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T cells in health and disease
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T cells are crucial for immune functions to maintain health and prevent disease. T cell development occurs in a stepwise process in
the thymus and mainly generates CD4" and CD8" T cell subsets. Upon antigen stimulation, naive T cells differentiate into CD4"
helper and CD8™" cytotoxic effector and memory cells, mediating direct killing, diverse immune regulatory function, and long-term
protection. In response to acute and chronic infections and tumors, T cells adopt distinct differentiation trajectories and develop
into a range of heterogeneous populations with various phenotype, differentiation potential, and functionality under precise and
elaborate regulations of transcriptional and epigenetic programs. Abnormal T-cell immunity can initiate and promote the
pathogenesis of autoimmune diseases. In this review, we summarize the current understanding of T cell development, CD4" and
CD8* T cell classification, and differentiation in physiological settings. We further elaborate the heterogeneity, differentiation,
functionality, and regulation network of CD4* and CD8™ T cells in infectious disease, chronic infection and tumor, and autoimmune
disease, highlighting the exhausted CD8* T cell differentiation trajectory, CD4" T cell helper function, T cell contributions to
immunotherapy and autoimmune pathogenesis. We also discuss the development and function of y6 T cells in tissue surveillance,
infection, and tumor immunity. Finally, we summarized current T-cell-based immunotherapies in both cancer and autoimmune
diseases, with an emphasis on their clinical applications. A better understanding of T cell immunity provides insight into developing
novel prophylactic and therapeutic strategies in human diseases.
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INTRODUCTION

T lymphocytes (T cells) are the major cell components of the
adaptive immune system, responsible for mediating cell-based
immune responses to keep the host healthy and prevent various
types of diseases. T cells are developed from bone marrow (BM)-
derived thymocyte progenitors in the thymus, and broadly grouped
into CD4" and CD8" o T cells in addition to rear populations of y&
T cells and natural killer T (NKT) cells. af T cells recognize antigens
that are presented by major histocompatibility complex (MHC)
molecules on antigen-presenting cells (APCs). Upon recognition of
cognate antigens (signals 1) by T cell receptor (TCR) and
costimulatory molecules (signals 2) on APCs, and cytokines (signals
3), naive CD4" and CD8" T cells undergo activation, clonal
expansion, and differentiation to execute their effector functions
of killing infected cells, producing cytokines and regulating immune
responses. A small population of T cells develops into memory
T cells which exhibit rapid effector functions upon reencountering
the same antigens and provide the host with potent and long-term
protection. In parallel, there exists a subpopulation of CD4" T cells,
named regulatory T (Teg) cells, that maintain peripheral immune
tolerance. Over the past few decades, our knowledge of T cells
regarding their classification, differentiation, cellular and molecular
regulatory mechanisms, particularly phenotypes and functions in
healthy conditions and immune-related diseases, has expanded
significantly. Hence, novel strategies engaging T cell functions have
been extensively developed and demonstrated unprecedented
clinical efficacy in the past few decades.

; https://doi.org/10.1038/541392-023-01471-y

In this review, we comprehensively summarize the current
understandings of T cell biology and functions in both physiolo-
gical and pathological settings, including the following points: (1)
describe the T cell development regarding their differentiation
process, T cell lineage commitment, B-selection, and CD4/CD8
lineage choice; (2) introduce major CD4" and CD8" T cell
classification, differentiation, and the underlying regulatory
mechanisms; (3) further discuss how CD8" and CD4" T cells
respond, differentiate and contribute in infectious diseases,
chronic infections and tumors, and autoimmune diseases; (4) Y6
T cell development, effector subsets and function in tissue
surveillance, infection, and tumor immunity; (5) T cell-based
immunotherapies in cancer and autoimmune diseases and their
clinical applications. Specifically, we highlight the cell signature,
differentiation trajectory, regulatory mechanisms, and contribu-
tions to anti-tumor immunity of exhausted CD8™ T cells, as well as
the roles of CD4" T cells in helping CD8" T cell responses.

T CELL DEVELOPMENT

T cell development begins with BM-derived thymic seeding
progenitors (TSPs) in the thymus, where T cells undergo a series of
developmental stages including double negative (CD4 CD8™,
DN), double positive (CD4'CD8", DP), and single positive
(CD4 CD8" or CD4TCD8™, SP)'3 (Fig. 1). DN thymocytes can be
divided into four distinct stages from DN1 to DN4 based on CD44
and CD25 expression among lineage negative population.?*™®
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Fig. 1

Overview of thymocyte development and regulatory mechanism. T cell development experiences three key steps: T cell lineage

commitment, B-selection, and CD4/CD8 lineage choice, where T cells undergo sequential developmental stages from TSPs to DN, DP, and SP.
ETPs (DN1) possess the potential to differentiate into B cells, myeloid cells, and innate-type of T cells, while DN3 can differentiate into y&
T cells. Induced by Notch signaling, transcription factors TCF-1, GATA-3, and Bcl11b play critical roles in promoting T cell lineage commitment
by limiting other lineage differentiation. A pre-TCR complex consisting of TCRf, pTa, and CD3 molecules on DN3 enforces p-selection and DN3
to DN4 development. Both pre-TCR and Notch signaling play critical roles in driving B-selection and DN to DP transition. Following positive
and negative selection in the thymic cortex and medulla, respectively, DP cells differentiate into either CD4" SP under the regulation of strong
TCR and Thpok or CD8" SP under the regulation of weak TCR and Runx3

Upon Notch signaling, ETPs (DN1) acquire CD25 expression and
progress into the DN2a stage, which launches the T cell lineage
commitment.** Bifurcation of af and y& T cell lineage occurs at
DN2b and DN3a stage along with upregulation of genes
associated with TCRy, TCRS, and TCRB rearrangement.” A
functional pre-TCR complex, consisting of CD3 protein, TCRB and
invariant pre-TCRa (pTa), drives DN3 cells to DN4, CD47CD8"~
immature single positive (ISP), and DP cell development.” Those
expressing a TCRB chain can initiate TCRa rearrangement and
then form a fully functional afTCR on the surface, which
recognizes MHC |- or MHC ll-peptide complexes presented by
thymic APCs to become either CD8" SP or CD4" SP thymocytes.®
On one hand, the interaction of peptide-MHC with moderate
affinity rescues DP thymocytes from apoptosis (known as positive
selection) in the thymic cortex and progresses into the SP stage.®
On the other hand, recognition of self-peptide triggers immense
death (known as negative selection) or skews CD4" T cells
towards T4 cells in the thymic medulla.? The following three
steps and relevant signals are required for T cell fate decision and
development.

Orchestrated trajectory for T cell lineage commitment

ETPs still possess the potential to differentiate into other immune
cell lineages, such as B cells, NK cells, dendritic and myeloid
cells.”®"" How ETPs commit to T cell lineage and lose the ability to
convert to alternative lineages? It is well-appreciated that Notch
signaling is essential for the initial commitment of T cell lineage in
the thymus.'>'® Notch1 signaling induces the expression of
transcription factor (TF) T cell factor 1 (TCF-1, encoded by Tcf7),
which is required for the generation, survival, and proliferation of
ETPs."*'® TCF-1 promotes the upregulation of T cell-specific TFs
GATA-3 and Bcl11b,">'® and GATA-3 as well as IL-7/IL-7R signal are
required for Bcl11b activation.'”~'? GATA-3 suppresses both B cell
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and myeloid cell differentiation in TCF-1-deficient ETPs,'> whereas
Bcl11b restricts the progenitor differentiation into innate lym-
phoid and myeloid lineages.?>%*> Mechanistically, Bcl11b blocks
expression of 1d2, PLZF, and Nfil3 expression,?"**** in which ld2-
repressed E protein E2A is critical for innate lymphoid cells
including NK cell development, ™%’ while PLZF and Nfil3 promote
innate-type T cell development.?®° Hence, enforced expression
of Bcl11b can restore the DN1 to DN2 transition block resulted
from TCF-1 deficiency.'” Future research needs to clarify whether
GATA-3 facilitates T cell lineage and limits other lineages
independent of Bcl11b. Taken together, following T cell lineage
specification, the committed DN2b cells completely step on the T
cell development journey.'

DN-DP transition driven by -selection

Following the accomplishment of TCRB rearrangement, DN3 cells
expressing pre-TCR assembled with the TCRB chain together with
pTa and CD3 molecules (known as B-selection) differentiate into
aB T cells, otherwise, skew into v T cells.”*%*3 To date, two major
signals are involved in the B-selection process: pre-TCR and Notch
signaling. The pre-TCR signaling prevents thymocytes from
apoptosis, stimulates their proliferation, induces allelic exclusion
at the TCRP locus in DN3b cells post-f-selection and promotes DN
to DP transition.>*>” However, pre-TCR signaling alone is not
sufficient for thymocyte development, as isolated DN3 thymocytes
fail to differentiate into DP cells in the absence of a stromal cell-
derived Notch signal.*®*° Notch signaling has been shown to
promote T lineage commitment,*' thymocyte survival,** DN to DP
stage transition,*> and expression of pre-TCR components.*>**
Recently, Notch-induced endoplasmic reticulum (ER)-associated
degradation (ERAD) mediates proteasomal degradation of mis-
folded proteins, which becomes a prerequisite for thymocyte
B-selection.*” Pre-TCR and Notch signaling, by targeting ubiquitin
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Fig. 2 Cytokine signalings regulate CD4" Th cell differentiation. Upon TCR stimulation, naive CD4™ T cells can be differentiated into distinct
effector Th subsets under different cytokines and costimulatory stimulation. IFN-y and IL-12 drive Th1 cell differentiation by inducing the
master TF T-bet expression through STAT1 and STAT4, respectively. Th2 cells are induced by TCR-stimulated TCF-1 activation and cytokine IL-2
and IL-4 signaling, expressing key TF GATA-3. Th9 cells are induced under TCR stimulation in the presence of IL-4 and TGF-f, and enhanced
development by STAT5 activation. While IL-6 and TGF-§ drive Th17 cell differentiation, IL-21 and IL-23 stabilize Th17 lineage by inducing
RORyt. Cytokines IL-6 and IL-21 promote, while IL-2 inhibits Tfh cell differentiation. Costimulatory signaling from CD28 and ICOS play opposite
roles in Tfh cell development. T4 cells can be differentiated upon TCR/CD28 stimulation in the presence of TGF-§ and IL-2 through inducing
Foxp3 expression. Shared cytokines are illustrated between cells: IL-4 for Th2 and Th9, TGF-p for Th9 and Th17, IL-6 for Th17 and Tfh, and IL-2
for Tfh and T, cells. The same cytokines may induce different downstream signaling cascade and differentiation fate. For instance, IL-6-
induced STAT3 activation leads to the expression of RORyt in Th17 cells but Bcl-6 in Tfh cells. Signaling complexes formed are indicated in the

dashed squares

ligase subunits FbxI1 and Fbxl12, respectively, promote the cell
cycle progression of [-selected thymocytes via accelerating
degradation of cyclin-dependent kinase inhibitor Cdkn1b.*®
Furthermore, B-selected thymocytes form an immunological
synapse to promote proliferation, which relies on the cooperation
between Notch and pre-TCR signaling.*’ Interestingly, pre-TCR
independent mechanisms also regulate thymocyte development.
Recent studies from our and other groups demonstrated that zinc
finger protein Zfp335 controlled thymocyte survival and DN to DP
transition by inducing Bcl-6/Rorc expression or cGAS/STING
suppression in a pre-TCR independent manner.*#4°

Choice to become CD4%1 or CD8™ T cells
Following positive selection, DP cells bearing MHC class I- or MHC
class II-TCRs differentiate into either CD8" or CD4™ T cells, termed
as CD4/CD8 lineage choice.®>*" A well-known theory holds that
DP thymocytes received positive selection signals initially
terminate CD8 gene transcription and become CcD4"CD8"®
intermediate cells which further progress into CD4" or CD8"
T cells depending on TCR signaling or cytokines stimulation.>>™>*
Persistent and strong TCR signals in intermediate thymocytes
trigger differentiation into CD4"CD8 SP cells largely by inhibiting
IL-7-mediated signaling, whereas transient and weak TCR signals
force these cells into CD4'CD8" SP cells, which relies on signals
from IL-7 and other common gamma chain (yc) cytokines.>>>’
Thpok and Runx3 are two antagonistic TFs controlling the
lineage choice between CD4" or CD8"' T cells. Thpok is highly
expressed in CD4" but not CD8" thymocytes, and serves as a
master regulator for CD4 lineage commitment.>®>° Mice with
Thpok depletion or a missense mutation lack CD4" T cells,>®5°-63
whereas ectopic expression of Thpok strongly drives DP thymo-
cytes into CD4" SP cells.*®*° Mechanistically, Thpok represses
Runx3 and CD8 lineage-related genes.®’**®* In contrast, Runx3
facilitates CD8" T cell development by directly downregulating
CD4 and Thpok expression.5*¢® In addition, Bcl11b promotes CD4
lineage commitment by directly targeting to several Thpok
locus®”®® and Runx3 promoter region.®” TCR signaling-induced
GATA-3 is also required for CD4 lineage commitment by
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enhancing Thpok expression,®*’® while the IL-7-STAT5 axis acts
upstream of Runx3 to enhance its expression and promote CD8" T
cell development.”" Therefore, the balance between Thpok and
Runx3 decides the lineage choice of CD4" versus CD8" T cells.

CD4" T CELL CLASSIFICATION AND DIFFERENTAITON
CD4™" T helper (Th) cells are a heterogeneous group of T cells playing
central roles in almost all aspects of immune responses. CD4™ T cells
can be activated by peptide-MHC class I complex on APCs,
costimulatory stimulation, and cytokine signaling’*”* and differ-
entiate into several subsets with a distinct expression of surface
molecules, cytokines, and key TFs/>’® such as Th1, Th2, T
follicular helper T (Tfh), Th17, Th9, Th22, and CD4" cytotoxic T
lymphocytes (CTLs), etc.”” Here, we will introduce six major Th
subsets and the regulatory pathways of their differentiation (Fig. 2).
Th1 cells are the major participants in protecting hosts against
intracellular bacteria and viruses by producing the pro-
inflammatory cytokine IFN-y. IL-12 and IFN-y are two cytokines
essential for Th1 differentiation.”® TCR stimulation and IFN-y-
STAT1 signaling induce the expression of T-bet (encoded by
Tbx21), the major TF driving Th1 differentiation while suppressing
Th2/Th17 lineages.”*® T-bet can directly bind to the Ifng gene to
increase the expression of IFN-y®®®" and meanwhile promote the
expression of IL-12RB2, conferring IL-12 responsiveness.®? IL-12
signaling via STAT4 activation, in turn, maintains T-bet expres-
sion.®? These feedback loops all contribute to Th1 differentiation.
Th2 cells, defined by expression of TF GATA-3 and cytokines IL-
4, IL-5, and IL-13, protect the host against helminth infections,
facilitate tissue repair, as well as contribute to chronic inflamma-
tion such as asthma and allergy.®* IL-4 secreted by dendritic cells
(DCs) and innate lymphoid cell group 2 (ILC2) binds to IL-4R on
CD4™" T cells, leading to the expression of GATA-3 through STAT6
phosphorylation and subsequent production of Th2-related
cytokines.® Autocrine production of IL-4 by activated CD4"
T cells further promotes Th2 differentiation.?° In addtion, GATA-3
mediates the repression of Th1 cell development by sliencing Th1-
related genes such as Tbx21, Ifng, Stat4, and 112rb2 8
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STAT5 signaling primed by IL-2 is required for maintaining the
expression of [/l4ra and increasing the accessibility of /4
chromatin.®#8 Other TFs such as NFAT1, c-Maf, IRF4, and JunB
can promote Th2 program by inducing IL-4 production.®” In
addition, TCF-1, activated by TCR stimulation, has been found to
initiate Th2 cell differentiation by promoting GATA-3 expression.®®

Th9 cells are a newly identified subset of CD4™ T cells, playing
critical roles in infectious diseases, allergy, cancer, and auto-
immune immunity.”°°* Th9 cells can be induced in vitro by TCR
stimulation in the presence of IL-4 and TGF-f, and are
characterized by expressing high levels of IL-9 and prominent
TFs IRF4 and PU.1.2%%°7 Besides IL-9, IL-10, and IL-21 are also
produced by Th9 cells.”® STAT6 phosphorylation mediated by IL-4
signaling induces expression of GATA-3, IRF4 and BATF to
promote [L-9 transcription and Th9 cell development.®®'%
Besides, TGF-3 signaling activates Smads (Smad2/3), PU.1 and
IRF8, contributing to Th9 cell differentiation.’®'°® Furthermore,
IRF4, PU.1, IRF8, and BATF form a TF complex which binds to //9
locus and regulate Th9 differentiation.’®’ In addition, STAT5
phosphorylation induced by IL-2, TSLP, and TL1A promotes Th9
cell development.”® The differentiation of Th9 cells is also
regulated by costimulation signaling (CD28, OX40, GITR, Notch,
and DR3) and other cytokines (IL-1, IL-25, IL-7, and IL-21).°"9%'%°

Th17 cells, characterized by expression of featured cytokines IL-
17A-F, IL-21, IL-10, IL-23, and IL-22, and steroid receptor-type
nuclear receptor RORyt as the master TF,'°? contribute to
protection against extracellular pathogens, especially at mucosal
tissue,'” as well as chronic inflammation and autoimmune
diseases.'® IL-6 and TGF-B drive Th17 cell differentiation while
IL-21 and IL-23 stabilize Th17 lineage.'®>™'%° IL-6 prompts the
expression of RORyt by phosphorylation of STAT3, while inhibits
the expression of Foxp3 induced by TGF-B."'® RORyt induces the
expression of IL-17A, IL-17F, IL-22, and IL-23R by directly targeting
to their promoters."'’ TGF- signaling through Smad2/3 could
sustain  STAT3 activation.''? Autocrine IL-21 activates STAT3
through Janus kinase (JAK)1/3 activation, which can further
increase the expression of IL-23R and confer IL-23 responsiveness
of Th17 cells."’ IL-23 then enhances STAT3 activation to stabilize
Th17 development.''® Recent studies have revealed a great
degree of plasticity of Th17 cells depending on the presence of
TGF-B. TGF-B and IL-6 induce the “classical” Th17 cells character-
ized by the production of IL-17, IL-21, and IL-10, whereas IL-6, IL-
1B, and IL-23 induce “pathogenic” Th17 cells producing high levels
of IFN-y, GM-CSF, and IL-22.""*"""7 Besides RORyt, TCR signal
induced transcriptional complex formed by IRF4 and BATF
contributes to the initial chromatin accessibility of Th17-related
genes such as [l17, 121, 123r, and RORc, as well as
Foxp3 suppression.'’®'?° Runx1 enhances Th17 development
through both inducing and directly interacting with RORyt.'?"'?
Other TFs, including RORqa, c-Maf, p65, NFAT, and c-Rel, also
participate in Th17 differentiation.'?3"'?’

Tth cells are specialized CD4" Th cells involved in supporting
humoral immune responses by promoting B cell proliferation and
maturation, germinal center (GC) response, and high-affinity
antibody production%'%%'2° Tth cells are featured by high
expression of surface markers PD-1 and CXCR5, costimulatory
receptors CD40, CD40LG, and ICOS, cytokines IL-4 and IL-21,
signaling molecules SAP, as well as TF STAT3 and Bcl-6."%® Tfh cells
play central roles in regulating antibody responses during
infectious diseases, allergy, autoimmune diseases, and vaccina-
tion."*%7'32 Tfh cell development is mainly regulated by the master
TF Bcl-6'*® which primarily represses alternative, non-Tfh, cell
fates.'>* "¢ Bcl-6 constrains Th1, Th2 and Th17 cell differentiation
by repressing their lineage-defining TFs T-bet, GATA-3, and RORyt
expression.'**'37138 syppression of B lymphocyte induced matura-
tion protein 1 (Blimp-1, encoded by Prdm1) by Bcl-6 is also required
for Tfh lineage.'* TCF-1 is involved in early induction of Bcl-6 by
orchestrating with LEF-1."%"%" Other TFs, such as BATF, STAT1/3/4/
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5, Foxp1, KLF2, IRF4, Ets1, BACH2, Ascl2, Tox2, and Bhlhe40, have
been also identified in regulating Tfh cell development.'361427144
Additionally, Tfh cell development is regulated by costimulatory
signaling in which CD28 stimulation activates ERK to suppress Tfh
cell differentiation,'*® whereas ICOS activates PI3K to promote and
maintain Tfh cells."® In terms of the driver cytokines for Tfh cells,
IL-6 and IL-21 promote the differentiation of Tfh cells by acting
STAT3 and inducing Bcl-6 expression, respectively.'*’"'*® However,
IL-2/STATS5 signaling strongly inhibits Tfh development by inducing
Blimp-1 expression.'**1%°

Treg cells are a specialized CD4* T cell subset for maintaining
immune tolerance by suppressing an immune response. T4 cells
are characterized by high expression of IL-2 receptor alpha chain
(IL-2Ra, CD25), inhibitory cytokines IL-10, TGF-B, and IL-35, and
master TF Foxp3."”"'*> Two major subsets of T,y cells are
identified based on their developmental origin: thymic Treg (tTreg)
cells, also known as natural T,y (NT,eg) cells that derive from
thymus, and induced T.q (iTreg) cells that differentiate from
conventional CD4™ T (Tconv) cells in the periphery after antigen
stimulation and in the presence of TGF-B and IL-2.">*">* Given the
importance of Foxp3, regulation of Foxp3 expression is critical for
Treg cell development, maintenance, and function, in which both
transcriptional and epigenetic mechanisms are involved.'>>™ '8
TCR/CD28 stimulation triggers Foxp3 expression by inducing
bindings of NF-kB, AP-1 and NFAT to Foxp3 enhancer/promoter
regions.'>>'*7'%" |n addition, TGF-B enhances Foxp3 transcription
by inducing bindings of phosphorylated Smad2 and Smad3, as
well as forkhead box protein O1 (FoxO1) and FoxO3 to the
conserved non-coding sequences (CNSs) region of Foxp3.'®? As
the downstream of IL-2 signaling, STAT5 also increases the
expression of Foxp3 through binding to CNSO and CNS2.'63164
Regulation of Foxp3 stability will be further discussed in
autoimmune disease section.

CD8" T CELL DIFFERENTIATION AND REGULATION

CD8" T cells play critical roles in fighting against intracellular
pathogens as well as eliminating malignant cells in cancer.'®
Upon antigen stimulation, naive CD8" T cells undergo robust
expansion to give rise to effector and memory T cells. Effector
CD8™ T cells, known as CD8" CTLs, can directly induce target cell
death by the interaction between Fas/Fas ligand, and secretion of
cytolytic mediator perforin, which creates pores in the target cells
allowing the delivery of granule serine proteases (granzymes), to
induce apoptosis. Memory CD8™ T cells provide rapid and strong
protection upon antigen reencounter, which is critical for effective
and long-term immunity. During CD8" T cell differentiation,
heterogeneous effector and memory populations have been
identified, including short-live effector CD8" T cells (T¢), exhausted
CD8* T cells (Tex), long-live memory CD8" T cells (Ty), memory
precursor CD8" T cells (Typ), central and effector memory CD8"
T cells (Tcm and Tgy), and tissue-resident memory (Tgy) cells,
which are named by their phenotype, differentiation potential and
functionality.'®®'®” Of note, these subsets are produced at
different time window and tissue location upon immune
challenge, and their differentiation is under orchestrated regula-
tion of TFs, epigenetic modification, and metabolic programs.

Key transcription factors

Several key TFs have been well-characterized to control effector
versus memory CD8" T cell differentiation in a reciprocal and
antagonistic manner (Fig. 3). These TFs include T-bet versus
Eomesodermin (Eomes),'®®'®° Blimp-1 versus Bcl-6,'°"'"2 |d2
versus 1d3,'%%"7317% STAT4 versus STAT3,'’>'7>'7% and Zeb2
versus Zeb1."”” While T-bet, Blimp-1, Id2, STAT4, and Zeb2 are
predominantly expressed in Tg populations and required for
effector T cell lineage and/or acquisition of CTL functions, Eomes,
Bcl-6, 1d3, STAT3, and Zeb1 are enriched in Ty, populations and
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Fig.3 Temporal dynamics of CD8™ T cell response in acute infection. The population size of the virus (red line) and CD8™ T cells (blue line), as
well as CD8" T cell response along with the infection course, are indicated. Upon infection, CD8" T cells undergo robust proliferation and
reach the expansion peak on day 8, where the pathogens are rapidly cleared. CD8" T cells at this stage can be separated into T¢ and Typ
populations with distinct surface marker and differentiation potential. The differentiation of effector and memory CD8" T cells is regulated by
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a subpopulation differentiating into Tgy, whereas Typ cells keep self-renewal and give rise to Tcy, Tem and Tgry cells over 30 days post-
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support memory T cell formation and maintenance. Those two
sets of TFs can either enhance or antagonize each other. For
example, 1d2 positively regulates T-bet, which induces Zeb2
expression; STAT3 sustains Bcl-6 and Eomes expression; Blimp-1
represses ld3 expression; Bcl-6 can both repress and be repressed
by Blimp-1."%%""" Currently, collective evidence has supported that
the first set of TFs are activated by TCR/costimulatory signals and/
or coupled with cytokine signaling (IL-2, IL-12, type | IFN, IFN-y, IL-
21, and 1L-27)."7%"71173 Eor instance, IL-2 and IL-12 drive effector
CD8™ T cell differentiation by inducing expression of Blimp-1, T-
bet, and 1d2 expression.'”" IFN-a/B stimulates the clonal expansion
and production of IFN-y in CD8" T cells via a STAT4-dependent
pathway.'”® The autocrine IFN-y further synergizes with IFN-a to
promote T-bet expression.'”>'”? Additionally, IL-21 and IL-27
promote Blimp-1 expression in effector CD8" T cells.'®® The
second set of TFs are predominantly driven by cytokine signaling
(IL-7, IL-10, IL-15, and 1L-21)."6%773'8! TCF-1 (a downstream factor
of the Wnt-signaling pathway) and FoxO1 (a factor related to
metabolic pathway) are identified as indispensable TFs for
memory CD8" T cell differentiation and maintenance.”®? It will
be interesting to clarify how TCR and cytokine signaling
sequentially activate these two sets of TFs and how the cross-
regulation occurs among them.

Epigenetic mechanisms

DNA methylation and histone modifications regulate chromatin
accessibility of the regulatory regions of lineage-specific TFs and
orchestrate the transcription of key genes to control CD8" T cell
development.'®* DNA methylation, predominantly on CpG islands
(CG dinucleotide-sense regions), has repressive effects on gene
transcription by hindering the binding of TFs to promoters. During
CD8" T cell differentiation, DNA methylation is highly involved in
regulating the transcriptional program of effector and memory
CD8" T cells.”®* '8 DNA methyltransferase DNMT3A catalyzes DNA
methylation at sites such as the promoter of Tcf7, thus suppresses
memory differentiation and supports effector differentiation.'®®
Methylcytosine dioxygenase TET2 induces DNA demethylation to
promote effector differentiation while restrict memory T cell
differentiation.'®'®® In addition, histone modifications has either
activating or repressive effects on gene transcription via organizing
DNA into structural units termed nucleosomes.'®' H3K4me3 and
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H3K9ac are activation-associated modifications, whereas H3K27me3
modification is associated with repressive transcription.'?! Te-
associated genes (Tbx21, Prdm1, Kirg1, Ifng, Gzma, Gzmb, and Prf1)
and Ty.associated genes (FoxoT, KIf2, Lef1, Tcf7, ll2ra, Cd27, Ccr7, and
Sell) display decreased repressively but increases activating histone
modifications during effector or memory lineage differentiation,
respectively.'8+186187192193 pglycomb complex protein BMIT and
histone-lysine N-methyltransferase EZH2, components of the
H3K27me3 reader complex, are induced by TCR stimulation and
functionally support the expansion, survival and cytokine production
of T¢ population.'”® Similarly, PR domain zinc finger protein 1
(PRDM1) facilitates effector cell differentiation and suppresses
memory lineage through recruiting repressive histone modifiers
histone-lysine N-methyltransferase EHMT2 and histone deacetylase
2 (HDAC2) to the I2ra and Cd27 loci.'®* Moreover, BATF enhances
effector CD8" T cell differentiation by decreasing the expression of
histone deacetylase sirtuin 1 (SIRT1) which inhibits T-bet expression
though downregulating histone acetylation of the Tbx21 locus.'*?

Metabolic regulation
Growing evidence indicates that profound metabolic reprogram-
ming is highly involved in CD8" T cell differentiation. Naive CD8"
T cells primarily depend on basal glycolysis and mitochondrial
oxidative phosphorylation to meet their basal cellular pro-
cesses.'”® 1% T, cells ensure high metabolic flux for the
proliferation and functions by upregulating glycolysis'®”:'9%2%°
and glutaminolysis.”® Upon TCR and costimulatory stimulation,
activation of AKT-mTOR signaling in Tg cells upregulates MYC
expression, which induces glucose transporter type 1 (GLUT1)
expression to promote glucose uptake as well as amino acid
transporter SLC32A1/2 expression to increase glutamine
uptake.?®'2°® At the same time, NFAT is also induced to
upregulate GLUT1/3%°* and MYC/HIF1a."972% Ty, cells differentiate
and maintain the population through fatty acid oxidation fueled
by long-chain and short/branched-chain fatty acids.?°%~2°
During the process of Tg towards Ty, differentiation, the
metabolic program turns from an activated status back to a
relative quiescent status. Ty, cells express high level of mitochon-
drial lipid transporter CPT1A, supporting that lipid oxidation is
indispensable for memory T cell differentiation.?®® In response to
IL-15, Te cells upregulate CPT1A expression which mediates the

SPRINGER NATURE



T cells in health and disease
Sun et al.

transport of long-chain fatty acids into mitochondria and thereby
promotes fatty acid oxidation.”’® Additionally, short/branched-
chain amino acid metabolism, beta-oxidation of 2-methylbutyrate,
isobutyrate and isovalerate to generate ATP molecules, play a
compensatory role in supporting memory T cell differentiation
when long-chain fatty acids become limited.?®® Upon recall
stimulation, Ty, cells rapidly switch to glycolysis dependent on
an epigenetic reprogramming controlled by TCF-1.2'°

Of note, there exists cross-regulations among TFs, epigenetic
modification and metabolism.'**2'"2'2 TFs and epigenetic mod-
ification co-regulate with each other, while they collaboratively
regulate metabolic status.?'*?'* These integrated signals are
involved in the fate decision and maintenance of CD8" T¢ and
Tm populations.

T CELLS IN ACUTE INFECTION AND INFLAMMATION

Microbial pathogens including viruses, bacteria, fungi, and protozoa
can cause acute and chronic infections in mammalian hosts, leading
to various diseases even lethal damage. Owing to advances in public
health management and development of vaccination, the number
of deaths from pathogenic infection has reduced substantially in
recent years. While infectious diseases seem faded out of the public
consciousness over the past years, COVID-19 pandemic due to
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
infection has caused 660 million confirmed cases and 6.6 million
deaths by the end of 2022, alerting us to the danger of infectious
pathogens. Though innate immune system offers the first-line
defense, T cells are crucial in infectious immunity, including efficient
clearance of pathogens, helping B cell response and antibody
production, rapid control of reinfection, and providing long-term
protection by memory formation.

Effector CD8" T cells contribute to protective immunity during
acute infections

CD8" T cells are main responders to viral infection but also
participate in defense against bacterial and protozoal pathogens.
Effector CD8" T cells secrete pro-inflammatory cytokines such as
IFN-y and tumor necrosis factor (TNF) to inhibit viral replication,"®
and express various chemokines to attract other inflammatory cells
to sites of infection. Acute infections, defined as infections of only a
short duration where the pathogens are eliminated rapidly after the
peak of the immune response, are caused by infections of
Armstrong strain of lymphocytic choriomeningitis virus (LCMV),
Listeria monocytogenes (LM), influenza virus, hepatitis A virus, and
vaccinia virus. The dynamics of CD8" T cell response to acute
infections has been studied extensively.>''® The response of
antigen-specific CD8" T cells can be roughly divided into distinct
stages (Fig. 3): the expansion phase (0-7 days) where CD8" T cells
are actively proliferating; the peak of expansion (day 8) where the
effector CD8" T cells reach the maximum number and stop
proliferating; the contraction phase (8-15 days) where majority of
effector CD8" T cells undergo apoptosis; and the memory phase
(>30 days) with only a small population of cells are survived and
differentiated into distinct types of memory cells: CD44"CD62L~ Tgwm,
CD44"CD62L" Ty, and CD691TCD103" Try2'® The fate decision
between effector and memory T cells occurs as early as the first
division of activated CD8" T cells, in which the daughter cells with
high MYC and high canonical BRG1/BRM-associated factor (cBAF)
preferentially differentiate into Tg cells, whereas those with low MYC
and low cBAF develop into Ty, cells.??° At the peak of acute infection,
expression of KLRG1 and CD127, the IL-7 receptor subunit-a (IL-7Ra),
is used to identify short-lived terminally differentiated effector cells
(Tg, KLRG17CD127) and long-lived memory precursor cells (Typ,
KLRG1°CD1277). Besides KLRG1, Tg cells express a range of effector
molecules including cytotoxic granzymes, perforin, cytokines (IL-2,
IFN-y, and TNF), chemokines (CCL5 and CCL3), and chemokine
receptors (CX3CR1, CXCR6 and CCR5). Recently, the expression of
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chemokine receptor CX3CR1 on CD8" T cells has been used to
classify effector and memory T cells**' The level of CX3CR1 on
CD8™ T cells correlates with the degree of effector differentiation as
CX3CR1™ subset contains the terminally differentiated effector
T cells?*? The differentiation and function of effector/memory
CD8*' T cells are precisely and elaborately regulated at multiple
levels, which have been described in the previous section.

Overall, CD8" T cell responses to different microbial pathogens
are similar regarding to the kinetics of T cell expansion and
contraction, effector function and regulation, and memory
formation. However, CD8" T cell priming, costimulatory signaling,
persistence of response and intensity of the inflammation can be
different in various pathogenic infections.?**’ In the acute
phase of SARS-CoV-2 infection, CD8" T cells in severe and
convalescent COVID-19 patients exhibit activated phenotypes
characterized by elevated expression of CD38, HLA-DR, Ki67, PD-1,
perforin, and granzyme B.?2*°22 Comprehensive single-cell RNA-
sequencing (scRNA-seq) analysis reveals that SARS-CoV-2-specific
CD8™" T cells display increased “exhaustion” phenotype with high
expression of inhibitory receptors (IRs) (Tim-3 and Lag-3) than
influenza A virus- and Respiratory syncytial virus (RSV)-reactive
CD8* T cells. Interestingly, such “exhausted” CD8" T cells are not
dysfunctional but enriched for cytotoxicity-related genes.?>
Nevertheless, SARS-CoV-2-reactive CD8" T cells have reduced
cytokine production.?*® Therefore, further studies are needed to
fully elucidate the function of SARS-CoV-2-specific CD8* T cells in
COVID-19 patients.

Effector CD4" Th cells in infection

CD4" T cells play multifaceted roles in modulating immune
responses (Fig. 4), contributing to protection from a broad range
of pathogenic microbes. Th1 and Th2 subsets have been long
identified as crucial players in protective immunity against
pathogens.?** Although effector Th cells found in vivo after
infections are often heterogeneous populations, CD4" T cells in
response to viruses mainly display Th1-associated pheno-
types.®>> Particularly, enriched Th1 lineage is a typical feature
of pulmonary infections and plays crucial roles in fighting
against Mycobacterium tuberculosis (Mtb), influenza virus, Sta-
phylococcus aureus (S. aureus), Middle East respiratory syndrome
coronavirus (MERS-CoV), SARS and SARS-CoV-2.2*">*° Th1 cells,
characterized by expressing cytokines IFN-y, TNF-a/f and IL-2,
chemokine receptors CXCR3 and CCR5, and TFs T-bet and STAT4,
mainly fight intracellular pathogens of viruses, bacteria, fungi
and protozoa.”® By contrast, Th2 cells, expressing cytokines IL-2,
IL-4, IL-5, IL-10, IL-13, chemokine receptors CCR3 and CCR4, and
TFs GATA-3 and STATS6, are strong drivers of humoral immune
reactions against extracellular helminthic parasites and allergic
inflammation.24%>%!

Th17 response, featured by massive pro-inflammatory cyto-
kine production, is often elicited together with Th1 cells in
infections by bacterial and viral microorganisms, such as Mtb,**?
S. aureus,*** MERS-CoV,*** Dengue virus,?*> RSV,**® hepatitis B
virus (HBV)?*” and SARS-CoV-2.2%8 Additionally, fungal microbes,
such as Pneumocystis carinii and Candida albicans can trigger
strong Th17 response by inducing large amounts of IL-23 which
is the key cytokine for full Th17 differentiation and func-
tion.'02249250 Fyrthermore, Th22 cells are a newly identified Th
subset producing IL-22 but not IFN-y, IL-4, or IL-17.2>' Th17/
Th22-related cytokines can target on diverse cell types,
including non-immune cell populations, such as epithelial cells,
fibroblasts, and endothelium cells. Hence, Th17 and Th22 cells
tend to protect against infections locally on the mucosal tissue
and skin, respectively.**?>® |L-17 and IL-22 corporately aug-
ment the host immunity against infections at mucosal sites via
promoting antimicrobial peptides production by mucosal
epithelium and recruitment of neutrophils to eliminate bacteria
and fungi.>*
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Fig. 4 Effector CD4" and CD8™ T cells contribute to infectious immunity. In response to infection, naive CD8" T cells develop into CD8" CTLs
expressing a range of chemokine receptors and effector molecules, whereas naive CD4" T cells develop into distinct Th1, Th2, Th17, Th22, Tth,
and CTL subsets with indicated phenotypes to exert protective functions. In addition, CD4" T cells indirectly contribute to pathogen clearance
by providing help to macrophages, CD8" CTLs and B cell and antibody responses

Moreover, CD4" CTLs contribute to pathogen clearance
through direct cytolytic activity.””?>>*> This subset of CD4"
T cells attracts much attention recently owing to their important
functions in protecting against infectious disease, promoting
human longevity, and mitigating tumor progression.>>”2°° CD4"
CTLs have been largely observed in both human and mice
infected with viruses,”*® such as cytomegalovirus (CMV),%° human
immunodeficiency virus (HIV)-1,%" hepatitis viruses (HBV, HCV and
HDV),%%? Epstein-Barr virus (EBV),%°> Dengue virus,*** influenza
virus,2%>2%° and SARS-CoV-2.%” CD4" CTLs are characterized by
expression of KLRG1, natural killer group 2 (NKG2A), NKG2D, the
class I-restricted T cell-associated molecule (CRTAM) and down-
regulated CD27/CD28.”7*°° The cytotoxic activities of CD4" CTLs
attribute to the expression of pro-inflammatory cytokines,
perforin, granzymes (A, B, K, H, and M), granulysin, and death
receptor-dependent signaling (Fas and TRAIL).>°®*7° The tran-
scriptional regulation of CD4" CTLs is highly comparable to that of
CD8™ CTLs, in which TFs T-bet, Eomes and Runx3 play critical roles
in driving CD4" CTL programming while ThPOK expression limits
cytotoxic functions in CD4™ T cells.?”'"2” Additionally, IL-2 could
drive the cytolytic phenotype of CD4" CTLs,** while pro-
inflammatory cytokines IL-12, IL-6, and IFN-a increase granzyme
B and perforin production and target killing activity.?”* It remains
unclear about the precursors of CD4% CTLs or whether this
population is merely the terminal differentiated Th1 cells. How-
ever, more evidence claims that CD4" CTLs are a separate Th
subset in regards to its differentiation trajectory, effector function
and regulatory networks.>>>?’%*”” Furthermore, heterogeneous
populations within CD4" CTLs have been identified in viral
infection.”7%’8 In general, CD4" CTLs are highly associated with
antiviral immunity, however, aberrant CD4" CTL activity has also
been linked with immunopathology in some settings.”?"2®' For
example, CD4" CTLs contribute to the disease severity during
SARS-CoV-2 infection?®”?82 and lung fibrosis.?®”%3

Accumulating evidence has suggested that more than one type
of Th subsets can be triggered during the infection, and both
synergy and balance among Th cells contribute to infection
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control. For instance, costimulation of Th1, Th2 and Th17
responses is commonly observed in various microbial infections,
such as Mtb,*®*?%> Echinococcus multilocularis,*®®  Aspergillus
fumigatus,”®” HIV,*®® SARS-CoV-2.*® Meanwhile, T,eq cells can be
induced during infection to prevent overstimulation of immune
response and “self-attacking”.?#-2°2 During Mtb infection, activa-
tion of macrophages induced by Th1-derived IFN-y is crucial to
control the tuberculosis. However, persistent Th1 response and
pro-inflammatory cytokines can cause lung fibrosis and necrosis.
Th2 cytokines IL-4, IL-10, and TGF-B are prominent to prevent
pathology induced by aberrant Th1 response.’®® Enhanced Th2
response during SARS-CoV-2 and influenza infection is associated
with severe disease symptoms by inhibiting antiviral responses.®*'

Effective control of infection relies on CD4" T cell help
CD4" Th cells are indirectly involved in pathogen control by
regulating functions of other immune cells, such as activating
innate immune populations, assisting CD8" CTL response and B
cell maturation and antibody production (Fig. 4). CD4" T cells,
mainly Th1 population, are central for activation of pro-
inflammatory macrophages by releasing cytokines IL-2, IFN-y,
and TNF-o/f and expressing CD40L.”® Activated macrophages
augment their antimicrobial effectiveness by increasing microbial
phagocytosis, production of nitric oxide (NO) and oxygen radicals,
expression of MHC class Il molecules and a number of
costimulatory molecules for effective antigen presentation to
T cells.?** Activated macrophages are also important for efficiently
eliminating intracellular pathogens such as mycobacteria which
grow primarily inside of macrophages and are shieled from CTLs
and neutralizing antibodies.?*®

Furthermore, CD4* T cell help is essential for optimal and
effective CD8" T cell response,®' although the requirement for
primary CD8" T cell response remains controversial. Some studies
have shown that in the absence of CD4™" T cells, the primary CD8*
T cell expansion and cytotoxic functions during LCMV and LM
infection are unaffected.?®*?®” However, other studies have
reported that CD4" T cells, particularly their memory subset, are
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required for primary effector CD8" T cell response to herpes
simplex virus (HSV) and influenza virus.?**7°" The controversial
effects of CD4" T cell help for primary CD8" T cell response are
likely derived from different help-evaluation models>°" On the
other hand, profound and consistent evidence indicates that
CD4" T cell help is indispensable for memory CD8" T cell
generation and their recall response to antigen restimula-
tion.2°23%* Mechanistically, CD4" T cells support CD8" T cell
responses via cytokines IL-2 and IL-21, and CDA40L signal-
ing.3°"3%5-307 aAdditionally, CD4™" T cells have been shown to help
CD8"' T cells by enhancing their CD25 expression and down-
regulating PD-1 expression.>%83%°

CD4™" Tth cells are essential for B cell responses and generating
protective antibodies against viral, bacterial, parasite, and fungal
pathogens in mice, non-human primates, and humans.'3'3'° The
protective effects of Tfh cells on humoral immunity attribute to
multiple mechanisms.'*? First, Tfh cells help the production of
protective antibodies that directly neutralize pathogens and
inhibit their replication, and indirectly promote pathogen
clearance through antibody opsonization. Tfh cells have long
been known to highly correlate with broadly neutralizing
antibodies in HIV infection'" During SARS-CoV-2 infection,
increased circulating Tfh (CCR7'°PD-111COSTCD38") cells and
production of neutralizing antibodies were observed in COVID-19
convalescent individuals and associated with mild symp-
toms.3'23'3 |n contrast, defective Tfh cell response and delayed
development of neutralizing antibodies were found in deceased
patients.>'* Second, Tfh cells support memory B cell formation and
response, which is important for rapid humoral response upon
reinfection. Thirdly, Tfh cells in mucosal-associated lymphoid
tissue (MALT) can also promote IgA production and function to
modulate respiratory and gastrointestinal-tract infections.'®
Collectively, CD4" T cells are crucial mediators for supporting,
promoting, and regulating both humoral and cellular immunity to
resolve the infections effectively.

CHRONIC INFECTION AND CANCER: PERSISTENT ANTIGENIC
STIMULATION

In contrast to acute infections, antigen stimulation is persistent in
chronic infection and cancer. It is now well-accepted that most
T cells in such circumstances adopt a unique differentiation
trajectory—exhaustion.?'®*'” Exhausted T (Tex) cells have been
identified in many high grade chronic viral infections, such as HIV,
HBV, HCV, and LCMV-Clone 13 strain,>'®2! and in almost every
mouse and human cancer.3??3?* A wealth of recent studies at
single-cell level have revealed that Tex cells constitute hetero-
genous populations with distinct transcriptional, epigenetic and
functional signatures, playing critical roles in protecting against
infections and tumors. The discovery of stem-like progenitor CD8"
Tex (Tpex) cells, the main responder to immune checkpoint
blockade (ICB), attracts a large attention in both preclinical and
clinical research field for developing next-generation cancer
immunotherapies.322'324 In this section, we will summarize current
understandings of the cellular and functional features of CD8"
and CD4" T cells in chronic infection and tumor, their develop-
mental pathways, regulatory mechanisms, CD4" T cell help for
CD8"' CTL responses, as well as contributions to anti-tumor
immunity and checkpoint blockade.

EXHAUSTED CD8" T CELLS

Exhausted CD8" T cells represent an entirely distinct differentia-
tion trajectory with unique cellular phenotype, heterogeneity, and
functional capacity.'?*?**?® Along with the exhaustion, CD8"
T cells gradually lose production of IL-2 and TNF-q, and cytotoxic
function.>?” Compromised IFN-y production occurs at more later
stage of exhaustion and is associated with terminally
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differentiated Tex.3?® But terminal CD8" Tex may retain the ability
to degranulate and produce chemokines and cytokines, such as
MIP1a, MIP1B, RANTES, and IL-10 3%°, Different from Ty cells in
acute infection that undergo steady homeostatic self-renewal
responding to cytokines IL-7 and IL-15,%3° Tex cells display defects
in responsiveness to homeostatic cytokines due to impaired IL-
7Ra and IL-2/15RB signaling pathways.?*'?3? Instead, persisting
antigen stimulation drives a proliferative progenitor pool of Tex
cells,*3333* that Tex cells adopt a self-renewing mechanism
dependent on continuous TCR stimulation.*® In addition, a key
hallmark of CD8" Tex cells is the upregulated and sustained
expression of multiple IRs, such as PD-1, CTLA-4, Lag-3, TIGIT, Tim-
3, CD39, 2B4, CD160, etc.3?°33% The extent and coexpression of IRs
directly correlate with the severity of exhaustion.*>*3¢ On the
other hand, Tex cells also express costimulatory molecules which,
however, favor T cell exhaustion during chronic infection and
tumor. For example, costimulation of CD27 and CD28 results in an
enhanced T cell exhaustion.>*”*® CD28 signaling is compromised
due to loss of competition to CTLA-4 for B7 family ligands.>*® PD-1
signaling further suppresses T cell function by specifically inducing
CD28 dephosphorylation.>**

Heterogeneity and differential trajectory of CD8" Tex cells

The exhaustion/dysfunction of CD8" T cells in chronic infection is
established progressively with sequential phases.3*>**' Analysis of
CD8" cell chromatin states define two discrete dysfunctional
states: early reprogrammable and late non-reprogrammable
T cells that the former ones are plastic and retain the potential
to form memory after adoptive transfer, whereas the latter are
fixed dysfunction with massive IR expression.>*'**? Regarding to
Tex cell origin, it was pointed out that CD8" Tex cells arise from
the same pool of KLRG1'CD127" Typ cells in acute infection.>*®
The differentiation divergence of virus-specific CD8" T cells
responding to acute and chronic viral infections occurs as early
as 4.5 days post-infection.** However, under persistent antigen
stimulation, these precursors progressively lose memory potential
and develop into Tex cell state.>***** With the rapid development
of single-cell technologies, extensive analysis of tumor infiltrating
lymphocytes (TILs) reveal a diverse spectrum of exhausted CD8™
T cells in non-small cell lung cancer (NSCLC), melanoma, breast
cancer, liver cancer, and colorectal cancer.243%573%"

The CD8™ Tex cells being a distinct differentiation trajectory
largely attributes to the identification of the stem-like, self-
renewing Tpex population which is marked by expression of
TCF-1 and surface profile of PD-1'°Tim-3"Ly108+CXCR5" 349352
TCF-1-expressing Tpex cells are responsible for the maintenance
of Tex cell populations in chronic viral infection and
tumor.>>32%* Tpex cells adopt a branched differentiation
paradigm (Fig. 5), where they both self-renew and give rise to
terminally differentiated exhausted T cells.33*3%** Despite sharing
similar phenotypes, the stem-like Tpex cells can be further
separated into early precursor and late progenitor stages: the
CD69KLRG17Ki67" CD8" Tex precursors are more quiescent,
lymph node (LN)-resident and having a baseline level of
proliferation, whereas CD69KLRG1Ki67" progenitors have
robust proliferation and access to circulation.>*3>> Recently,
more markers are identified to define Tpex subsets. Tsui et al.
reported that a small subset of TCF-1"CD62L™" Tpex cells are the
stem-like population essential for long-term self-renewal, main-
tenance of Tex lineage and responsiveness to immunother-
apy.>>® In human individuals experienced latent infection such
as CMV or EBV, TCF-17 progenitors are comprised of two subsets
based on PD-1 and TIGIT expression. The PD-1TIGIT progenitors
are committed to a functional Tex differentiation, whereas PD-
17TIGITT progenitors are differentiated into a dysfunctional and
exhausted state.>*” Additionally, XCL1 is found expressed in
CD8" Tpex cells and associated with XCR1" conventional type |
dendritic cells (cDC1s).2%®
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Fig. 5 Heterogenous populations and differential trajectory of CD8" Tex cells in chronic infection and tumor. Under persistent antigen
stimulation, CD8" T cells adopt an exhaustion differentiation trajectory of naive — Typ — stem-like Tpex — effector-like transitory —
intermediate — terminal Tex cells. Expression of signature markers and effector molecules at each Tex population is indicated. The stem-like
Tpex cells are further divided into early precursor and late progenitor stages with discrete phenotype, proliferative status and preferential
location. Tex subsets identified from different studies may use different names which are marked in the parentheses. CXCL13 and IL-21
derived from CD4" T cells are critical for differentiation of CXCR5" Tpex cells and CX3CR1* Teff-like transitory Tex cells, respectively. CD8"

Tpex cells interplay with ¢cDC1s through XCL1/XCR1 axis

Persistent antigen exposure induces downregulation of TCF-1,
and drives Tpex differentiation into a “transitory” effector state
and terminal exhausted T cells (Fig. 5). The transitory effector T
(Teff)-like cells are critical for viral and tumor control and
characterized by expression of chemokine receptor CX3CR1,
producing IFN-y, TNF and granzyme B, and enhanced cytotoxicity
and cell proliferation.3*??%° Generation of CX3CR1" subset
strongly depends on CD4" T cell help and 1L-21.3%°*%" Hudson
et al. propose that Tpex differentiation follows a linear develop-
mental trajectory where Tpex cells generate CX3CR1'Tim-
37CD101" transitory Teff-like T cells that further give rise to
CX3CR1Tim-3"CD101" terminal Tex cells.>*° Similarly, the
expression of Ly108 and CD69 defines four subsets of Tex cells
with a hierarchical developmental progression from
Ly1087CD69" (referred to Tex"9') to Ly108"CD69~ (TexP%?)
to intermediate differentiated Ly108~CD69~ (Tex™) cells and the
most terminally differentiated Ly108 CD69"(Tex"®™) subset.**
Of note, Tex"™ cells share similar transcriptional program to the
CX3CR17" Teff-like Tex cells identified in previous studies.>>?3¢°
Recently, a novel Tex subset expressing NK-associated genes
(NKG2A and CD94) was uncovered within the Tex™ cell
population.>® More evidence supporting the Tex cell differentia-
tion trajectory comes from comprehensive analysis of antigen-
specific T cells in patients with human papillomavirus (HPV)-
positive head and neck cancer. Paired scRNA-seq analysis and TCR
sequencing of HPV-specific CD8" T cells sorted by MHC class |
tetramers revealed that antigen-specific PD-17TCF-1" stem-like
CD8" T cells could proliferate and differentiate into Teff-like
transitory and terminally differentiated cells.>®* In addition,
epigenetic landscape analysis demonstrates that the phenotypic
changes of Tex cell development coincide with the chromatin
accessibility of key genes.3>*3*° Long-term antigen stimulation
leads to epigenetic reprogram which enforces the terminal
exhaustion of T cells marked by high expression of IRs,
diminished effector-related molecules (IFN-y, TNF, granzymes,
and T-bet) and loss of stemness and proliferation potential (TCF-1,
MYB, MYC, and Ki67).2'%3>>3> Furthermore, in infection with
chronic LCMV-Clone 13, a “bridging population” between Teff-like
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transitory and terminal exhausted Tex cells is characterized by
intermediate expression of CX3CR1, Zeb2 and IRs, but high
expression of NR4A1 (encoding NUR77), suggesting a recent
activation by TCR stimulation.>®* Chemokine receptors CXCR6 and
CX3CR1 can be used to discriminate these three populations: Teff-
like transitory cells (CX3CR1M), intermediate Tex cells (CX3CR1™)
and terminal exhausted Tex cells (CX3CR1'°CXCR6M).>%* Recent
high-dimensional single-cell multi-omics have revealed more
heterogenous Tex clusters with distinct phenotypic, transcrip-
tomic, epigenetic and functional patterns, which also display
disease- and tissue-specificity.3®*=>%® It is noteworthy that
exhausted T cells can be also induced in acute infection with
strong T cell stimulation. For instance, severe acute respiratory
syndrome elicited during SARS-CoV-2 infection induces T cell
exhaustion phenotypes with high level of IRs expression.??%233

Transcriptional and epigenetic regulation of CD8" Tex cells
The differentiation of CD8" Tex cells is tightly controlled by
transcriptional and epigenetic networks. In chronic infection and
tumors, TCF-1 identifies the stem-like CD8" Tpex cells.33%367:368
Accordingly, mice with Tcf7 deficiency could not develop stem-like
Tpex cells and Tex populations,>**> whereas overexpression of Tcf7
led to enhanced Tpex program as well as antiviral and anti-tumor
immunity.3®? TCF-1 plays central roles in Tpex cells by organizing
transcriptional regulatory networks.3***”° TCF-1 coordinates with
FoxO1 which also acts as an upstream regulator of TCF-1
expression to promote and maintain the stemness in CD8"
T cells by augmenting pro-memory TFs Eomes, Id3, c-Myc, Bcl-2,
and Bcl-6 expression while inhibiting effector-related TFs T-bet,
Id2, Runx3, and Blimp—1.367'368'370'372 MYB (also known as c-Myb)
is a pivotal TF for CD8" central memory and Tpex cell generation
and maintenance by acting as a transcriptional activator of
Tcf7.3%%373 Moreover, BACH2 promotes stem-like CD8" T cell
commitment in chronic infection and cancer by enforcing the
transcriptional and epigenetic programs.>”*

TOX, a high-mobility group box DNA-binding protein, has
recentlg/ emerged as a critical regulator for Tex cell pro-
grams.>”>7377 Enforced expression of TOX is sufficient to induce
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an exhausted T cell-associated transcriptional program with
increased expression of IRs.>’%*’® While TOX deficiency has no
impact on CD8" T cells differentiation and effector function in
acute infections, deletion of TOX in tumor-specific T cells inhibits
the upregulation of IRs and augments the cytokine production,
effector functions, and TCF-1 expression.>’>3"® Although TOX
deficient T cells display a “non-exhausted” immunophenotype,
those T cells remain hyporesponsive and ultimately dimin-
ish.37>378 In fact, TOX deficient CD8" T cells fail to persist and
differentiate into Tex cells, indicating that TOX-regulated exhaus-
tion indeed protects T cells from overstimulation and activation-
induced cell death>37%378 Additionally, TOX and nuclear
receptor NR4A form positive feedback loops to impose CD8" T
cell dysfunction and exhaustion.>”°7>8" BATF is another important
TF regulating T cell exhaustion, however, its role remains
controversial. Some studies report that BATF facilitates viral
clearance by driving the transition from TCF-1* Tex progenitors
to CX3CR1" effector cells during chronic viral infection.3®?
Moreover, BATF cooperates with IRF4 to resist exhaustion;
overexpression of BATF promotes the survival and anti-tumor
immunity in chimeric antigen receptor (CAR) T cells.>® However,
others claim that BATF drives T cell exhaustion by directly
upregulating exhaustion-associated genes, thus BATF depletion
could significantly enhance T-cell resistance to exhaustion and
exhibit superior efficacy against solid tumors in CAR-T cells 384386

Intriguingly, Tex cells express certain TFs shared by T cells in
acute infection, but with distinct gene transcription,*®” suggesting
context-dependent functions of these TFs. For instance, Eomes
and T-bet are dually required for Tex cell generation.*** Eomes
expression is elevated in tumor-infiltrating CD8" T cells and high
level of Eomes promotes exhaustion.>3#° But high expression of
T-bet was found associated with Tpex and effector-like Tex
subset.33%390391 |n addition, TF NFAT family which has a well-
established role in mediating T cell activation when partners with
AP-1,3? has been shown to regulate Tex cell differentiation.
NFATCc1 drives exhaustion program by promoting IR expression,>**
whereas NFATC2 prevents the dysfunction of CD8" Tex cells.>**
The major differences of CD8" T cells in acute and chronic
infections are compared (Table 1).

The underlying mechanisms that govern the distinct transcrip-
tional features of Tex cells remain poorly understood, but at least
partially, are controlled by epigenetic programming. CD8" Tex
cells exhibit a unique chromatin landscape different from effector
and memory T cells 342353362395 The chromatin accessibility of key
exhausted-associated genes such as TCR signaling, cytokines,
costimulatory and coinhibitory receptors has experienced dyna-
mically epigenetic reprogram.>®**¢ For instance, the gene regions
around Tcf7 and Id3 are more accessible in stem-like Tpex cells
while that in Prdml1, Id2, and Pdcdl are more accessible in
exhausted CD8" T cells.3*”3%8 particularly, TOX acts as a crucial
regulator of epigenetic programming of CD8" Tex cells by
repressing the chromatin accessibility of genes involved in
effector cell differentiation. Additionally, TCF-1 regulates gene
transcription by altering the three-dimensional (3D) genome
organization.*?% A prominent feature of Tpex cells is that the
exhaustion commitment can be transmitted to their progeny even
when adoptive transferred into new hosts received acute
infection.”®' The underlying mechanisms of such exhaustion
inheritage are derived from epigenetic imprints which once are
established, they can not be reversed by change of exogenous
environment or by PD-(L)1 blockade.***~%*

Tex subsets contributing to anti-tumor immunity and ICB

Tumors with high infiltration of T cells are generally considered as
immune-inflamed or “hot” tumors. However, intratumoral T cells
may not be tumor-reactive. TCR repertoire analysis reveals that the
tumor recognizing T cells were limited to merely 10% of
intratumoral CD8" T cells.*>> ICB can robustly reinvigorate Tex
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cell function, making it one of the most promising cancer
therapies in the clinic.*°*™*%® Antibodies targeting IRs on tumor-
infiltrating T cells, such as PD-1/PD-L1 (among others), have been
demonstrated impressive clinical activities across a variety of
cancer types. Despite large success, ICB faces clinical challenges of
low responsive rate, drug resistance, and immune-related adverse
events (irAEs).*®41° Thus, it is of great significance to understand
which subset of CD8" T cells respond to ICB and how. Among
heterogenous CD8™" Tex cells, it is now well-appreciated that the
PD-1"TCF-1* stem-like Tpex cell population mainly mediates
tumor responses to checkpoint blockade3***'%*!"" Comparison
between the responder and non-responder of melanoma patients
receiving ICB treatment demonstrates that the frequency of TCF-
phi tumor-infiltrating CD8" T cells predicts positive clinical
outcome.”’? This CD8" Tpex cell population has also been
observed in human NSCLC, colorectal cancer, HPV-positive head
and neck cancer and bladder cancer, and their number was
augmented following ICB treatment.3¢*#11413414 |ntarestingly, ICB
could control tumor growth in mice depleted TCF-1-expressing
T cells, indicating that later differentiated Tex cells may also be
targeted by ICB.*"" Indeed, comprehensive transcriptomic and TCR
clonal analysis reveal that tumor/ICB-responsive CD8" T cells
including neoantigen-specific ones exhibit enhanced exhaustion
compared to non-tumor-reactive bystander CD8" T cells.*'>'¢
Accordingly, differentiation from TCF-1" Tpex cells into late stage
of Tex cells expressing PD-1 and Tim-3 favors the tumor
control.*'"*'® Thus, high expression of PD-1 and/or CTLA-4 on
tumor infiltrating CD8™ T cells provides a predictive biomarker for
responsiveness to ICB therapy.*'9*%°

Beyond, it is also critical to address the effects of ICB on CD8" T
cell state. It has been shown that effective immunotherapies can
induce remarkable remodeling of tumor environment (TME) and
systemic immune activation in multiple tissues.*?' Paired scRNA-
seq and TCR-seq on tumor biopsies from NSCLC patients revealed
that the Tpex population was accumulated in responsive tumors
but not in non-responsive ones after anti-PD-1 therapy.**? The
data also depicts that the increased Tpex cells are mainly derived
from local expansion or replenishment from peripheral T cells with
pre-existing clonotypes, a phenomenon called “clonal revival”.**
While the effect of ICB primarily relies on pre-existing state of
intratumoral T cells, ICB can alter the TCR repertoire to generate
novel T cell clonotypes, which is referred to as “clonal replace-
ment”.*?2%?% Moreover, intratumoral exhausted T cell populations
and their immunological responses to ICB exhibit features of
spatial distribution.*** Studies in both mouse and human tumors
have demonstrated that tumor-draining LNs (TdLNs) are the
preferential reservoirs for TCF-1" Tpex cells that remain stable
regardless of the changes in TME and sustain continuous
development of anti-tumor T cells.**>**® Blockade of sphingosine
1-phosphate receptor 1 (S1P1)-mediated T cell egress from TdLNs
remarkably decreased the frequency of intratumoral CD8" Tpex
cells and the tumor eradication efficacy of anti-PD-1 therapy.*?'42¢
The clonal overlapping between tumor-infiltrating CD8" T cells
and proliferating CD8" T cells in the circulation in cancer patients
following anti-PD-1 treatment highly suggests a recruitment from
secondary lymphoid organs.*?” A group of bona fide tumor-
specific memory CD8" T cells within TdLNs are important
responders to PD-1-based ICB, highlighting their potentials in
anti-tumor immunotherapy.”?® Inherent in this theory, local
(intratumoral, intradermal or intrapleural) administration of ICB
antibodies, compared to systemic (intravenous or intraperitoneal)
injection, results in enhanced tumor regression due to antibody
accumulation and Tpex cell expansion within TdLNs,*2%43°

COMPLEX CD4" T HELPER CELLS
Robust and functional CD4" T cell responses are essential for
effective pathogen clearance and tumor eradication. Compared to
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well-defined CD8" Tex cell differentiation, the cellular and
functional signatures of CD4" T cells in chronic disease settings
are little characterized, especially with the complexity of multiple
Th subsets. CD4" T cells play multifaceted roles in chronic
infection and tumor: constituting both favorable and deleterious
subsets, enhancing CD8" T cell function, and responding to
ICB,**”**! which highlights potential next-generation therapeutics
of harnessing CD4" T cell function.

Are CD4™ T cells exhausted?

The effects of persistent antigenic stimulation on CD4" T cell
phenotype, differentiation and function remain less understood.
Whether CD4% T cells become “exhausted” during chronic
infection remains a question for a long time. Controversial results
were obtained as viral-specific CD4" T cells lose effector function
and produce reduced IFN-y, TNF-a and IL-2 during chronic
infection,**?*** but the production of IL-10 and IL-21, the
important cytokines in chronic infection for sustaining CD8" T
cell and B cell responses,****3¢ are increased.****3”438 Transcrip-
tional analysis of CD4" T cells during chronic (LCMV-Clone 13)
infection has demonstrated a unique exhaustion-associated
molecular and transcriptional profile, which is distinct from
CD8" Tex cells and effector or memory CD4" T cells in acute
(LCMV-Armstrong) infection.**° In addition to reduced cytokine
production, CD4" Tex cells express markedly upregulated IRs
including PD-1, CTLA-4, CD200 and BTLA, and costimulatory
receptors OX40, CD27 and 1COS.**° Core TFs involved in CD4™" Tex
cells include Eomes, Blimp-1, Helios, KIf4, and T-bet.*** During
LCMV-Clone 13 infection, viral-specific CD4" T cells formed
multiple clusters which could be broadly grouped into Th1, Tfh
and Th1/Tth hybrid clusters at different stages, suggesting an
altered Th lineage differentiation in chronic infection.**' Notably,
persistent viral infection drives a progressive loss of Th1 response
likely due to PD-1/PD-L1 inhibitory signaling pathway,*'**® but
skews CD4" T cells toward Th2, Th17, Treq: Tfh, and allergic cD4T T
cell lineages.**® Different from TCF-1" CD8" Tpex cells, TCF-1
expression in chronic virus-specific CD4" T cells does not
adequately define stem-like progenitor CD4" T cells, rather marks
and promotes Tfh cell development*' Recently, Xia et al.
identified a population of memory-like TCF-1"Bcl-6'~ virus-
specific CD4" T cells emerged as the progenitor cells that gives
rise to Teff and Tfh cells, sustaining CD4" T cell response in
chronic infection.**' Importantly, such CD4" progenitor cells play
pivotal roles in anti-tumor response preferentially at site of
TdLNs.**' Hence, CD4™ T cells display exhausted yet functional
phenotype in chronic infection.

CD4" Th cell subsets
Th1 and Th2. Th1 cells predominantly exert the anti-tumor activity.
The frequency of Th1 subset and IFN-y production in TME correlate
positively with better clinical outcomes in multiple tumor types
including melanoma,*? breast,***** ovarian,** lung,**® color-
ectal,**’ and laryngeal cancers**® (Table 2). Th1 cells promote tumor
rejection by shaping an anti-tumor immune environment and
indirectly supporting effector functions of other immune cells.**94°
Th1 cells are an important CD4" T cell subset providing help for
CD8" T cell response and function,”' which will be elaborated at
the later section. The migration of effector CD8™ T cells and NK cells
in TME depends on chemokine receptor CXCR3 and its ligand CXCL9
and CXCL10 which are predominantly expressed by Th1-related IFN-
y-activated macrophages, cancer-associated fibroblasts (CAFs) and
tumor cells.**?**>* In addition, IFN-y and IL-2 produced by Th1 cells
enhance the survival, proliferation and cytolytic function of CD8"
CTLs and NK cells.***#>> IFN-y can significantly enhance MHC | and
MHC Il expression and tumor-derived antigen presentation on
tumor cells.**547

The role of Th2 cells in tumor progression remains controversial
with both favorable and deleterious effects**®*%° (Table 2).
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Previously, Th2 cells have been shown to suppress tumor growth
by activating eosinophils as the cytotoxic effector cells in murine
plasmacytoma and melanoma.*®'%? Adoptive transfer of tumor-
specific Th2 cells induced massive accumulation of M2-type
macrophages at the tumor site, which triggered an inflammatory
immune response to eliminate myeloma cells.*** Memory Th2
cells display potent anti-tumor activity by producing IL-4 to
enhance NK cell cytotoxic activities.*** Moreover, Th2 cells can
directly block breast carcinogenesis by secreting IL-3, IL-5, IL-13,
and GM-CSF, which induce the terminal differentiation of the
cancer cells.*®®> However, in pancreatic cancer, thymic stromal
lymphopoietin (TSLP) produced by CAFs attracts and induces Th2
cells, which correlates with reduced patient survival.*? Th2
associated IL-4 signaling in monocytes and macrophages pro-
motes breast cancer metastasis.*®® Th2 cells can also attenuate
Th1-associated anti-tumor responses through IL-4 signaling.*¢”%®
In accordance with this notion, Th1-dominant immune response—
upregulation of Th1-related response while downregulation of
Th2-associated response—can be used as positive prognostic
indicators for certain cancers.**®*’! The discrepancy of Th2-
mediated tumor immunity may attribute to different tumor types
and distinct Th2 cell state. For example, studies have suggested
that tumor-promoting Th2 cells have high levels of IL-10 and TGF-
B, whereas Th2 cells with high expression of IL-3, IL-5, IL-13, and
GM-CSF exhibit pro-inflammatory and anti-tumor immunity.*¢>472

Thi17. Th17 cells are specifically accumulated in many types of
human tumors.*’® Cytokine milieu formed by IL-1B, IL-6, IL-23, and
TGF-B produced by tumor cells, CAFs and tumor-associated
macrophages (TAMs) supports Th17 cell differentiation and
expansion.*’**”> However, the effects of Th17 cells and cytokine
IL-17 on tumor immunity are contradictory.*’>4’¢ Therefore, the
presence of Th17 cells is associated with either good or poor
prognosis depending on tumor types*’”~*’° (Table 2). The pro-
tumor function of Th17 cells is attributed to both direct effects on
tumor cells and indirect effects of inducing a pro-inflammatory
environment.*®%*8! Th17 cells and IL-17 strongly stimulate tumor
cell proliferation by activating growth-related kinases and TFs,
while inhibit their apoptosis by acting on anti-apoptotic pro-
teins.*®27*8% Th17 cells and IL-17 promote cancer stem cells (CSCs)
maintenance, pro-tumorigenesis and activation.***8” Th17 cells
also enhance tumor invasion and metastasis in lung, prostate,
liver, and pancreatic cancers by inducing tumor cell epithelial-
mesenchymal transition (EMT), matrix metalloproteinases (MMPs)
expression, and chemokine expression.**¢%° A key mechanism
for the pro-tumor activity of Th17 cells is that IL-17 promotes
angiogenesis.**' IL-17 in TME often correlates with high vascular
density and tumor overgrowth, and induces the production of
angiogenic factors such as vascular endothelial growth factor
(VEGF), IL-6 and IL-8 by tumor cells or stromal cells.*>4%
Furthermore, Th17 cells and IL-17 indirectly shape a pro-tumor
TME by recruiting and influencing other immunosuppressive cells.
For instance, IL-17 promotes the development, tumor infiltration
and immunosuppressive activity of myeloid derived suppressor
cells (MDSCs),***4%°> TAMSs,**574%8 and pro-tumor neutrophils.*9°>%°
IL-17 also constrains the cytolytic activity of NK cells and CD8" T
cells by inhibiting IL-15-mediated cell maturation®°" and recruiting
neutrophils,*®? respectively. Interestingly, IL-17 also promotes
tumor progression through inducing terminal exhausted CD8" T
cell differentiation.>®® Apart from immune cells, IL-17 increases
vascular endothelial cells number in gastric cancer,>®* triggers
CAFs to produce myeloid cell stimulatory factor G-CSF,°°> and
promotes skin tumor formation by stimulating keratinocyte
proliferation.>®® Furthermore, Th17 cells secrete high level of IL-
22 which enhances the tumor growth and metastasis in human
colon cancer.>%7°%

On the contrary, Th17 cells and IL-17 are found positively
associated with better prognosis and improved patient survival in
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various cancers*’*>%731! (Taple 2), indicating a tumor-protective

role of Th17 cells. The underlying mechanisms for the anti-tumor
activity of Th17 cells also rely on direct and indirect functions. IL-
17 acts on IL-17R-expressing tumor cells and induces caspase-
dependent apoptosis signaling in breast cancer.>'? IL-17 enhances
the recruitment and anti-tumor functions of NK cells,>'® DCs,>"
neutrophils,>'> and pro-inflammatory macrophages.>'® Th17 cells
stimulate CXCL9 and CXCL10 production from tumor cells to
attract effector CD4™ and CD8™ T cell infiltration, and increase IFN-
v T cell activity.*”**'**'7 Furthermore, IL-17-producing CD4" and
CD8" T cells display improved potency to repress tumor
growth.>'® The multifaceted and discrepant functions of Th17
cells in the context of tumor likely derive from distinct tumor
types, and more importantly, high plasticity of Th17 cells which
can be transdifferentiated into other Th lineages including Th1,
Th2, Tth, and T4 cells, endowing them with discrete or opposing
functions.”'® Additionally, IL-17 is produced by many cell types
besides Th17 cells, such as neutrophils, yd T cells, macrophages,
MDSCs, mast cells, endothelial cells, tumor cells and CAFs.”'® Thus,
it is important to distinguish the effects of Th17 cells and IL-17 on
tumor immunity.

Th9. Th9 cells have been receiving much attention recently due
to the fact that this CD4" T cell subset and its featured cytokine IL-
9 exhibit unprecedented anti-tumor immunity.'°*”° High fre-
quency of Th9 cells was found positively correlated with better
prognosis in NSCLC patients.>?° The potent anti-tumor activity of
Th9 cells relies on both direct tumor cell killing and indirect roles
in shaping anti-tumor immunity. Studies have shown that Th9
cells express high level of granzymes and display direct cytotoxic
activity on melanoma cells.>*'*?> Th9 cells can induce robust
CD8" CTL and NK cell responses by secretion of cytokines IL-9 and
IL-21.78°22523 |9 may also enhance CD8™ T cell function through
promoting recruitment of DCs into the tumor tissue®** and
enhancing their antigen cross-presentation.’> Thus, administra-
tion of IL-9 neutralizing antibody inhibits tumor-specific CD8* T
cell responses and results in tumor progression.”** By increasing
intratumor ATP, Th9 cells induce monocytes infiltration and
production of IFN-a/B.>® Moreover, the anti-tumor activity of
Th9 cells depends on mast cell activation.’?"%’ Notably,
intratumoral Th9 cells are found less-exhausted and highly
proliferative and cytolytic, and only Th9 cells could completely
eradicate advanced tumors compared to other tumor-killing CD4™
T cell subsets such as Th1 and Th17 cells.>*® Hence, Th9 cells
represent an effective population of CD4" T cells for adoptive cell
therapy.526'529’53°

Despite considerable evidence showing the potent anti-tumor
activity of Th9 cells, pro-tumoral roles of Th9 cells have also been
reported. Overexpression of IL-9 is detected in various cancers
(Table 2), which is strongly associated with au%mented tumor-
igenesis and shorter disease-free survival period.*>*"32 |L-9 can
directly enhance tumor cell survival and migration through
activation of JAK1 and JAK3, and STAT (STAT3 and STAT5)
signaling pathways.>2>** In chronic lymphocytic leukemia (CLL)
patients, an autocrine-positive feedback loop of Th9/IL-9 axis
promotes malignant T cell survival>***3® In addition, IL-9
promotes tumor progression by inducing EMT and metastatic
spreading in lung cancers.*®® IL-9 contributes to tumor growth by
mediating immunosuppression of mast cells and Teq cells.”®” IL-9
in TME functions as an immunosuppressor for adaptive immunity
in which IL-9 depletion or neutralization could restore the
immunological memory for effective tumor rejection.>*® Given
those inconsistent results, further studies are needed to fully
delineate the function of Th9 cells in tumors especially their
clinical relevance in human.

Treq cells.  As a major immunosuppressive subset of CD4" T cells,
Treg cells are found substantially infiltrated in many solid
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tumors.>**>*" The high frequency of T,eq cells is mainly associated
with worse clinical outcomes in majority of tumor types such as
HCC, melanoma, breast, lung, cervical, gastric, bladder, renal,
endometrial, and ovarian cancers.**>*** However, T, infiltration
may also correlate with better prognosis in CRC, HNSCC, Hodgkin's
lymphoma, estrogen receptor-negative breast cancer, esophageal
cancer, and oral and oropharyngeal squamous cell carcino-
mas.>**°*>>% This discrepancy may be related to different TME,
Treg cell plasticity and their interplay with other cells. For instance,
Treg cells infiltrated in CRC are enriched for less immunosuppres-
sive Foxp3'® population rather than more immunosuppressive
Foxp3" subset.>¥” Th17 cell-mediated pro-inflammatory and pro-
tumor responses in CRC can be attenuated by T,eq cells.>*® In
addition, T,eq cells in CRC can also be induced to express pro-
inflammatory cytokines including IL-17, IFN-y, and TNF-q, exerting
an anti-tumor immunity.>*>>> Therefore, high T,y cells together
with a low frequency of CD8% CTLs are better prediction for
unfavorable prognosis in various types of cancer.”*>'

Compared to T, cells in non-tumor tissues, intratumoral
Foxp3™ T.g cells are mostly active and highly proliferative,>**
expressing elevated levels of activation markers CD25, ICOS, TNFR
superfamily members OX40, 4-1BB, and GITR, various IRs, and
chemokine receptors CCR4 and CCR8.>***>3 Emerging evidence
has revealed a variety of mechanisms contributing to T..q cell
immunosuppression: (1) T,eq cells can directly kill effector T cells,
APCs and NK cells by expressing perforin and granzyme B, and
induce cell apoptosis by FasL/Fas signaling.”>*>>> (2) Teg cells
mediate immunosuppression through producing inhibitory cyto-
kines, including IL-10, TGF-B, IL-35, IL-33, and IL-37.%°%7%%% (3) T,
cells express a spectrum of high levels of coinhibitory molecules,
such as CTLA-4, PD-1, Lag-3, Tim-3, and TIGIT.>3?°%97¢1 For
instance, CTLA-4 competes with costimulatory receptor CD28 on
effector T cells for binding to CD80/CD86 on APCs. % CTLA-4
further downregulates CD80/CD86 expression via trans-
endocytosis and trogocytosis.”®>>% In addition, T,eg cells maintain
memory CD8" T cell quiescence by suppressing their effector and
proliferative programs through CTLA-4 signaling.>®® (4) Treg cells
exert immunoregulatory functions by influencing other immune
cells. Engagement of CTLA-4 and Lag-3 on T4 cells with CD80/
CD86 and MHC Il molecules on DCs respectively, results in
suppression of antigen-presenting function and subsequent
activation of effector T cells.**"*®” In addition, T,eg cells suppress
NKT cell cytotoxic activity in a cell-cell contact-dependent
manner,*®® while facilitate the immunosuppressive activity of
MDSCs.>**%7° (5) T,eq cells dampen the anti-tumor immunity by
shaping an immunosuppressive TME involved in suppressive
metabolites. High expression of ectonucleotidase CD39 and CD73
on T,q cells can convert extracellular ATP or ADP into adenosine
which induces broadly inhibitory signals in effector T cells, NK
cells, and DCs.>”"72 |L-2, as an essential cytokine for effector T cell
activation and proliferation, is consumed by T,q4 cells which
express high level of CD25, the high-affinity IL2Ra 1573 Treg cells
also increase indoleamine 2, 3-dioxygenase (IDO) production
which mediates tryptophan metabolism and causes effector T cell
dysfunction.>”*>7

Another essential aspect regarding to tumor-infiltrating T4 cells
is their origin. Comprehensive transcriptomic and TCR repertoire
analyses have revealed both nTg and iTq cells serve as the cell
sources,”’%*’%”” and tumor-infiltrating T,eq cells are both recruited
from the periphery or TdLNs, and expanded within the TME>"%°7° A
variety of chemokine receptors on T.q cells and their cognate
ligands are involved in the recruitment of Treg cells, including CCR4
(CCL17 and CCL22), CCR8 (CCL1, CCL8, CCL16 and CCL18), CCR2
(CCL2), CCR5 (CCL5), CCR6 (CCL20), CCR10 (CCL28 and CCL27),
CXCR3 (CXCLY, CXCL10 and CXCL11), and CXCR4 (CXCL12).>4>>8058!
Among distinct mechanisms, signals from tumor antigen stimula-
tion, ICOS/ICOSL, TNFR2, 4-1BB, OX40, and GITR significantly drive
Teg cell expansion and functionality.>****>**? In addition, the
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Fig. 6 CD4" T cells support CD8" CTL response in anti-tumor immunity. Effective CD8" CTL priming is a two-step process dependent on
CD4™ T cell help which is bridged by XCR1™ resident cDC1s. CD4" and CD8™ T cells are activated separately by different populations of DCs.
Through CD40/CD40L signaling, activated CD4" T cells enhance the expression of CD80/CD86 and CD70 on ¢DCTs, which interact with CD28
and CD27 on CD8™ T cells to promote their activation. CD4" T cell-helped cDC1s also secrete high levels of type | interferon, IL-12 and IL-15 to
promote CD8" T cell survival and effector function. CD4" T cells can directly promote CD8" CTL response through IL-2 and IL-21.
Consequently, CD4™ T cell-helped CD8" T cells exhibit enhanced expansion, cytotoxic activity, migratory capacity, and expression of TNFR and

key transcription factors, while downregulated IRs

nutrient-deprived TME plays critical roles in reprogramming Tq cell
metabolism and activity.”®® Glycolysis, fatty acid oxidation and
oxidative phosphorylation are all important for the differentiation
and function of tumor-infiltrating T,eq cells.”’****°% Particularly,
lactic acid uptake in T4 cells promotes PD-1 expression which
dampens the efficacy of anti-PD-1 immunotherapy,’®***®” and
uptake of free fatty acids and low-density lipoprotein via scavenger
receptor CD36 is required for intratumoral T4 cell survival,
amplification and suppressive function.*®3°88>89

Tfh and tertiary lymphoid structures (TLSs)
Tfh cells mainly support B cell responses and antibody production
in infectious disease and vaccination.'®"'32 It is surprising to found
a close link between Tfh cell response and anti-tumor immu-
nity."*"*?° Persistent antigenic stimulation during chronic viral
infection and tumor redirects CD4" T cell differentiation toward
Tfh cells.”>"*°7%92 Recent studies have revealed a positive
correlation between the presence of Tfh and B cells with
prolonged survival and better prognosis in a variety of human
tumors, including melanoma,”®® breast cancer,*** colorectal
cancer,”® and lung cancers.>®

The underlying mechanisms by which Tfh cells exert protective
functions in infection and tumor are: (1) Tfh cell response
significantly promotes the formation of TLSs which are ectopic
tissue structures consisting B cells, T cells, NK cells and APCs in
nonlymphoid organs under chronic inflammatory stimula-
tion.”’?>%” Mature TLSs within tumors represent anti-tumor
contextures with pro-inflammatory cytokines, activated comple-
ment cascade, and effective cytotoxic lymphocytes.'**%® Tumor-
infiltrating Tfh cells expressing high levels of CXCL13 and IL-21 are
enriched in intratumoral TLSs and strongly associated with
infiltration of CD8% T cells and B cells, as well as prolonged
survival in cancer patients.>*°7°" (2) Tfh cells can enhance CD8" T
cell response in chronic viral infection and tumor through
producing CXCL13 and IL-21,3¢92602 \which will be further
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discussed at later section. (3) Tfh cells promote B cell and GC
response and production of functional antibodies.®> Potent anti-
tumor immunity requires antibody-mediated effector functions
such as antibody-dependent cell cytotoxicity (ADCC), complement
activation and antibody-mediated tumor cell phagocytosis.®**
Tumors with high Tfh cells and mature TLSs mostly have high
density and diversity of B cells and plasma cells, as well as tumor-
targeting antibodies, which further induces effective anti-tumor
immunity.>*%%% (4) Tfh cells support the generation of memory B
cells which are crucial for rapid response upon reinfection and
long-term protection.?°%%%7 (5) Tfh cells contribute to PD-1-based
ICB.>°%%% |t is noteworthy that high PD-1 expression on Tfh cells
does not indicate cell exhaustion, instead, promote Tfh cell
expansion, activity and function.?°®'® In clinical studies, the
densities of Tfh cells, TLSs and tumor-infiltrating B cells positively
correlate with the overall survival and responsiveness in patients
treated with immunotherapy in various tumor types.>*>¢'"¢12 The
benefit of Tfh cells for anti-PD-1 therapy partially depends on their
activity to recruit CD8" T cells through CXCL13/CXCR5 signaling
axis.5'35' Consistently, histological analysis confirms a spatial
proximity of CXCL13™ Tfh cells, CXCR5" CD8™ T cells and CD20™ B
cells within TLSs, which enhances the efficacy of PD-1 ICB.5">

CD4" T CELL HELP ENHANCES ANTI-TUMOR RESPONSE OF
CD8" CTLS

Help mechanisms

Although CD8" CTLs play the predominant roles in anti-tumor
immunity, it is now well-appreciated that CD4™" T cells are pivotal
to support the effective anti-tumor CD8" T cell responses (Fig. 6).
Growing evidence has indicated that a cooperation between
CD4% and CD8' T cells within tumor milieu is required for
effective tumor regression.”*® By comparing the transcriptomic
profiles of CTLs with or without CD4" T cell help, it has been
demonstrated that CD4" T cells can help CTLs in multiple cellular
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Table 3. CD4" T helper cell subsets in autoimmune diseases

IL-10, TGF-B, IL-35

Th Mediator Pathogenesis Autoimmune disease Functions Refs
subset
Th1 IFN-y promote MS activate pro-inflammatory M1-like 654,655,657.673.674
microglia
Th17 IL-17A-F, IL-21, promote MS activate macrophages, astrocytes, 102,500,668,669,671-674
IL-22, IFN-y, epithelial and endothelial cells and
GM-CSF oligodendrocytes
recruit neutrophils 102,500,668
disrupt BBB 667
support formation of TLOs 663,675
promote pathogenic myeloid cells 683
IL-17, IL-1p, promote RA induce tissue-destructive enzymes, pannus 697693
TNFo, GM-CSF growth, osteoclastogenesis and
angiogenesis
enhance proliferation of fibroblast-like 694
synoviocytes
stimulate GM-CSF secretion from 695
fibroblast-like synoviocytes and ILCs
IL-17A, IL-17F, promote SLE stimulate keratinocytes, synoviocytes, 704
IL-21, IL-22, IL-23 fibroblasts, macrophages and neutrophils
induce the NETosis 705
Thi-like  IFN-y, IL-17, promote MS produce inflammatory cytokines 707-709
Th17 granzymes, cross BBB 711,712
GM-CSF, IL-22 . . 711-713
promotes the neuroinflammation
Th22 IL-22, IFN-y, promote MS, SLE, RA, disrupt BBB 667
TNF-o, IL-17 psoriasis, ITP, AlH, affect endothelial cells 667
AITD, MG, SSc K 716,727
regulate astrocytes, oligodendrocytes, Treq '
cells
contribute to bone destruction 731732
promote fibroblasts proliferation and 731732
inflammatory responses
induce osteoclast formation 731733
Th9 IL-9 promote IBD, SLE, MS, suppress epithelial cell proliferation 736
55¢, UG, RA, .~ disrupt mucosal barrier function 93
psoriasis, IRP, thrombocytopenia L 730,746
promote Th17 cell migration and '
differentiation
induce astrocytes response 745,747
promote B cell proliferation and 749,750
autoantibodies production
enhance MMPs production by neutrophils 7387>*
prevent Gastritis, MS dampen the pathogenic activity of Th17  7°°
cells
interfere with IL-17 and Th17 cell 756
polarization
maintain T4 differentiation 757
Tfh CcD4o0L, IL-4, promote MS, RA, SLE, MG, Sjogren’s drive autoreactive B cell response and 769-773,793,794
IL-21, CXCL13 syndrome, psoriasis, AD, autoantibody development
autoimmune thyroid, hepatitis  ,romote the inflammatory Th17 responses 773
disease, X . + 784,795
IBD and T1D induce pathogenic CD8™ T cell responses '
promote osteoclasts, fibroblast-like 797-801
synoviocytes, keratinocytes and synovial
macrophages
counteract Treg cell suppressive activity =~ 802893
help pathogenic epitope spreading 817,819,820
Treg CTLA-4, Lag-3, TIGIT, prevent MS, asthma, T1D, prevent Tconv overactivation 832833
CD73, MG, RA, SLE differentiate into Th-like T,eq cells to 835-843
CD39, suppress Th cells
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processes, including priming, clonal expansion, effector function,
memory formation and response to cancer immunothera-
pies.®'%®"7 Full CD8™ T cell priming is a two-step process in which
CD4" T cells and CD8™ T cells first encounter antigens separately
on different types of cDCs (cDC2 and c¢DC1 respectively) that may
occur at different location of the second lymphoid tissues.5'”7¢"°
In the second priming step, CD4" T cells and CD8" T cells
recognize their antigen on the same DCs (mainly XCR1™ resident
cDC15).529%22 CD4" T cells enhance DC activation and their
antigen-presenting capability via CD40/CD40L signaling to fully
prime CTL response.®>?* Therefore, eliciting CD4" T cell
response or pre-stimulating DCs with CD40 agonist are essential
strategies for effective anti-tumor vaccines.®2>%2°

CD4" T cell help also promotes the clonal expansion and
effector function of CTLs. Helped CTLs have upregulated expres-
sion of IL-2, IL-2R and IL-12R to support their survival, proliferation
and effector differentiation.3°®%?” Helped CTLs exhibit enhanced
cytotoxic activities, including increased production of IFN-y, TNF,
granzymes and Fas ligand, while downregulated IRs such as PD-1,
Lag-3, Tim-3, and BTLA3°"®?® On the contrary, helpless CTLs
display dysfunctional and exhausted phenotypes.®*®*° Further-
more, CD4™ T cells help CTL migratory capacity to enter tumor
tissues by upregulating their CXCR4 and CX3CR1 expression, and
promote CTL extravasation at tumor site by increasing MMPs
expression.®?® More importantly, CD4" T cell help is required for
generating long-term memory CD8" T cells.3°%3%*%31 CD4™ T cell
help promotes IL-15 signaling for T¢y maintenance, as well as IFN-
y and granzyme B production from Tgy.%*2 In the absence of CD4 "
T cell help, memory CTLs exhibit reduced CD27 expression and IL-
2 production,®® and impaired recall response likely due to
massive cell apoptosis, which are associated with increased
expression of the death ligand TRAIL and decreased expression
of anti-apoptotic protein Bcl-2.5*%%> Mechanistically, CD4™" T cells
enhance the expression of key TFs for effector and memory CTLs,
such as T-bet, Eomes and 1d3.6'7636

Help signals

The help from CD4" T cells mostly depends on costimulatory and
cytokine signals (Fig. 6). In the second step of CTL priming, CD4" T
cell help triggers upregulation of CD80/CD86 and CD70 on cDCls,
which interact with CD28 and CD27 on CD8" T cells, respec-
tively.%3763% CD28 costimulation is important but not sufficient to
generate fully functional CTL response.*9%%° Costimulation
through CD70/CD27 is critical for CD8" CTL priming, clonal
expansion and differentiation into both effector and memory
CTLs.5*"%%2 Besides, other TNFR family members such as 4-1BB,
0OX40, CD30, and GITR may also play critical roles in mediating
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CD4™ T cell help.t**%** CD4" T cell-helped ¢DC1s have increased
expression of type | interferon, IL-12 and IL-15 to promote effector
CD8" T cell survival, differentiation and function.®*>*> CD4" T cell
help augments IL-2Ra expression on primed CD8" T cells,
together with IL-2 produced by CD4" T cells, contributing to
CTL clonal expansion, effector differentiation and function.3°4¢
In addition, CD4" T cell-derived IL-21 is required for CX3CR1-
expressing CD8% T cell differentiation and cytolytic func-
tion, 369602647 nromotes TCF-1" stem-like CD8"' T cell generation
and maintenance and prevents effector CD8% T cell exhaus-
tion.585%° Tfh cells expressing CXCL13 attract CXCR5™ CD8™ T cell
migration in chronic infection and cancer.5°%' Collectively,
costimulatory and cytokine signals from CD4" T cells collabora-
tively and non-redundantly support CD8" CTL response.

T CELLS IN AUTOIMMUNE DISEASES

A healthy immune system is a functional network important for
host homeostasis by protecting from infection while preventing
self-reactivity. Disruption of this delicate immune balance causes
autoimmune diseases. To date, more than 80 types of auto-
immune diseases have been described, affecting approximately
5-8% of the world population.®®”> The autoimmune diseases can
be systemic, such as systemic lupus erythematosus (SLE) and
rheumatoid arthritis (RA), or organ specific, such as multiple
sclerosis (MS) and Type 1 Diabetes (T1D). Although the mechan-
isms underlying autoimmune disorders are complicated and
poorly understood, the roles of autoreactive T cells in driving
the immunopathogenesis have been characterized in various
autoimmune disorders (Table 3).

Th1, Th17, and Th1-like Th17 cells: important inflammation
mediators

As a major pro-inflammatory CD41 T cell subset, Th1 cells play
critical roles in promoting pathogenesis of autoimmune diseases.
MS is a chronic autoimmune disease characterized by immune
dysfunction and inflammation in the central nervous system (CNS)
where the immune cell infiltration triggers demyelination, axonal
damage, and neurodegeneration.®>® Experimental autoimmune
encephalomyelitis (EAE) is the most used experimental model for
MS. Th1 cells are found to be the most frequent CD4™ Th cells in
the CNS of EAE and large amount of IFN-y is detected in MS
patients.5>*6>> Adoptive transfer of Th1 cells is sufficient to induce
EAE manifestation in mouse models.®*® The neuropathological
roles of Th1 cells in the CNS are associated with microglia, the
CNS-resident macrophages. Th1-associated factors could activate
a pro-inflammatory M1-like microglia differentiation,®®” and
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Table 3. continued
Th Mediator Pathogenesis Autoimmune disease Functions Refs
subset
IFN-y promote T1D, MS, autoimmune hepatitis,  pro-inflammatory T,y IFN-y *Foxp3™ Th1- 853-859
Sjogren’s syndrome like T,eq cells
IL-4, IL-13 promote SSc, allergy, asthma, pro-inflammatory Tyeg: Foxp3™ Th2-like T,eq 865-871
TAK, 101 cells
IL-17 promote RA, SLE, psoriasis, mucosal pro-inflammatory Tyeg: IL-17"Foxp3" Th17- 841872875
autoimmunity, like Treq cells
glomerulonephritis
pro-inflammatory promote Diabetes, MG, MS, instability of T,eg lineage: exFoxp3 cells 883-889
cytokines RA, SLE impaired immunosuppressive function
D8 IFN-y, TNF, granzyme promote T1D, MS, vitiligo, disrupt self-tissues by cytotoxic effector 219922923
B, perforin Crohn disease, molecules
SLE, vasculitis, 1BD enhance ROS production from monocytes °'°
presence of progenitor autoreactive T cells 3
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promote inflammation in EAE.®®” However, later studies using IL-
12p35 subunit, IL-12RB2 chain or IFN-y deficient mice demon-
strated that Th1 cells are not required in the pathogenesis of EAE
and MS.°%86%9 |nstead, loss of IL-23p19 subunit or IL-23R chain
result in resistance to EAES®® With the discovery of shared
subunits between IL-23/IL-23R and IL-12/IL-12R, Th17 cells have
been uncovered playing critical roles in autoimmune dis-
eases.®®'7%3 Th17 cells produce a variety of pro-inflammatory
cytokines, such as IL-17A-F, IL-21 and IL-22, and pathogenic Th17
cells induced b;/ IL-6, IL-1(3, and IL-23 produce high levels of IFN-y
and GM-CSF,"" which can further act on several other cell types to
amplify the inflammatory responses.

Th17 cells and IL-17 are highly involved in the pathogenesis of
MS.%%% In MS patients, IL-17-producing CD4" T cells are largely
found in the peripheral blood and cerebrospinal fluid.®¢>4%¢ |L-17A
infuses into the CNS and contributes to the disruption of
blood-brain barrier (BBB).°®” Pro-inflammatory cytokines pro-
duced by Th17 cells act on CNS-resident macrophages to enhance
their activation, inflammatory cytokines and chemokines produc-
tion, antigen-presenting activity, and recruit neutrophils into the
inflammatory sites, thus promoting the axonal damage and
neuroinflammation in EAE.'%°%°%%% Th17 cells, in cooperation
with Th1 cells, affect astrocytes function by upregulation of
inflammatory cytokines and chemokines while downregulation of
neurotrophic factors.%®® Therefore, inhibition of IL-17 signaling in
astrocytes has been shown to ameliorate the EAE.® |L-17
signaling also alters the expression of adhesion molecules on
endothelial cells and actin cytoskeleton on epithelial bar-
riers.8”'%72 |n addition, Th17 cell- or IL-17-mediated pro-
inflammatory responses inhibit the survival and maturation of
oligodendrocytes whose apoptosis and dysfunction are highly
associated with the demyelination and neurodegeneration in
MS.57367% | ike TLSs in TME, tertiary lymphoid organs (TLOs) are
observed in the chronically inflamed tissues in autoimmune
diseases to sustain the local immune activation.?®*¢”* IL-17 is
required for the formation of TLOs by inducing CXCL13 and CCL19
production to recruit lymphocytes into TLOs.*’®%”” Furthermore,
Th17 cell-derived GM-CSF has been identified as a key factor
driving the inflammation during EAE development.®’%” It has
been discovered that some CNS-infiltrated Th cells were IL-
17ATGM-CSF*,°8% and GM-CSF-producing T cells are increased in
the peripheral blood and brain lesion.%®"%%2 GM-CSF in turn
enhances pathologic Th17 generation and maintenance,®®® and
acts on a variety of pathogenic myeloid cell types including
inflammatory monocytes, monocyte-derived dendritic cells and
microglia to promote EAE pathogenesis.®®

RA is an autoimmune disorder characterized by the chronic
inflammation in the synovial membrane. In autoimmune arthritis,
Th17 cells are the dominant initiators and executors of inflamma-
tion. Increased level of IL-17 has been found in serum, synovial
fluid and synovial tissue of patients with rheumatoid arthri-
tis.534685 Th17 activity and IL-17 correlate with the disease severity
of clinical symptoms.®3%%7 Self-reactive T cells become activated
and differentiated into CCR6" Th17 cells in the periphery.
Response to CCL20 expressed by synoviocytes, CCR6™ Th17 cells
migrate to the joints to initiate inflammation by producing large
amount of IL-17, IL-1B and TNFa.°%8%% |L-17 contributes to the
joint destruction by inducing tissue-destructive enzymes, pannus
growth, osteoclastogenesis and angiogenesis.®®°°%* |17
enhances the proliferation of fibroblast-like synoviocytes through
mTOR and MAPK p38 signaling.%** In addition, GM-CSF, produced
directly by Th17 cells and Th17 cell-stimulated fibroblast-like
synoviocytes and ILCs, is abundant in RA synovium and mediates
chronic joint inflammation.5%®

SLE is a chronic and heterogeneous autoimmune disease
featured by accumulation of autoantibodies and immune
dysfunctions with systemic inflammation and tissue destruction
in multiple organs such as skin, joint, kidney, brain, heart and
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blood.®?®%%7 Emerging evidence has demonstrated that Th17 cells
and IL-17 play essential roles in SLE pathogenesis.®?®%%° |L-17-
producing T cells are increased in the peripheral blood and
inflamed organs of SLE patients,’°*’°" and the IL-17 level
positively correlates with the disease severity.”%%7%% |L-17A
stimulates inflammatory cytokines and chemokines production
by keratinocytes, synoviocytes, fibroblasts, macrophages and
neutrophils.”®* IL-17 also induces neutrophil extracellular trap
formation (NETosis) which has been found promoting the
pathogenesis of SLE% In addition, IL-23, a key cytokine for
Th17 differentiation, is observed elevated in SLE patients and
correlates with severe renal disease.”%>7%¢

Intriguingly, Th17 cells are highly plastic and can transdiffer-
entiate into pathogenic Th1-like Th17 cells which are defined by
producing high levels of both IFN-y and IL-17, and co-expressing
chemokine receptors CXCR3 and CCR6, as well as TFs T-bet and
RORyt.”%” Th1-like Th17 cells display stronger pathogenicity than
Th17 cells, which may relate to the production of inflammatory
cytokines GM-CSF and IL-22 and chemokine receptors CCR4, CCR6
and CXCR3.7%87% |n inflammatory arthritis, both Th17 and Th1
lineage-specific TFs are highly expressed in the inflamed joints of
patients. The cytokine milieu within the joints, including high
levels of IL-12 but low IL-23 and TGF-f, converts Th17 cells into
Th1-like cells. The direct evidence supporting the Th17 origin of
Th1 cells results from the shared TCR clonality between Th1-like
cells and Th17 cells.”™ Th1-like Th17 cells are capable of crossing
BBB and accumulate in the CNS where they promote the
neuroinflammation in EAE mice and MS patients.”''~"'®> Moreover,
a CCR6TCXCR6™ cytotoxic Th17 population with expression of
granzymes, IFN-y and GM-CSF is identified to promote EAE
pathology.”' Interestingly, a stem-like Th17 population is
discovered by combined scRNA-seq and TCR-sequencing analysis
and characterized by TCF-1 and SLAMF6 expression.”'> Such Th17
progenitor cells are non-pathogenic but can give rise to GM-CSF™*
and IFN-y™ pathogenic Th17 populations under induction of IL-23,
which greatly contributes to autoimmunity.”'”

Th22: inflammation promotors

Th22 cells and IL-22 play critical roles in promoting autoimmune
diseases. The proportion of Th22 cells and IL-22 level have been
found increased in the serum and/or local tissues in numerous
autoimmune disorders, including MS,”"® SLE,”'” RA,”'® psoriasis,”"®
ITP,”?° autoimmune hepatitis (AIH),”?' autoimmune thyroid
diseases (AITD),’** myasthenia gravis (MG),”*® and systemic
sclerosis (55c).”>* The IL-22 level is dynamically changed along
with the disease progression.”?> High CCR6 expression facilitates
Th22 cell migration into the CNS.?® IL-22R expression was
upregulated in the brain tissues of MS patients and IL-22
synergized with IL-17 to disrupt BBB tight junctions by affecting
endothelial cells.%®” IL-22 also regulates the survival and function
of astrocytes and oligodendrocytes, and inhibits Foxp3 expression
in Teq cells, therefore promotes the pathogenesis of MS.”'®’%” In
SLE, Th22 cells may represent a better prognostic marker of tissue
involvement than Th17 cells.”?® CCR6" Th22 cells and IL-22 are
increased in SLE patients with lupus skin diseases and significantly
correlate with the SLE disease activity index (SLEDAI).”?*3° The IL-
22 level is also increased in the serum and kidney in patients with
lupus nephritis, and treatment with anti-IL-22 monoclonal anti-
body could markedly reduce renal injury and inflammatory cells
infiltration.”’” In RA, Th22 cells positively correlate with disease
activity score.”'®7?° High level of IL-22 in synovial tissue
contributes to bone destruction and promotes fibroblasts
proliferation and inflammatory responses.”*"73? |L-22 also induces
osteoclast formation through MAPK p38/NF-kB and JAK2/
STAT3 signaling.”>"”** Given the important function of Th22/IL-
22 in promoting pathogenesis in many autoimmune diseases,
targeting Th22/IL-22 has been considered as great therapeutic
potentials.”3*
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Th9: dual-function in autoimmune diseases

Th9 cells and IL-9 have been implicated to play pathological roles
in autoimmune diseases.”’ IL-9, Th9 cells and Th9 cell-associated
molecular features (PU.1, IL-4, TGF-f3, etc) have been found
elevated in patients with various autoimmune diseases in
ulcerative colitis (UC),”>> inflammatory bowel disease (IBD),”*®
SLE,”*” RA,”*® psoriasis,”>? immune-related pancytopenia (IRP),”*°
and thrombocytopenia,”*' which greatly correlates with disease
severity. In IBD, Th9 cells contribute to the pathogenesis through
producing IL-9 which suppresses epithelial cell proliferation and
disrupts the mucosal barrier function.>”3¢ In MS/EAE, Th9 cells
and IL-9 function in initiating disease development and promoting
inflammation in CNS. Adoptive transfer of myelin oIi/godendrocyte
glycoprotein (MOG)-specific Th9 cells into Rag1™~ mice suffi-
ciently induces EAE more severe than transferring Th1 cells.”4>743
IL-9 deficiency or neutralization exhibit attenuated EAE progres-
sion with reduced infiltration of Th17 cells and pro-inflammatory
macrophages in the CNS, as well as decreased IL-17 and IFN-y
levels.”**”*> Strikingly, cooperative functions of Th9 and Th17 cells
have been revealed during autoimmune disorders. Th17 cells can
produce IL-9 which acts as the pathogenic mediator in MS and
psoriasis in animal models.”**7¢ In turn, IL-9 induces astrocytes to
produce CCL20 which promotes Th17 cell migration into CNS and
aggravates EAE development.”**”%’ Furthermore, the frequency of
Th9 cells and serum IL-9 are positively associated with SLE disease
severity.”*® In murine lupus models, IL-9 is associated with
increased anti-double-stranded DNA (dsDNA) antibodies via
promoting B cell proliferation and autoantibody production.”*®”>°
The enriched Th9 cell response in SLE is associated with NO”*'
which is elevated in SLE patients and enhances Th9 cell
differentiation through TGF- and IL-4 signaling”>> and mTOR-
HIF1a pathway.””® In RA patients, IL.-9 and IL-9R are highly
expressed in the synovial tissues, associated with synovial
inflammatory infiltrates and the degree of ectopic lymphoid
structures.”*® Mechanistically, synovial IL-9 promotes the survival
and MMPs production of neutrophils and facilitates Th17 cell
differentiation.”>*

On the other hand, due to the complex immune microenviron-
ment and regulatory mechanisms of autoimmune diseases,
protective roles of Th9 cells are also observed. For instance, IL-9
dampens the pathogenic activity of Th17 cells in autoimmune
gastritis.”> IL-9 inversely correlates with the inflammation and
neurodegeneration in MS patients as high level of IL-9 interferes
with IL-17 production and Th17 cell polarization.”® IL-9R deficient
mice have increased Th1 and Th17 cell development but impaired
Treg cell activity, which is attributed to the important role of IL-9 in
modulating Th17 and T, cell differentiation.””” Collectively, IL-9
and Th9 cells have both deleterious and protective roles in
autoimmune diseases, and future comprehensive studies are
required to fully delineate their functions.”*®

Tfh: enhance autoreactive B cell and CD8* T cell responses

Tfh cells are strongly associated with a wide range of autoimmune
diseases in both autoantibody-dependent and -independent
conditions. The first evidence of dysfunctional Tfh cells promoting
autoimmunity comes from a study in 2005, in which Vinuesa et al.
demonstrated that Roquin gene mutation caused excessive Tfh
cell differentiation and systemic autoimmunity in mice.”*®
Deficiency of SAP, an adapter protein required for Tfh cell-B cell
interactions,”>® ameliorates the autoimmune phenotype with
reduced autoantibody and disease severity.”*® Increased frequen-
cies of circulating Tfh cells are observed in majority of
autoimmune disorders, including MS, RA, SLE, MG, Sjogren’s
syndrome, psoriasis, atopic dermatitis (AD), autoimmune thyroid
and hepatitis disease, IBD, and T1D.”6'"7%® SLE is a well-known
autoantibody-mediated autoimmune disease.”®’7%* Activated Tfh
cells, aberrant GC responses and high level of autoantibodies are
frequently found in SLE murine models’®>’%® and in lupus
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nephritis patients.”®””%® The autoreactive B cells in SLE patients
are typically somatically mutated and the anti-dsDNA antibodies
have experienced somatic hypermutation and affinity maturation,
indicating that they have been “helped” by T/Tfh cells.”®® Similarly,
the pathological progression in RA is strongly associated with
autoantibodies which are mainly Tfh cell-helped high-affinity IgG
antibodies.””®””" Tfh cells are expanded in patients with active RA,
which positively correlates with autoantibody titers and disease
severity.”’%773 In RA joints, CXCL13-expressing Tfh cells co-localize
with B cells and provide their help, which further promotes
ectopic lymphoid structure formation and RA pathogenesis.””*7”>
Hence, the decreased percentage of Tfh cells has been used as an
indicative biomarker for effectiveness of autoimmune disease
treatments.”’®”’” In mouse EAE models, CXCR5"PD1" Tfh cells are
substantially infiltrated in the CNS tissue and promote the
inflammatory B cell and Th17 cell responses, contributing to the
disease pathogenesis.””® Furthermore, activated-memory circulat-
ing Tfh cells (CCR7"ICOS™) are increased in patients with relapsing
MS, positively correlate with the levels of autoantibodies and
disease severity, but are decreased after therapeutic treatment.””®
Of note, while the pathogenic autoantibodies are predominantly
derived from GC response and helped by GC-Tfh cells,”®%7%° Tfh
cells can also support extrafollicular responses and autoantibodies
production.”®"7%2 T1D is an autoantibody less-dependent auto-
immune disease in which overexpression of Tfh cell-related genes
such as CXCR5, ICOS, PD-1, Bcl-6, and IL-21 are also
observed.”®37#* T1D can be induced by transferring Tfh cells in
a mouse model.”®*Tfh cells positively correlate with the blood
glucose levels and multiple autoantibodies in T1D patients.”® The
frequency of activated autoantigen-specific Tfh cells (CXCR5"PD-
17ICOS™) is increased in both patients with recently diagnosed
T1D or at risk of T1D.”36787

The pathogenic activity of Tfh cells largely depends on the
signature cytokine IL-21 which promotes autoimmunity through
helping B cells and driving effector function of CD8™ T cells as well
as other cell types.”®3789 |L-21 polymorphisms and overexpression
are highly associated with autoantibodies, disease pathogenesis
and clinical activity in many autoimmune disorders.”®%799792 |21
signaling strongly drives GC response, B cell activation, plasma cell
differentiation and memory B cell formation, somatic hypermuta-
tion, and antibody class switching.”?>”°* In addition, IL-21R is
highly expressed in CD8% T cells and IL-21 signaling induces
pathogenic CD8™ T cell responses. In T1D where the destruction of
pancreatic B cells is primarily mediated by CD8" T cells, IL-21-
producing Tfh cells are increased significantly’®* and IL-21R
expression is elevated in CD8" T cells.”®> While IL-21 over-
expression drives T1D development,”®® IL-21R deficiency inhibits
TID mellitus.”?® The functions of autoreactive CD8" T cell
responses in autoimmunity will be discussed in later chapter.
Moreover, IL-21 can promote inflammation and pathogenesis by
acting on other cells, such as osteoclasts,”®” fibroblast-like
synoviocytes,”?®7% keratinocytes®® and synovial macrophages 2"
In addition, Tfh cells counteract the suppressive activity of Teq
cells in autoimmune diseases through IL-21 802893 Therefore,
inhibition of Tfh cells and IL-21 signaling offers effective
therapeutic strategies in autoimmune diseases.2**8% For exam-
ple, treatment with steroids, immunosuppressive drugs or low-
dose of IL-2, a potent inhibitor of Tth cell differentiation,'*® could
significantly reduce the number of activated Tfh cells and result in
improved clinical outcomes.8%7-8%°

Notably, many autoimmune diseases are likely triggered by
infections due to pathogenic antigen mimics.2'*®"" For example,
enteroviral infection has a strong association with T1D®'%8'3;
exposure to Aggregatibacter actinomycetemcomitans triggers the
autoimmunity in RA®'% EBV infection has a clear link with MS

development®'>8'S; autoantibodies in SLE are likely generated
from response to commensal and/or environmental microbes®'’;

patients infected with SARS-CoV-2 exhibit markedly increased
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autoantibodies®'® The underlying mechanisms are highly

involved in Tfh cell-helped epitope spreading during infections.
Specifically, self-reactive T cells cross-recognize microbial antigens
and provide help to B cells bearing different specificities
(bystander autoimmune B cells).®"7#'° For instance, influenza
virus haemagglutinin-specific Tth cells can help self-antigen MOG-
specific B cells to produce autoantibodies when those B cells
cocapture haemagglutinin and MOG.2?° Collectively, Tfh cells
potently drive the pathogenesis of autoimmune diseases through
enhancing autoreactive B cell and CD8" T cell responses.

Teg cells: critical autoimmune protectors

Autoimmune diseases are characterized as a failure of self-
tolerance. As one of the most important T cell populations in
maintaining immunological self-tolerance and homeostasis, Teq
cells play indispensable roles in autoimmunity.?2'#22 Mutations in
Foxp3 gene cause immunodysregulation polyendocrinopathy
enteropathy X-linked syndrome (IPEX) which is a rare chromo-
some X-linked immunodeficiency syndrome with severe auto-
immune disorders.®*>*** Furthermore, mutations of T, cell-
related signature genes, such as CD25,5%° CTLA-4,825827 | RBA 58
and AIRE*>%% result in Ty cell abnormality and severe
autoimmune disorders. Depletion of Foxp3™ Treg cells indeed
leads to severe autoimmunity and immunopathology which can
be rescued by reconstituting T, cells®' By sensing IL-2
produced by autoreactive Tconv cells, T, cells co-localize with
Tconv cells to prevent their overactivation 22833 Treq cells employ
a variety of suppressive molecules for inhibitory functions, such as
surface receptors CTLA-4, Lag-3, TIGIT, CD73, and CD39, and
inhibitory cytokines IL-10, TGF-B, and IL-35.%°*%>* In addition, Tyeg
cells are able to adapt to the environment stimuli and mirror to
corresponding effector Th cells under inflammatory conditions.**
Treg cells can gain expression of signature TFs and chemokine
receptors of Th1,236837 Th2,838839 Th17 840841 5nd Tfh (known as T
follicular regulatory (Tfr)) cells.#*>#*3 By responding to different
stimuli, these Th-like T,q cells migrate into the same inflammatory
sites with Th effector cells, and exert stronger abilities to suppress
corresponding Th cell responses.®®> The change of Tq cell
numbers in different autoimmune diseases has been largely
studies, however, the results are strikingly inconsistent.2**#** The
frequency of T,eq cells seems decreased in EAE®** and asthma,®*
but unaffected in TID® and MG.2*® Nevertheless, T, cell
numbers are found either decreased,®*?%°° increased®*>%>" or
unchanged in RA and SLE2**%>2 Despite of inconsistence in cell
number, it is well-acknowledged that the functions of T,q cells in
autoimmune milieu are compromised.2**

Emerging evidence has suggested that the plasticity and
instability of T,y cells contribute to their dysfunction. While the
Th-like T4 cells exhibit advantages for controlling host homeostasis,
aberrant plasticity can affect T,q cell-mediated immunosuppression
and exacerbate autoimmune diseases. It has been shown that the
frequency of IFN-y*Foxp3™ Thi-like T.g cells are increased in
various autoimmune diseases, such as T1D2>* MS2>*#% autoim-
mune hepatitis®*® and Sjogren’s syndrome®*” Thi-like Treg cells
accumulate at inflamed sites but fail to suppress effector T cell
response and control the disease progression.88%>° Inflammatory
cytokines TNF, IL-6, and 1L-12,25°-8%2 and PI3K-Akt-FoxO signaling
pathway have been suggested to be involved in T4 cell
conversion.®>>#%3864 Th)_fike T, cells are increased in patients
with SSc,2%° aIIergy,866 asthma,867°68 takayasu's arteritis (T, AK)®° and
idiopathic orbital inflammation (I01),%°® and IL-33 derived from
dermal fibroblasts contributes to Th2-like T,eq transdifferentiation.®”"
In addition, IL-17"Foxp3™ Th17-like T,oq cells are largely identified in
RAB72 SLE,®”® psoriasis,®”* and mucosal autoimmunity,®*'#”> playing
critical roles in disease pathogenesis. The conversion of T4 cells into
Th17 cells is driven by cytokines IL-1B, IL-6, IL-4, and IL-
23,862872876877 T\ Jike receptor 2 (TLR2) stimulation,®”® pathogenic
infection®® and IRF4.2%° In contrast, IL-33,%”° SOCS1,%%! and IDO®*?

SPRINGERNATURE

have been suggested to prevent T4 cell plasticity and restore their
suppressive function.

Furthermore, under inflammatory or pathologic settings,
instability of T,y lineage with unstable Foxp3 expression and
impaired  immunosuppressive  function is observed.883%%
Decreased Foxp3 expression is found in T4 cells isolated from
autoimmune diabetes,®®> MG,%%%7 MS % and SLE®® T, cells
loss of Foxp3 expression (exFoxp3) exhibit activated-memory T
cell phenotype and acquire effector function, such as producing
pro-inflammatory cytokines and inducing autoimmune pathogen-
esis.®**%°! Under arthritic conditions, T, cells lose Foxp3
expression and transdifferentiate into Th17 cells (exFoxp3 Th17),
which is driven by synovial fibroblast-derived IL-6. These exFoxp3
Th17 cells are more potent osteoclastogenic Th17 cells, contribut-
ing to the pathogenesis of RA.”> The mechanisms underlying T,q
cell stability have been greatly associated with the expression of
master regulator Foxp3. Impairment of TGF-f/IL-2 signaling leads
to diminished Foxp3 expression, T.q cell function and auto-
immune manifestations.58%92789%  Fyrthermore, the epigenic
regulations of Foxp3 have been suggested playing both positive
and negative roles in T4 stability.2” Current consensus suggests
that Foxp3 acetylation®®®%” and O-linked N-acetylglucosamine
(O-GIcNAC)®® stabilize its expression and strengthen T, stability
and suppressive function, whereas methylation,2*?°°° phosphor-
ylation®°"?°2 and ubiquitination®®® of Foxp3 induce instability of
Teg cells. The CNSs in Foxp3 locus are critical for Foxp3
transcription and are associated with autoimmune diseases.*®*~2%
Methylation of T.g-specific demethylation region (TSDR)—a
highly conserved CpG motif within CNS2—destabilizes Foxp3
expression and disrupts the suppressive activity of T,eq cells.®***%
Apart from epigenetic regulation, T.., cell stability/suppressive
function are profoundly controlled at transcriptional levels.
Deficiency of TFs Helios,®®® 1kzf4,°°° RelA°'® Smad2/Smad3,2%3
AP-1°"" and 1d3°'? significantly affects the stability of Foxp3
expression. In contrast, TFs BATF3,”'® IRF4,°" E47,°"2 and Spi-B”'?
repress Foxp3 expression and T4 cell induction.

Autoreactive CD8" T cells: new players in autoimmunity
Tradition views hold that CD8" T cells mainly participate in
protection against viral infections and tumors. However,
increasing evidence from recent studies implicates that exces-
sive CD8" T cell functionality causes self-tissue damages and
autoimmune disorders.”’*°'®> In human, autoimmune disease
susceptibility is highly associated with HLA class | (human MHC 1)
polymorphisms, prone to autoantigen presentation to CD8"
T cells.®'®°7 Autoreactive CD8™ T cells have been implicated in
the pathogenesis of multiple autoimmune diseases, including
T1D,’'® MS,°"® Crohn disease,”*® and vitiligo.”?" Pathogenic
CD8™" T cells express high levels of cytotoxic effector molecules
such as IFN-y, TNF, granzyme B and perforin.?'®??%923 |n the
nonobese diabetic (NOD) mouse model of T1D, by 10-15 weeks
of age, the pancreata exhibit severe insulitis and are largely
infiltrated with CD8™ T cells recognizing NRP-V7, a peptide from
the diabetes antigen IGRP. The increased frequency of NRP-V7-
reactive CD8' T cells coincides with the time of glucose
intolerance, suggesting that the progression of pancreatic islet
inflammation is driven by self-reactive CD8" T cell popula-
tions.”?*92% |n MS, autoreactive CD8™" T cells are expanded and
enriched in the CNS of patients with relapsing-remitting
disease.®®® In EAE models, myelin basic protein (MBP)-specific
CD8" T cells are recruited to the CNS and enhance ROS
production from monocytes in the brain lesion.”'® In addition,
CD8™ T cells contribute to autoimmune arthritis.”?” The number
of CD8™ T cells is increased in active RA patients but decreased
in patients in remission.””® The elevated pro-inflammatory
cytokine production by CD8" T cells positively correlates with
28-joint disease activity score (DAS28) in autoimmune
arthritis.””®
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Recent work has revealed a great heterogeneity of autoreactive
CD8™ T cells. Pathogenic CD8" T cells in T1D, MS/EAE and vitiligo
contexts are predominant effector, effector memory or resident
memory cells that initiate and promote disease progres-
sion. 219922929930 Eyen though autoreactive CD8™ T cells maintain
effector functions, evidence also suggests that they display
exhausted features. Autoimmune CD8" T cells in MS and T1D
have upregulated expression of IRs PD-1, Lag-3, and Tim-3.7'%%3"
The exact function of exhausted CD8" T cells in autoimmunity is
not fully understood. However, some evidence has suggested a
protective role of this population since T cell exhaustion
represents a hyporesponsive phenotype. For instance, exhausted
CD8" T cells in T1D and SLE patients are associated with a slow
disease progression and improved prognosis.”*>?** Intriguingly,
TCF-1MTOX™ stem-like progenitor CD8% T cells have been
identified in autoimmune diseases, which sustain the autoreactive
T cell population.®" In T1D, this autoimmune progenitor CD8"
T cells are located at the pancreatic dLNs where they self-renew
and give rise to autoimmune effector CD8" T cells.”** Compared
to the short-lived autoimmune effector cells, stem-like progenitors
can induce T1D upon adoptive transfer of as few as 20 cells into
recipient mice.”** Notably, the fate and functionality of self-
reactive CD8" T cells require TOX-dependent transcriptional and
epigenetic reprogramming.”*> Taken together, CD8" T cells also
function as autoimmune mediators, and further studies are
required to better understand their cell heterogeneity, functional
states and regulatory mechanisms in autoimmune diseases for
developing effective therapeutic strategies.

vy T CELLS

y6 T cells are a unique and rare T cell population that are mainly
enriched in peripheral mucosal barriers, such as skin, lung and gut
tissues, playing critical roles in both maintaining physiological
homeostasis and mediating immune responses in disease
conditions. During intrathymic T cell development, DN3 cells
rearrange the TCR components and those expressing TCRy and &
chains develop into y8 T lineage (known as y&-selection).” It has
been suggested that the yd T cell fate relies on strong and
prolonged TCR signal (instructive model),” Id3 regulation,”*® Sonic
hedgehog (Shh) signaling,”>” CD27 costimulation, cytokine IL-7,
lymphotoxin (LT) signal from af thymocytes (known as trans-
conditioning),”*® and Notch signaling.” Nevertheless, the require-
ment of Notch signal for yé T cell differentiation is controversial
and varies between mouse and human. Compared to ap T cells,
y8-lineage commitment is less Notch dependent in mice®?
however, y8 T cell development in human is highly dependent on
NOTCH signaling.”® TCR signals through y5-TCR complex not only
promote the survival and maturation of pre-established y& T cells,”
but also play an instructive role in y& T-cell lineage commit-
ment.>*® In addition, more studies have revealed that y& T cell
development is orchestrated at transcriptional,” epigenetic®*' and
metabolic levels.®*?

yS T cells in tissue surveillance and infection

Unlike af T cells that acquire effector function in the periphery, y&
T cells develop into effector cells during the development in the
thymus. This early effector-programming of y6 T cells allows them
to respond rapidly to pathogenic infections, inflammation, and
tissue damage, endowing them with innate-cell like features. To
date, two major subsets of effector y6 T cells are identified: IFN-y
producing Ty81 and IL-17 producing Tyd17 cells, expressing key
TFs T-bet and RORVt, respectively.”*® Besides, y& T effector cells
can be distinguished by surface markers: TyS1 cells express CD27,
CD122, NK1.1, and high level of CD45RB whereas Ty§17 cells lack
of the former three molecules but express CCR6, scavenger
receptor SCART2 and low level of CD45RB.°**** Distinct y& T
effector subpopulations have preferential Vy usage and peripheral

Signal Transduction and Targeted Therapy (2023)8:235

T cells in health and disease
Sun et al.

locations, such as IFN-y producing cells are Vy17Vv86.3" (liver and
spleen), Vy5™ (skin), Vy77 (intestine), and IL-17 producing cells are
mainly Vy6" (tongue, dermis, uterus, testis, adipose tissue, and
brain) and Vy4" (lung, dermis, and lymph nodes).’**?%* y& T cell
effector differentiation is regulated by transcriptional networks. In
addition to T-bet and RORyt, TCF-1, LEF-1, Eomes, and Id3 are
critical for IFN-y producing y6 T cells, while c-Maf, Sox4, Sox13,
HEB, Blk, and RelB are enriched for IL-17 producers.”*”?*® Of note,
TCF-1 represses c-Maf/RORyt to limit Ty517 cells whereas c-Maf
represses Ty&1 fate by antagonizing TCF-1/LEF-1, indicating that
an antagonism between c-Maf and TCF-1 controls the balance of
these two y8 T effector subsets.”*® Furthermore, y6 TCR signal
strength impacts the effector fate, which TCR-Egr-Id3 pathway is
required for IFN-y production while TCR-E protein-TCF-1 axis
supports IL-17-producing y& T cell development.*5°*° Thymic
development of Tyd1 cells requires Skint-1 signal from epithelial
cells,”>® while Ty517 cells can be differentiated in the periphery
under IL-6, TGF-B, IL-1B, IL-18, and 1L-23.°"9>2 With the advances
in single-cell analysis, more insightful discoveries about the
heterogeneity and developmental trajectory of tissue-specific yé&
T cells have been further unveiled.®*®

Given the broad colonization in peripheral tissues, y6 T cells
play crucial roles in tissue homeostasis and surveillance. y6 T cells
sense “tissue status” by interaction with butyrophilins (BTNs) and
BTN-like (BTNL) molecules which are members of the immuno-
globulin superfamily.®>* For example, BTNL1/BTNL6 heterodimers
expressed on intestinal epithelial cells shape intestinal Vy7™* T cells
and BTNL3/BTNL8 heterodimers induce responses by colonic Vy4™
T cells.®>> y& T cells promote wound healing and tissue repair in
epithelial and mucosal barriers by producing functional factors
and modulating other cells.®* In the skin, Vy5" dendritic
epidermal T cells (DETCs) promote keratinocyte proliferation and
hyaluronan production by producing keratinocyte growth factor
(KGF) and insulin growth factor 1 (IGF1).2°%%%7 7" y& T cells in
intestines are highly associated with intestinal epithelial home-
ostasis through KGF1%*® and IL-22.°%° Gingival Vy6" T cells
contribute to oral pathophysiology by producing IL-17 and
amphiregulin.?%%%! Notably, the function of Ty517 cells in tissue
physiology can be paradoxical dependent on specific context. IL-
17 producing Vy4" and Vy6" y& T cells are found both
contributing to the steady-state skin physiology®®* as well as
predominantly mediating the early inflammatory responses in skin
diseases.”®®> Also, the roles of pulmonary y& T cells can be
beneficial, deleterious or dispensable in lung physiology and
pathophysiology.®** Moreover, y& T cells participate in non-barrier
tissue surveillance. Vy6™ Ty817 cells promote bone regeneration
by stimulating the proliferation and osteoblast differentiation of
mesenchymal progenitor cells.”®* In the adipose tissue, y& T cells,
mainly Vy6" Ty517 subset, modulate T,.q cells and adipocytes
through IL-17 and TNF to promote thermogenesis.®*>%°® vy6 ™"
Ty517 cells also contribute to steady-state neurophysiology®®’ and
initiation of neuroinflammation in EAE and brain injury.®”%93

y& T cells display both innate and adaptive immune cell
characteristics by expressing gene rearranged y6 TCR with limited
repertoire.”®® y& T cells can recognize unprocessed peptides and
various non-peptide antigens, such as lipids and the phosphoanti-
gens without MHC restriction.”®® y& T cells constitute the first line
of host defense against pathogenic infections. During the skin
infection with S. aureus, IL-17 producing Vy4™ T cells and IFN-y/
TNF producing Vy5" T cells enhance neutrophil recruitment and
bacterial clearance.’’?”! Systemic S. aureus infection led to
accumulation of IL-17A" y& T cells in the kidney for effective
infection control.?’? In the infected intestinal tract, Vy7 y& T cells
directly kill infected cells by secreting antimicrobial peptides and
cytotoxic molecules.’”® In Mtb infected lung tissue, Vy4™ y& T cells
secrete CXCL2 and TNF to promote neutrophil recruitment and
Vy4" and Vy6' Ty817 cells contribute to granuloma forma-
tion.””*%7> Moreover, y& T cells exhibit a potent antiviral activity
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Fig. 7 The anti- and pro-tumor immunity of yd T cells. y8 T cells in TME play both anti- and pro-tumor activities. y8 T cells recognize
phosphoantigens bound by BTN3A1/BTN2A1 heterodimers, as well as recognize glycolipids presented by CD1d. yd T cells can directly kill
tumor cells by expressing cytotoxic factors perforin and granzymes, and apoptotic receptors TRAIL and FasL. IFN-y produced by y5 T cells
enhances MHC | expression on tumor cells and their antigen presentation to CD8" ap T cells. y5 T cells are able to present antigens to CD4™"
and CD8" op T cells through MHC Il and MHC | molecules, respectively. y8 T cells orchestrate the anti-tumor immunity through interacting and
activating DCs, NK cells, and B cells. Expression of NKRs and TLRs promote y8 T cells activation and effector function. PD-1-expressing yd
T cells are the main responder to ICB in MHC I|-deficient cancers. The pro-tumor activity of y8 T cells relies on both soluble factors and surface
receptors by promoting tumor cell growth and angiogenesis, suppressing aff T cell function, MDCSs induction, and inducing inhibitory

functions

against a variety of viruses.””® Upon recognition of viral antigens,
y&6 T cells become activated and express increased pro-
inflammatory cytokines (IFN-y and TNF-a) and cytotoxic molecules
(perforin and granzymes) for pathogen clearance.’’® During SARS-
CoV2 infection, the frequency of y6 T cells is reduced in the
circulation but increased in the airway tissues.”’® Both circulating
and tissue-colonized y& T cells have upregulated activation
phenotypes (CD25, CD69, PD-1, IFN-y and IL-18), suggesting an
antiviral activity.”’®%”7 Notably, given their major locations of
mucosal tissues, y60 T cells have a close interaction with
microbiota, which shape y6 T cell development and function in
both homeostatic and pathological conditions. The crosstalk
between y& T cells and the microbiota has been reviewed
previously.”’® Despite the innate-like signature, y& T cells have
been recently found to have memory phenotypes that they can
respond rapidly with enhanced cytokine production and patho-
gen clearance upon the secondary infection.””®

y6 T cells in tumor immunity

The unique feature of y6 T cells in recognizing antigens without
MHC restriction provides a promising application in cancer
immunotherapy. Human y& T cell subtypes are usually defined
by 6 chain, that V&1-3 are the most used gene segments and used
for y& T cell type classification.”®® V&1 and V83 T cells are less
frequent y& T cell populations and share some similarities in
peripheral tissue distribution, antigen recognition and antiviral
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function.®®?82 V82 T cells—frequently paired between TCR V52
and VY9 chains (Vy9Vé2 T cells)—constitute a predominant y6 T
cell population in human peripheral blood after infection and
malignancy.®®® The phosphoantigens recognized by VyoVvs2
T cells are natural products from microorganisms or generated
by mammalian cells through mevalonate pathway.”®' The
aberrant mevalonate pathway in tumor cells leads to accumula-
tion of phosphoantigens and Vy9vé2 T cell activation and
expansion in TME.?8* VyoV82 T cells recognize phosphoantigens
bound by BTN3A1/BTN2A1 heterodimers.”®> Therefore, phos-
phoantigen stimulation and agonism by targeting BTN3A1 have
been shown to promote Vy9V62 T cell activation and anti-tumor
activity.”®%°%” Non-Vy9v82 T cells, including V&1 and V&3 T cells,
recognize glycolipids presented by CD1d.”®® Besides, human y&
T cells express a range of natural killer receptors (NKRs), such as
NKG2D, DNAM-1, NKp30, NKp44, and NKp46, which promote their
cytotoxic effector functions upon recognition of cognate ligands
on tumor cells.?®2 Moreover, yd T cells express various TLRs and
can be activated by TLR agonists to enhance cytotoxic
functions.”®®

The function of y& T cells in tumor immunity is versatile with
both anti- and pro-tumor activities (Fig. 7). Most current evidence
indicates that the presence of y6 T cells are associated with
favorable outcomes in patients in CRC, breast, gastric, liver and
bladder cancer, HNSCC, NSCLC and Merkel cell carcinoma.’®’
However, unfavorable prognosis of yd T cells is also reported in
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CRC,*° gallbladder cancer,®®! breast cancer,®?? and acute myeloid
leukemia (AML).”*® Although different analysis techniques among
studies could affect the results, at least, the y& T types are likely
associated with the prognostic prediction. Overall, IL-17" y8 T cells
tend to have a deleterious outcome whereas IFN-y" y& T cells and
NKR-expressing y& T cells have improved outcomes.®?"*?* The
anti-tumor activity of y8 T cells relies on multiple mechanisms®>:
(1) directly kill tumor cells by expression of perforin, granzymes
and apoptotic receptors TRAIL and FasL;”®® (2) y6 T cells
upregulate CD16 (Fcy receptor lll) expression to enhance the
ADCC effects of therapeutic antibodies on tumor cells;?*”?% (3) y6
T cells have been shown to function as APCs that upon activation
upregulate expression of MHC and costimulatory molecules and
present antigens to CD4™" and CD8™ ap T cells;?*?~'%" (4) y& T cells
orchestrate anti-tumor immunity through interplay with other
immune cells.'®? IFN-y production by y& T cells exhibit an overall
anti-tumor activity by increasing MHC | expression by tumor
cells.’®3 VWovs2 T cells and DCs can reciprocally activate each
other through both surface molecules (OX40 and BTN3A) and
soluble factors (IFN-a and TNF-).'%*'%%% y§ T cells enhance NK
cell activation and anti-tumor cytotoxicity via ICOS/ICOSL and 4-
1BBL/4-1BB interaction.'®®'%%” y& T cells participate in humoral
immunity by promoting B cell maturation, antibody production
and class switching.'®® y& T cells also modulate af T-cell activity
indirectly through activating NK cells, DCs and B cells.'®?
Intriguingly, y& T cells are recently unveiled a critical role in
mediating immune response to ICB in MHC I-deficient cancers, in
which PD-1" V81 and V83 T cells are the main contributors.'°*

On the contrary, the pro-tumor activity of y& T cells is largely
attributed to the production of IL-17 which can promote tumor
cell proliferation,’®'® angiogenesis,”®' accumulation of MDSCs,*°
and create an immunosuppressive TME.?®! In addition, pro-tumor
functions of human y& T cells may also result from expression of
other mediators, such as IL-22 and amphiregulin for tumor cell
growth,'®"" PD-L1, galectins (Gal1 and 9), CD86, CD73, IL-10, and
TLR8 for T cell suppression,'®'?'°'* |L-4, IL-10 and inhibitory
receptors (killer Ig-like inhibitory receptors (KIRs), Ig-like transcript
2 (ILT-2), and NKG2A) for inhibitory function of V& T cells,'?2101>
and IL-8 and GM-CFS for MDSCs induction.”®® Together, the roles
of y6 T cells in the tumor milieu are complicated, and further
research is required to fully elucidate the function of distinct
subsets of y& T cells to develop next-generation immunotherapies
harnessing yo T cells.

CURRENT IMMUNOTHERAPIES HARNESSING T CELL IMMUNITY
Given the central roles of T lymphocytes in health and disease,
novel and effective immunotherapies harnessing the T cell
immunity are under extensive development. In this section, we
will briefly introduce the current immunotherapies engaging T cell
function in both cancer and autoimmune disease, with an
emphasis on their clinical implementation and progress.

T CELL-BASED CANCER IMMUNOTHERAPY

Base on the biological roles and the modes of action, T cell-based
immunotherapeutic approaches in cancer mainly include the
following categories: immune checkpoint blockade (ICB) and
costimulation, bispecific T cell engagers (TCEs) and adoptive cell
therapy (ACT).

ICB and costimulation

Immunomodulation of the coinhibitory and costimulatory mole-
cules on T cells has become a powerful and effective strategy for
cancer immunotherapy. Immune checkpoint molecules refer to
the inhibitory receptors expressed on the immune cells and play
immunosuppressive roles upon ligand interactions to maintain
self-tolerance.’®’® CTLA-4 and PD-1 are so far the most potent and
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successful T cell immune checkpoint molecules developed for
cancer therapy in the clinic.'®'’ Since a decade ago the first U.S.
Food and Drug Administration (FDA)-approved checkpoint
inhibitor Ipilimumab, a monoclonal antibody (mAb) targeting
CTLA-4, seven immune checkpoint inhibitors targeting PD-1/PD-L1
and another CTLA-4 mAb Tremelimumab have been consecutively
approved for multiple cancer types (Table 4). Furthermore, there
are nearly 6000 clinical trials assessing anti-PD-1/PD-L1 mAbs—
with majority of FDA-approved ones—as monotherapy or in
combination with other therapies.'®” Besides PD-1/PD-L1, other
immune checkpoint pathways have been developed in the clinic
for cancer therapy, including but not limited to Lag-3, TIGIT, Tim-3,
CD96, BTLA, VISTA and B7H3."°'8'°" Among them, the anti-Lag-3
mAb (Telatlimab) has been approved firstly by FDA for metastatic
melanoma in combination with anti-PD-1 mAb.'%2%'%2" Moreover,
the advanced candidates in phase lll clinical trials are mAbs
targeting Lag-3, TIGIT and Tim-3 (Table 5). In contrast to inhibitory
checkpoints, costimulatory molecules provide critical signals for
effective T cell responses and function, making them promising
therapeutic targets.'®? Thus, mAbs targeting costimulatory
receptors, such as GITR, 4-1BB, ICOS, CD27, CD28, and OX40, are
also under evaluation in clinical trials."®>® However, agonist
antibodies have not exhibited much clinical benefits.'** So far,
most of the programs targeting costimulatory pathways are in
early clinical phases except for one ICOS-stimulatory mAb
Feladilimab entering phase Il trial (Table 5).

Bispecific T cell engagers (TCEs)

Emerging evidence has demonstrated that simultaneously target-
ing two or multiple immunomodulatory molecules display potent
anti-tumor activity while reduce toxicity, leading to the revolu-
tionary development of bispecific antibodies (bsAbs) or even
trispecific antibodies (TsAbs).'%>'%% With the advances in anti-
body engineering, numerous formats have been exploited for
bsAb design (reviewed in ref. 1026). Different from a combination
of two mAbs, bsAbs can either bind to two molecules expressed
on one cell (in-cis binding) or bridge two distinct cells (in-trans
binding) to further enhance the therapeutic efficacy.'®® The
mechanisms of action of bsAbs engaging T cells mainly include
four types: (1) dual-targeting inhibitory checkpoint molecules; (2)
targeting both costimulatory and inhibitory checkpoints; (3)
targeting checkpoints with non-checkpoint molecules; (4) directly
targeting T cells by TCE. Dual-targeting inhibitory checkpoints
usually occurs between PD-1/PD-L1 and other checkpoint
molecules under clinical assessment, such as CTLA-4, Lag-3, Tim-
3, and TIGIT.'9267927 Notably, Cadonilimab, a bsAb targeting PD-
1XCTLA-4, is the first bsAb approved by Chinese National Medical
Products Administration (NMPA) last year for treating relapsed or
metastatic cervical cancer (/mCC)'°*® (Table 4). Besides, KN046
and Tebotelimab, targeting PD-L1xCTLA-4 and PD-1xLAG-3
respectively, are the most advanced bsAb candidates in late-
phase clinical trials (NCT04474119 and NCT04082364) (Table 5).
Other bsAbs, such as PD-1xTim-3, PD-L1xLag-3, PD-(L)1xTIGIT, and
CTLA-4xLag-3, are under evaluation in phase I/ll studies (Table 5).
Co-targeting checkpoint inhibitors and costimulatory molecules
has a synergistic effect on enhancing T cell function and
therapeutic efficacy. BsAbs in this categorg/, including GITRxC-
TLA-4, 4-1BBxPD-L1,'9%° OX40xPD-L1,'"° OX40xCTLA-4,'%
ICOSXPD-L1, and CD27xPD-L1,'°*? are mainly under early clinical
assessment. The non-checkpoint targets involved in bsAbs are
mostly tumor-associated antigens (TAAs) and pro-tumor growth
factors/cytokines.'” Targeting TAAs can increase the tumor
selectivity of immunomodulatory molecules and alleviate systemic
toxicity, whereas inhibiting growth factors/cytokines further
enhances the efficacy of tumor eradication. TAAs used for
immune checkpoint targeting include EpCAM (CD40xEpCAM),
EGFR (PD1xEGFR) and HER2 (PD1xHER2).'%3*1%3% The widely used
growth factors/cytokines are pro-angiogenic VEGF and
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immunosuppressive TGF-f. BsAbs under late-phase clinical devel-
opment are PD-1xVEGF (AK112 and PM8002) and PD-L1xTGFpRII
(M7824 and SHR-1701) (Table 5). Of note, despite the rationale
behind ‘trapping’ TGF-B for cancer therapy,'®> the unsatisfied
clinical results of M7824 (also known as Bintrafusp alfa) in NSCLC
and biliary tract cancers (BTCs)'°*® raise the concern of TGF-
[B-targeting strategy, and further research is required to fully
understand the biology of TGF-3 in TME.

TCEs, also referred to bispecific T cell engagers (BiTEs), are
designed bsAbs co-targeting CD3¢ and specific tumor antigens to
redirect cytotoxic T cells against tumor cells. Various TCE formats
and platforms have been developed and reviewed else-
where.'9371938 TCEs activate T cells independent on MHC
restriction and TCR epitope specificity and have been developed
rapidly and extensively over the years, becoming a promising
immunotherapy. To date, three BiTEs have been approved by FDA
in the market: Blinatumomab (Blincyto; CD19xCD3; Amgen) in
2014 for patients with relapsed/refractory (r/r) B cell precursor
acute lymphoblastic leukemia (ALL), Mosunetuzumab-axgb (Lun-
sumio; CD20xCD3; Roche) for follicular lymphoma, and
Teclistamab-cqyv (Tecvayli; BCMAXCD3; Janssen Biotech) for r/r
multiple myeloma (MM) in 2022. In addition, Elranatamab
(BCMAXCD3; Pfizer) for r/r MM has received FDA and European
Medicines Agency (EMA) filing acceptance which is expected to be
approved in 2023 (Table 4). Apparently, FDA-approved TCEs and
majority of the late-phase TCEs target antigens in hematological
malignancies'®®* (Table 5). Other hematological tumor targets in
early-phase studies include CD38, CD123, CD30, CD33, FcRH5,
FLT3, and CLEC12A.°%% However, compare to liquid tumors,
development of TCEs against solid tumors are much challenging.
Two bsAbs Catumaxomab (EpCAMXCD3) and Tarlatamab
(DLL3xCD3) are so far in phase Il studies, while other TCEs
targeting PSMA, MUC16, EGFR, CEA, HER2, EGFRvlIl, PSCA, and
GPC3 are mostly in early-phase trails (Table 5). The immunological
mechanisms underlying T cell response or non-response to TCEs
are not fully understood. A recent clinical study in MM patients
using BCMAxXCD3 TCE has revealed that the pre-existing T cell
landscape determines the response to TCE. Moreover, effector and
naive CD8™ T cells drive the immunological response to TCE while
the exhausted CD8" T cells are highly associated with the
response failure.'®® One key challenge of CD3-TCEs in treating
solid tumor is the treatment-mediated toxicity, including both
cytokine release syndrome (CRS) and on-target/off-tumor toxi-
city.'037:1041.1092 gayarg| strategies to overcome the adverse events
of TCEs in solid tumors are under both clinical and preclinical
investigations. One important approach is targeting peptide/MHC
(pPMHC) complexes, known as TCR mimetic antibodies. Indeed,
Tebentafusp (Kimmtrak; Immunocore), a CD3 BiTE with TCR arm
recognizing glycoprotein 100 (gp100) peptide presented by HLA-
A*02:01, gained FDA approval in 2022 for the treatment of HLA-
A*02:01-positive patients with unresectable or metastatic uveal
melanoma.'®® The success of Tebentafusp has also become a
major milestone for TCR-based immunotherapies. Another
approach is developing conditional TCEs which are inactive
prodrugs upon administration and gain activation in a tempo-
spatial controlled manner within TME, such as TCEs with a
masking on the binding domain.'*3®

In addition to CD3, alternative approaches targeting costimu-
latory molecules on T cells, such as CD28 and 4-1BB, have also
implemented for TCE development. Engagement of costimulatory
receptors mimics signal 2 for T cell activation. Costimulatory BiTEs
targeting a variety of solid tumors are currently evaluated in phase
I/l trials: MUC16, PSMA, EGFR, PD-L1, HER2, Nectin-4, and FAP
(targeting tumor-associated fibroblasts) (Table 5). 4-1BB costimu-
lation has been demonstrated to remarkedly improve T cell
survival, activation and effector function, which occurs preferen-
tially in CD8" T cells.®* TAAXCD28 BiTEs, when combined with
TAAXCD3 BiTEs, could significantly enhance T cell activation and
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the anti-tumor activity of the CD3 BiTEs.'® The intracellular
domains of CD28 and 4-1BB are widely implemented in the CAR-T
cell generation; CD28 and 4-1BB differ in both expression pattern
on T cells as well as the intracellular signal cascade.'®*® Further
research especially results from clinical studies will help us to
better understand the underlying mechanism of these costimu-
latory signals in cancer immunotherapy.

Adoptive cell therapy (ACT)

In addition to drugs that modulate T cell function, direct T cell
adoptive transfer of autologous or allogenic T cells into patients
has shown substantial promise in cancer immunotherapies.
According to different T cell source and ways of antigen
recognition, ACT mainly divide into three types: chimeric antigen
receptor (CAR)-T cells, TCR-T cells, and tumor infiltrating lympho-
cyte (TIL) therapy. Generally, TIL therapy is adoptively transferring
tumor-specific TILs that are isolated from tumor tissues and
amplified ex vivo, whereas CAR-T cell and TCR-T cell therapies are
based on T cells that are genetically engineered to express
receptors recognizing antigens.

CAR-T cell therapy is one of the most prevalent and advanced
types of ACT. CARs are normally engineered proteins targeting
tumor antigens to enhance the tumor-killing specificity and
efficacy of immune cells, such as T cells, NK cell and macrophages.
A classic CAR is composed of an extracellular antigen-binding
domain, a hinge, a transmembrane region, one or more
costimulatory domains, and an activation domain. The antigen-
binding domain consists of a single-chain variable fragment (scFv)
recognizing antigens. The costimulatory domains—CD28 and/or
4-1BB—are designed to augment T cell activation, proliferation
and effector function. The activation domain is usually the CD3(
domain which transduces activation signaling for T cells.'®” The
structural engineering of CAR-T cells has been gone through five
generations with distinct intracellular functional domains. In
addition to the basic CAR components mentioned above, the
fourth and fifth generation of CAR-T cells contain cytokines or
intracellular domains of cytokine receptors, which can further
enhance the effector function of T cell or adaption to the
immunosuppressive TME.'®*

In the past two decades, CAR-T cell therapy has obtained
tremendous clinical success in treating cancers particularly in
patients with hematological tumors. To date, seven CAR-T
products with five targeting CD19 and two for BCMA have been
approved in the market (Table 4). Candidates in clinical phase llI
pipeline are also targeting CD19 or BCMA (Table 5). CAR-T
therapies targeting antigens in solid tumors are then assessed in
early-phase clinical studies, such as B7H3 (CD276), mesothelin,
alkaline phosphatase, LGR5, Claudin18.2, ROR1, CEA, HLA-G, PSCA,
HER2, Claudiné, GD2, MUC1, and Glypican 3'%*° (Table 5). Like
TCEs, CAR-T therapy faces challenges in solid tumors due to
multiple reasons: tumor antigen heterogeneity and escape,
toxicity, inefficient tumor infiltration, poor persistency, and
immunosuppressive TME.'®*®  Next-generation CAR-T cells for
overcoming those challenges are under extensive investiga-
tions.'**19°% For instance, to avoid tumor-antigen escape as well
as off-target toxicity, dual CARs are designed to co-targeting two
different tumor antigens, such as CD19/CD22, CD19/CD22, GD2/
CD70, GD2/PSMA, EGFR/B7H3, etc. (Table 5). Another creative
approach is applying Boolean logic to CAR-T cells, which can
conditionally control T cell activity to increase T cell specificity and
limit off-target toxicity.'®"'%2 The logic-gates consist of OR-gate,
AND-gate, NOT-gate, IF-THEN-gate and IF-BETTER-gate, and can be
engineered to have constitutive expression or inducible expres-
sion.'%>*71%%5 Most of the logic-gate CAR-T constructs have not yet
been tested in the clinic except for IMPT-314, a CD19/CD20-
targeted bispecific “OR-Gate” CAR-T therapy which has just gained
FDA approval this year in patients with aggressive B-cell
lymphoma. Some future directions for advancing CAR-T therapies
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include but not limit to improving CAR-T cell persistency, function
and tumor infiltration, combination with other therapies, and
development of allogeneic/universal CAR-T cells,'%#8-1950

Despite the potency, CAR-T cells target only surface antigens. In
contrast, TCR-T cells can recognize intracellular antigens, which
greatly increases the tumor target repertoire. TCR-T cells are much
more (at least 100-fold) sensitive to antigens that a low antigen
density is sufficient to activate TCR-T cells.'*%'%7 |n addition, TCR-
T cells adopt a near-to-physiological signaling pathway compared
to CAR-T cells."®® Such enhanced sensitivity and avidity of TCR-T
cells markedly improve their tumor cell recognition and killing
efficacy. However, TCR-T cells recognize peptide/HLA complexes
with HLA restriction, which limits their application in certain
patient populations. Currently, TCR-T cell therapies have not yet
been approved in the market but are assessed in early-phase
clinical trials (Table 5). Given the high sensitivity of antigen
detection, antigen selection is crucial for developing safe TCR-T
therapies. According to the biological function, tumor antigens
developed and evaluated for TCR-T therapy in the clinical trials are
tissue differentiation antigens (MART-1, gp100, CEA and WT1),
cancer germline antigens (MAGE-A and NY-ESO-1), viral antigens
(HPV, HBV, Merkel cell polyomavirus (MCPyV), and EBV), mutation-
associated neoantigens (p53, KRAS®'?Y, and KRAS®'?P) as well as
TAAs (mesothelin and CD19) (Table 5). TCR-T cell therapy also
faces challenges such as treatment-associated toxicity, tumor
antigen escape, low tumor infiltration and suppressive tumor
milieu.'®*® Besides, identification of tumor epitope-specific TCRs is
complex. The advances of high-throughput screening using
peptide libraries and barcoded tetramers and scTCR-seq facilitate
the identification of antigen-specific TCRs.'%>%71%¢

TILs, compared to non-TlLs, display mostly effector memory T
cell phenotype, can be activated and expanded ex vivo, and
possess chemokine receptors for migration toward TME, thus

severing reat immunological reactivity against tumor
cells.9621%83 Although TILs can be separated from resected solid
tumor tissues, the cell number is inadequate for cancer

immunotherapy. High dose IL-2 exposure and nonmyeloablative
lymphodepletion are key procedures to provide enough TILs for
infusion and enhance the therapeutic effectiveness.'9®*10
Currently, TIL therapy has been evaluated in the clinical studies
in multiple solid tumor types, such as melanoma, breast cancer,
biliary tract cancer, CRC, NSCLC, gastrointestinal, and gynecologi-
cal cancers (Table 5). Though no TIL therapy has been approved
yet, the most advanced TIL product is lifileucel (LN-144),
developed by lovance Biotherapeutics, and has just completed
its Biologics License Application (BLA) submission for unresectable
or metastatic melanoma. Notably, the BLA application for lifileucel
is supported by positive clinical data of a phase Il study (C-144-
01).'%%® Besides the common challenges for T cell therapies, TIL
therapy faces a key obstacle of TIL preparation. TIL therapy is the
most personalized treatment; therefore, the specific TILs product
must be prepared for each patient.'”®’ Several strategies have
been developed to overcome this issue, such as CD8" enriched
young TILs,'%%® rapid expansion by anti-CD3 antibody, IL.-2 and
feeder cells,'° generating artificial APCs for TIL expansion,'®”®
and incorporation of costimulatory signals.'®”" Additionally,
combination of TILs with other anti-tumor therapies are also
developed and tested in clinical and preclinical studies.'®”?

T CELL-BASED IMMUNOTHERAPIES IN AUTOIMMUNE
DISEASES

For autoimmune diseases, traditional therapeutic drugs mainly
include three classes: nonsteroid anti-inflammatory drugs
(NSAIDs), steroid anti-inflammatory drugs (SAIDs), and disease-
modifying antirheumatic drugs (DMARDs). While NSAIDs and
SAIDs are effective for pain relief and inflammation inhibition,
DMARDs are mainly reducing the tissue damages caused by
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severe inflammation.'”® In recent decades, biological drugs
targeting inflammatory cytokines, receptors and signaling mole-
cules have been developed and displayed great effective-
ness.5>2197% Among all, Th1- and Th17-associated cytokines, such
as TNF-a, IL-12, IL-6, IL-23, and IL-17, are critical for the
development and pathogenesis of autoimmune diseases, thus,
have been extensively studied and developed for treating multiple
autoimmune diseases. A number of neutralizing antibodies or
fusion proteins targeting inflammatory signaling pathways have
been approved in the market: TNF-a (Infliximab, Etanercept,
Adalimumab, Certolizumab, and Golimumab), IL-12/IL-23 (Usteki-
numab), IL-6 (Siltuximab), IL-6R (Tocilizumab, Sarilumab, and
Satralizumab), IL-23 (Guselkumab, Tildrakizumab, and Risankizu-
mab), IL-17 (Secukinumab and Ixekizumab), and IL-17RA (Broda-
lumab).®”>'%76  The JAK-STAT pathways, mediating the
intracellular signal transduction downstream of cytokine recep-
tors, have also been targeting by small molecule inhibitors for
autoimmune diseases.'®””'%’8 |n addition, B cell depletion by
mAbs targeting various B cell types, such as anti-CD19, anti-CD20
and anti-CD22, have shown beneficial effects in autoimmune
disorders.'*”®

CAR-T and CAAR-T cell therapy

Intriguingly, CAR-T cell-based immunotherapies have emerged
increasing interest in autoimmune diseases and demonstrated
promising clinical efficacy.'®*'%" Based on the recognition
specificity of CARs, four strategies have been developed for
CAR-T therapies in autoimmune manifestation: (1) CAR-T cells
targeting autoreactive B cells; (2) Chimeric autoantibody receptor
T cells (CAAR-T cells) expressing autoantigens that interact with
autoantibodies on B cells; (3) CAR-T cells expressing pathogenic
PMHC complexes recognized by autoreactive T cells; (4) CAR-T,q
cells recognizing autoantigens and exerting immunosuppressive
activity.'®21983 B cell depletion has become an important
therapeutic strategy in autoimmune diseases.'®®* CAR-T cells
targeting pan-B cell antigens or plasma cells, such as CD19 and
BCMA, can eliminate autoantibody-producing B cells; thus, exhibit
strong therapeutic effects in both preclinical'®®~'%%7 and particu-
larly clinical autoimmune conditions.'®® %% Several CAR-T
products targeting CD19 or BCMA or these two simultaneously
are under early-phase clinical studies (Table 5). However, pan-B-
cell depletion has side effect of lacking immunoglobulins.'? To
specifically target autoimmune B cells, CAAR-T cells which express
autoantigens instead of traditional scFv have been developed.
Hence, autoantigen recognition by autoreactive B cells leads to
specific killing of pathogenic B cells by CAR-T cells.®' A number
of autoantigens have been identified highly associated with
various types of autoimmune diseases.'®? CAAR-T cells expressing
pemphigus vulgaris (PV) autoantigen desmoglein-3 (Dsg-3) and
muscle specific kinase (MuSK) have been tested in phase | clinical
trials for patients with mucosal-dominant PV and MuSK-
myasthenia gravis, respectively'9%>'%%* (Table 5). Similarly, CAR-T
cells expressing the ectodomains of pMHC complexes can
specifically interact and eliminate pathogenic T cells.'®* For
instance, CAR-T cells expressing |-A%7-B:9-23 (R3) complex that the
insulin B-chain peptide B:9-23 is presented by MHC I, directly
target pathogenic B:9-23-specific CD4" cells and significantly
delay the onset of diabetes.'®® Likewise, genetically engineered
CAR-T cells with insulin B chain peptide fused with MHC |
component 32 microglobulin (32m) could reduce the pathogenic
CD8" T cells and ameliorate diabetes in NOD mice.'*%°

CAR-T g cell therapy

Given the potent immunosuppressive activity of T4 cells,
therapeutic strategies harnessing T..q cell function have been
proposed to restore immune tolerance in autoimmune diseases.
Low-dose IL-2 therapy and engineered IL-2 with different
selectivity to IL-2R (IL-2 muteins) which can preferentially induce
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Treg cell expansion and function without activating autoreactive
Teff cells have demonstrated clinical efficacy in various auto-
immune diseases.'®”'%%® However, due to lacking of specificity,
polyclonal T.4 cells have compromised suppressive activity,
whereas CAR-T,oq cells with engineered CAR modules directing
against autoantigens display stronger suppression of effector
function.'”® CAR-T,, cells have been extensively studied in
preclinical models by targeting different autoimmune antigens,
including MOG for EAE,"'% 2,4 6-trinitrophenyl (TNP),''®" and
CEA""®2 for colitis, citrullinated vimentin (CV) for RA,''*® as well as
insulin for T1D.""%* In organ transplantation, HLA-A2 is commonly
mismatched. CAR-T.q cells designed to express HLA-A*02 CAR
have been shown to induce immunosuppression of allograft-
specific effector T cells and prevent graft-versus-host disease
(GVHD) in preclinical models."'%>'1% Therefore, two phase I/l
clinical trials of HLA-A2-CAR-T 4 cells (TX200-TR101 and QEL-001)
have been registered for organ transplantation (Table 5).

CONCLUSIONS

T cells are essential for functional immune responses. In this
review, we summarize the current understandings of T cell
development, CD4" and CD8" o T cell and y& T cell subsets, fate
decision and regulation, functional roles in pathophysiological
conditions, especially in infectious diseases, chronic infection and
tumors and autoimmune diseases as well as immunotherapies
harnessing T cell function in preclinical and clinical development.
Cytotoxic T cells, including both CD8* and CD4* CTLs, can directly
eliminate infected or malignant cells, while CD4™ T helper cells
mainly regulate/help both innate and adaptive immune responses
through costimulation and cytokine signals. Major effector T cells,
including different CD4" Th cells, effector y& T cells and CD8™" T¢
cells are summarized regarding to their cellular and molecular
characteristics (Table 6). Appropriate T cell immunity is essential
for maintaining host homeostasis and preventing infections and
malignancy, whereas aberrant T cell immune responses elicit and
promote pathogenesis, tumor growth and autoimmune disorders,
which may also affect its application in immunotherapy, such as
CAR-T cell-induced CRS."'”

T cell immunity is extremely critical but complex with significant
cell heterogeneity, differentiation plasticity, functional diversity
and exquisite regulatory mechanisms, which also display context-
dependent features. For instance, upon acute infection, both
CD4" and CD8* T cells differentiate into effector CD8™ T cells with
robust expansion and cytotoxic functions, whereas those in
chronic infection develop into exhaustion state with progressive
loss of effector function and elevated inhibitory phenotype. The
discrepancy of either tumor-promoting or tumor-protective effects
of Th2, Th17, Th9, T,eq, and Ty817 cells is mainly attributed to
different tumor types. The differentiation plasticity of Th17 cells in
tumor and autoimmune diseases is also highly dependent on the
microenvironmental niche. The heterogeneity, plasticity and
instability of T,eq4 cells, such as Th-like T,.q and exFoxp3 T4 cells,
play important and contradictory roles in autoimmune diseases.
The diverse T cell differentiation and function depend on distinct
but intersected molecular regulations at transcriptional, epigenetic
and metabolic levels.

Despite a comprehensive elaboration on multiple aspects of
T cells, some limitations in this review are: (1) classic af T and y&
T cells are mainly focused here, while rare T cell populations such as
mucosal-associated invariant T (MAIT) cells and NKT cells also play
essential roles in immune responses. (2) Most of the current
understandings on T cell immunity are derived from mouse studies,
albeit highly evolutionary conservation between mouse and human,
T cell response in human subjects is more clinically relevant. (3)
Universal features of T cells signature and function in each disease
setting are summarized. However, context-specific T cells are
present in response to discrete types of pathogens or cancers. (4)

SPRINGERNATURE

We mainly summarized T cell immunity at the cellular level
regarding to cell development, differentiation and functionality,
whereas the molecular signaling pathways are important to
understand the underlying mechanisms. For instance, TCR signaling
pathway is critical for T cells in almost every aspect and contributes
to human health and disease, which has been comprehensively
reviewed recently.''®® Collectively, given the importance and
complexity of T cell immunity, both comprehensive and delicate
research are required to fully reveal T cell signature and function.
Especially with the advances in single-cell technologies, future
investigations need to focus on characterizing new T cell subsets,
context-specific T cell heterogeneity, functional states, differential
plasticity, dysfunction and programmability to provide insights into
novel therapeutic strategies in human diseases.
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