role of these other killer molecules. In
summary, these data suggest CD4+ Treg can use the perforin and/
or granzyme pathway in vitro and in vivo, and have the potential
to target DCs, B cells, T-cells, NK cells, and tumor cells to control
immune responses (Figure 1).

CD4+ cyTreg Protective Mechanims of
GzB Induce Cell Death
Cytotoxic cells have mechanisms in place to prevent self-inflicting
apoptosis from cytotoxic granule contents by expression of serine
protease inhibitors called serpins. Serpin 6 (Spi6) has been
demonstrated to protect murine Teff, DCs, and Treg from
granzyme induced cytotoxicity (118–120). Similarly, the human
equivalent of Spi6 is proteinase inhibitor 9 (PI9) and has been
shown to be upregulated concurrently with GzB expression (121).
Interestingly, Sula et al. (2017) (122) found that Treg from patients
undergoing renal graft rejection, or Treg in vitro stimulated from
healthy donors, had higher levels of GzB expression and higher
GzB expression was shown to increase Treg apoptosis despite PI9
co-expression (122). Why PI9 was not protective of human Treg
in this particular study will need to be further evaluated. Are these
results due to differences between mouse and human Treg, or it
may be possible that in these settings there was more GzB
production than PI9 could neutralize? These data suggest that
the granzyme-perforin pathway functions are a mechanism to
suppress other target cells but also may serve as a mechanism for
Treg activation induced cell death.

While we highlight studies that report killing as a mechanism
of CD4+ Treg suppression, many Treg studies have found non-
cytolytic mechanisms to be essential (78). A key factor that may
help explain differences in regard to GzB expression and killing
as a suppressive mechanism in Treg is whether rapamycin was
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used in Treg cultures to promote purity. Treg activated with anti-
CD3, anti-CD28, IL-2 and rapamycin have lower levels of GzB
expression when compared to Treg cultured in the absence of
rapamycin; additionally, the lower expression of GzB was shown
to be correlated with decreased levels of cytotoxicity (123). These
results suggest that Treg cultured with rapamycin are likely to
engage in other mechanisms of suppression outside the perforin-
GzB pathway. Additionally, the measured killing by CD4+ Treg
has been thought by some groups to be mediated by
contaminating Teff. While the early studies used CD4+CD25+

and CD4+CD25neg to differentiate Treg versus CD4+ T-cells,
many noted key Treg characteristics such as constitutive CD25
expression and lack of IL-2 production or sorted out the top 2%
of CD4+CD25+ T-cells to purposely gate out as many
contaminating CD4+ T-cells (18, 100). Furthermore, in the
Choi et al. (2013) (98) studies the Treg used for in vitro killing
assays were first tested for in vitro suppressive function and were
then used for in vitro killing assays with >95% Foxp3+. Thus,
there is sufficient data to support CD4+ Treg can engage killing
pathways in order suppress immune responses.

CD4+ cyTreg Killing Pathways: FasL/Fas,
TRAIL/TRAILR, Galectins
While the granzyme-perforin pathway appears to be important in
CD4+ tTreg mediated control of immune responses, we must
consider the role of other reported killing pathways. In an early
report by Janssens et al. (2003) (100) murine CD4+CD25+ Treg
were shown to be dependent on the Fas/FasL pathway to lyse APCs
in an antigen-specific and MHC class II restricted manner (Table 1;
Figure 1). These results showed that killing was a mechanism used
by Treg to exert suppressive effects on APCs and bystander T-cells.
Another mechanism of killing used by Treg is the tumor necrosis
factor related apoptosis ligand (TRAIL)/death receptor 5 (DR5)
pathway. Ren et al. (2007) (85) demonstrated that murine CD4+

Treg are dependent on the TRAIL/DR5 pathway to mediate both
suppression and cytotoxicity in vitro and in vivo (Table 1). Using
DR5 blocking antibodies, they showed CD4+ Treg used cytolysis to
prolong tolerance to allogeneic skin grafts by killing CD4+ T-cells
(Figure 1) (85). Lastly, whether CD4+ Treg use galectin-1 induced
cell death to suppress effector T-cells in vivo will have to be further
evaluated (124). Together, the current literature suggests that mouse
and human CD4+ cyTreg predominantly engage in the perforin
granzyme pathway, with some reported instances using the Fas/
FasL and TRAIL/DR5 pathways. However, how CD4+ cyTreg
choose one killing pathway versus another, and elucidating when
they decide to engage in killing versus other suppressive mechanism
warrants further investigation.

Tr1
Type 1 regulatory (Tr1) cells are a T-cell subset characterized as
Foxp3neg, CD49b+, and Lag3+ that produce high levels of IL-10
along with TGF-b, IFNg, IL-5, and are IL-4- and IL-2low/- (125).
While Tr1 cells are well recognized to suppress immune responses
in cytokine dependent mechanisms via IL-10 and TGF-b (126,
127), Tr1 cells have also been found to engage in contact-
Frontiers in Immunology | www.frontiersin.org 7
dependent mechanisms including the PD1/PDL-1 and CTLA-4/
CD80 pathways (128). Interestingly, Tr1 have also been found to
kill myeloid cells through the perforin-granzyme pathway in an
antigen dependent and independent manner (Table 1) (104, 129).
Killing of APCs was shown to decrease T-cell activation and allow
for bystander suppression. Furthermore, Grossman et al. (2004)
(19) showed that human naive CD4+ T-cells stimulated with anti-
CD3/CD46 antibody to generate Tr1 IL-10 producing cells led to
expression of GzB in over 90% of the cells with no GzA expression,
while anti-CD3/CD28 antibody mediated activation did not
induce GzB expression. Based on this GzB expression pattern it
was not surprising they found Tr1 cells showed maximal killing,
whereas IL-2 activated CD4+ T-cells which had significantly lower
levels of GzB expression showed minimal killing. These GzB+ Tr1
cells engage in perforin-dependent, MHC/TCR independent
killing of allogeneic myeloid leukemia cell lines in vitro
(Table 1) (19). In an effort to enhance Tr1 cell therapy,
Roncarolo, who first identified Tr1 cells, and colleagues recently
developed engineered human Tr1 cells by lentiviral transduction
of IL-10 into peripheral CD4+ T-cells. This group found that these
engineered human Tr1 cells had the ability to kill pediatric and
adult acute myeloid leukemia (AML) cells (15, 130). Importantly,
Tr1 cells retained their suppressive functions in vivo by
suppressing GVHD and maintaining GVL responses (15). These
data are exciting as it offers a cellular approach that is capable of
both suppressing GVHD responses while concurrently
potentiating GVL responses. How we can further enhance this
type of bifunctional therapy will need to be evaluated as this
approach can significantly address key limitations of Treg therapy
for alloHSCT. In summary, Tr1 cells use the perforin granzyme
pathway to suppress immune responses by targeting non-
malignant myeloid cells and potentiate anti-tumor responses by
killing malignant myeloid cells.
THE ROLE OF CD8+ TREG IN
IMMUNOSUPPRESSION AND CYTOLYSIS

CD8+ Treg represent another repository of cyTreg that
remains substantially understudied. CD8+ Treg are loosely
defined as a heterogenous population of CD8+ lymphocytes that
can express several Treg associated surface markers and have
immunosuppressive capacity, thus defining them as a Treg subset
(131–133). CD8+ Treg have been reported to express a range of Treg
markers such as CD122, CD25, CD103, GITR, CTLA-4, and PD1,
and to engage in a range of cell contact-dependent and independent
mechanisms to suppress immune responses (Table 2) (27, 134, 137,
138,162–164).However,due to their lowfrequency invivoand lackof
conserved andconsistentphenotypicmarkers,CD8+Treghave yet to
be fully described (163).

Like CD4+ Treg, CD8+ Treg are capable of inhibiting the
activity of Teff. CD8+ Treg have been demonstrated to modulate
Teff activation and proliferation through the release of
immunosuppressive cytokines, including IL-10 and TGF-b (165),
as well as inhibitory cell-to-cell interactions through CTLA-4 and
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PD-1 signaling pathways (166). Furthermore, the suppressive
activity of CD8+ Treg in vivo has been shown to be important in
regulating normal immune function and preventing inflammatory
disease in humans, including inflammatory bowel disease,
autoimmune diabetes, multiple sclerosis, and GVHD (167–169).
In addition to their immunosuppressive capabilities, several subsets
of CD8+ Treg have been described to utilize both suppressive and
cytotoxic functions (CD8+ cyTreg), including both Foxp3+ and
Foxp3neg CD8+ Treg subsets described below. In fact, CD8+ cyTreg
have been reported to utilize directed killing pathways as key
mechanism to inhibit Teff activity (170). However, as the
circulating frequency of CD8+ Treg is extremely low in both
mouse and human (164), the vast majority of current literature
focuses on different subsets of ex vivo generated CD8+ iTreg. As
such, CD8+ cyTreg represent an extremely heterogenous population
in vivo, and the precise mechanisms of suppression and/or killing
utilized by these cell populations are highly dependent on the CD8+

cyTreg phenotype and local environmental stimuli (163, 171). The
bifunctionality of CD8+ cyTreg remains highly debated in the
literature and warrants further investigation.
Frontiers in Immunology | www.frontiersin.org 8
CCD8+Foxp3+Treg
CD4+ Treg are well defined by constitutive expression of Foxp3,
the master regulator of Treg suppressive function (172–174).
Similarly, both murine and human studies have also
described Foxp3 expression in several subsets of CD8+ Treg,
including CD8+CD25+Foxp3+, CD8+Foxp3+Lag3+, and
CD8+CD103+Foxp3+ Treg (155, 175). In fact, several groups
argue that Foxp3 expression in CD8+ T-cells is a highly conserved
marker of CD8+ Treg (164, 176–178). CD8+Foxp3+ Treg have been
shown to be highly immunosuppressive and in some circumstances
have been shown to employ cytotoxic killing pathways as an
additional mechanism of immunosuppression. In mice,
CD8+CD25+Foxp3+ Treg have even been shown to be equally, if
not more, suppressive in vitro than an equivalent CD4+ Treg (164).
Therefore, CD8+Foxp3+ Treg have gained substantial interest as a
unique cell type that may have applications in the treatment of some
cancers, as well as autoimmune and inflammatory disease.

There are several subsets of CD8+ T-cells that have been
reported to express Foxp3. CD8+CD25+Foxp3+ Treg are the most
phenotypically and functionally similar to CD4+ Treg. Like their
TABLE 2 | Immunosuppressive and cytotoxic killing mechanisms used by CD8+ Treg subsets.

Treg Subtype Source/Origin Key Markers Organism Functional Mechanisms References

CD8+CD122+ Thymus derived CD122+

FoxP3+/-

PD-1+

Mouse Fas/FasL dependent killing
IL-10 mediated suppression

(134–136)

CD8+Foxp3+ Ex vivo induced (iTreg)
Peripherally sourced (pTreg)

FoxP3+

CD25+

Lag3+/-

CTLA-4+

PD-1+/-

GITR+/-

CD28+/-

CD107a+/-

Mouse +>- GzA/GzB dependent killing
+>- perforin dependent killing
Undefined contact-dependent suppression
+>- CTLA-4 mediated suppression
+<- IL-10 mediated suppression

(27, 63, 137, 138)

Human CCL4 mediated suppression
+>- CTLA-4 mediated suppression
+<- IL-35 mediated suppression
+>- GzA/GzB dependent killing
+>- perforin dependent killing

(27, 63, 139, 140)

CD8+CD103+ Ex vivo induced (iTreg)
Peripherally sourced (pTreg)

CD103+

Foxp3+/-

CD25neg

CTLA-4neg

GITRneg

PD-1neg

IL-10+

TFG-b+

Mouse Undefined contact-dependent suppression
+/- GzA/GzB dependent killing

(141, 142)

Human Undefined contact-dependent suppression
+/- GzA/GzB dependent killing

(27, 142, 143)

CD8aa+ IELs Thymus derived CD8aa+ CD8bneg

TCRab+

Foxp3neg

CD44+

CD69+

CD103+

Lag3+

CTLA-4+

Mouse +/- IL-10 mediated suppression
+/- Fas/FasL dependent killing
+/- GzA/GzB dependent killing
+/- TRAIL/DR5 dependent killing
+/- Perforin dependent killing

(144–150)

CD4+CD8aa+ IELs Peripherally sourced (pTreg) CD4+CD8aa+ Mouse IL-10 mediated suppression
Perforin dependent killing

(151–153)

CD8+CD28neg Peripherally sourced (pTreg) CD28neg Mouse ILT3/ILT4 dependent killing (154)
Human GzA/GzB dependent killing

granulysin dependent killing
ILT3/ILT4 dependent killing

(155–161)
April 2022 | Volume 1
GzB, granzyme B; GzA, granzyme A; ILT3/ILT4, immunoglobulin-like transcripts 3 and 4; CCL4, chemokine (C-C motif) ligands 4; IEL, Intraepithelial lymphocytes.
Symbols: +/- pathway or marker is shown to be intermittently applicable or inconsistently reported between multiple studies. +>- pathways is most often shown to be applicable. +<-
pathway is most often shown to be unnecessary of cell function.
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CD4+ counterpart, they express both CD25 and Foxp3 and have
been found to co-express several additional Treg associated surface
markers, including CTLA-4, Lag3, GITR and PD-1 (Table 2) (27,
179). However, CD8+Foxp3+ tTreg are present at extremely low
levels in both human and mouse peripheral blood, ~0.4 and ~0.1%,
respectively (164). This is significantly less than the frequency of
circulating CD4+ Treg which constitute 1-3% of CD4+ lymphocytes
in humans (180, 181) and ~5-15% in mice (164, 182). Mouse CD8+

Foxp3+ tTreg, with high CD25+ and GITR expression, were shown
to suppress CD8+ T-cell responses in an influenza virus infectious
model through an IL-10 dependent mechanism (137), whereas
Cosmi et al. (2003) found that human CD8+CD25+Foxp3+ tTreg
that expressed GITR and CTLA-4 could suppress the proliferation
of autologous CD25neg T-cells in a contact-dependent manner
(138). To further support the importance of cytolytic pathways by
Treg in dampening undesired immune responses, Correale and
Villa (2008) found that CD8+ Treg from patients with multiple
sclerosis could recognize and lyse myelin-specific CD4+ T-cells
(183). Furthermore, they also found that lysis of these
autoreactive T-cells was decreased when patients experienced
exacerbations, and that killing occurred in a granule and MHC
Class I dependent manner (183). Additionally, CD8+CD25+Foxp3+

Treg have been shown to have immunosuppressive properties in
colorectal and prostate cancers with a potential to promote tumoral
immune escape (178, 184).

Despite their low circulating frequency, several studies have
demonstrated that human and murine CD8+Foxp3+ iTreg can be
easily generated both in vivo and ex vivo (27, 63, 185). The
generation of iTreg from CD8+CD25neg Teff with robust antigen
stimulation leads to the acquisition of Foxp3 expression and Treg
associated immunosuppressive properties (27, 63, 185).
Interestingly, the acquisition of immunosuppressive capabilities in
CD8+CD25+Foxp3+ iTreg appears to coincide with the
upregulation of cytotoxic molecules (27, 63). In addition to
expressing CD25, Foxp3, CD28, CTLA-4 and GITR, CD8+CD25+

iTreg have also been shown to express high levels of cytotoxic
molecules upon activation, including GzA, GzB and perforin in
human CD8+ Treg and CD107a in both mice and human CD8+

Treg (Table 2) (27, 63). CD8+ cyTreg are proposed to utilize these
killing pathways as another primary mechanism of suppression.
However, the cytolytic potential of CD8+CD25+Foxp3+ iTreg
remains highly debated in the literature, with one study reporting
no observed in vitro killing capacity by allogeneic plasmacytoid
dendritic cells induced human CD8+Foxp3+ iTreg, despite high
expression of GzA and GzB (139) and others studies describing
subsets of human CD8+CD25+Foxp3+ iTreg that simultaneously
have both suppressive and cytolytic functions (27, 63).

Joosten et al. (2007) first described a subset of Lag3 expressing
CD8+Foxp3+ Treg in both mice and humans that were shown to
suppress human peripheral blood mononuclear cell (PBMC)
proliferation through, at least in part, the secretion of CCL4
(chemokine (C-C motif) ligands 4) (63). CD8+Lag3+Foxp3+ Treg
were shown to express CD107a, perforin and granulysin, and engage
in directed killing in an antigen specific manner. Here, this study
suggested that human CD8+ iTreg cytolytic function, but not
suppression, is antigen dependent (63). They demonstrated that
Frontiers in Immunology | www.frontiersin.org 9
antigen primed CD8+Lag3+Foxp3+ Treg were able to kill infected
but not uninfected macrophage targets, while the CD8+Lag3+Foxp3+

Treg were able to suppress Teff proliferation in a nonspecific manner.
Expanding upon this earlier study, Mahic et al. (2008) described a
subset of ex vivo induced human CD8+Foxp3+ iTreg that was also
capable of both immunosuppressive and cytolytic functions (27). This
subset of human CD8+Foxp3+ iTreg was shown to express high levels
of perforin, GzA and GzB suggesting strong cytolytic potential. And
although, several studies have reported CD8+ iTreg to secrete soluble
factors such as IL-10, TGF-b, CCL4 and IL-35 (27, 63, 140, 163),
transwell suppression assay analysis indicated that
CD8+CD25+Foxp3+ iTreg rely on contact-dependent suppressive
pathways (27). Several groups have suggested that CTLA-4
expression plays a major role in the contact-dependent suppressive
function of CD8+CD25+Foxp3+ iTreg (16, 27, 139, 140, 163).
However, the study by Mahic et al. (2008) demonstrated that
contact-dependent CD8+ iTreg mediated suppression was
maintained even in presence of CTLA-4, CD80 and CD86 blocking
antibodies (27), suggesting that other suppressive mechanisms, such
as cytolysis, may be at play in absence CTLA-4mediated suppression.

CD8+CD103+ Treg
Although Foxp3 expression in both CD4+ and CD8+ Treg has
been shown to closely correlate with Treg suppressor function,
there are now multiple reports that, unlike CD4+ Treg, the
suppressive function of CD8+ Treg may not be dependent on
the expression of Foxp3. In fact, several CD8+ Treg subsets,
including CD8+CD103+ Treg and CD8+CD122+ tTreg, have
been reported to be either Foxp3neg or have only sporadic
expression of Foxp3, while still maintaining immunosuppressive
function (186, 187). Among these CD8+Foxp3+/- Treg subsets,
CD103 expressing CD8+ Treg are amongst the most investigated.
In mice, CD103 is expressed by ~80% of CD8+CD25+Foxp3+ Treg
(164), and can also be expressed by CD4+CD25+Foxp3+ Treg and
CD8+Foxp3neg Treg (188–190).

CD103 expression is a critical homing antigen for T-cells and
assists in cell infiltration and residency in peripheral tissues (191,
192). The increased accumulation and persistence of T-cells in
peripheral tissues is critical to maintain normal immune function.
After CD8+ T-cells migrate into the periphery, CD103 expression is
induced via a TGF-b signaling pathway (141, 193, 194). The
induction of CD103 expression in CD8+ Teff is polyclonal and
can lead to the development of an alloantigen-induced
CD8+CD103+FoxP3+/- Treg that possess immunosuppressive
capabilities, regardless of Foxp3 status (143, 188). Although
CD103+ Treg have been shown to produce both IL-10 and TGF-
b, a majority of the current literature suggests that the
immunosuppressive function of human CD8+CD103+FoxP3+/-

Treg is contact-dependent and does not rely on the production of
soluble factors (Table 2) (142, 143). Although, it has also
been reported that human CD8+CD103+Foxp3neg Treg did not
express to PD-1, GITR and CTLA-4 (142), suggesting that
CD8+CD103+Foxp3neg iTreg must be employing different
mechanisms of suppression compared to other CD8+ Treg
subsets and that CD8+CD103+Foxp3neg Treg may rely on
cytolytic killing mechanisms to suppress T-cell activity. However,
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despite several studies suggesting that human CD8+CD103+ iTreg
may retain their cytolytic capacity and engage in directed killing of
Teff following antigen stimulation (27, 142), a majority of the
current literature suggests that CD103 expression is not a
conserved marker of CD8+ Treg cytolytic activity in mice or
humans (142, 143, 188, 195). Further, many of these studies
suggest that, unlike other CD8+ Treg subsets, a majority of
CD8+CD103+Foxp3neg Treg suppress Teff through non-cytotoxic
mechanisms and have very little cytolytic function (142, 143, 188,
195). While these reports do indicate that some CD8+CD103+ Treg
may have both suppressive and cytolytic potential, the current the
literature is still unable to phenotypically distinguish between the
immunosuppressive, cytolytic and dual function populations. A
possible explanation to these varying mechanisms used by CD8+

CD103+ Treg is that CD103 expression is likely not a conserved
marker of CD8+ Treg, as several studies have also reported CD103
expression as a marker of activated tissue-resident memory T-cells
(Trm) (196, 197). In fact, CD8+CD103+ Trm cells have been shown
to be significant contributors to anti-tumor immunity due to their
substantial cytotoxicity and cytokine production potential
(196–199). Despite this, CD8+CD103+ cyTreg are an increasingly
interesting Treg population that necessitates further investigation.

CD8+CD103+Foxp3neg Treg
Thymus derived CD8+CD122+Foxp3neg T-cells represent a subset
of T-cells that can suppress autoimmunity, anti-tumor responses,
and allogeneic responses (200–202). While CD122 expression in
T-cells is often associated with CD8+ T stem memory (Tsm)
populations (203–205), murine CD8+CD122+ T-cells have also be
shown to be potent suppressors of allograft rejection (162).
Murine CD8+CD122+Foxp3neg Treg have been reported to
recognize activated T-cells via MHC class I/TCR and suppress
T-cell activity via IL-10 production (134). It has been shown that
the PD1 expression in murine CD8+CD122+ T-cells was critical
for the enhanced suppressive function and that IL-10 was partially
responsible for the suppression of allograft rejection (134). A
follow up study demonstrated that murine CD8+CD122+PD1+

T-cells suppressed Teff proliferation in vitro in an IL-10 dependent
manner and could also kill Teff in a Fas/FasL dependent manner
(135). The use of cytolysis as a mechanism of CD8+CD122+ T-cells
to modulate immune responses was further supported in a skin
allograft model where deficiency of FasL expression, or inhibition
of this pathway with blocking antibodies, abrogated suppression of
allograft rejection (135). Furthermore, Akane et al. (2016) reported
that murine CD8+CD122+ T-cells, particularly the CD49b low
expressing CD8+CD122+ T-cells, were capable of suppressing
activated CD4 and CD8 T-cells in a Fas/FasL dependent
manner, and in an MHC class I/TCR dependent process (136).
Together, these data emphasize the importance of CD8+CD122+

T-cells as an immunoregulatory cell type that prefers IL-10 and
Fas/FasL pathways to suppress immune responses.

CD8aa+ Intraepithelial Lymphocytes
Intraepithelial lymphocytes (IELs) are a predominant T-cell
population strategically dispersed in the intestinal epithelial
layer where they contribute as a first line of defense against
Frontiers in Immunology | www.frontiersin.org 10
infections to protect the mucosal barrier (151, 206–208). IELs
can be divided into two main categories: induced IELs, which are
conventional CD4+ or CD8ab+ T-cells that have undergone
extrathymic differentiation in the intestines (151), and natural
IELs, which express CD8aa with TCRab+ or TCRgd+ and have
been well-documented to develop in the thymus before
migrating to the gastrointestinal tract (207–209).

Induced CD4+CD8aa+ IELs, or CD4 T-cells that have
peripherally acquired CD8aa+ through the Th2 lineage pathway,
are significantly detected under heightened immune responses
(151). CD4+CD8aa+ IELs are producers of Treg-associated
cytokines IL-10 and TGF-b, and can suppress Th1-induced
intestinal inflammation in an IL-10-dependent manner to protect
the mucosal barrier (151). CD4+CD8aa+ IELs also exhibit cytolytic
activity through perforin expression (152). However, upon
significant pathogenic infiltrations, activated CD4+CD8aa+ IELs
can contribute to the pathological progression of inflammatory
bowel disease through release of proinflammatory cytokines TNF-
a, IL-15, and IFN-g with upregulation of CD107a (152). IL-10 has
been shown to suppress infiltration of gluten-dependent cytolytic
CD4+CD8aa+ IELs for potential prevention of celiac disease (153).

Antigen-experienced natural CD8aa+CD8b-TCRab+ IELs
(CD8aa+ IELs) amount to nearly 40% of the T-cell population
within the intestinal layer and are of considerable interest due to
their potential for dual immunosuppressive and cytolytic
functions (206). CD8aa+ IELs express the activation markers
CD44 and CD69 from thymic development in the presence of
high affinity self-antigen agonists (207, 208, 210). Though self-
reactive, CD8aa+ IELs are not self-destructive (144) and
maintain a regulatory role within the gut, constitutively
expressing CD103 (208) and highly expressing Lag3, CTLA-4
(145), and NK associated genes (145, 208, 211) including the
inhibitory Ly49 receptors, CD16, CD122, and NK1.1, but with
very low expression of Foxp3 mRNA (145). In the absence of
their specific MHC-restricted antigen, these cells were found to
be enriched for TGF-b, IL-10 and IFNg mRNA, suggesting that
these cells either constitutively express these immunoregulatory
cytokines or express them through non-TCR-mediated signals
(144, 145). However, upon activation, CD8aa+ IELs
substantially reduce mRNA expression of these cytokines (144,
145). In slight contradiction, another study could not detect IL-
10 secretion or IL-10R expression in either in vitro non-activated
or anti-CD3/CD28-activated CD8aa+ IELs (146). However,
adoptive transfer of CD8aa+ IELs into SCID mice did prevent
CD4+ T-cell-induced colitis in an IL-10-dependent manner;
CD8aa+ IELs derived from IL-10 knockout transgenic mice
were ineffective for disease prevention. It has been proposed that
murine gastrointestinal epithelial cells, which constitutively
express IL-10R, rely on IL-10-dependent signals from CD8aa+

IELs (146).
The cytotoxic potential of CD8aa+ IELs has also been

debated. A study in which CD8aa+ IELs with LCMV-reactive
TCRs were activated by LCMV infection, no cytotoxic activity
could be detected (144), albeit several other studies have
confirmed expression of perforin, GzA, GzB, and FasL (147,
148). In vivo wild-type CD8aa+ IELs constitutively express GzB
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but not GzC (147, 148); GzB knockout CD8aa+ IELs were
observed to upregulate granzyme C for non-redundant
protection in a murine model of cytomegalovirus (CMV)
infection (147). Reovirus 1/L-stimulated IELs were shown to
effectively utilize Fas/FasL, perforin, and TRAIL-mediated
cytotoxicity pathways (149, 150). As such, CD4+CD8aa+ and
CD8aa+ IELs are an enigmatic “activated yet resting” cell
population that maintains immunoregulatory and cytolytic
functions in mucosal tissues.

CD8+CD28neg Treg
CD8+CD28neg T-cells have also been reported to exhibit both
cytotoxic and immunosuppressive function. However, not unlike
most other CD8+ Treg subsets, the current literature describes
CD8+CD28neg T-cells that are either immunosuppressive or
cytolytic. While several studies have reported human
CD8+CD28neg T-cells possess high cytotoxic potential due to
high expression of cytolytic molecules, including perforin, GzA,
GzB and granulysin (156–160), other studies have reported a
subset of CD8+CD28neg T-cells with distinct lack of cytotoxic
function, but capable of immunosuppressive function (154, 155,
161). Interestingly, CD8+CD28neg Treg have been suggested to
induce a unique contact-dependent suppressive pathway to inhibit
alloreactive Teff. Several early studies demonstrated that human
and mouse CD8+CD28neg Treg are able to promote the
tolerization of APCs by both inducing the upregulation of
immunoglobulin-like transcripts (ILT), ILT3 and ILT4, and
simultaneously downregulation of costimulatory molecule
expression on APCs. This in turn impaired APC/CD4+ T-cell
interactions, reduced IFNg production, and suppressed the activity
of alloreactive T-cells (154, 155, 161). Despite these early reports of
immunosuppressive function, there remains no comprehensive
phenotypic definition of the immunosuppressive CD8+CD28neg

Treg population and efforts towards an accurate and
comprehensive functional description of CD8+CD28neg Treg
have also been impeded by the failure of current studies to
identify conserved surface markers to distinguish between the
immunosuppressive and cytotoxic subpopulations without
functional analysis. Despite this, CD8+CD28neg Treg do offer an
interesting avenue for further study as in vivo studies have
highlighted their important role in immune regulation and may
offer a novel approach to Treg-based immune therapies (154, 161).

CD8+Ly49/KIR+Foxp3neg Treg
Another CD8+ Treg subset important for immune regulation
expresses either Ly49 or killer immunoglobulin receptors (KIRs)
in mouse and human CD8+ T cells, respectively. Early studies
demonstrated that CD8+CD44+ICOSL+Foxp3neg Treg recognized
the Qa-1/peptide complex on T follicular helper cells (TFH)
to promote tolerance to self via the perforin pathway (212).
Using a Qa-1 knock in mouse model that impaired
CD8+CD44+ICOSL+Foxp3neg Treg activity, it was shown that
mice developed a lupus-like autoimmune disorder that was
associated with TFH cell dysregulation, increased autoantibodies,
and severe glomerulonephritis (212). It was then shown that these
CD8+CD44+ICOSL+Foxp3neg Treg subset had high expression of
CD122 and uniquely expressed Ly49 (213). Ly49 is a member of a
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family of C-type lectin receptors that can be expressed onNKT cells,
IELs, macrophages, DCs and a fraction of CD8+ T cells. However,
Ly49 is ubiquitously expressed on NK cells, enabling those cells to
distinguish between healthy, infected, or altered cells (214). CD122
expression in combination with Ly49 on NK cells may explain its
dependency on IL-15 for development and function (212).
Furthermore, a group found that B6-Yaa mice, which also
develop a lupus-like autoimmune disorder that is exacerbated
with IL-15 receptor deficiency (215), have increased numbers of
TFH and germinal center B cells with defective CD8+ Treg
suppressive function. These data suggest a role of CD8+

CD122+CD44+Ly49+Foxp3neg Treg in B6-Yass mice lupus-like
pathogenesis (213). To further extend our understanding of
CD8+Ly49+ Foxp3neg Treg in autoimmunity, a group
demonstrated that clonally expanded CD8+Ly49+ T cells in a
model of experimental autoimmune encephalitis (EAE) represent
a CD8+Ly49+Foxp3neg Treg subset that is non-responsive to myelin
protein but is instead suppressive towards autoreactive CD4+ T cells.
The suppressive mechanism of this CD8+Ly49+Foxp3neg Treg was
found to occur in a perforin dependent manner, similar to previous
reports of this pathway required by CD8+ Treg to suppress TFH cells
(212, 216). A recent report confirmed the existence of a population
equivalent to CD8+Ly49+Foxp3neg Treg suppressive subset in
humans. Since Ly49 genes are not present in the human genome,
human CD8+ Treg were found to express the killer
immunoglobulin-like receptors (KIRs) which have parallel
functions (217, 218). Human CD8+KIR+Foxp3neg Treg are
increased in patients with autoimmunity or infection as compared
to healthy counterparts (219). Using in vitro assays, it was
demonstrated that CD8+KIR+Foxp3neg Treg suppressed gliadin
specific CD4+ T cells isolated from patients with celiac disease.
They found that suppression by human CD8+KIR+Foxp3neg Treg
occurred in a contact dependent manner, associated with increased
annexin V expression in pathogenic gliadin specific CD4+ T cells,
consistent with murine studies of perforin dependent suppression
by CD8+Ly49+Foxp3neg Treg (219).
ROLE AND APPLICATIONS FOR
CYTOTOXIC TREG IN THE TREATMENT
OF GVHD

CyTregmay offer a novel approach to the treatment ofGVHD that is
underrepresented in current clinical research. One of the biggest
hurdles to the development of a successful GVHD therapy is the
preservation of the therapeutic GVL effect. With current CD4+ Treg
based therapies forGVHDthere is a risk of suppressingGVLactivity,
resulting in relapse in alloHSCT recipients (8). Remarkably, the dual
immunosuppressiveandcytotoxicactionofcyTreghasbeenshownin
pre-clinical studies to alleviate acute GVHD (aGVHD) while
preserving the essential GVL activity of the graft (8, 15, 16). For
example, CD4+ Tr1 cells have been shown to both suppress GVHD
and preserve GVL responses in vivo (15). There is also evidence
supporting a role of CD4+ cyTreg in the alloHSCT setting. A group
investigatedwhichkillingmechanismswerenecessaryforCD4+tTreg
suppressionof anti-tumor responses in the allogeneic settingbyusing
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RMAS lymphoma and B16 melanoma cells derived from C57BL/6
mice and injected them into 129/SvJ mice to create a minor
histocompatibility mismatch (99). Using GzB KO mice, they
demonstrated that CD4+ tTreg used the GzB pathway to non-
redundantly suppress anti-tumor responses in vivo (99). They then
posited whether tTreg would also be dependent on GzB to suppress
GVHD following alloHSCT in a murine major histocompatibility
mismatch model. Similar to their original tumor studies, they found
thatmurinetTregupregulatedGzBexpressionintheallosetting(220).
However, in contrast to their tumor studies they found that GzBwas
non-essential for GVHDmediated suppression, as mice treated with
wildtype and GzB KO CD4+ tTreg had comparable survival curves,
decrease in serumcytokines, and protection of aGVHDtarget organs
(220). Interestingly, another group found that the hypomethylating
agent azacytidine could be used to enhance CD4+Foxp3+ Treg
induction following alloHSCT and that murine aGVHD
suppression via these CD4+ iTreg occurred in a GzB independent,
andpartiallyperforindependentmannerwithoutabrogatingtheGVL
response (101). It is unclear why aGVHD suppression was GzB
independent in this latter two studies; however, it is plausible that
the different source of Treg used for aGVHDsuppressionmayhave a
different transcriptome and thus be dependent on different pathways
tosuppresssimilarallosettings.Overall, thesestudiesdemonstratethat
bothCD4+tTregandiTregcanusetheperforin-granzymepathwayto
dampen alloimmune responses in vivo, and that cyTreg have the
capacitytosuppressaGVHDwhilemaintaininganti-tumorresponses
in most circumstances.

Furthermore, several studies have demonstrated an integral
role for CD8+ iTreg in aGVHD pathology. Zheng et al. (2013)
(16) demonstrated that ex vivo human CD8+CD25+Foxp3+ iTreg
were capable of controlling GVHD while preserving the GVL
effect. Here, human CD8+ iTreg GVHD suppression was
mediated through a CTLA-4 dependent mechanism, which
resulted in reduced T-cell proliferation and production of
inflammatory cytokines in target organ systems resulting in
improved GVHD outcomes (16). Similarly, Heinrichs et al.
(2016) (8) demonstrated that combinational therapy using
both mouse CD8+ and CD4+ iTreg, but not CD4+ iTreg alone,
was capable of suppressing aGVHD while maintaining GVL
responses in mice. These results suggest that CD8+ iTreg can play
an integral role in the maintenance of GVL activity.

Interestingly, it has been shown recently that CD8+Foxp3+ iTreg
alone are sufficient to prevent aGVHD, even in absence of CD4+

iTreg. Beres et al. (2012) (17) demonstrated that the adoptive
transfer of human CD8+Foxp3+ iTreg into humanized recipient
mice, which lack the ability to make both murine CD8+ and CD4+

iTreg (Rag2−/−gc−/−), significantly ameliorated the severity of
aGVHD, protected recipient mice from death and preserved the
GVL response. Not only did this study support the protective role of
CD8+ iTreg against aGVHD while preserving GVL activity, but it
also showed that CD8+ pTreg are induced in vivo early post-
transplant (17). These data suggest that CD8 iTreg and pTreg
may play a significant role in the regulation of inflammation during
the early phases of aGVHD and support that notion CD8+Foxp3+

iTreg offer an approach for the GVHD suppression and GVL
maintenance. The potential applications for a dual purpose
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GVHD/GVL Treg-based cellular therapy is not limited to
aGVHD. CD8+CD103+ iTreg have also been shown to alleviate
chronic GVHD (cGVHD). In amousemodel of cGVHDwith lupus
syndrome, Zhong et al. (2018) (46) demonstrated that the adoptive
transfer of murine CD8+CD103+ iTreg ameliorated cGVHD
severity and enhanced survival. They observed a significant
reduction in autoantibodies and renal injury, in conjunction with
reduced Th and B cell responses. These data were supported by a
follow-up study that also demonstrated the therapeutic effect of
murine CD8+CD103+ iTreg adoptive transfer in a mouse model of
cGVHD and lupus nephritis (221). They demonstrated that the
immunosuppressive function of CD8+CD103+ iTreg was closely
associated with expression of CD39, the rate limiting enzyme in the
production of immune suppressive adenosine (221).

Human CD8+CD103+ iTreg have also been demonstrated
extremely stable under inflammatory conditions in vivo and play
a critical role in preventing kidney injury in patients (222). As
such, CD8+CD103+ iTreg adoptive transfer provides a novel
approach for the treatment of kidney disease as well as other
autoimmune and inflammatory diseases (158, 221). However, El-
Asady et al. reported that CD103 expressing mouse CD8+ T-cells
may have the potential to exacerbate aGVHD (141). They
demonstrated that host derived CD8+ Teff that migrate to the
intestinal epithelium can also gain CD103 expression via TGF-b
signaling. The resulting population has an enhanced capacity to
accumulate within the gut tissue resulting in a concentration of
activated CD8+ Teff in the gut tissue that exacerbated host
intestinal injury (141). This suggests that a subset of
CD8+CD103+ T-cells may not have immunosuppressive
activity as reported by other studies (46, 142, 143, 188, 221).
This again aligns with the notion that our current understanding
of CD8+ cyTreg populations is greatly limited by the lack of
conserved surface markers which would help differentiate cyTreg
vs. Teff. In spite of this, these early studies provide encouraging
data that suggests select subsets of CD4+ and CD8+ cyTreg, either
alone or in combination, may provide a novel approach to
suppress GVHD and maintain GVL responses.
CAR-TREG: COULD CYTOTOXIC CAR
TREG OFFER A NEW THERAPEUTIC
AVENUE?

The generation of antigen specific Treg is of particular interest
because of their increased potency compared to polyclonal Treg
and their potential to decrease the risk of non-specific
immunosuppression (223). The remarkable success of CAR T-
cell therapy to induce remission in relapsed and/or refractory
hematological malignancies has warranted their application in
other cell types and disease models (224, 225). CARs are
synthetic receptors that consist of an extracellular single chain
variable fragment (scFv) linked via a hinge and transmembrane
domain with an intracellular CD3 activation domain and
depending on the CAR generation typically contain 0-2
costimulatory domains. CARs can be advantageous compared
to T-cell receptor (TCR) guided approaches when T-cells are
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unable to sufficiently recognize and activate in response to
antigen in an MHC restricted manner (226). CARs have been
used to redirect Treg to target 2,4,6-trinitrophenol (TNP),
carcinoembryogenic antigen (CEA), factor VIII (FVIII), myelin
oligodendrocyte glycoprotein (MOG), human leukocyte antigen
A2 (HLA-A2), and CD19 in preclinical models of colitis,
hemophilia, multiple sclerosis, and transplantation, respectively
(224, 227). Despite reports of cytotoxicity as a mechanism of
suppression by Treg (77), it is surprising that the majority of the
CAR Treg studies published to date have found negligible to
minimal cytotoxicity towards antigen expressing target cells
(228–232). Lack of cytotoxicity has been beneficial for tissue-
specific CAR Treg generated to protect the target tissue.
However, the lack of cytotoxicity by these CAR Treg could be
due to the experimental conditions used to generate CAR Treg or
measure killing.

Some groups have recently targeted B cells using CD19 specific
CAR (CAR19) Treg in xenogeneic models of skin transplantation
and GVHD. Imura et al. (2020) found minimal to negligible in vitro
killing by human CAR19 Treg (233). While CD19 CAR Treg
engaged in negligible killing of CD19 target cells using a 1:1 E:T
ratio, a higher E:T ratio demonstrated CAR19 Treg could kill 17% of
CD19 target cells compared to 60% killing mediated by CAR19 Teff.
Boroughs et al. (2019) reported human CAR19 Treg killed
approximately 45% CD19 B cells in vitro at a 1:1 ratio using the
perforin-granzyme pathway (234). Imura et al. (2020) (233) argued
that their negligible CAR19 Treg killing was associated with a higher
Treg purity as they used CD4+CD25hiCD127loCD45RA+ Treg,
whereas Boroughs et al. (234) used bulk CD4+CD25hiCD127lo

Treg which contained CD45RO+ cells that have been shown to
behave more like effectors based on lower expression of Treg
markers and higher production of pro-inflammatory cytokines
(233). However, Boroughs et al. (234) directly tested this
hypothesis and found that CD45RA+ CAR Treg displayed equal
killing when compared to bulk Treg. They also generated an EGFR
specific CAR Treg in the same conditions as CD19 CAR Treg and
demonstrated it had minimal but measurable killing of antigen
EGFR+ skin grafts (234). Koristka et al. (235) also found that their
human UniCAR-CD28 Treg killed approximately 20% of target
cells, whereas the 4-1BB based CAR Treg killed about 10% of
targets. Together, these studies demonstrate CAR Treg have the
potential to engage in killing of target cells in vitro and in vivo.

The CAR design, antigen targeted, the affinity or signal strength
of the CAR, whether CARs undergo tonic signaling, CAR mediated
exhaustion, or cell intrinsic mechanisms of Treg may all influence
cytotoxicity. The majority of CAR Treg studies that compared the
CD28 and 4-1BB costimulatory domains found that CD28
costimulation was superior based on increased expression of
Foxp3, CTLA-4, and Helios, IL-10 production, and enhanced
suppressive function both in vitro and in vivo (233, 234, 236).
Another group reported that human CAR Treg with the 4-1BB
costimulatory domain produced less inflammatory cytokines and
were less cytolytic compared to the CD28 domain, suggesting CAR
Treg with 4-1BB domain may be more stable in vivo (235). In
contrast, Boroughs et al. (2019) (234) found that human CAR19
Treg with either 4-1BB or CD28 costimulatory domains had
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comparable in vitro killing, suggesting killing was not dependent
on the costimulatory domain used. Further research will be
necessary to evaluate optimal CAR Treg design and determine
whether a specific costimulatory domain has the potential to reduce
or enhance Treg cytotoxicity. Secondly, whether antigen specificity
or affinity may have a role in the induction of cytolytic mechanisms
in CAR Treg remains to be determined. Boroughs et al. (234)
evaluated whether higher scFv affinity played a role in cytolytic
induction of CAR Treg. To do this, they generated a CAR with the
same components as the original construct except now the scFv was
directed to EGFRvIII which has been reported to have a significantly
lower affinity to its antigen compared to the CD19 scFv (EC50 of
~100 ng v 6 ng). Using EGFRvIII+ target cells, they found that
EGFRvIII specific CAR Treg could induce comparable target lysis to
that measured by CD19 CAR Treg killing (234). These data suggests
the affinity of the CAR does not play a role in the cytolytic potential
Treg. Lastly, the first human CD8+ CAR Treg study found that
CD8+ anti-HLA-A2 CAR Treg with the CD28 costimulatory
domain had no cytotoxicity activity toward HLA-A2 kidney
endothelial cells (229). These results align with other anti-HLA
CAR Treg studies and are interesting as CD8+ Treg are thought to
be more cytolytic than CD4+ Treg. How to co-opt, or prevent, the
cytolytic potential of Treg will need to be determined to ensure
safety of CAR Treg therapy.

CD19 CAR CD8+ T-cells can suppress B cell mediated
autoimmune disease by killing B cells, at the expense of
significant risk for cytokine release syndrome (CRS) (237–239).
CAR Treg have the potential to engage in cytolytic mechanisms
without CRS due to their immunosuppressive potential and relative
lack in proinflammatory cytokine production. Such cytolytic CAR
Treg could be evaluated in autoimmune disease and in
transplantation of recipients with B cell mediated hematologic
malignancies. B-cell specific CAR Treg may have the potential to
kill pathogenic B-cells and induce bystander suppression to dampen
deleterious and excessive inflammation associated with
autoimmunity and GVHD (231, 240). It has been reported that
non-cytolytic, human CD19 CAR CD4+ Treg compared to human
CD19 CAR CD8+ T-cells maintain weights and clinical scores in
models of GVHD with no measurable increase in IL-6 production,
one of the CRS hallmarks, suggesting CAR Treg may have a lower
risk for CRS (233); whether cytolytic CAR19 Treg also prevent CRS
will need to be investigated. Cytolytic CAR Treg may offer a new
therapeutic approach that allows for suppression of excessive,
pathologic inflammatory responses while simultaneously inducing
apoptosis of B-cells that produce pathogenic antibodies as well as
present antigen to potentiate disease. Unfortunately, B-cell specific
CAR Treg therapy would also target non-pathogenic B-cells leading
to B-cell aplasia. Suicide genes, cell surface antigens that can be
targeted by antibodies, cytolytic function induced upon activation,
or logic gate to control cell decisions to kill or spare a given cell
population may be necessary to regulate cytolytic CAR Treg
function in vivo (241). In conclusion, HLA-A2 CAR Treg
demonstrate minimal to negligible cytotoxicity, while CD19 CAR
Treg studies show measurable in vitro cytotoxicity. These data
support a potential role of for CD19 CAR Treg to engage in
cytotoxicity in vivo. Thus, there is dire need to study whether
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cytotoxicity is present in various CAR Treg constructs, as well as
understand how it’s regulated so we can ensure safety and efficacy.
CONCLUSION AND FUTURE DIRECTIONS

Our understanding of Treg biology has significantly improved over
the last 20 years. However, much is left to understand how Treg
behave in vivo and what mechanisms are required for their effective
control of immune responses. Mounting evidence demonstrates
that there are multiple subtypes of regulatory T-cells within CD4+

T-cells and CD8+ T-cells, and some which do not require Foxp3
expression. A highly debated and controversial topic has been
cytolysis as a mechanism of suppression by Treg. Some have
argued that the measured killing by Treg is explained by
impurities of Treg culture and attributed to contaminating Teff.
However, others have directly addressed these concerns by sorting
pure populations of Treg and demonstrated comparable Treg
killing. Mouse and human Treg studies support cyTreg as a
suppressive regulatory cell capable of dampening inflammatory
immune responses in vivo, as well as capable of utilizing cytolytic
mechanisms towards target cells in order to regulate immune
responses. There are multiple reports of CD4+ and CD8+ cyTreg,
as well as Tr1 cells engaging in killing mechanisms to effectively
suppressing an inflammatory milieu, such as GVHD, while
maintaining or possibility potentiating killing responses, such as
GVL. There is evidence to support that CD8+ Treg are equally, if not
more, suppressive in vitro than an equivalent CD4+ Treg. Although
CD8+ Treg may not be better suppressors when compared to CD4+

Treg in GVHD studies they do offer the key advantage of potently
maintaining the GVL response. Further, when CD4+ and CD8+

iTreg are combined, GVHD suppression with maintenance of the
GVL effect are improved as compared to either subset alone.
Additionally, it appears that while CD8+Foxp3neg Treg do play a
role in immune suppression they are not sufficient to solely
maintain immune homeostasis and tolerance, as IPEX patients
with Foxp3 mutations in both CD4+ and CD8+ Foxp3+ Treg
populations experience severe immune dysregulation.
CD4+Foxp3+ Treg are equally, or more potent, in immune
regulation than CD8+Foxp3+ Treg, although in certain situations,
CD8+Foxp3+ would be the more desirable population. Thus,
continued investigations as to the optimal regulatory subtypes will
be critical to enhance Treg cell therapy for various disease models,
particularly for transplantation and autoimmune disorders.

cyTreg offer a new avenue for Treg cell therapies. cyTreg
would be highly beneficial in the context of alloHSCT whereby
GVHD suppression and GVL maintenance could be both
achieved. It would also be of interest in B-cell mediated
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diseases (e.g. autoimmune disorders) whereby suppression of
highly inflammatory environments is necessary and killing of the
pathogenic B-cells would suppress autoimmune responses.
Furthermore, cyTreg would be highly advantageous in chronic
infection models to dampen excessive inflammation and where
killing of infected cells would be desired. However, cyTreg could
be highly detrimental in the setting of CAR Treg redirected to
alloantigens to suppress solid organ allografts. With Treg cell
therapies currently under investigation in early clinical trials for
solid organ transplant, alloHSCT, and autoimmune diseases, it
will be imperative to explore the potential cytotoxicity of these
therapies. Due to low frequencies of CD4+ Treg and CD8+ Treg,
genetic engineering of potent cyTreg or improved methods for
either in vitro or in vivo induction, expansion or activation will
be necessary to increase the therapeutic index of these Treg cell
therapies. The lack of a comprehensive phenotypic and
functional definition of CD8+ cyTreg subtypes and CD8+ Teff
populations continues to hinder the development of cyTreg
based bifunctional therapies for clinical translation. As such,
further strides are necessary to clearly distinguish between Teff
and cyTreg populations. Thus, there is a critical need to
investigate what mechanisms regulate cyTreg cytotoxicity in an
effort to develop and optimize Treg cell therapies for each disease
model and disease. Altogether, cyTreg offer an exciting avenue to
expand our understanding of Treg biology, as well as develop
safer and more effective Treg therapies for clinical use.
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Arroyo R, et al. Ifnb-1a Therapy forMultiple Sclerosis Expands Regulatory CD8+
T Cells and Decreases Memory CD8+ Subset: A Longitudinal 1-Year Study. Clin
Immunol (2010) 134(2):148–57. doi: 10.1016/j.clim.2009.09.008

180. Safinia N, Sagoo P, Lechler R, Lombardi G. Adoptive Regulatory T Cell
Therapy: Challenges in Clinical Transplantation. Curr Opin Organ
Transplant (2010) 15(4):427–34. doi: 10.1097/MOT.0b013e32833bfadc

181. Safinia N, Scotta C, Vaikunthanathan T, Lechler RI, Lombardi G. Regulatory T
Cells: Serious Contenders in the Promise for Immunological Tolerance in
Transplantation. Front Immunol (2015) 6:438. doi: 10.3389/fimmu.2015.00438

182. Nie J, Li YY, Zheng SG, Tsun A, Li B. FOXP3+ Treg Cells and Gender Bias in
Autoimmune Diseases. Front Immunol (2015) 6:493. doi: 10.3389/
fimmu.2015.00493

183. Correale J, Villa A. Isolation and Characterization of CD8+ Regulatory T
Cells in Multiple Sclerosis. J Neuroimmunol (2008) 195(1-2):121–34.
doi: 10.1016/j.jneuroim.2007.12.004

184. Kiniwa Y, Miyahara Y, Wang HY, Peng W, Peng G, Wheeler TM, et al. CD8+
Foxp3+ Regulatory T Cells Mediate Immunosuppression in Prostate Cancer.Clin
Cancer Res (2007) 13(23):6947–58. doi: 10.1158/1078-0432.Ccr-07-0842

185. Zheng J, Liu Y, Qin G, Chan PL, Mao H, Lam KT, et al. Efficient Induction
and Expansion of Human Alloantigen-Specific CD8 Regulatory T Cells From
April 2022 | Volume 13 | Article 864748

https://doi.org/10.1093/intimm/dxm022
https://doi.org/10.1093/intimm/dxm022
https://doi.org/10.4049/jimmunol.174.6.3580
https://doi.org/10.1073/pnas.0831037100
https://doi.org/10.1111/j.1348-0421.1994.tb01764.x
https://doi.org/10.1038/s41385-018-0118-0
https://doi.org/10.1172/JCI17935
https://doi.org/10.1093/intimm/dxh107
https://doi.org/10.1111/j.1365-2567.2011.03470.x
https://doi.org/10.1007/s00262-003-0395-6
https://doi.org/10.1128/jvi.70.3.2022-2026.1996
https://doi.org/10.1128/jvi.70.3.2022-2026.1996
https://doi.org/10.1007/s10875-008-9213-4
https://doi.org/10.1155/MI.2005.160
https://doi.org/10.1038/ni760
https://doi.org/10.1038/ni760
https://doi.org/10.1111/ajt.12515
https://doi.org/10.1155/2018/3758713
https://doi.org/10.1155/2018/3758713
https://doi.org/10.3389/fimmu.2015.00171
https://doi.org/10.4049/jimmunol.175.11.7093
https://doi.org/10.1038/ni1165
https://doi.org/10.4049/jimmunol.174.9.5814
https://doi.org/10.4049/jimmunol.174.9.5814
https://doi.org/10.4049/jimmunol.176.11.7119
https://doi.org/10.4049/jimmunol.176.11.7119
https://doi.org/10.1172/JCI27191
https://doi.org/10.1038/332843a0
https://doi.org/10.1111/imm.12600
https://doi.org/10.1126/science.1079490
https://doi.org/10.1038/ni.2402
https://doi.org/10.1038/nature05478
https://doi.org/10.4049/jimmunol.175.1.246
https://doi.org/10.4049/jimmunol.175.1.246
https://doi.org/10.4049/jimmunol.175.11.7728
https://doi.org/10.4049/jimmunol.178.12.7649
https://doi.org/10.1136/gut.2008.158824
https://doi.org/10.1016/j.clim.2009.09.008
https://doi.org/10.1097/MOT.0b013e32833bfadc
https://doi.org/10.3389/fimmu.2015.00438
https://doi.org/10.3389/fimmu.2015.00493
https://doi.org/10.3389/fimmu.2015.00493
https://doi.org/10.1016/j.jneuroim.2007.12.004
https://doi.org/10.1158/1078-0432.Ccr-07-0842
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Bolivar-Wagers et al. Cytolytic Treg Phenotype and Function
Naive Precursors by CD40-Activated B Cells. J Immunol (2009) 183
(6):3742–50. doi: 10.4049/jimmunol.0901329

186. Tang X, Maricic I, Purohit N, Bakamjian B, Reed-Loisel LM, Beeston T, et al.
Regulation of Immunity by a Novel Population of Qa-1-Restricted CD8aa+
Tcrab+ T Cells. J Immunol (2006) 177(11):7645–55. doi: 10.4049/
jimmunol.177.11.7645

187. Rifa'i M, Kawamoto Y, Nakashima I, Suzuki H. Essential Roles of CD8+
CD122+ Regulatory T Cells in the Maintenance of T Cell Homeostasis. J Exp
Med (2004) 200(9):1123–34. doi: 10.1084/jem.20040395

188. Liu Y, Lan Q, Lu L, Chen M, Xia Z, Ma J, et al. Phenotypic and Functional
Characteristic of a Newly Identified CD8+ Foxp3– CD103+ Regulatory T
Cells. J Mol Cell Biol (2014) 6(1):81–92. doi: 10.1093/jmcb/mjt026

189. Anz D, Mueller W, Golic M, KunzWG, Rapp M, Koelzer VH, et al. CD103 is
a Hallmark of Tumor-Infiltrating Regulatory T Cells. Int J Cancer (2011) 129
(10):2417–26. doi: 10.1002/ijc.25902

190. Lehmann J, Huehn J, de la Rosa M, Maszyna F, Kretschmer U, Krenn V, et al.
Expression of the Integrin aeb7 Identifies Unique Subsets of CD25+ as Well
as CD25– Regulatory T Cells. Proc Natl Acad Sci (2002) 99(20):13031–6.
doi: 10.1073/pnas.192162899

191. Pauls K, SchönM, Kubitza RC, Homey B, Wiesenborn A , Lehmann P, et al.
Role of Integrin ae (CD103) b7 for Tissue-Specific Epidermal Localization of
CD8+ T Lymphocytes. J Invest Dermatol (2001) 117(3):569–75. doi: 10.1046/
j.0022-202x.2001.01481.x

192. Annacker O, Coombes JL, Malmstrom V, Uhlig HH, Bourne T, Johansson-
Lindbom B, et al. Essential Role for CD103 in the T Cell–Mediated
Regulation of Experimental Colitis. J Exp Med (2005) 202(8):1051–61.
doi: 10.1084/jem.20040662

193. Hadley G. Role of Integrin CD103 in Promoting Destruction of Renal
Allografts by CD8+ T Cells. Am J Transplant (2004) 4(7):1026–32.
doi: 10.1111/j.1600-6143.2004.00465.x

194. Hadley GA, Bartlett ST, Via CS, Rostapshova EA, Moainie S. The epithelial
cell-specific integrin, CD103 (alpha E integrin), defines a novel subset of
alloreactive CD8+ CTL. J Immunol (1997) 159(8):3748–56.

195. Hadley GA, Rostapshova EA, Gomolka DM, Taylor BM, Bartlett ST,
Drachenberg CI, et al. Regulation of the Epithelial Cell-Specific Integrin,
CD103, by Human CD8+ Cytolytic T Lymphocytes. Transplantation (1999)
67(11):1418–25. doi: 10.1097/00007890-199906150-00005

196. Mei X, Li H, Zhou X, Cheng M, Cui K. The Emerging Role of Tissue-
Resident Memory CD8+ T Lymphocytes in Human Digestive Tract Cancers.
Front Oncol (2021) 11:819505. doi: 10.3389/fonc.2021.819505

197. Jin K, Yu Y, Zeng H, Liu Z, You R, Zhang H, et al. CD103+ CD8+ Tissue-
Resident Memory T Cell Infiltration Predicts Clinical Outcome and
Adjuvant Therapeutic Benefit in Muscle-Invasive Bladder Cancer. Br J
Cancer (2022), 1–8. doi: 10.1038/s41416-022-01725-6

198. Park CO, Kupper TS. The Emerging Role of Resident Memory T Cells in
Protective Immunity and Inflammatory Disease. Nat Med (2015) 21(7):688–
97. doi: 10.1038/nm.3883

199. Amsen D, van Gisbergen KP, Hombrink P, Van Lier RA. Tissue-Resident
Memory T Cells at the Center of Immunity to Solid Tumors. Nat Immunol
(2018) 19(6):538–46. doi: 10.1038/s41590-018-0114-2

200. Endharti AT, Okuno Y, Shi Z, Misawa N, Toyokuni S, Ito M, et al. CD8
+CD122+ Regulatory T Cells (Tregs) and CD4+ Tregs Cooperatively Prevent
and Cure CD4+ Cell-Induced Colitis. J Immunol (2011) 186(1):41–52.
doi: 10.4049/jimmunol.1000800

201. Wang LX, Li Y, Yang G, Pang PY, Haley D, Walker EB, et al. CD122+CD8+
Treg Suppress Vaccine-Induced Antitumor Immune Responses in
Lymphodepleted Mice. Eur J Immunol (2010) 40(5):1375–85. doi: 10.1002/
eji.200839210

202. Mangalam AK, Luckey D, Giri S, Smart M, Pease LR, Rodriguez M, et al. Two
Discreet Subsets of CD8 T Cells Modulate PLP(91-110) Induced
Experimental Autoimmune Encephalomyelitis in HLA-DR3 Transgenic
Mice. J Autoimmun (2012) 38(4):344–53. doi: 10.1016/j.jaut.2012.02.004

203. Mathews DV, Dong Y, Higginbotham LB, Kim SC, Breeden CP, Stobert EA, et al.
CD122 Signaling in CD8+ Memory T Cells Drives Costimulation-Independent
Rejection. J Clin Invest (2018) 128(10):4557–72. doi: 10.1172/JCI95914

204. Zhao Y, Cai C, Samir J, Palgen JL, Keoshkerian E, Li H, et al. Human CD8 T-
Stem Cell Memory Subsets Phenotypic and Functional Characterization are
Frontiers in Immunology | www.frontiersin.org 20
Defined by Expression of CD122 or CXCR3. Eur J Immunol (2021) 51
(7):1732–47. doi: 10.1002/eji.202049057

205. Zhang Y, Joe G, Hexner E, Zhu J, Emerson SG. Host-Reactive CD8+Memory
Stem Cells in Graft-Versus-Host Disease. Nat Med (2005) 11(12):1299–305.
doi: 10.1038/nm1326

206. Rocha B, Vassalli P, Guy-Grand D. The V Beta Repertoire of Mouse Gut
Homodimeric Alpha CD8+ Intraepithelial T Cell Receptor Alpha/Beta+
Lymphocytes Reveals a Major Extrathymic Pathway of T Cell Differentiation.
J Exp Med (1991) 173(2):483–6. doi: 10.1084/jem.173.2.483

207. Eberl G, Littman DR. Thymic Origin of Intestinal aß T Cells Revealed by
Fate Mapping of Rorgt+ Cells. Science (2004) 305(5681):248–51.
doi: 10.1126/science.1096472

208. Ruscher R, Kummer RL, Lee YJ, Jameson SC, Hogquist KA. Cd8aa
Intraepithelial Lymphocytes Arise From Two Main Thymic Precursors.
Nat Immunol (2017) 18(7):771–9. doi: 10.1038/ni.3751

209. Neuenhahn M, Kerksiek KM, Nauerth M, Suhre MH, Schiemann M,
Gebhardt FE, et al. Cd8a+ Dendritic Cells are Required for Efficient Entry
of Listeria Monocytogenes Into the Spleen. Immunity (2006) 25(4):619–30.
doi: 10.1016/j.immuni.2006.07.017

210. Gangadharan D, Lambolez F, Attinger A, Wang-Zhu Y, Sullivan BA,
Cheroutre H. Identification of Pre-and Postselection Tcrab+
Intraepithelial Lymphocyte Precursors in the Thymus. Immunity (2006)
25(4):631–41. doi: 10.1016/j.immuni.2006.08.018

211. Yamagata T, Mathis D, Benoist C. Self-Reactivity in Thymic Double-Positive
Cells Commits Cells to a CD8aa Lineage With Characteristics of Innate
Immune Cells. Nat Immunol (2004) 5(6):597–605. doi: 10.1038/ni1070

212. Kim H-J, Verbinnen B, Tang X, Lu L, Cantor H. Inhibition of Follicular T-
Helper Cells by CD8+ Regulatory T Cells is Essential for Self Tolerance.
Nature (2010) 467(7313):328–32. doi: 10.1038/nature09370

213. Kim H-J, Wang X, Radfar S, Sproule TJ, Roopenian DC, Cantor H. CD8+ T
Regulatory Cells Express the Ly49 Class I MHC Receptor and are Defective
in Autoimmune Prone B6-Yaa Mice. Proc Natl Acad Sci (2011) 108(5):2010–
5. doi: 10.1073/pnas.1018974108

214. Rahim MM, Tu MM, Mahmoud AB, Wight A, Abou-Samra E, Lima PD,
et al. Ly49 Receptors: Innate and Adaptive Immune Paradigms. Front
Immunol (2014) 5:145. doi: 10.3389/fimmu.2014.00145

215. Bubier JA, Bennett SM, Sproule TJ, Lyons BL, Olland S, Young DA, et al.
Treatment of BXSB-Yaa Mice With IL-21r-Fc Fusion Protein Minimally
Attenuates Systemic Lupus Erythematosus. Ann New York Acad Sci (2007)
1110(1):590–601. doi: 10.1196/annals.1423.063

216. Saligrama N, Zhao F, Sikora MJ, Serratelli WS, Fernandes RA, Louis DM, et al.
Opposing T Cell Responses in Experimental Autoimmune Encephalomyelitis.
Nature (2019) 572(7770):481–7. doi: 10.1038/s41586-019-1467-x

217. Dissen E, Fossum S, Hoelsbrekken SE, Saether PC. NK Cell Receptors in Rodents
and Cattle. Semin Immunol (2008) 20(6):369–75. doi: 10.1016/j.smim.2008.09.007

218. Middleton D , Gonzelez F. The Extensive Polymorphism of KIR Genes.
Immunology (2010) 129(1):8–19. doi: 10.1111/j.1365-2567.2009.03208.x

219. Li J, Zaslavsky M, Su Y, Guo J, Sikora MJ, van Unen V, et al. KIR+ CD8+ T
Cells Suppress Pathogenic T Cells and are Active in Autoimmune Diseases
and COVID-19. Science (2022):eabi9591. doi: 10.1126/science.abi9591

220. Cai SF, Cao X, Hassan A, Fehniger TA, Ley TJ. Granzyme B is Not Required
for Regulatory T Cell–Mediated Suppression of Graft-Versus-Host Disease.
Blood (2010) 115(9):1669–77. doi: 10.1182/blood-2009-07-233676

221. Zhang X, Ouyang X, Xu Z, Chen J, Huang Q, Liu Y, et al. CD8+ CD103+
Itregs Inhibit Chronic Graft-Versus-Host Disease With Lupus Nephritis by
the Increased Expression of CD39. Mol Ther (2019) 27(11):1963–73.
doi: 10.1016/j.ymthe.2019.07.014

222. Deng W, Xu M, Meng Q, Li Z, Qiu X, Yin S, et al. CD8+ CD103+ Itregs Inhibit
the Progression of Lupus Nephritis by Attenuating Glomerular Endothelial Cell
Injury. Rheumatology (2019) 58(11):2039–50. doi: 10.1093/rheumatology/kez112

223. Sagoo P, Ali N, Garg G, Nestle FO, Lechler RI, Lombardi G. uman Regulatory
T Cells With Alloantigen Specificity are More Potent Inhibitors of
Alloimmune Skin Graft Damage Than Polyclonal Regulatory T Cells. Sci
Transl Med (2011) 3(83):83ra42. doi: 10.1126/scitranslmed.3002076

224. Zhang Q, Lu W, Liang CL, Chen Y, Liu H, Qiu F, et al. Chimeric Antigen
Receptor (CAR) Treg: A Promising Approach to Inducing Immunological
Tolerance. Front Immunol (2018) 9:2359. doi: 10.3389/fimmu.2018.02359
April 2022 | Volume 13 | Article 864748

https://doi.org/10.4049/jimmunol.0901329
https://doi.org/10.4049/jimmunol.177.11.7645
https://doi.org/10.4049/jimmunol.177.11.7645
https://doi.org/10.1084/jem.20040395
https://doi.org/10.1093/jmcb/mjt026
https://doi.org/10.1002/ijc.25902
https://doi.org/10.1073/pnas.192162899
https://doi.org/10.1046/j.0022-202x.2001.01481.x
https://doi.org/10.1046/j.0022-202x.2001.01481.x
https://doi.org/10.1084/jem.20040662
https://doi.org/10.1111/j.1600-6143.2004.00465.x
https://doi.org/10.1097/00007890-199906150-00005
https://doi.org/10.3389/fonc.2021.819505
https://doi.org/10.1038/s41416-022-01725-6
https://doi.org/10.1038/nm.3883
https://doi.org/10.1038/s41590-018-0114-2
https://doi.org/10.4049/jimmunol.1000800
https://doi.org/10.1002/eji.200839210
https://doi.org/10.1002/eji.200839210
https://doi.org/10.1016/j.jaut.2012.02.004
https://doi.org/10.1172/JCI95914
https://doi.org/10.1002/eji.202049057
https://doi.org/10.1038/nm1326
https://doi.org/10.1084/jem.173.2.483
https://doi.org/10.1126/science.1096472
https://doi.org/10.1038/ni.3751
https://doi.org/10.1016/j.immuni.2006.07.017
https://doi.org/10.1016/j.immuni.2006.08.018
https://doi.org/10.1038/ni1070
https://doi.org/10.1038/nature09370
https://doi.org/10.1073/pnas.1018974108
https://doi.org/10.3389/fimmu.2014.00145
https://doi.org/10.1196/annals.1423.063
https://doi.org/10.1038/s41586-019-1467-x
https://doi.org/10.1016/j.smim.2008.09.007
https://doi.org/10.1111/j.1365-2567.2009.03208.x
https://doi.org/10.1126/science.abi9591
https://doi.org/10.1182/blood-2009-07-233676
https://doi.org/10.1016/j.ymthe.2019.07.014
https://doi.org/10.1093/rheumatology/kez112
https://doi.org/10.1126/scitranslmed.3002076
https://doi.org/10.3389/fimmu.2018.02359
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Bolivar-Wagers et al. Cytolytic Treg Phenotype and Function
225. Mohseni YR, Tung SL, Dudreuilh C, Lechler RI, Fruhwirth GO, Lombardi G.
The Future of Regulatory T Cell Therapy: Promises and Challenges of
Implementing CAR Technology. Front Immunol (2020) 11:1608(1608).
doi: 10.3389/fimmu.2020.01608

226. Sadelain M, Brentjens R, Rivière I. The Basic Principles of Chimeric Antigen
Receptor Design. Cancer Discovery (2013) 3(4):388–98. doi: 10.1158/2159-
8290.Cd-12-0548

227. Dawson NAJ, Levings MK. Antigen-Specific Regulatory T Cells: Are Police
CARs the Answer? Trans Res (2017) 187:53–8. doi: 10.1016/j.trsl.2017.06.009

228. MacDonald KG, Hoeppli RE, Huang Q, Gillies J, Luciani DS, Orban PC, et al.
Alloantigen-Specific Regulatory T Cells Generated With a Chimeric Antigen
Receptor. J Clin Invest (2016) 126(4):1413–24. doi: 10.1172/JCI82771
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