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ABSTRACT In recent years the crucial role of CD4* T cells in tumor immunomodulation has garnered increasing recognition. While conventional
cancer immunotherapy research has predominantly focused on the cytotoxic function of CD8" T cells, emerging evidence has now
shown that CD4" T cells enhance antitumor immunity by delivering co-stimulatory signals, secreting cytokines, and promoting
cytotoxic T lymphocyte (CTL) activation and display unique immunoregulatory capabilities through direct tumor cell killing or
remodeling of the tumor microenvironment. The high heterogeneity and functional plasticity of CD4* T cell subsets significantly
influence clinical responses to immunotherapy with underlying mechanisms involving multi-level regulatory networks, including
epigenetic modulation and metabolic reprogramming. Deciphering the functional heterogeneity of CD4* T cells and the interactions
with the tumor microenvironment will provide essential mechanistic insights for next-generation immunotherapies, such as immune
checkpoint inhibitors and chimeric antigen receptor T (CAR-T) therapies, thereby advancing personalized treatment paradigms.
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Introduction lymphocyte (CTL) responses, and maintaining immune home-
ostasis"2. Moreover, emerging research has further elucidated

. . o the functional mechanisms underlying cytotoxic CD4* T cell
With the emergence of immunotherapy as a promising can-

cer treatment strategy, CD4" T cells have attracted significant
attention due to a critical role in mediating antitumor immune
responses. As a key immunologic component that expresses
the T cell receptor (TCR), CD4* T cells are known to perform
cytokine-mediated helper functions and directly lyse target
cells. CD4" T cells possess potent immunomodulatory capa-
bilities with considerable therapeutic potential. CD4" T cells
exhibit a broad range of antitumor effects, including a criti-
cal role in acquired immunity, promoting antibody produc-
tion by B cells, enhancing CD8* T cell-mediated cytotoxic T

subsets in the context of cancer immunotherapy®. This manu-
script begins with a discussion involving the biological funda-
mentals of CD4" T cells, including the activation mechanisms,
subset heterogeneity, and differentiation regulatory networks
within the tumor microenvironment (TME), to examine the
dual roles in the context of cancer, encompassing the capacity
to enhance anti-tumor immunity and the detrimental effects
in tumor immune escape. Specifically, this review provides a
comprehensive analysis of the exhaustion characteristics and
mechanisms underlying CD4" T cells in the TME utilizing
single-cell RNA sequencing (scRNA-seq) technology and
highlights the interplay between immunologic tolerance and
tumor-associated immune resistance. This review also under-

. . _ scores recent clinical advances in immunotherapy, including
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The biological characteristics of
CD4* T cells

Activation mechanisms underlying CD4* T
cell-mediated antitumor immunity

Tumor immunotherapy induces durable antitumor responses
by activating T cells, which begins with the release of tumor-
associated antigens (TAAs) from dying tumor cells. These
TAAs are presented to naive T cells in tumor-draining lymph
nodes (TDLNs), which initiate the activation of tumor-specific
CD4" T cells necessary for systemic antitumor immunity*°.
Naive T cells are derived from hematopoietic stem cells in the
bone marrow and mature in the thymus, where cytokines and
stromal cells support T cell development®. T cell maturation is
a multi-step process, during which the expression of a func-
tional TCR is a pivotal event”. This TCR specifically recognizes
peptide-major histocompatibility complex (MHC) complexes
presented by antigen-presenting cells (APCs), such as conven-
tional type 1 dendritic cells (cDCls) and cDC2s. These APCs
capture tumor antigens from the TME and migrate to TDLNs
for antigen presentation, representing the first signal required
for CD4" T cell activation®®. The second signal for activation
is co-stimulation, which primarily occurs via CD28 receptor
binding to CD80/CD86 molecules on APCs. This interaction
activates signaling pathways, including PI3K/AKT/mTOR
and NF-xB!°. Moreover, the inducible co-stimulator (ICOS),
a member of the CD28 family, and the ICOS ligand (ICOSL)
enhance cytokine production, thereby contributing to T cell
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activation!!12, Co-stimulatory molecules in the tumor necro-
sis factor receptor (TNFR) superfamily, such as CD27, CD40,
and OX40, also provide additional co-stimulation by binding
to respective ligands, thereby exerting effects similar to the
CD28 family!'*!>. This binding contributes to the activation
of CD4" T cells and CD8* CTLs. A third signal, mediated by
cytokines in the TME, is involved in influencing the differen-
tiation of CD4" T cells'®. This process involves conventional
signal transduction and nutrients, which act as signaling mol-
ecules that help regulate T cell function. Some studies suggest
that nutrients may serve as a fourth signal licensing T cell
immunity, although this concept has not gained widespread
acceptance (Box 1).

Heterogeneous characteristics of CD4* T cell
subsets

CD4" helper T (Th) cells represent a heterogeneous popula-
tion that can differentiate into various subsets in response to
cues from the TME. This plasticity enables CD4* T cells to
serve as central coordinators of antitumor immune responses.
The classification of CD4" T cell subsets originated from sem-
inal studies involving Th1/Th2 cells*’. Th1 and Th2 cells are
defined by signature cytokine secretion profiles, as follows:
Thl cells primarily produce interferon-y (IFN-y), interleu-
kin-2 (IL-2), and tumor necrosis factor-alpha (TNF-a.); and
Th2 cells are characterized by the production of IL-4, IL-5, and
IL-13. The introduction of the Th1/Th2 paradigm marked a
new phase in the study of CD4"* T cell subsets. To date, several
conventional subsets have been identified within the TME,

Box 1 Nutrients: signal 4 in T cell immunity

Signaling pathways are crucial during CD4* T cell activation and differentiation but after activation immune cells undergo metabolic
reprogramming from oxidative phosphorylation (OXPHOS) to aerobic glycolysis. Recent studies emphasize the importance of nutrients
in regulating T cell immune responses, influencing activation, differentiation, and antitumor immunity. In addition to signals 1-3, T cells
utilize nutrient availability and metabolism to establish a distinct 'signal 4’ through coordinated transport, sensing, and signaling’”-1°.
Upon encountering tumor antigens, naive T cells are activated via the TCR and CD28, initiating the PI3K/AKT/mTOR pathway. This pathway
drives metabolic reprogramming, enhancing glycolytic factors, like MYC and hypoxia-inducible factor-1 alpha (HIF-1a), and increases
glucose uptake through glucose transporters (GLUTs)?°. GLUT1 deficiency impairs glucose uptake and glycolysis, affecting effector T cell
survival and differentiation. However, regulatory T cells (Tregs) are less affected. Excessive GLUT1 expression disrupts Forkhead box protein
P3 (FOXP3), destabilizing the Treg lineage?'. Metabolic reprogramming also involves amino acids and fatty acids. Leucine and glutamine
promote Th1 and Th17 differentiation by regulating DNA and histone methylation. Th17 cells are less dependent on glutamine but rely on
leucine to suppress Th1 differentiation®?%3. Tregs mainly depend on fatty acid oxidation (FAO) and exhibit increased AMP-activated protein
kinase (AMPK) activity, supporting survival and stability?4. Tumor cells consume nutrients and produce metabolic byproducts, like lactate,
which accumulates in the TME. Lactate enhances Treg function and promotes Treg differentiation from naive CD4* T cells, while inhibiting
Th1 and Th17 differentiation, contributing to an immunosuppressive environment that favors tumor progression®. Mechanistically,
lactate decreases Th1 cell levels by inducing deacetylation and degradation of T-bet via sirtuin 1(SIRT1)%°. Lactate also activates lactate
dehydrogenase A (LDHA) in naive CD4* T cells, converting alpha-ketoglutaric acid (a-KG) to 2-hydroxyglutaric acid (2-HG), which inhibits
ATP5B, suppressing mTOR, HIF-1a, and FOXP3 degradation. This cascade favors Treg differentiation and inhibits Th17 differentiation?”28,
Recent studies have also explored the role of lactate in promoting Treg differentiation through a transforming growth factor-beta (TGF-p)-
dependent mechanism?®. These findings highlight the complex relationship between T cell metabolism and immune regulation, providing
new opportunities for optimizing antitumor therapies by targeting nutrient pathways.
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including Th1, Th2, Th17, Th9, Th22, follicular helper T (Tth)
cells, and Treg cells (Figure 1)3.. These subsets form a broad
and intricate network, underscoring the diverse and complex
roles of CD4" T cells in the tumor context.

The advent of scRNA-seq and spatial transcriptomics has
greatly advanced our understanding of CD4* T cell hetero-
geneity. scRNA-seq enables high-resolution profiling of indi-
vidual T cells, uncovering distinct transcriptional states and
functional potentials. Among commonly used platforms, 10x
Genomics (Pleasanton, CA, US) offers high-throughput sur-
face marker analysis, while Smart-seq2 (Illumina, San Diego,
CA, US) provides greater sensitivity for low-abundance and
full-length transcripts. These technologies have facilitated the
discovery of novel CD4" T cell subsets and states in human
cancers2. scRNA-seq revealed two distinct CD4" T cell sub-
sets in bladder cancer with differing clinical significance, as
follows: PD-1MCD200M cells exhibit pro-angiogenic proper-
ties and mediate therapeutic resistance via the UTP-P2RY6
axis; and PD-1"MCD200%" cells are associated with improved
clinical outcomes®. Integrated single-cell RNA and TCR
sequencing also delineated CD4* CTLs, including granzyme B
(GZMB)* and granzyme K (GZMK)* subsets, which are capa-
ble of killing MHC-II-restricted tumor cells***°. scRNA-seq
further facilitated the identification of rare immunosuppres-
sive Treg populations in non-small cell lung cancer (NSCLC),
such as tumor necrosis factor receptor superfamily member
9 (TNFRSF9)* Tregs, which overexpress inhibitory molecules,
including layilin (LAYN) and correlate with poor prognosis®.
Spatial transcriptomics enables the identification of distinct
cell populations, while preserving spatial localization within
tissue and providing critical data on the relationships between
cellular function, phenotype, and anatomic context within
the TME?’. Spatial transcriptomics in pancreatic ductal ade-
nocarcinoma revealed that chemokine (C-X-C motif) ligand
13 (CXCL13)* effector CD4" T cells were enriched at the
tumor periphery. These CXCL13* CD4" T cells exhibited a
more favorable response to immunotherapy compared to T
cells within the tumor core®. Importantly, several of these
transcriptionally distinct populations have shown potential as
clinical biomarkers. For example, circulating CXCR3* CCR6*
CD4" T cells have emerged as a non-invasive predictive indi-
cator of response to anti-PD-1 therapy®®. In summary, these
findings highlight the profound heterogeneity and functional
plasticity of CD4* T cells within the TME.

Differentiation regulatory networks of CD4*
T cells in the TME

The differentiation of CD4* T cells is governed by specific
stimulation conditions that modulate the expression of key
transcription factors, thereby determining the developmen-
tal trajectory and subsequent production of cytokines. The
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diversity of the cytokine signal underlies the functional plas-
ticity of CD4* T cells, driving the proliferation and polari-
zation into distinct effector subsets. Naive CD4* T cells can
differentiate into various subsets depending on the signals
encountered. This differentiation is not a rigid, linear pro-
gression but rather a dynamic and tightly regulated struggle
that is orchestrated by master transcription factors and shaped
by complex signaling networks and molecular interactions*.
The differentiation of Th1 cells provides a classic paradigm of
cytokine-directed Th cell specialization. This process requires
two essential cytokines (IL-12 and IFN-y)*.. Upon cytokine
stimulation, specific members of the signal transducer and
activator of transcription (STAT) family are activated to drive
lineage commitment*. The Thl differentiation program
involves the following: neutralization of IFN-y (the character-
istic cytokine of Th1 cells) in vitro significantly impairs Th1
differentiation in the IFN-y/STAT1 pathway; the IL-12/STAT4
pathway cooperates with IFN-y signaling; and synergistic
induction of the major transcription factor, T-box expressed
in T cells (T-bet) suggests core transcriptional regulation.

Thl cell differentiation is negatively regulated by Th2-
polarizing cytokines, particularly IL-4 and the master tran-
scription factor, GATA3. Recent studies have identified
additional cytokine-mediated mechanisms that extend beyond
classical differentiation pathways. For example, Wen et al.
demonstrated that IL-16 activates GSK signaling suppresses
glutaminase activity in Thl cells, thereby preventing glu-
tamine hydrolysis into glutamate and elevating intracellular
glutamine levels. This metabolic reprogramming promotes
antitumor Thl differentiation and enhances the efficacy of
PD-L1 blockade. Clinically, high IL-16 expression correlates
with significantly improved survival in immune checkpoint
blockade (ICB)-treated patients, positioning IL-16 as a predic-
tive biomarker and a potential co-target for immunotherapy*’.
In addition to cytokines and lineage-specifying transcription
factors, other regulatory elements modulate CD4* T cell fate.
Interferon regulatory factors (IRFs), especially IRF-1 and IRF-
2, are induced by IFN-y and act as transcriptional repressors
to inhibit Th2 differentiation*%. An alternative IRF1 isoform,
IRF1A7, impairs full-length IRF1 activity at the I112rb1 pro-
moter, resulting in diminished IFN-y secretion by Thl cells.
IRF1A7 is enriched in the TME, the inhibition of which has
been shown to potentiate Th1-mediated antitumor responses™®.
Runt-related transcription factor (RUNX) has key roles in T
cell development by repressing CD4" T cell gene expression
in naive T cells, thereby favoring CD8" T cell lineage commit-
ment. RUNX3 modulates CTL differentiation within the TME
by limiting T-bet overexpression. This restraint on terminal
differentiation helps preserve the memory potential of nas-
cent CTLs"**7. The differentiation of Th1 cells is orchestrated
by a T-bet-centered transcriptional network that integrates
signals from STAT family proteins, RUNX factors, and other
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Figure 1 Activation and differentiation mechanisms underlying major CD4* T cell effector subsets. APCs capture the tumor antigens pre-
sented by tumor cells and present the tumor antigens to the TCR on the surface of naive T cells via the MHC-II, serving as the first signal for
the activation of CD4"* T cells. The co-stimulatory signals between the ligands and receptors expressed on APCs and T cells serve as the second
signal for CD4* T cell activation, such as the interaction between CD40L\ICOSL expressed on CD4* T cells and the homologous receptor CD40\
ICOS on APCs. Cytokines in the TME act as the third signal to activate distinct signaling pathways in CD4* T cells. The nutrients are transported,
sensed, and signal pathways act as the fourth signal to initiate metabolic reprogramming. Th1 cell differentiation: polarization factors (IFN-
y and IL-12) promote the expression of chemokine receptors (CXCR3\CCR1\CCR2\CCR5) of the Th1 subgroup and promote the expression
of the master transcription factor (T-bet) through STAT1/STAT4 and eventually secrete IFN-y, TNF-a, and IL-2. Th2 cell differentiation: IL-2
and IL-4 promote the expression of chemokine receptors (CCR1\CCR2\CCR3) of the Th2 and promote the expression of the GATA3 through
STAT6 and eventually secrete IL-4, IL-5, and IL-13. Th9 cell differentiation: IL-4 and TGF-p promote the expression of chemokine receptors
(CXCR3) of the Th9 and promote the expression of the PU.1 through STAT6 and eventually secrete IL-9. Th17 cell differentiation: IL-6, IL-1,
and TGF-B promote the expression of chemokine receptors (CCR4\CCR9) of the Th9 and promote the expression of the RORyt through STAT3
and eventually secrete IL-17 and IL-22. Th22 cell differentiation: IL-6 and TNF-a. promote the expression of chemokine receptors (CCR4\
CCR6\CCR10) of the Th22 and promote the expression of the AHR through STAT3 and eventually secrete IL-22. Tfh cell differentiation: IL-6
and IL-21 promote the expression of chemokine receptors (CXCR5) of the Th22 and promote the expression of the BCL6 through STAT3 and
eventually secrete IL-21. Treg cell differentiation: TGF-$ promotes the expression of chemokine receptors (CCR4) of the Treg and promote
the expression of the FOXP3 through STAT5 and eventually secrete TGF-B. AHR, aryl hydrocarbon receptor; APC, antigen-presenting cell; BCL6,
B-cell lymphoma 6 protein; CCR1, C-C motif chemokine receptor 1; CD40L, CD40 ligand; CXCR3, C-X-C motif chemokine receptor 3; FOXP3,
forkhead box P3; GATA-3, GATA binding protein 3; ICOS, inducible T-cell co-stimulator; IFN-y, interferon gamma; IL, interleukin; MHC, major
histocompatibility complex; PU.1, purine-rich box 1; RORyt, RAR-related orphan receptor gamma, isoform t; STAT, signal transducer and acti-
vator of transcription; T-bet, T-box transcription factor; TCR, T cell receptor; Tfh, follicular helper T cells; Th, T helper cell; TNF-q, tumor necrosis

factor alpha; Treg, regulatory T cells. The figure was created with BioRender.com.
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modulators. This regulatory framework ensures lineage com-
mitment and functional competence of Th1 effector cells.

Multi-dimensional roles of CD4" T
cells in tumor immunology

Molecular basis of direct tumor cell
cytotoxicity by CD4* T cells

CD4* CTLs

CD4* CTLs are distinguished from conventional CD4" T cells
by an ability to directly lyse target cells, complementing the
cytotoxicity of CD8* T cells. Although CD4" CTLs exhibit
lower effector potency compared to CD8* CTLs, CD4* CTLs
still mediate significant tumoricidal activity, particularly when
present in large numbers within the TME. This functional
compensation becomes especially important in cases of tumor
MHC-I loss, in which CD8" T cell responses are impaired*3.
A study by Chun et al. found no significant difference in
CD8" T cell infiltration between tumor and normal tissues.
However, CD4" T cells were more abundant in tumors and
exhibited distinct compartmentalization. CD4* CTL subsets
were enriched in tumors with the following two specialized
populations identified: GZMB™ (9% of FOXP3~ CCR7~ CD4*
T cells); and GZMK™ (16% of FOXP3~ CCR7~ CD4" T cells).
Bladder cancer cells maintained MHC-II expression, allowing
recognition by CD4* CTLs. Flow cytometry of 11 other blad-
der tumor specimens confirmed that CD4" CTLs produced
effector cytokines and underwent clonal expansion®®. These
tumor-infiltrating CD4" T cells demonstrated cytotoxic activ-
ity, inducing tumor cell apoptosis. Moreover, the infiltration
of CD4* CTLs correlated with clinical responses to anti-PD-1
therapy, a finding replicated in NSCLC studies, underscoring
the critical role of CD4" CTLs in enhancing checkpoint immu-
notherapy efficacy®®. CD4* CTLs represent a unique subset of
CD4" T cells endowed with antigen-specific cytotoxic capac-
ity. However, this population currently lacks definitive surface
markers, making the identification of discriminative markers
to distinguish CD4* CTLs from other Th subsets an active area
of investigation. CD4* CTLs share key transcriptional regula-
tors with Thl cells, including T-bet and RUNX3 expression.
Notably, although Thl-polarizing cytokines, like IL-12, can
potentiate CD4* CTL cytotoxicity, these Thl-associated fea-
tures are dispensable in CD4* CTL development and function.
Analysis of CD4* CTL origins revealed that the differentiation
of CD4" CTLs depends on IL-2. Preclinical murine melanoma
models demonstrated that IL-2-induced BLIMP-1 expression
in CD4" T cells promotes CTL differentiation via STATS,
although BLIMP-1 deficiency only partially reduces the effec-
tor capacity of CD4* CTLs!. IL-2 also upregulates CRTAM
expression, enabling CD4* T cells to acquire cytotoxicity
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through an Eomesodermin (EOMES)-dependent pathway.
Targeting CRTAM enhances CD4" CTL function in preclin-
ical settings because CRTAM* CD4* CTLs exhibit stronger
cytotoxic activity in murine TC-1 lung cancer models with the
CRTAM™" CD4" CTL infiltration closely correlated to reduced
tumor size. However, the transient nature of CRTAM expres-
sion limits utility as a reliable marker. Overall, identifying pre-
cise and definitive markers remains a key focus in CD4* CTL
research®3, CD4" CTLs are widely present in humans and
mice. CD4" CTL differentiation is programmed according to
environmental requirements and consequently produces dif-
ferent direct cell killing effects. CD4* CTL can produce cyto-
toxicity through direct expression of GZM, perforin (PREF),
and other granule-associated proteins (Figure 2)°*5. Studies
in melanoma have shown that CD4* CTLs mediate tumor cell
apoptosis through the tumor necrosis factor-related apopto-
sis-inducing ligand (TRAIL) pathway>®.

Cytokines

IFN-v has direct antiproliferative and pro-apoptotic effects by
reprogramming genes involved in cell cycle regulation, pro-
liferation, and metabolism. IFN-y inhibits cell cycle progres-
sion, suppresses tumor proliferation, induces cell quiescence,
promotes senescence, and triggers apoptosis via classical sig-
naling pathways>”>%. Immunohistochemical analysis of brain
tumor samples has shown that IFN-y reduces endothelial cell
density and induces vascular disruption, leading to tumor
necrosis. Angiogenesis is regulated by a balance of pro- and
anti-angiogenic factors, with VEGF serving as a key pro-an-
giogenic molecule in tumors. Tumor-associated macrophages
(TAMs) are major VEGF producers. Studies have shown that
IFN-y downregulates VEGF in brain tumors, suppressing
angiogenesis and promoting vascular disruption and necrosis.
Additionally, IFN-y enhances monocyte/macrophage infiltra-
tion into tumors while inhibiting TAM differentiation, thereby
reducing TAM polarization and VEGF expression, ultimately
attenuating tumor angiogenesis®®-62,

Tumor necrosis factor-o. (TNF-a) is produced by CD4* Th1
cells and exerts biological effects by binding to tumor necro-
sis factor receptor 1 (TNFR1) and TNFR2. TNF-a activates
signaling pathways by binding to TNFR1, including MAPK
and NF-xB, which transmit pro-apoptotic signals in tumor
and endothelial cells, thereby disrupting the structure and
function of tumor vasculature®®. In addition, TNF-a has been
shown to play a crucial role in regulating the cell cycle, influ-
encing cell proliferation and growth®. Although research on
cytokines has mainly focused on individual factors, the com-
bined effects of TNF-a and IFN-y in anti-tumor immunity
and therapy have not been established. Studies have shown
that the TNF-o and IFN-y combination enhances tumor cell
killing®. TNF-a and IFN-y exhibit anti-tumor effects in vitro
and in vivo with recombinant TNF-a and IFN-y showing anti-
proliferative effects on pancreatic cancer cells®. TNF-a and
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Figure 2 The dual role of CD4* T cells in tumor immunity. CD4* T cells have complex roles in tumor immunity, including direct killing of
tumor cells, indirect antitumor functions, and immunosuppressive effects. (A) Direct tumor cell killing. CD4* T cells directly interact with
and kill cancer cells in an MHC-dependent manner or via the TRAIL pathway or by secreting GZM/PRF to induce tumor cell cytotoxicity.
Furthermore, CD4* T cells can secrete cytokines, such as IFN-y or TNF-a, to inhibit tumor angiogenesis and the proliferation of tumor
cells. (B) Indirect antitumor functions. CD4* T cells secrete IL-2 to enhance the effector function of CD8* T cells or promote CD8* T
cell activation through interactions with dendritic cells. Additionally, CD8* T cells stimulate antibody production by activating B cells. (C)
Immunosuppression FOXP3-expressing Treg cells inhibit or kill CD8* T cells by competitively binding to co-stimulatory receptors (CD80/
CD86) on dendritic cells through the expression of inhibitory receptors, such as CTLA-4, or by secreting cytokines, such as TGF-g, IL-10, IL-35,
GZM, and PRF. Additionally, Treg cells can competitively acquire IL-2, thereby preventing IL-2 signaling in effector T cells. CTLA-4, cytotoxic
T-lymphocyte antigen 4; DC, dendritic cell; GZM, granzyme; PRF, perforin; TGF-B, transforming growth factor beta; TRAIL, tumor necrosis
factor-related apoptosis-inducing ligand.

IFN-y promote NF-kB-mediated apoptosis in colorectal can-
cer by enhancing Fas expression®”’. Nitric oxide and PI3K sig-
naling are involved in the synergistic pro-apoptotic effects®.
In addition, the TNF-a/IFN-y combination induces tumor
cell senescence by altering cell cycle regulation and inhibiting
tumor growth through blood vessel normalization®. Studies

Synergistic enhancement mechanisms
of CD4" T cells on CD8* T cell anti-tumor
function

CD4" T cells are essential in facilitating the proliferation and

on the mechanism of combined application of TNF-a and
IFN-y have revealed that IFN-y enhances the sensitivity of
endothelial cells to TNF, inducing selective killing of tumor
endothelial cells by TNF and inhibiting tumor growth?.

differentiation of CD8" T cells. This helper function is exem-
plified by enhanced recruitment efficiency, increased prolifer-
ative capacity, and improved effector functions of CD8* T cells
within the TME.



48

Th cells activate CD8* T cells

The maintenance of CD8* T cell quantity and functional com-
petence depends on IL-2-producing Th cells. Adoptive trans-
fer experiments have demonstrated that Th cells isolated from
IL-27"~ mice fail to induce tumor regression in tumor-bearing
recipients. In contrast, Th cells derived from IL-2*/* mice
effectively suppress tumor growth”!. Bos et al. demonstrated
that IL-2 produced by tumor-specific CD4* T cells promotes
CD8* T cell proliferation and GZMB expression, while IFN-
y-induced chemokines from these CD4" T cells accelerate
CD8* T cell recruitment. These findings collectively indicated
that tumor-specific CD4* T cells significantly enhance intra-
tumoral CD8" T cell recruitment, expansion, and effector
function. Conversely, CD8* T cells exhibit impaired survival
and clonal expansion in the absence of CD4* T cell help”2.
CX3CRI-expressing CD8* T cell subset exhibits potent cytol-
ytic activity. The development of this cytotoxic population
is critically dependent on CD4* T cell-derived IL-21. This
developmental pathway can be therapeutically exploited to
enhance the tumoricidal capacity of tumor-infiltrating CD8*
T cells’?. Subsequent studies revealed that the basic leucine
zipper ATF-like transcription factor (BATF), a downstream
transcription factor of IL-21 signaling, has a critical role in
the mechanism underlying IL-21-mediated CD4" T cell help
for CD8" T cells. CD4* T cells operating through the IL-21-
BATF axis are essential for sustaining the effector function
of tumor-infiltrating CD8" T cells’“. Espinosa-Carrasco et al.
also noted that the effective activation and killing function
of tumor-specific CD8* T cells depend on the formation of a
triad with CD4" T cells and antigen-presenting cells because
this “iron triangle” combination leads to reprogramming
of intratumoral CD8" T cells and even reversal of the dys-
function, thereby exerting cytotoxic effects and eliminating
tumors”. In addition, it has been reported that CD8* T cells
directly receive help from CD4* T cells via CD40-CD40L as
the basis for CD8" T cell memory generation’®.

CD4" T cells amplify the antigen presentation
process

CD4" T cells assist in initiating the gene expression program
of CD8" T cells and enhancing CTL function through multiple
molecular mechanisms. The antigen-specific contact between
CD4* T cells and DCs enables the DCs to optimize antigen
presentation and deliver specific cytokines and co-stimulatory
signals to CD8" T cells. This process indirectly promotes the
clonal expansion of CD8* T cells and the differentiation into
effector or memory T cells. As early as the 1980s, research-
ers discovered that DCs also require signals from CD4* T
cells, such as CD40-CD40L, to acquire an enhanced ability
to activate naive CD8" T cells, a process referred to as “T cell
help””’. Recent studies have suggested that activated CD4* T
cells enable human ex vivo cDCls to induce CTL responses
against tumor-associated antigens. These findings highlight
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the critical role of CD4* T cells in supporting cDC1 function
within the TME and suggest establishing cDC1 transcriptomic
signatures as diagnostic markers for cancer’s. Studies have
demonstrated that this enhancement mechanism mediated by
CD4* T cells must collaborate with innate immune stimula-
tion. Pretreatment with innate immune signaling endows DCs
with the ability to more rapidly and efficiently express multiple
co-stimulatory molecules or bioactive mediators by enhanc-
ing the activity of transcription factors (p65 and IRF1) after
receiving CD40 stimulation from CD4" T cells, which subse-
quently optimizes CD8* T cell immune responses. Moreover,
DCs that are primed by T cells enable CD8" T cells to exhibit
superior cytotoxic capabilities”.

Borst et al.%® systematically summarized three models of
the roles of innate signals and CD4* T cell helper signals in
CTL priming: innate signals and CD4* T cell helper signals are
comparable with similar effects on CTL priming (redundancy
model); CD4* T cells amplify innate signals delivered to DCs
in the second phase of CTL priming through helper function
(amplification model); and CD4* T cell helper signals and
innate stimulation deliver distinct signals to DCs (comple-
mentary model). Each signal influences effector and memory
differentiation pathways in unique ways, collectively deter-
mining the strength of effector and memory CTL responses.

These findings suggest that innate immune signals cannot
replace CD4" T cell help for optimal CTL quality, further high-
lighting the unique role of CD4" T cells.

Regulatory pathways of CD4* T cells in
driving B cell humoral immune responses

The interaction between CD4" T cells and B cells is primarily
mediated by Tfh cells, a subset of CD4* T cells that is char-
acterized by high CXCR5 expression. Tfh cells support the
formation of germinal centers (GCs), as well as the matura-
tion, differentiation, and antibody production of B cells, thus
having a critical role in maintaining immune homeostasis®!.

Cancer research has established a strong link between Tth cell

responses and anti-tumor immunity. Multiple studies have

shown a positive correlation between the presence of Tth and

B cells and prolonged survival and improved prognosis in var-

ious tumors, particularly in breast cancer®?%3, There are three

potential mechanisms through which Tth cells exert protective
functions in infection and cancer.

o Promoting tertiary lymphoid structure (TLS) formation:
Tth cell responses significantly drive the formation of TLSs
composed of B cells, T cells, natural killer (NK) cells, and
APCs in chronically inflamed non-lymphoid organs. Mature
intratumoral TLSs represent anti-tumor structures con-
taining pro-inflammatory cytokines, activated complement
cascades, and potent cytotoxic lymphocytes®*8>. Tumor-
infiltrating Tth cells expressing high levels of CXCL13 and
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IL-21 have a critical role in the formation of intratumoral
TLSs in close association with CD8" T and B cell infiltra-
tion, as well as prolonged survival in cancer patients®. Craft
and colleagues identified germinal center B (GC B) and Tth
cells in lung adenocarcinoma (LUAD) tissue through sin-
gle-cell sequencing. A stronger tumor-specific Tth and GC
B cell response was induced compared to a model without
the antigen in a subcutaneous LUAD xenograft model with
B cell antigen recognition, highlighting the importance of
antigen recognition. Further studies showed that the effector
function of CD8" T cells was compromised in the absence
of Tth or GC B cells. The researchers suggested that IL-21
secreted by Tth cells have a crucial role. Knocking out the
IL-21 receptor reduced CD8" T cell infiltration and accel-
erated tumor growth. The study concluded that tumor-spe-
cific B cells present tumor antigens and enhance CD8* T cell
function by promoting Tth cell differentiation and increas-
ing IL-21 production, thereby inhibiting tumor growth®”.

o Enhancing B cell responses and antibody functions: Tth
cells promote B cell GC responses and the production of
functional antibodies®®. Effective anti-tumor immunity
depends on antibody-mediated effector functions, such as
antibody-dependent cellular cytotoxicity (ADCC), comple-
ment activation, and antibody-mediated tumor cell phago-
cytosis. Tumors with high levels of Tth cells and mature
TLSs typically exhibit a dense population of diverse B cells,
plasma cells, and anti-tumor antibodies, which contribute
to a robust anti-tumor immune response®.

o Sustaining memory B cell generation: Tth cells support the
production of memory B cells, which are critical for rapid
responses to reinfection and long-term immune protection®.

Immunosuppressive transformation and pro-
tumorigenic effects of tumor-associated CD4*
T cells

The pro-tumorigenic effects of CD4" T cells have been
observed across multiple subsets but are most pronounced in
the Treg cell population, which represents the primary immu-
nosuppressive subset of CD4" T cells®. Treg cells precisely
regulate immune responses to maintain immune tolerance
and prevent chronic inflammation under normal physiologic
conditions. However, in the context of cancer the role of Treg
cells undergoes a shift. Specifically, in most tumors the pres-
ence of Treg cells is associated with poor clinical outcomes
because Treg cells inhibit anti-tumor immunity, promote
immune evasion, and enhance tumor growth and metasta-
sis?1?2 Interestingly, the opposite effect has been observed in
some cancers, such as colorectal and ovarian cancer, primar-
ily due to the high functional heterogeneity of Treg cells. Treg
cells with anti-tumor functions typically express low levels of
FOXP3 and secrete inflammatory cytokines®*°. Intratumoral
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FOXP3* Treg cells are predominantly activated and highly
proliferative compared to Treg cells in non-tumor tissues®.
Several functionally distinct FOXP3* Treg subsets have been
identified, including quiescent Treg, effector Treg (eTreg),
pro-inflammatory Treg, and T follicular regulatory (TFR)
cells. Among these FOXP3* Treg subsets, the highly suppres-
sive eTreg subset, which expresses TNFRSF family members,
such as OX40, GITR, and 4-1BB, is strongly correlated with
resistance to immunotherapy. Four pro-tumorigenic mecha-
nisms of Treg cells have been established.

o Inhibitory receptor-associated mechanisms: Treg cells exert
a negative impact on the tumor immune process by express-
ing a range of co-inhibitory molecules at high levels, includ-
ing CTLA-4, PD-1, LAG-3, TIM-3, and TIGIT*”. CTLA-4
competes with the co-stimulatory receptor, CD28, on effec-
tor T cells for binding to CD80/CD86 on APCs, thereby
inhibiting the co-stimulatory signals required for effector T
cell activation®®. In addition, CTLA-4 induces the internali-
zation and degradation of CD80/CD86 through endocytosis
and phagocytosis, preventing these ligands from activating T
cell responses and ultimately resulting in T cell anergy®*1%.

o IL-2 sequestration: Treg cells constitutively express the
high-affinity IL-2 heterotrimeric receptor containing the
IL-2Rat chain, CD25. Compared to resting effector T cells
that express low-affinity IL-2 receptors, Treg cells acquire
more IL-2 through a process known as “IL-2 sequestration.”
This process prevents IL-2 signaling in effector T cells, lead-
ing to immune suppression!?-102,

o Immunosuppressive cytokine expression: Treg cells induce
immunosuppression by producing immunosuppressive
cytokines, such as IL-10, IL-33, IL-35 and TGF-B. TGF-f
exerts its function on Th cells by inhibiting the transcription
of pro-inflammatory cytokines, such as IFN-y and GZMB,
as well as Th cell subset master transcription factors, such
as T-bet and GATA-3. TGF-f also suppresses the cytotoxic
activity of CD8" T cells and prevent the ability to traffic to
tumours!®.

« Direct cytolysis: Treg cells can form membrane gap junc-
tions through which Treg cells transfer cytolytic molecules
(PRE, GZMA, and GZMB), leading to suppression through
the killing of effector T cells!4105,

Functional exhaustion of CD4* T
cells in the TME

The term “exhaustion” was first used to describe non-respon-
sive antigen-specific CD8" T cells with long-term persistence
in mouse models of chronic viral infection. Despite express-
ing markers associated with T cell activation, these exhausted
CD8* T (CD8" Tex) cells are unable to kill virally infected cells
and fail to produce IFN-y upon stimulation'?. Currently, the
understanding of CD8* Tex has been expanded to encompass
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impaired effector function, reduced proliferative capacity, ele- and increasing CXCL chemokines, which recruit more sup-
vated expression of negative inhibitory receptors (NIRs), and pressive cells. Co-stimulatory signals, like CD86/ICOSL,
altered cellular programming'®’. induce exhaustion in CD4* T cells and blocking these signals
T cell functional impairment significantly impacts physio- reduces CD4* Tex. CD4* T cell exhaustion is driven by direct
logic balance and disease progression. However, the current cell contact and secreted factors in the tumor TME!!+!15 ICB,
definition of CD4* T cell exhaustion remains incomplete and such as anti-PD-1, restores CD4"* T cell function, promotes
is mainly based on CD8" T cell paradigms (Figure 3)!8. A clonal expansion, and reduces exhaustion markers, supporting
deeper understanding of shared and distinct features of CD4* PD-1/PD-L1 blockade in clinical applications!®.
and CD8* T cell exhaustion is crucial for clinical research However, upregulation of NIRs alone is insufficient to fully
(Figure 3). Evidence supports CD4* T cell exhaustion in solid define CD4* T cell exhaustion. Therefore, it is essential to
and hematologic malignancies that is characterized by upregu- investigate changes in epigenetics, transcriptomics, and meta-
lated NIRs (PD-1, CTLA-4, LAG-3, TIM-3, and TIGIT)'%-!11, bolic patterns to gain a comprehensive understanding of CD4*
Reduced marker expression correlates with treatment success T cell exhaustion.
in cancer therapy, while increased expression is associated with CD8" Tex cells undergo extensive transcriptional and epi-
recurrence!!'>!13, Chronic tumor exposure upregulates IRs and genetic reprogramming during chronic infection, disrupting
suppressive signals (e.g., PD-L1/indoleamine 2,3-dioxygenase genes related to TCR signaling, migration, and metabolism!!7.
1 [IDOL1]) in colorectal cancer, reducing effector molecules This Tex cell phenotype differs significantly from the effector
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Figure 3 Comparison of characteristics between CD4* T cell exhaustion and CD8* T cells. Exhausted CD4* and CD8* T cells share the fol-
lowing characteristics. Effector function: Reduced cytotoxicity and helper function. Inhibitory receptors: Upregulation of inhibitory receptor
expression, including PD-1, LAG-3, CTLA-4, and TIM-3. Proliferation: CD4* T cell exhaustion and CD8* T cells show reduced proliferative
abilities. Cytokines: Decreased cytokine production. Expression of the common transcription factors: EOMES, T-bet, BATF, BLIMP1, and
SLAMF®6. Differences exist between exhausted CD4* T cells and exhausted CD8* T cells. Exclusive transcription factors: Exhausted CD8* T
cells express TCF-1. Metabolic features: Exhausted CD8* T cells exhibit features of metabolic reprogramming of mitochondrial function, pri-
marily characterized by upregulation of ROS and downregulation of PGC1a. Exhausted CD4* T cells show downregulation of FAO, glycolysis,
and OXPHOS. BATF, basic leucine zipper ATF-like transcription factor; BLIMP-1, B lymphocyte-induced maturation protein 1; EOMES, eomes-
odermin; FAO, fatty acid oxidation; LAG-3, lymphocyte-activation gene 3; OXPHOS, oxidative phosphorylation; PD-1, programmed death-1;
PGC1a, peroxisome proliferator-activated receptor gamma coactivator 1-alpha; ROS, reactive oxygen species; SLAMF6, signaling lymphocytic
activation molecule family member 6; TIM-3, T cell immunoglobulin and mucin domain-containing protein 3.
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and memory T cells generated during acute infection. Antigen-
specific CD4* T cells exhibit a unique transcriptional profile in
chronic viral infections, suggesting an independent differen-
tiation pathway for CD4" T cell exhaustion. Although CD4*
Tex cells differ from CD8" Tex cells, CD4" Tex cells share key
exhaustion-associated transcription factors (e.g., Batf, Tbx21,
Eomes, and Prdml), indicating a potential common regu-
latory mechanism!'®. Tumor-infiltrating CD4* T cells lose
TCF-1 and Slamf6 expression in melanoma, indicating tran-
sient or eventual exhaustion, which is partially reversible at the
epigenetic level. PD-L1 blockade restores TCF-1 expression
and downregulates TIM-3 and LAG-3'%.

Metabolic reprogramming is a key feature of CD8* Tex cells.
Tex cells exhibit impaired glucose uptake and reduced mito-
chondrial quality within the TME, both of which are crucial
for T cell function!”. These metabolic defects correlate with
the upregulation of NIRs, highlighting a link between T cell
exhaustion and metabolic dysfunction. Persistent hypoxia in
the TME stimulates peroxisome proliferator-activated recep-
tor y coactivator-lo. (PGC-1a)-dependent mitochondrial
reprogramming, which further impairs mitochondrial func-
tion. The accumulation of reactive oxygen species (ROS)
causes cellular damage and accelerates the loss of Tex cell func-
tion'?%. Methionine depletion in the TME is identified as a key
factor in CD4" T cell exhaustion. Tumors preferentially uptake
methionine through high expression of the SLC43A2 trans-
porter, leading to methionine deficiency in CD4" T cells. This
uptake of methionine causes downregulation of H3K79me2
methylation and upregulation of PD-1 expression. PD-1 upreg-
ulation is associated with proteins involved in amino acid and
fatty acid metabolism, such as AMPK. In addition, fatty acids
and glucose accumulate, while lactate levels decrease, indicat-
ing inhibition of glycolysis and fatty acid oxidation!'?!. Similar
metabolic changes are observed in CD39¢" PD-1* CD4* Tex
cells'?2. Furthermore, erythropoietin-induced CD4* T cell
exhaustion is accompanied by reduced oxidative phosphoryla-
tion and the mTOR pathway!?3. While existing evidence high-
lights metabolic changes in CD4" Tex cells, a comprehensive
understanding of exhaustion-induced metabolic reprogram-
ming is still needed (Table 1).

Advances in CD4" T cell-directed
tumor immunotherapy

Enhancing the function of CD4" T cells can improve CTL
responses in cancer immunotherapy. This CD4* T cell
enhancement can be achieved through several approaches.
CD4" T cells have shown significant therapeutic potential in
treating various diseases, including infections, autoimmune
disorders, and cancer. Researchers are developing methods to
modulate CD4" T cell activity to improve treatment outcomes
for these conditions. Current therapeutic strategies targeting
CD4* T cell responses can be broadly classified into passive
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immunotherapy (e.g., adoptive cell therapy [ACT]), ICB, and
CD4* T cell-targeted vaccines (Figure 4). In addition, com-
bination immunotherapies are increasingly used to overcome
the limitations of individual treatments by enhancing efficacy
or minimizing side effects.

Neoantigen-based CD4* T cell vaccine
development strategies

Cancer vaccines, as a promising area in tumor immunother-
apy, aim to activate the immune system, particularly T cells,
to target tumor cells expressing tumor-specific antigens
(TSAs). TSAs enhance immune recognition and attack tumors
through four mechanisms: antigen release; antigen processing
and presentation; T cell activation; and the cytotoxic activity of
immune effector cells!?.

In vaccine design algorithms predict epitopes for binding
to MHC-I molecules, activating CD8* T cells for direct tumor
killing. However, vaccines often activate CD4* T cells instead,
which bind to MHC-II molecules!?®. These CD4* T cells pro-
vide helper signals that enhance CD8* T cell cytotoxicity.
Incorporating MHC-II epitopes in vaccines can boost CD4* T
cell activation and amplify the immune response. It has been
shown that CD4" T cell responses often persist longer than
CD8* T cell responses, offering durable immune protection
that helps prevent tumor recurrence'?’. Synthetic long pep-
tides (SLPs), containing MHC class I and II epitopes, induce
CD8" and CD4" T cell responses. While clinical trials of SLPs
show a predominance of CD4" T cell induction, achieving
better therapeutic efficacy may require strategies to enhance
CD8" T cell responses for more effective tumor lysis!?3129,

Emerging evidence also highlights the importance of B cells
in cancer vaccines. Activated B cells have a key role in priming
and expanding T cells, especially CD4* T cells. A novel B-cell-
targeting nanoparticle vaccine has shown promise in boosting
B and T cell responses, leading to enhanced tumor suppres-
sion'*’. In combination immunotherapy neoantigen vaccines
that stimulate both CD4* and CD8* T cells can overcome ICB
resistance, remodel the TME, and expand T cell populations
for sustained tumor suppression!®!. Future cancer vaccines
can be designed to enhance CD4" T cell responses and overall
immune activation by advancing an understanding of MHC-II
epitopes and improving prediction tools, thereby improving
tumor immunotherapy outcomes.

Immune checkpoint blockade in
reprogramming CD4"* T cell anti-tumor
functions

ICB therapy targets NIRs on immune or cancer cells to restore
effector functions. ICB enhances the ability of the immune
system ability to target and eliminate tumor cells by disrupting
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Table 1

Surface molecules, key transcription factors, and metabolic features of exhausted CD4* T cells
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Tumor type

Surface molecules

Key transcription factors

Metabolic characteristics

Bladder cancer®?

CD200, PD1, CTLA4, LAG3, TIGIT,
0OXx40

TCF, TOX

UTP/P2RY6 axis

Acute myeloid leukemia (AML)"4 PD-1, CTLA-4, TIM-3, LAG-3 Blimp-1, T-bet
Melanoma'?! PD-1, CTLA-4 TIM-3, LAG-3 XBP1 Reduced levels of fatty acid and
glucose metabolism

Head and neck cancer, cervical CD39, PD-1, TIGIT, CTLA-4, TIM-3, TOX Extracellular ATP is degraded

cancer, ovarian cancer'2? CXCL13 to AMP

Triple-negative breast cancer'? CD39, CD69, CD44, CD103, PD-1, Extracellular ATP is degraded
KLRG to AMP

Gastric cancer'?* CD39, PD-1, CTLA-4, TIGIT, GITR IRF4, TOX

(A) Immune checkpoint blockade
. PD-1

/‘/Q

CTLA 4\

Anti-PD-1/anti-
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Figure 4 Clinical applications of CD4* T cells. (A) Immune checkpoint blockade. Expression of inhibitory receptors on the surface of CD4*
T cells is primarily suppressed through antibodies targeting PD-1/CTLA-4, thereby enabling immune attack against cancer cells. (B) Cancer
vaccine. Cancer vaccines activate CD4* T cells through APC, promoting tumor cell infiltration and the supportive role of CD4* T cells in lymph
nodes. (C) CAR-T cell. CAR-T cells activate CD4* Th cells through the secretion of IFN or induce apoptosis in cancer cells by secreting GZM
and IFN-y. CAR-T, chimeric antigen receptor T cell.

in determining the efficacy of ICB therapy'??. CD4" T cell
immune function has a critical role in PD-L1/PD-1 blockade
therapy, especially in NSCLC patients. The functional state

inhibitory signaling pathways and preventing tumor immune
evasion!*2. Growing evidence indicates that the pre-treat-
ment status of specific CD4" T cell subsets has a critical role
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of CD4" T cells directly influences the treatment response.
Patients with functional CD4" T cell immunity typically show
a higher objective response rate (approximately 50%), whereas
no significant response has been demonstrated in patients
with impaired CD4" T cell function!*4. Notably, different ICB
agents have varying effects on CD4" T cell dynamics. Anti-
CTLA-4 antibodies promote the expansion and differentiation
of ICOS* CD4" Th1-like subsets (FOXP3-negative) within the
TME in mouse models of melanoma (B16) and colorectal ade-
nocarcinoma (MC38), whereas anti-PD-1 therapy primarily
expands exhausted CD8* TILs with minimal impact on CD4*
TILs!%. Several models have demonstrated that PD-1 block-
ade directly enhances tumor cell killing by promoting CD4*
CTL differentiation!®.

A major limitation of ICIs is the primary resistance to mon-
otherapy. To address this limitation, combination therapies
targeting distinct immune checkpoints have been studied.
The advantages of combination therapy lie in an ability to sig-
nificantly enhance the immune system’s response to tumors.
Single-cell trajectory analysis demonstrated that combination
therapy significantly promoted the differentiation of CD4* T
cells from a naive/central memory phenotype to a Th1 effector
phenotype in a cohort of 20 patients with recurrent or meta-
static head and neck squamous cell carcinoma. Anti-CTLA4
treatment activated CD4* T cells in the TDLNs, enhancing
the migration to the tumor and functional differentiation. In
contrast, monotherapy only expanded the pre-existing CD8*
T cells within the tumor. Spatial transcriptomics revealed
that T cell activation zones highly expressed IFN-y, GZMB,
and CXCL9/10 (T cell recruiting factors), co-occurring with
antigen presentation signals from DCs. CD4* T cells act as
“organizers” in the immune microenvironment, coordinating
the interactions between CD8" T cells, DCs, and plasma cells,
thereby promoting the formation of a functional immune
response!¥’. Inaddition to these established targets, anti-LAG-3
antibodies have emerged as a promising new therapy!®%!3,
Relatlimab, the first Food and Drug Administration (FDA)-
approved LAG-3 inhibitor, established LAG-3 as the third
clinically validated immune checkpoint, after PD-1/PD-L1
and CTLA-4. A phase 2/3 randomized trial demonstrated that
the combination of relatlimab and nivolumab (anti-PD-1)
led to a 47.7% 12-month progression-free survival (PES)
rate in melanoma patients compared to 36% with nivolumab
monotherapy. Based on these results, the FDA approved the
fixed-dose combination, opdualag (relatlimab/nivolumab),
in 2022 for unresectable or metastatic melanoma'®. Rolig et
al. explored the mechanism underlying anti-LAG-3 and anti-
PD-1 combination therapy and reported that the combination
of PD-1 and LAG-3 inhibitors could overcome resistance to
PD-1 blockade in various mouse tumor models. Further inves-
tigation revealed that the therapeutic efficacy of this combina-
tion treatment was closely related to the instability of the Treg
phenotype. Specifically, this instability was characterized by
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the loss of FOXP3 expression and the conversion of Tregs into
effector T cells. Moreover, an increased proportion of unsta-
ble Tregs was significantly associated with a higher response
rate and improved survival in patients receiving combination
therapy in a cohort of 117 patients with metastatic melanoma.
This finding suggests that the instability of the Treg phenotype
may serve as a potential biomarker for predicting the response
to immunotherapy!4C.

Technologic breakthroughs and clinical
translation in adoptive CD4* T cell therapy

ACT is an immunotherapy approach that involves collecting
the patient’s immune cells, genetically modifying or expand-
ing the cells in vitro to enhance tumor-targeting capabilities,
then reinfusing these activated cells back into the patient to
eliminate tumor cells. ACT can be broadly classified into three
types based on the delivered cell product: TILs; chimeric anti-
gen receptor T (CAR-T) cells; and T cell receptor-engineered
T (TCR-T) cells.

CAR-T cell immunotherapy has achieved remarkable suc-
cess in treating some hematologic malignancies with growing
evidence supporting the critical role of CD4* CAR-T cells in
sustaining therapeutic effects. Studies on CD19-CAR-T cell
therapy in patients with chronic lymphocytic leukemia (CLL)
have shown that CD4* CAR-T cells express a variety of cyto-
toxicity-associated genes and upregulate PRF and GZMA upon
in vitro stimulation, exhibiting cytotoxic characteristics. These
cells are predominant in the peripheral blood of patients who
achieve long-term complete remission!*""142. However, CD4"
CAR-T cells are more effective in activating host immunity
compared to CD8* CAR-T cells. CD4" CAR-T cells can pro-
mote the production of Th cells by generating cytokines, such
as IFN-y and IL-12, but have less direct tumor-Kkilling ability!4.
In addition, Bousso and colleagues reported that the antitu-
mor activity of CD4* CAR-T cells does not rely on cytotoxic-
ity. Instead, CD4* CAR-T cells exert indirect, large-scale, and
long-distance effects on tumor cells through the production of
IFN-y and selectively killing tumors that are sensitive to IFN-
y-induced apoptosis!#t. Although CAR-T therapy has shown
remarkable efficacy in hematologic malignancies, CAR-T
therapy application in solid tumors is hindered by the chal-
lenging TME, which is characterized by glucose deprivation,
hypoxia, and lactic acid accumulation. These metabolic obsta-
cles limit CAR-T cell energy supply, cause metabolic exhaus-
tion, and reduce antitumor efficacy. Notably, recent studies
have indicated that FOXP3 interacts with the mitochondrial
fission protein (dynamin-related protein 1 [Drp1]) to remodel
CAR-T cell metabolism, suppressing glycolysis and OXPHOS
while promoting lipid metabolism. This adaptation improves
CAR-T cell survival and sustained antitumor function in solid
tumors, offering new theoretical and translational avenues for
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CAR-T therapy in these settings'*>. CD4" anti-TGF-p CART
cells have also been shown to directly kill solid tumors by
producing GZMB and IFN-y and the ability to reduce T cell
exhaustion. Relevant clinical trials are ongoing!4S.

In addition, Kruse et al. showed that adoptive CD4" T cell
therapy, when combined with innate immune stimulation,
reprograms monocyte populations in the TME, enabling indi-
rect tumor killing'#4’. This CD4* T cell-mediated indirect anti-
tumor mechanism provides a rationale for combining adoptive
T cell therapy with innate immune stimulation to promote
the regression of established tumors. The in vitro and in vivo
experimental results of engineered CD4 TCR T cells targeting
the conserved high-affinity TCR for NY-ESO-1 demonstrated
significant tumor regression with no apparent off-target toxic-
ity. This finding greatly expands the potential patient popula-
tion who could benefit considering the widespread expression
of the targeted antigen across various cancers'*®,

Conclusions

With the continuous advances in cancer immunotherapy
the regulation of CD4" T cells has become a critical factor
in improving therapeutic efficacy and overcoming immune
resistance. In-depth research on the activation mechanisms,
metabolic pathways, and exhaustion characteristics of CD4*
T cells is expected to uncover new therapeutic targets, thereby
driving the clinical application of immunotherapy. This review
discusses the critical role of CD4" T cells in tumor immunity
with a focus on the heterogeneity of CD4" T cell subsets and
the broad functional implications, as revealed based on scR-
NA-seq. By analyzing the dual role of CD4" T cells in tumor
immunity this article highlights the positive contributions to
anti-tumor immunity but also points out the potential immu-
nosuppressive effects in tumor progression.

However, research on CD4" T cells is still underdeveloped
in many areas compared to CD8* T cells. For example, the
transcriptional and epigenetic mechanisms underlying CD4*
Tex cells are not fully understood and the metabolic character-
istics remain inadequately described. These gaps in research
partially limit the efficacy of CD4* CAR-T cells in treating
solid tumors.

Metabolic reprogramming offers vast potential for fur-
ther exploration in tumor immunity, especially in regulating
immune responses. Therapeutic approaches targeting T cell
metabolism may provide new breakthroughs for optimizing
existing anti-tumor strategies. The combined application of
metabolic inhibitors and immunotherapy may offer more effec-
tive ways to modulate CD4* T cell anti-cancer mechanisms.
Moreover, the advent of multiplexed error-robust fluorescence
in situ hybridization (MERFISH) technology, which allows
high-resolution detection of spatial heterogeneity in gene
expression and provides robust support for future studies on
the dynamic changes of CD4* T cells and the role in the TME.
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In conclusion, with the ongoing research into the func-
tions and metabolic characteristics of CD4" T cells, coupled
with the application of emerging technologies, cancer immu-
notherapy is expected to achieve more precise and effective
breakthroughs in the future.
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