Clinical and Experimental Immunology, 2022, 208, 268—280
https://doi.org/10.1093/cei/uxac037

Advance access publication 29 April 2022 . o °
Y publicatt pri Clinical & Experimental OXEORD

Review IMMUNOLOGY

Review

The TOX subfamily: all-round players in the immune
system

Jiawen Han' 2, Minjie Wan'?, Zhanchuan Ma' and Ping He®"

'Central Laboratory, The First Hospital of Jilin University, Changchun, Jilin, China
ZDepartment of Hepatology, The First Hospital of Jilin University, Changchun, Jilin, China
*Department of Gastroenterology, The First Hospital of Jilin University, Changchun, Jilin, China

*Correspondence: Ping He, Department of Gastroenterology, The First Hospital of Jilin University, Changchun, Jilin, China. Email: he_ping@jlu.edu.cn

Summary

The thymocyte selection-related HMG box protein (TOX) subfamily comprises evolutionarily conserved DNA-binding proteins, and is expressed
in certain immune cell subsets and plays key roles in the development of CD4+T cells, innate lymphoid cells (ILCs), T follicular helper (Tfh) cells,
and in CD8* T-cell exhaustion. Although its roles in CD4* T and natural killer (NK) cells have been extensively studied, recent findings have dem-
onstrated previously unknown roles for TOX in the development of ILCs, Tfh cells, as well as CD8* T-cell exhaustion; however, the molecular
mechanism underlying TOX regulation of these immune cells remains to be elucidated. In this review, we discuss recent studies on the influence
of TOX on the development of various immune cells and CD8* T-cell exhaustion and the roles of specific TOX family members in the immune
system. Moreover, this review suggests candidate regulatory targets for cell therapy and immunotherapies.
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Abbreviations: BCL6: B-cell ymphoma 6; CLP: common lymphoid progenitor; CTL: cytotoxic T-cell; ID2: inhibitor of DNA binding 2; IFN-y: interferon-v; ILC: innate
lymphoid cells; LTi: lymphoid tissue inducer; NFAT: nuclear factor of activated T cells; NK: natural killer cells; NR4A: nuclear receptor subfamily 4 group A. PD-1:
programmed cell death receptor-1; PLZF: promyelotic leukemia zinc finger; TCF1: T-cell factor 1, TCR: T-cell receptor; Teff: effector T cells; Tex: exhausted CD8+
cells; Tth: Follicular T helper; Tmem: memory T cells; TOX: thymocyte selection-related HVIG box protein; TST: tumor-specific T cells.

Introduction transactivation activity and approximately 30-40% sequence

Thymocyte selection-related HMG box protein (TOX), identity among the TOX subfamily members. In contrast,

TOX2, TOX3, and TOX4 are four-related HMG-box proteins the C-terminal domain is specific to different family mem-

with similar HMG-box DNA-binding domain and genomic bers, which is suggestive of the distinct function of individual
organization, as well as an N-terminal domain, which has a proteins [1]. Although they share a structural similarity, the
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biological roles of various TOX family members vary [1].
For example, the characterized function of TOX involves
the development of the adaptive and the innate immune
system. In addition, it acts during multiple stages of mam-
malian corticogenesis and is associated with the occurrence,
diagnosis, and classification of cutaneous T-cell lymphoma
(CTCL) [2-4]. TOXs roles in growth regulation, DNA re-
pair, and genomic instability in T-cell acute lymphoblastic leu-
kemia have also been reported [5]. Meanwhile, TOX2, TOX3,
and TOX4 are also involved in the natural killer (NK) cell
development [6], reproductive organ function [7, 8], cell cycle
regulation [9], neuronal cell survival [10], chromatin struc-
tural regulation [9, 11], and cancer progression [12-14].

TOX was originally discovered as a thymic transcription
factor specifically upregulated in CD4*CD8* double-positive
(DP) thymocytes throughout the differentiation stages during
thymic positive selection [15]. As a transcription factor with
a decisive role in the development of immune cell subtypes,
the roles of TOX in CD4* T, NK, and lymphoid tissue in-
ducer (LTi) cells have been previously reviewed by Aliahmad
et al [16]. TOX regulates transcriptional factor ThPOK and
CD4*T cells thereby modulating CD4* T lineage develop-
ment, while also affecting that of NK cells by reducing the
expression of DNA binding 2 (Id2) and T-bet inhibitors.
Furthermore, TOX is essential for LTi cell development [16].
Recent studies have reported novel roles for TOX during the
development of innate lymphoid cells (ILCs) and T follicular
helper (Tfh) cells, as well as in the regulation of CD8* T-cell
exhaustion [17-21]. The specific immune-related functions of
TOX2, 3, and 4 are also of great relevance. TOX2 co-operates
with TOX to regulate normal NK cell development [6] and
Tth development [22]. Besides, TOX2 is also a key factor in
the transcriptional program of CD8* T-cell exhaustion down-
stream of calcineurin-dependent activation of nuclear factor
of activated T cells (NFAT) [23]. Conversely, TOX3 influences
neuronal [10] and breast cancer [13, 14, 24] cells survival.
As a potential T-cell exhaustion marker, TOX3 is further in-
vestigated as a prognostic marker and/or therapeutic target
against colorectal cancer [25] and lung adenocarcinoma [26].
It has been demonstrated that TOX4 interacts with a phos-
phatase complex to regulate chromatin structure and cell
cycle progression [9, 11]. Furthermore, TOX4 can also modu-
late cell fate reprogramming [27], thereby switching off im-
mune cells’ identity to induced pluripotent stem cells (iPSCs)
and regulating the immune response. In this review, we have
summarized the available data on the TOX subfamily mem-
bers focusing on the specific roles of TOX in the development
of immune cells and CD8+ T-cell exhaustion, and the specific
function of TOX2, TOX3, and TOX4 across multiple immune
processes. Table 1 lists the biological roles of various TOX
family members.

The role of TOX in T-cell development

CD4* T cells play an essential role in immune response via
recruiting and controlling the functions of most cells involved
in defenses against pathogens, hence better understanding of
the intracellular events that lead to CD4* T-cell development
is essential. Here, we review the key roles of TOX in regu-
lating CD4* T-cell development, as well as the commitment
factor ThPOK and its interplay with Runx3 transcriptional
regulators, focusing on how transcription factor TOX acts
upstream of ThPOK and how TOX acts in thymocytes to
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Table 1: The biological roles of various TOX family members.

Type Biological role

TOX 1. Regulate the development of CD4+ T cells, innate lym-
phoid cells (ILCs), and T follicular helper (Tth) cells2.
2. Regulate CD8*T cell exhaustion.

. Regulate mammalian corticogenesis

(O8]

4. Mark the occurrence, diagnosis, and classification of cu-
taneous T-cell lymphoma (CTCL).
5. Regulate growth, DNA repair, and genomic instability in
T-cell acute lymphoblastic leukemia.
TOX2 1. Regulate normal NK cell development.
2. Regulate Tfh development.
3. Regulate CD8" T cell exhaustion.
TOX3 1. Influences neuronal cells survival.
2. Influences breast cancer cells survival.
3. As a prognostic marker and/or therapeutic target against
colorectal cancer and lung adenocarcinoma.
TOX4 1. Regulate chromatin structure and cell cycle progression.

2. Modulate cell fate reprogramming.

promote the emergence of CD4-lineage specific gene expres-
sion patterns. Although the exact molecular mechanism of
TOX remains to be elucidated, the role of TOX in establish-
ment of gene programs in the thymus is discussed.

The thymus is the primary site of T-cell development,
where progenitors from the bone marrow lacking CD4*
and CD8* coreceptor expression undergo T-cell receptor
(TCR) rearrangement to generate CD4*CD8* double-positive
(DP) thymocytes. DP cells undergo selection giving rise to
CD4* or CD8* single-positive (SP) thymocytes that ultim-
ately emerge into the periphery as naive T cells exhibiting
CD45RA*CCR7* phenotypes [28]. T-cell development in
the thymus involves rigorous selection events. T-cell receptor
(TCR) B-selection (herein referred to as B-selection) is a piv-
otal checkpoint in mammalian T-cell development when
immature CD4CD8" T-cells (thymocytes) express pre-TCR
following successful Tcrb gene rearrangement. At this stage,
af T-cell lineage commitment and allelic exclusion to restrict
one B-chain per cell take place and thymocytes undergo a
proliferative burst [29]. Besides, the initially generated reper-
toire of TCR specificities in immature thymocytes is selected
upon the interaction between TCRs and self-peptides as-
sociated with MHC molecules provided in the thymic cor-
tical microenvironment. Low-affinity TCR interactions with
self-peptide MHC complexes transduce signals for the sur-
vival of DP thymocytes and their further differentiation into
CD4* CDS8 or CD4CD8* single-positive (SP) thymocytes.
This process, termed positive selection, enriches a potentially
useful repertoire of TCR specificities [30]. TOX is transi-
ently upregulated during {-selection and positive selection
of developing thymocytes, which are essential processes for
thymocytes development [15]. Previous studies have used
both transgenic and knockout models to determine the roles
of TOX in the thymus. For instance, upregulation of TOX by
DP cells is mediated via TCR-mediated calcineurin signaling,
linking this critical signaling pathway to nuclear changes
during positive selection [31]. Expression of TOX-transgenes
in DP cells induced CD8-lineage commitment and the CD4-
silencing factor, Runx3 [32, 33] in the absence of positive
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selection signals, thereby inducing CD4 downregulation and
CD8 single-positive (CD8SP) cell formation [31]. However,
these CD8SP cells cannot fully mature or leave the thymus,
suggesting that TOX alone is not sufficient to replace the TCR
signaling during positive selection and that T-cell receptor-
mediated signaling can alter the fate of this cell. CD4-CD8§"
double negative (DN) thymocytes progress through distinct
developmental stages; in DN3 blast cells, TOX is upregulated
due to B-selection and subsequently downregulated before the
DP phase [15]. At the CD4'CD8" DN stage, induced expres-
sion of TOX was sufficient to induce upregulation of both
CD4 and CD8af, but not the cell proliferation associated
with progression to the DP stage [31]. In addition, induced
TOX expression was also sufficient to upregulate both CD8a
and CDS8B on DN thymocytes, and changed the methyla-
tion status of these loci [31]. This finding suggests that TOX
is sufficient to initiate coreceptor changes associated with
B-Selection. TOX also induced de-repression of CD4 in
DN thymocytes, in a similar fashion observed during defi-
ciency in SWI/SNF-like chromatin-remodeling BAF complex
components [34]. Chromatin remodeling in vivo requires
HMG-dependent DNA bending, but whether TOX influences
chromatin remodeling remains to be determined.

TOX is required to establish CD4* T-cell lineage gene
programs and CD4* T-cell lineage development. In germline
TOX-deficient (TKO) mice, studies have found that the de-
velopment of CD4* T-cells was significantly damaged in the
absence of TOX [35]. In germline TKO, the positive selec-
tion phase of developing thymocytes is not affected, while
CD69, CDS, GATA3 are upregulated, CD4 and CDS8 are
downregulated, and DP phenotype (CD4*CD8*, double-
positive DP) is converted to DD (CD4LOCDS8LO, double
dull DD) phenotype due to TCR signaling. In addition, the
developmental progression of the DD phenotype to the
CD4+*CD8LO SP stage was strongly inhibited, which is sig-
nificant since the CD4*CD8LO SP stage is the fate-decided
key node for the development and differentiation of thymo-
cytes into CD4* T and CD8* T. Therefore, CD4* T develop-
ment was blocked; the effects of this developmental disorder
involve all CD4* T-lineages, such as normal CD4* T, natural
killer T cells (NKT), and Treg. Under normal circumstances,
many or most CD8* T cells may also develop from the
CD4*CDSLO SP stage via a “coreceptor reversal” pathway as
has been proposed. Thus, the CD4* CD8LO thymocytes tran-
sitional population is also important for CD8* T-cell devel-
opment [36]. But, some CD8SP that bear some class I MHC
specificities may skip the CD4*CD8LO SP stage to directly
develop from cells in the DD stage. Therefore, TKO has little
effect on the development of CD8* T cells. CD8SP thymo-
cyte development in germline TKO mice is widely distributed
among the spleen and can be activated to exert CD8* T func-
tion [35]. Taken together, these results demonstrate that the
developmental phase of CD4*CD8LO is the critical node of
fate determination of the differentiation of thymocytes into
CD4* T or CD8* T, which is required for the development of
all CD4* T cells, but not indispensable for the development of
all CD8* T cells [35, 37].

Runx3 and ThPOK (encoded by the Zbtb7b gene) are key
nuclear factors for CD8 and CD4 T cell fate in the thymus,
respectively, at least in part due to their ability to antagonize
the expression of one another [38, 39]. However, CD4* T cells
develop in mice that lack both ThPOK and Runx3 activity,
suggesting that the primary role of ThPOK in CD4* T-lineage
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development is to inhibit that of CD8. There are additional
complementary pathways that also induce CD4*T lineage
specification [40]. The way in which CD4+* T-lineage gene
program is established during positive selection in the thymus
remains to be elucidated.

A small amount of “lineage-confused” T cells in the spleen
of older germline TKO mice accumulate to express CD4
and CD8, and express low levels of ThPOK, suggesting that
TOX acts as an upstream regulator of ThPOK in ThPOK and
Runx3 expression [35, 41]. Besides, similar cells have also
been reported in mice expressing a hypomorphic ThPOK
allele [42]. However, the expression of a ThPOK transgene
(ThPOK-Tg) in germline TKO mice did not rescue the TKO
phenotype [41]. Furthermore, in the thymus, ThPOK-Tg/
germline TKO mice contain a population of post-selected
CD4-low SP cells, suggesting that TOX may regulate CD4*
T itself [41]. Furthermore, CD4* T cells in the spleens of
ThPOK-Tg/germlineTKO mice are weakly expressed by
FOXO1, and when activated, they express low levels of the
CD4* T lineage marker, CD40L, which further indicates that
the CD4+ T lineage gene program cannot be normalized
in germline TOX-deficient mice. Consistent with the role
of TOX as an upstream regulator of ThPOK, ThPOK-Tg/
germline TKO cells failed to upregulate endogenous ThPOK
locus despite transgene-encoded protein expression [41].
These findings demonstrate that TOX is essential for the de-
velopment of the CD4* T cell lineage gene program, which
is not only due to its effect on ThPOK expression. However,
the mechanism underlying TOX involvement in the develop-
ment of CD4* T cells remains to be elucidated. The specula-
tive TOX-related regulatory network in T cell development
was shown in Fig. 1.

The roles of TOX in innate lymphoid cell (ILC)
development

The establishment of ILC lineage and its essential roles in in-
nate immunity, tissue stereotyping, and metabolism recently
have been reported. This highlights the need to better under-
stand the intracellular events that lead to ILC development.
Here, we review the key role of TOX in regulating ILC de-
velopment. Although the transcriptional pathways that lead
to ILC-lineage specification, including the exact molecular
mechanism of action of TOX, remain to be elucidated, we
summarize the expression and functions of TOX and relative
transcription factors in ILCs and propose a complex tran-
scriptional regulatory network for the lineage commitment
of ILCs. There are three identified ILC groups: group 1 cells
(ILC1 and NK cells), which depend on T-BET and/or EOMES,
produce interferon-y (IFN-vy) [43, 44], and promote immunity
against intracellular pathogens [45, 46]; group 2 cells (ILC2),
which depend on GATA-3 and RORa, produce type 2 cyto-
kines, such as IL-5/13, and amphiregulin [47-50], and pro-
mote tissue repair and anti-helminth immunity [51]; group 3
cells (ILC3 and LTi cells), which depend on the RORyt and
produce IL-17/22 [52, 53]. NK cells are the most frequent
type of ILCs and have been extensively studied. ILC1, ILC2,
and ILC3 are referred to as non-cytotoxic ILCs, a newly de-
fined cell type specializing in rapidly secreting cytokines and
chemokines to resist infection and promote the repair of the
mucosal barrier [54]. The functions of ILC1, ILC2, ILC3, and
NK cells correspond to those of Th1, Th2, Th17, and cyto-
toxic CD8* T cells, respectively [55].
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Figure 1: TOX-related regulatory network in T-cell development. TOX is required in the development of T-cell development. CD4-lineage genes are
shown in blue and CD8-lineage genes are shown in red. The arrow represents a positive (stimulatory) connection and the "=’ represents a negative
(inhibitory) connection. The solid line represents a link based on genetic evidence, mostly whether this linkage is through direct or indirect binding of
transcription factors to target genes remains to be determined. The dashed line indicates an association inferred from the literature, but where genetic
support is absent or indirect. Runx3 and ThPOK are key nuclear factors for CD8 and CD4 T cell fate in the thymus, respectively, partly due to their ability
to antagonize the expression of one another. Runx3 inhibits CD4 expression, which is antagonized by ThPOK. In the upstream, T-cell receptormediated
signaling in DP thymocytes promotes the calcineurin-dependent up-regulation of TOX to further alter the fate of T cells. But, TOX alone is not sufficient
to replace the TCR signaling during positive selection. Then, TOX acts as an upstream regulator of ThPOK in ThPOK and Runx3 expression to regulate

the T-cell lineage commitment but is not entirely dependent on ThPOK.

The roles of TOX in the development from CLPs to
ILC1, ILC2, and ILC3

Similar to T and B cells, ILCs are developed from common
lymphoid progenitors (CLPs) [54]. During this process, CLPs
first develop into the committed ILC precursors, CXCR6*aLP
cells, which give rise to all ILC lineages, and further develop into
ID2* common helper-like innate lymphoid precursors (CHILP)
and NK precursors (NKp) that ultimately develop into NK
cells; subsequently, ID2+* CHILP develops into LTi and PLZF*
ILC progenitors (ILCPs), which can develop to ILC1, ILC2 and
ILC3 [17, 56, 57]. Various studies attempted to determine the
regulatory mechanisms underlying the commitment of CLPs to
different ILCs lineages [57, 58]. The influence of TOX during
this process has been determined, TOX is expressed in CLPs,
CXCR6* aLP cells, ID2*CHILP, PLZF*ILCP, and mature ILC
types [17, 56, 57]. In germline Tox” mice, the number of
CLPs is normal, yet that of CXCR6* oLP cells, ID2+*CHILP,
and PLZFILCP is reduced and mature ILCs are almost not
produced [17, 56, 57]. Therefore, the development of CLPs to
common ILC progenitor cells and mature ILC lineages requires
TOX. However, the specific mechanism by which TOX is in-
volved in this process remains unknown. Given such a complex

top-down differentiation program, and that TOX affects the
development of CXCR6*aLP cells, which in turn are capable
of generating NK, PLZFILCP, and LTi cells, some earlier de-
velopmental defects may be reflected during the mature stage
of NK cells, LTi cells, and ILCPs cells. This makes it difficult
to distinguish the specific role of TOX in these cells; therefore,
models of conditional knockout are essential to further study
the role and associated mechanisms of TOX.

TOX was downregulated in the CLPs of germline
Nfil3-”-mouse, suggesting that NFIL3 may regulate TOX ex-
pression in CLPs [59]. Further, studies have shown that the
development of CLPs required the presence of the transcrip-
tion factor, NFIL3, which is the key mediator in the produc-
tion of ID2* common helper-like innate lymphoid precursors
and promyelocytic leukemia zinc finger (PLZF)* ILCP. NFIL3
also influences the development of a specific bone marrow
precursor cell population (CXCR6* cells in the aLP popu-
lation) [57, 60]. Among them, CXCR6*aLP cells include
committed ILC precursors that have been shown to differ-
entiate into all major ILC lineages both iz vitro and in vivo
[57]. Further, the frequency and the absolute number of all
ILCs types were reduced in germline Nfil3-~ mice [57, 61],
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suggesting that NFIL3 is required for all ILCs development.
This indicates that NFIL3 is essential for the whole process of
differentiation from CLPs to the ILC lineages. However, since
ILC progenitors and all ILC lineages were reduced in germline
NFIL3- mice, other pathways, besides NFIL3, may also be
involved in the whole differentiation process from CLPs to the
ILC lineages. Further, studies have reported that reduced TOX
expression can lead to extensive ILC deficiency in germline
Nfil3-~ mice and induced TOX expression in germline Nfil3-~
bone marrow progenitors can mitigate several ILC develop-
mental defects [57]. A chromatin immunoprecipitation (ChIP)
assay with an NFIL3-specific antibody has demonstrated that
NFIL3 directly binds to the Tox promoter [62], which is en-
hanced by overexpression of NFIL3 [57]. Finally, NFIL3 acti-
vated Tox promoter activity as previously illustrated using a
luciferase reporter assay [57]. Therefore, NFIL3 activates Tox
expression by directly binding to its promoter, through which
it drives the development of ILCs. The NFIL3-TOX transcrip-
tion factor cascade significantly influences ILC lineage differ-
entiation [57]. Ectopic Id2 expression in germline Nfil3-null
precursors allowed germline Nfil3-- progenitors to re-acquire
their potential to differentiate into ILC1, ILC2, and ILC3 in
vivo, thereby rescuing impaired ILC lineage development [60].
Ectopic 1d2 expression also allowed germline Nfil3-- CLP to
develop into PLZFILCP, in vitro. Besides, NFIL3 exerts its
function by bounding the Id2 locus close to the Id2 promoter
to directly regulate Id2 which is required for the development
of all ILCs in the CHILP [63]. Therefore, NFIL3 can directly
regulate 1d2 expression in ILC progenitors and orchestrates
ILC progenitor emergence from CLPs. Moreover, TOX can
modulate the activity of Id2, a known driver of cytotoxic T
cell (CTL) differentiation [64]. Therefore, during the develop-
ment of ILC1, ILC2, and ILC3, NFIL3 can function through
the NFIL3-TOX-Id2 axis or bypass TOX to directly function
through the NFIL3-1d2 axis. This may contribute to the de-
velopment of a small proportion of ILC in germline TOX-
deficient mice. Notably, PLZF* ILCP develops into all ILCs
lineages, except for NK and LTi cells [56], indicating that these
two cell types follow a distinct developmental pathway com-
pared with other ILC populations. Given their similarity in
transcription factor expression and cytokine secretion pro-
files, ILC1,ILC2, and ILC3 have been considered as the innate
phenocopy of T helper cells, i.e., Th1, Th2, and Th17 cells,
respectively. PLZF*ILCP can differentiate into ILC1, ILC2,
and ILC3 in innate immunity, and CD4*T can differentiate
into Th1, Th2, and Th17 in adaptive immunity. Therefore,
PLZF*ILCP may possibly be the counterpart of naive CD4*T in
innate immunity. Whether the role of TOX in these two coun-
terparts is consistent remains to be determined. During the
development of CD4*T, TOX functions by regulating ThPOK
or directly acting on CD4* T cells. The lack of TOX inhibits
the CD4* T lineages specification program, which illustrated
TOX’s influence, but its specific role remains to be identified.
During the development of PLZF*ILCP, the NFIL3-TOX axis
regulates 1d2, and so does NFIL3, directly; in addition, there
are other pathways, besides NFIL3, which participate in the
regulation of the development of PLZFILCP. Hence, the de-
velopment regulation of PLZFILCP is complicated.

The roles of TOX in NK cell development

While both NKp and invariant natural killer (iNK) subsets
are present (with a trend towards a decrease in iNK), an
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approximately 40-fold reduction of mature natural killer
(mNK) cells was observed in the spleens of germline Tox™-
mice. Consistently, in the bone marrow of germline Tox”~ mice,
the frequency of mNK cells was reduced by approximately
50-fold compared to the wild-type. Besides, low amounts of
Tox mRNA were detected in bone marrow NKp, while both
iNK and mNK from bone marrow highly expressed Tox. The
upregulation of Tox during the iNK and mNK stages is con-
sistent with the observed block in NK cell development in the
germline absence of TOX [59], which suggests that the inhib-
ition of NK cell development is attributed to a cell-intrinsic
defect. Thus, the development of NK cells is impaired due to
a cell-intrinsic TOX defection in the TOX germline knockout
mouse model. Furthermore, NKp transition to the iNK phase
was blocked, and NK-mediated cytotoxicity was reduced in
germline TOX-deficient mice [59]. However, NK cells that
escape this developmental obstacle remained to have some
compromised effector functions in the germline absence of
TOX [59]. These data suggest that TOX is important but
not essential in regulating the development of NK cells. NK
development also depends on Id2 [65-67]. In the thymus of
ThPOK-Tg/germline TKO mice, Id2 expression was reduced
in residual NK cells. But, reinfusion of 1d2 in germline TKO
mice could not fully restore the developmental process from
bone marrow precursor cells to NK cells [59]. This suggests
that Id2 is not the only factor downstream of TOX that af-
fects the development of NK cells. Moreover, Nfil3 is required
for commitment to the NK lineage and promotes NK devel-
opment in a cell-intrinsic manner by directly regulating the
expression of the downstream transcription factor Id2. 1d2
can rescue NK production from germline Nfil3-~ progenitors,
suggesting that they act downstream of Nfil3. Nfil3 binds dir-
ectly to the regulatory regions of Id2, thereby promoting tran-
scription [68, 69]. In the development of NK cells, whether
TOX can also function through the NFIL3-TOX-1d2 axis, as
in the development of non-cytotoxic ILC, remains to be de-
termined. Consistent with findings reported in mice models,
TOX also regulates human NK cell differentiation. Indeed,
conditional knockdown of TOX in differentiating cells de-
creased NK cell population. In addition, over-expression of
TOX enhanced the differentiation of NK cells to mNK cells
with effector functions. Moreover, TOX influenced the ex-
pression of T-bet during NK cell development. Overall, these
findings suggest that TOX is required for NK cell differenti-
ation and affects the expression of T-bet which plays a critical
role in NK differentiation and maturation [70].

Although TOX is an essential regulator of NK cell differ-
entiation in mice, little is known regarding the roles of the
other TOX family members in NK cell development. As re-
cently discovered, TOX2 co-operates with or complements
TOX function within the immune system. TOX2 is expressed
in mNK cells and is upregulated during the differentiation
of CD34* cells derived from human umbilical cord blood
in vitro. Downregulating the TOX2 gene blocks the transi-
tion between early developmental stages of NK cells, while
upregulating TOX2 enhanced the transition of umbilical cord
blood CD34* cells into mNK cells [6]. Subsequently, the ex-
pression of TBX21 (encoding T-BET) is directly upregulated
by TOX2. T-BET overexpression can also rescue the TOX2
knockdown phenotype. Considering the essential function
of T-BET in NK cell differentiation, TOX2 regulates normal
NK cell development by acting upstream of TBX21 [6]. The
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function of TOX2 is complementary to that of TOX in human
NK cell differentiation.

The roles of TOX in LTi cell development

Since LTi cells share a similar developmental process with
NK cells, including reliance on transcription factors Id2 and
Ikaros, it is worth addressing whether the development of
LTi cells depends on TOX. Both fetal and adult LTi cells nor-
mally express Tox. It has been previously demonstrated that
all peripheral lymph nodes were largely absent in germline
Tox-deficient mice [59]. Besides, further studies reported that
the structures of lymph nodes were intact in mice with condi-
tional Tox” on T cells [59], suggesting that the deficiency of
lymph nodes was not due to a lack of TOX in T cells. Previous
results also showed that in the Tox germline knockout mouse
model, the development of LTi cells, which significantly in-
fluences the integration of lymphoid tissue organogenesis
[71-73], was blocked. The quantity of LTi cells was reduced
by over 10 folds, leading to developmental abnormalities in
lymphoid tissues and organs [59]. Therefore, TOX is essen-
tial for the development of LTi cells and can drastically af-
fect the development of lymphatic tissues and organs. Despite
the lack of lymph nodes, a small number of LTi-like cells can
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be identified in adult germline Tox™~ mice [59]. Therefore, in

addition to TOX, there are other pathways that affect the de-
velopment of LTi, which warrant further investigations. Adult
LTi-like cells have other functions in the immune system,
including the production of IL-17 and IL-22 [74]. Therefore,
determining whether the lack of TOX also impacts these func-
tions has important implications.

The development of mature cells requires coordinated ex-
pression of gene regulatory networks that promote differenti-
ation of precursors, while simultaneously inhibiting alternate
cell fates. Many nuclear factors, including transcription
factors, cofactors, and chromatin modifiers, play essential
roles in ILC development. TOX inhibits the activities of Id2
and Notch but enhances the activity of TCF1 in CTLs [64].
Regulation of TOX by GATA3 was also observed in CTCL [2].
Further evidence showed that the transcriptional regulators
Id2, TOX, Nfil3, TCF1, and GATA-3 were expressed and
active throughout the entire ILC development process [75].
Collectively, these results indicate that TOX regulates ILC de-
velopment probably through a complex transcriptional net-
work with factors, including 1d2, Nfil3, TCF1, GATA-3, and
Notch, rather than a single signaling pathway. TOX-related
regulatory network in ILC development is shown in Fig. 2.
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Figure 2: TOX-related regulatory network in ILC development. The arrow represents a positive (stimulatory) connection. The solid line represents a

link based on genetic evidence, mostly whether this linkage is through direct or indirect binding of transcription factors to target genes remains to be
determined. The dashed line indicates an association inferred from the literature, but where genetic support is absent or indirect. TOX is required in
the development of non-cytotoxic ILCs and LTi cells. NFIL3 may function through the NFIL3-TOX-Id2 axis or bypass TOX to directly function through
NFIL3-1d2 axis in the development process. In addition, NFIL3 may also bypass Id2 to function only through NFIL3-TOX axis in this process. Besides,
TOX is also important in the development of NK cells. Similarly, NFIL3 may also function through the NFIL3-TOX-Id2 axis, NFIL3-ld2 axis, or NFIL3-TOX
axis in the development process. But, TOX and TOX2 can affect the development process by regulating T-bet expression, moreover, TOX can also affect

the development process by regulating other TFs expression.
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The role of TOX in follicular helperT (Tfh) cell
development

Follicular helper T (Tth) cells are a specialized T-cell subset
with critical roles in supporting B-cell-mediated humoral im-
mune responses [76, 77]. Tth cells are classified into Tfh1,
Tth2, and Tth17 cells, which produce respective cytokines,
namely IFN-v, IL-4, and IL-17, through which they regulate
different aspects of humoral immunity [78]. Determining the
underlying molecular mechanisms of Tth cell differentiation
regulation would have a significant implication for human
health. Here, we review the key roles of TOX in regulating
Tth cell development, summarize the expression and func-
tions of TOX and relative transcription factors in Tth cells,
and propose a complex transcriptional regulatory network
for the lineage commitment of Tfh cells.

Tth cells are identified by a high expression of programmed
cell death receptor-1 (PD-1), chemokine receptor CXCRS, and
when activated, inducible T-cell co-stimulator (ICOS), and as-
sociated with the production of their signature cytokine, the
IL-21 [76, 79]. Tth cell development is a complex and tightly
controlled process regulated by a complicated network of
transcription factors. This starts during T-cell priming by den-
dritic cells (DCs) and continues through the first T: B cognate
interaction at the T-B junction. Further changes occur when
Tth cells enter follicles and differentiate into mature GC Tth
cells. At each of these stages, developing Tfh cells are influ-
enced by changing cytokine, chemokine, and cellular envir-
onments [80]. BCL6 is the key transcription factor required
for Tfh cell development [81-83]. Besides, achaete-scute
complex-like 2 (ASCL2, a basic helix-loop-helix transcription
factor required for promoting CXCRS expression) [84], and
¢-MAF (an ICOS-inducing transcription factor, which can in-
duce the production of IL-21) [85, 86] are also involved in
regulating Tfh cell development. However, it is important to
further elucidate the mechanism underlying the induction of
BCL6 gene expression and BCL6-dependent function during
Tth cell commitment and whether TOX or related family
members can regulate BCL6. Recently, Wu et al. demonstrated
that ectopic TOX expression in T cells increased Tfh cell num-
bers, while TOX reduction impaired Tth cell responses [18].
Therefore, TOX functions as a central transcription regulator
in Tth cells. The elevated expression of TOX in Tth cells is
driven by BCL6 in both mice and humans [18]. In turn, TOX
can promote the expression of multiple molecules including
TCF1, lymphoid enhancer-binding factor 1 (LEF1), and PD-1
that play critical roles in Tth cell differentiation and func-
tion [18]. The authors provided a link between TOX and Tfh
cell differentiation, function, and the maintenance of optimal
Tfh cell responses for humoral immunity and showed that
Tth cells are coordinately controlled by multiple transcrip-
tion factors. Besides, another TOX subfamily member TOX2
is highly expressed in Tth cells and is regulated by STAT3
and BCL6 [22]. Genome-wide ChIP-seq results showed that
TOX2-bound loci were associated with Tth cell differen-
tiation and function, involving BCL6. Using ATAC-seq, the
direct binding of TOX2 was also found to increase the chro-
matin accessibility at these sites. Accordingly, induced ectopic
TOX2 expression can drive BCL6 expression and Tth devel-
opment. Germline Tox2" mice exhibit defective Tfh differen-
tiation. Removal of both TOX2 and TOX also blocked Tth
differentiation [22]. Thus, the TOX2-BCL6 axis constructs
a transcriptional feed-forward loop that facilitates the Tth
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program. Combined with downstream TOX signaling, the
TOX2-BCL6 axis constitutes a regulatory cascade of Tth de-
velopment. Both TOX and TOX2 affect Tfh development, but
whether they play redundant or independent roles remains to
be explored.

The role of TOX in regulating the development of mul-
tiple immune cell groups has been previously identified [64].
However, TOX regulation of peripheral effector cells is rarely
studied. Therefore, more analysis, such as gene expression
profiling and/or ChIP-seq analysis, of TOX-related genes are
essential to obtain detailed mechanisms underlying the TOX-
mediated regulation of Tth cells. TOX-related regulatory net-
work in Tfh cell development is shown in Fig. 3.

The role of TOX in CD8* T-cell exhaustion

CD8* T cell exhaustion is an abnormal state of T-cell function
along with persistent antigens and prolonged T-cell receptor
(TCR) stimulation, as observed during chronic antigen infec-
tion, or more recently in response to tumors. Exhausted CD8*
T (Tex) cells overexpress inhibitory receptors while retaining
some effector function, leading to pathogen—host “stalemate”
[87]. Adjusting Tex can affect pathogen-host “stalemate”
thereby more effectively treating chronic infection and cancer,
but the exact regulatory targets remain to be determined.
Here, we review the key roles of TOX in regulating CD8*
T cell exhaustion, summarize the expression and functions
of TOX and relative transcription factors in Tex cells, and
propose a complex transcriptional regulatory network for the
lineage commitment of Tex cells.

Transcriptional and epigenetic evidence of TOX
regulating CD8*T cell exhaustion

According to previous studies, NFAT [88] and NFAT-driven
TCR-responsive nuclear receptor subfamily 4 group A
(NR4A) [23, 89-91], are key mediators in the upregulation
of inhibitory receptors expression as well as the mainten-
ance of long-term exhausted T cell survival. These observa-
tions suggest that chronic TCR-calcium-calcineurin signaling
is a core mechanistic driver of exhaustion. Recently, TOX
has been identified as another NFAT-driven TCR-responsive
transcription factor in mouse exhausted CD8*T cells [23].
Based on single-cell transcriptomes and epigenetic profiles of
CDS8*T cells that respond to acute and chronic infections in
the mouse model, TOX is developmentally unnecessary for
effector T (Teff) and memory T (Tmem) cells, but is essen-
tial for exhaustion, since mouse Tex cells are not observed
in the germline absence of TOX [19, 21, 92]. However, the
extent of TOX analogous roles in humans remains to be de-
termined. TOX and TCF1 shape the processes of exhaustion
and memory differentiation among subpopulations of human
CD8* T cells. Under homeostatic conditions, effector memory
CD8* T cells primarily expressed TOX, whereas naive and
early-differentiated memory CD8* T cells primarily expressed
TCF1. Cytolytic gene and protein expression signatures
among human CD8*T cells were also defined by the expres-
sion of TOX. During ongoing viral replication, dysfunctional
HIV-specific CD8* T cells commonly express TOX, which is
clustered with various activation markers and inhibitory re-
ceptors, and rarely express TCF1 [93]. Therefore, TOX plays
a key role in the normal functioning of human CD8* T cells
(especially effector memory CD8* T cells) and the exhaustion
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Figure 3: TOX-related regulatory network in Tfh cell development. TOX functions as a key transcription regulator in Tfh cells. The arrow represents a
positive (stimulatory) connection. The solid line represents a link based on genetic evidence, mostly whether this linkage is through direct or indirect
binding of transcription factors to target genes remains to be determined. A dashed line indicates an association inferred from the literature, but where
genetic support is absent or indirect. BCL6 can promote TOX expression to further promote the expression of multiple molecules including TCF1,
lymphoid enhancerbinding factor 1 (LEF1), and PD-1 which play critical roles in Tfh cell differentiation and function. In addition, Tox2 is highly expressed
in Tfh cells and regulated by Bcl6 and STAT3. Tox2 directly binds to Tfh-associated genes (especially BCL6), promoting chromatin accessibility, to further
promote the expression of these genes. TOX may also play a facilitating role in this process. Thus, the TOX2-BCL6 axis constructs a transcriptional feed-
forward loop that facilitates the Tfh program combined with downstream TOX signaling.

of CD8* T cells. TOX-regulated exhaustion of CD8* T cells
may be an adaptive mechanism of CD8* T cells in ongoing
viral replication environments. In humans, TOX is expressed
by most circulating effector memory CD8* T cell subsets spe-
cific for chronic viruses and not exclusively linked to exhaus-
tion, suggesting the limitations of TOX as a predictive target
for disease. Besides, TOX is a universal regulator of human
memory CD8* T cells specific for chronic viruses [93]. These
findings suggest that TOX may play a role in addition to de-
velopmental effects in human effector T (Teff) and memory T
(Tmem) cells; therefore, further studies are warranted. Kim et
al. reported that TOX is the major regulatory factor for T cell
exhaustion based on single-cell transcriptomes and epigen-
etic profiles of CD8* T cells that respond to different types of
human cancers [94]. Besides, in mice, higher TOX transcrip-
tional activity is associated with a higher abundance of active
histone marks in Tex cells compared to memory precursor
cells [95]. TOX contributes to the antiviral CD8* T cells
durability and is required for Tex cells programming [95].
Thus, Tex responding to chronic viral infection and cancers
in mouse model and humans requires unique transcriptional
and epigenetic programs associated with the transcription
factor TOX.

Transcriptional evidence of TOX regulating
CD8*T cell exhaustion

The mechanism underlying TOX-regulated CD8* T cell ex-
haustion remains largely unknown. At the transcriptional
level, TOX is induced by continuous antigen stimulation of
TCR during chronic viral infection. Conditional removing the
DNA-binding domain of TOX makes T-cell polyfunctional.
These T cells initially show enhanced effector function along
with severe immunopathology, followed by a significant de-
cline in numbers [20], which may be due to the overstimula-
tion of T cells and activation-induced cell death in settings of
chronic antigen stimulation in chronic viral infection. Thus,
TOX is positively correlated with the exhausted phenotype
and longevity in chronic viral infection. Further, TOX is
strongly expressed in malfunctioning tumor-specific T (TST)
cells. Ectopic TOX expression in effector T cells in vitro in-
duces a transcriptional program associated with T cell ex-
haustion (upregulated genes for inhibitory receptors, high
chromatin accessibility, and high expression of transcription
factors such as Tcf7, Lefl, and 1d3). Conversely, conditional
knockout of Tox in TST cells in tumors abrogated the ex-
haustion program. Despite their normal, ‘non-exhausted’
immunophenotype, conditional Tox”~ TST cells remained
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dysfunctional, which suggests that the regulation of expres-
sion of inhibitory receptors is uncoupled from the loss of ef-
fector function [19]. Therefore, TOX can also be identified as a
major regulator of TST cell differentiation. Notably, although
conditional Tox”- CD8* T cells differentiated normally to ef-
fector and memory states in response to acute infection, con-
ditional Tox™~ TST cells failed to persist in tumors [19]. Thus,
TOX-induced exhaustion may prevent the overstimulation of
T cells and activation-induced cell death in settings of chronic
antigen stimulation such as cancer. The exact signaling net-
work of TOX function in T cell exhaustion remains unknown.
One study suggested that TOX, TOX2, and NR4A are targets
of the NFAT [23]. Besides, TOX and TOX2 are strongly in-
duced in CD8*CAR*PD-1Me"TIM3sh (“exhausted”) tumor-
infiltrating lymphocytes (CAR TILs) in a CAR T cell model.
Compared with TOX or TOX2 knockout and wild-type CAR
TILs, both TOX and TOX2 knockout (Tox DKO) more ef-
fectively inhibited tumor growth and improved the survival
of tumor-bearing mice. Similar to NR4A-deficient CAR TILs,
Tox DKO CAR TILs showed higher cytokine expression, less
inhibitory receptors expression, and more accessibility to re-
gions containing abundant binding motifs of transcription
factors activation-associated NF-«kB and basic region-leucine
zipper (b-ZIP), which are associated with T cell activation
and effector function [23]. The above evidence shows that
TOX, TOX2, and NR4A are key factors in the transcriptional
program of CD8'T cell exhaustion downstream of NFAT.
The study also provides evidence for positive regulation of
NR4A by TOX and of TOX by NR4A [23], and suggests that
disruption of TOX, TOX2, and NR4A expression or activity
could be promising strategies for cancer immunotherapy.
However, as this study was conducted in tumor-responsive
Tex, further validation in chronic viral-responsive Tex is
warranted. TOX is induced by calcineurin and NFAT2 and
participates in the feed-forward loop. In this loop, TOX be-
comes calcineurin-independent and maintained within this
loop in all Tex cells [21]. Therefore, the strong expression of
TOX leads to Tex commitment by transforming continuous
stimulation into a specific Tex cell transcriptional program.
VEGF-A also induced the expression of TOX in T cells of
a colorectal cancer mouse model to drive the exhaustion-
specific transcription program [92]. Further validation of Tex
response to other cancer models and the chronic virus is also
required. In a mouse HCC model and HCC patient-derived
xenograft mouse model, TOX exerts a role in regulating the
antitumor effect of CD8* T cells in hepatocellular carcinoma
[96]. Mechanically, TOX binds PD-1 in the cytoplasm to re-
duce PD-1 degradation and promote PD-1 translocation to
the cell surface in CD8* T cells, thus maintaining high PD-1
expression at the cell surface, ultimately causing CD8* T-cell
exhaustion in hepatocellular carcinoma. Meanwhile, high ex-
pression of TOX in peripheral CD8* T cells correlated with
poorer anti-PD-1 responses and prognosis [96]. Therefore,
downregulating TOX expression improves the antitumor
function of CD8*T cells, which shows the synergetic role
of anti-PD-1 therapy, highlighting a promising strategy for
the enhancement of cancer immunotherapy. Consistently, in
human tumors, the expression of TOX increases with the ex-
haustion of CD8* T cells. Additionally, TOX positively regu-
lated the expression of PD-1, TIM-3, TIGIT, and CTLA-4 in
the human tumor-infiltrating (TI) CD8*T cells. This suggests
that TOX is a key transcription factor that promotes T cell ex-
haustion by inducing IC molecules in human cancers. Finally,

Han et al.

the expression levels of TOX in the TI T cells could predict the
overall survival and response to anti-PD-1 therapy in human
melanoma and NSCLC [94]. These results suggest that TOX
levels can be used for patient stratification during anti-cancer
treatment, including immunotherapy, and that TOX can be
targeted in the background of immune checkpoint inhibitor
(ICI) therapy.

Epigenetic evidence of TOX regulating CD8*T
cell exhaustion

The epigenetic role of TOX in CD8* T cell exhaustion has
attracted significant attention, although the exact mechanism
is not fully understood. Epigenetically, TEX is a distinct im-
mune subset, with a unique chromatin landscape compared to
TEFF and TMEM [97, 98]; whether TOX regulated this epi-
genetic commitment of TEX remains to be determined. In the
conditional absence of TOX in T cells, increases in chromatin
accessibility are associated with terminal Teff differentiation,
suggesting that TOX represses the accessibility of genes in-
volved in Teff. In contrast, loci with reduced chromatin ac-
cessibility included genes associated with TMEM and TEX
progenitors. Indeed, loci with significantly reduced acces-
sibility in conditional TOX~- cells were highly enriched for
TEX-specific sites, whereas sites with increased accessibility
were enriched in TEFF-specific sites [21]. Consistently, condi-
tional TOX~- TST cells in tumors abrogated the exhaustion
epigenetical program, and the chromatin of inhibitory recep-
tors remained largely inaccessible [19]. The mechanism may
be attributed to TOX epigenetic regulation of genes for im-
mune checkpoint receptors by controlling distal cis-regulatory
elements [92]. Besides, Tox DKO CAR TILs display increased
accessibility of chromatin regions enriched for motifs that
bind nuclear factor kB (NF-kB) and basic region leucine
zipper transcription factors, which are classically associated
with T cell activation and effector function [23]. Therefore,
TOX represses terminal TEFF-specific epigenetic events while
initiating key TEX-specific epigenetic changes. Besides, pro-
teins involved in chromatin organization and remodeling,
RNA processing and translation, and DNA replication were
identified as TOX binding partners. Network analysis iden-
tified the HBO1 complex, which is involved in histone H4
and H3 acetylation, as a major set of TOX-bound proteins.
TOX also bound proteins involved in repressive epigenetic
events, indicating interactions with proteins involved in both
the closing and opening of chromatin [21]. In T cell exhaus-
tion programs during chronic viral infection, TOX is also
involved in epigenetic remodeling and stable fixation of the
dysfunctional phenotype [20]. Thus, TOX can bind and likely
recruit diverse sets of chromatin remodeling proteins. We also
suggest that TOX modulates epigenetic accessibility and in-
directly impacts gene expression by altering the transcription
factors network and their targets in TEX [21]. By comparing
epigenetic profiles of CD8*T cells responding to acute and
chronic viral infections, studies have reported a co-expression
gene module containing Tox that exhibited higher transcrip-
tional activity associated with more abundant active histone
marks in Tex than memory precursors [95]. These data iden-
tify TOX as a critical TEX-programming epigenetic coordin-
ator. Moreover, these observations have implications for the
ontogeny of TEX and therapeutic opportunities.

NK cells, in innate immunity, and CD8* T cells, their coun-
terparts in adaptive immunity, become exhausted and dys-
functional during long-term antigenic stimulation [19, 20,
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Figure 4: TOX-related regulatory network in CD8*T cell exhaustion. The arrow represents a positive (stimulatory) connection. The solid line represents

a link based on genetic evidence, mostly whether this linkage is through direct or indirect binding of transcription factors to target genes remains to

be determined. Persistent antigens activated T-cell receptor (TCR) triggers calcineurin and NFAT signaling. NFAT is a core mechanistic driver of CD8*

T cell exhaustion. TOX, TOX2, and NR4A are targets of the NFAT and they are also key factors in the transcriptional program of CD8* T cell exhaustion
downstream of NFAT. There also exists a feed-forward loop between TOX and NR4A. Besides, TOX is necessarily and sufficiently induced by NFAT2 and
participates in the feed-forward loop. In this loop, TOX becomes calcineurin-independent and maintained within this loop in all Tex cells. Of note, VEGF-A
also induced the expression of TOX to drive the exhaustion-specific transcription program.

99, 100]. CD8* T exhaustion is primarily mediated by TOX-
related pathways, while TOX regulates the development of
NK cells through the NFIL3-TOX-Id2 Axis. Therefore, NK
cell exhaustion might be mediated by TOX-related pathways.
NK cell exhaustion has been reported to be mediated by
TIGIT, PD-1, tim-3, and other immune checkpoint molecules
[101-103], while in CD8* T cell exhaustion, TOX upregulates
these molecules. Therefore, NK cell exhaustion may also be
mediated by TOX; this requires further research.

The potential of TOX as a therapeutic target

The TOX-driven transcriptional program in CD8* T cells
prolongs T cell response and attenuates immunopathology.
In detail, TOX adjusts CD8* T cell to differentiate toward ex-
haustion, but not effector, state to induce a persistent response
accompanied by limited immunopathology. Combining in
vitro, ex vivo, and in vivo data from mouse models, Kim ez al.
demonstrated that combined blockade of PD-1 and VEGF-A
restored the antitumor functions of Tex cells, which enhanced
control of microsatellite-stable colorectal cancer tumors [92].
Exhausted CD8* T cells not only produce a long-term im-
mune response to chronic infection and cancer but also re-
spond effectively to immune checkpoint blockade [20]. As
previously mentioned, in human tumors, TOX prompts CD8*
T cell exhaustion by upregulating IC molecules, which indi-
cates that TOX suppression could enhance the efficacy of im-
mune checkpoint inhibitors (ICIs). Further, the expression of
TOX in TI T cells could be used to stratify patients during
anti-PD-1 immunotherapy [94]. Thus, Tex cells could be

potential clinical targets for checkpoint blockade and other
immunotherapies. Notably, TOX-driven exhaustion program
can also reduce the overstimulation and activation-induced
T cell death under conditions of chronic antigen stimulation,
which are often observed in cancer [19]. Taken together, TOX
drives CD8* T cells to differentiate in the most suitable direc-
tion with maximal therapeutic benefit, which assists other im-
mune cells and helps the host to mitigate the stress associated
with persistent antigen exposure (such as immuno-oncology
and chronic inflammation) [104]. TOX-related regulatory
network in CD8* T cell exhaustion is shown in Fig. 4.

Concluding remarks

TOX exerts various functions during the development of im-
mune cell types such as CD4* T cells, ILCs, and Tfh cells and
participates in CD8* T cell exhaustion. At present, different
roles have been described for TOX within these processes,
but an overall TOX activity map has not been constructed.
During T cell development, the expression of TOX is indir-
ectly regulated by the upstream TCR signal through the TCR-
mediated calcineurin signal; subsequently, TOX regulates the
mutually exclusive expression balance of ThPOK and Runx3
by affecting ThPOK expression downstream of TOX, which
imposes the lineage fate of CD4*T cells and CD8* T cells, re-
spectively [38, 39, 105, 106]. Therefore, in addition to the es-
sential role of TOX during CD4* T cell development, it also
significantly influences CD8* T lineage by adjusting the mutu-
ally exclusive expression balance of ThPOK and Runx3, which
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warrants further investigation. ILC differentiation involves a
cascade of NFIL3-TOX transcription factors, which influence
the development of CLPs into all ILC lineage types [17, 57, 59].
Furthermore, TOX can affect ILC development by regulating
Id2 [16, 65, 75], the Notch signaling pathway, and other cas-
cades [17]. Various cell subtypes follow their respective devel-
opment paths through distinct downstream signaling [56, 75].
Thus, adjusting these differentiation pathways to induce spe-
cific functional ILC subgroups is a direction for future research.
TOX regulation of the development of ILCs during the intes-
tinal inflammatory response and immune response to tumors,
pathogens, or self-antigens is also a topic for future studies.

Furthermore, investigating the TOX-mediated control of
Tth cell responses, through gene expression profiling and/
or ChIP-seq analysis of TOX-related genes in Tth cells, will
elucidate the underlying mechanism, which has a significant
health implication.

TOX can promote and maintain the exhaustion of
CD8* T cells by upregulating IC molecules [94] and regu-
lating transcription through epigenetic modifications, but
the underlying mechanism remains unknown [21]. Further
studies are warranted to determine the cellular signaling
pathways in which TOX participates to drive the exhausted
T cell phenotype, and how to reverse the exhaustion-
associated changes in chromatin and transcription by regu-
lating TOX in exhausted cells.

Additionally, TOX is a potential therapeutic target for the
indirect regulation of CTL differentiation and sensitivity to
immune checkpoints in autoimmunity, which warrants fur-
ther investigations [64]. Future research on TOX should focus
on these roles to discover wider applications of TOX. Based
on previous findings for TOX, the roles of other subfamily
members such as TOX2, TOX3, and TOX4 in immune cell
development and differentiation also require further research.
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