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CD4+ T cell dysfunction in cancer
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While the importance of CD8+ T cells in successful cancer immunotherapy is well-established, CD4+ T cells are increasingly 
recognized as key mediators of effective anti-tumor immunity. However, the mechanisms underlying the functional impairment 
of CD4+ T cells in tumors are not as well characterized as in CD8+ T cells. In this review, we will explore how CD4+ T cells are 
altered in tumor-bearing hosts, compare these changes to those observed in CD8+ T cells, and discuss how these changes 
impact tumor control. Approaches that counteract functional impairment in tumor-reactive CD4+ T cells may further enhance 
the efficacy of cancer immunotherapy.

Introduction
Accumulation of mutations due to DNA damage is one of the key 
hallmarks of cancer. These mutations allow cancer cells to 
continuously proliferate, evade growth suppressors/cell death 
pathways, and invade different tissues (Hanahan and Weinberg, 
2011). However, these mutations also allow immune cells, in 
particular T cells, to identify and destroy cancerous cells. A 
plethora of studies have demonstrated a critical role for cy
totoxic cluster of differentiation (CD)8+ T cells in effective 
anti-tumor immunity (Raskov et al., 2021; Giles et al., 2023). 
Over the past decade, pioneering immunotherapy ap
proaches, like checkpoint blockade and adoptive T cell thera
pies, have aimed to harness tumor-reactive CD8+ T cells to 
treat cancer (Krishna et al., 2020; Chen et al., 2024b). How
ever, many cancer patients fail to respond to these im
munotherapies, necessitating a closer look at other immune 
cells that could modify tumor control (Morotti et al., 2021; 
Huang and Zappasodi, 2022).

CD4+ T cells have been shown to be indispensable for effective 
tumor control following immunotherapy (Tay et al., 2021; 
Montauti et al., 2024). In tumor-draining lymph nodes, T fol
licular helper (Tfh) CD4+ T cells drive the activation and matu
ration of B cells, while other helper CD4+ T cells promote CD8+ 

T cell priming by licensing cross-presenting dendritic cells (DCs) 
(Fig. 1) (Zander et al., 2019; Cui et al., 2021; Montauti et al., 2024). 
In tumors, CD4+ T cells activate anti-tumor immune effectors— 
CD8+ T cells (via IL2/IL21), natural killer cells (via IL2), B cells 
(via CD40L), macrophages (via IFNγ and TNF), and eosinophils 
(via IL5)—and can also directly kill off tumor cells (Fig. 1) 
(Speiser et al., 2023; Guo et al., 2024; Montauti et al., 2024). 
Effective anti-tumor CD4+ T cells have even been shown to lower 

the likelihood of CD8+ T cell dysfunction in the tumor micro
environment (TME) (Arina et al., 2017; Khan et al., 2022; 
Espinosa-Carrasco et al., 2024). Given the pivotal role of CD4+ 

T cells in facilitating tumor control, understanding how CD4+ 

T cells are functionally impaired in the TME is essential to im
proving the efficacy of anti-tumor immune therapies. Although 
dysfunction in tumor-reactive CD4+ T cells has not been ex
plored to the same detail as in CD8+ T cells, limited studies over 
the past decade have provided key insights into functional im
pairment of anti-tumor CD4+ T cells.

Many mechanisms constraining T cell function in tumors are 
consequences of immune adaptation to stress or chronic in
fections, with the aim of balancing threat removal with limiting 
damage to healthy cells. For example, T cell exhaustion—first 
described as an adaptation by effector T cells to persistent 
stimulation during chronic viral infections—is also seen in 
T cells in tumors (Saeidi et al., 2018; Baessler and Vignali, 2024). 
CD4+ and CD8+ T cells presumably evolved to play different roles 
in tumor control. CD8+ T cells are the frontline soldiers critical 
for directly killing tumor cells (Raskov et al., 2021; Giles et al., 
2023). CD4+ T cells, though also capable of tumor killing, also 
serve as “generals” whose key role is to recruit and activate other 
anti-tumor immune cells (Speiser et al., 2023; Espinosa- 
Carrasco et al., 2024) (Fig. 1). The differences in function re
sult in differences in the ability of anti-tumor CD4+ and CD8+ 

T cells to adapt to stressors. Indeed, CD4+ T cells have unique 
functional plasticity that enables them to adapt to environ
mental changes and reprogram other immune cells to restore 
homeostasis. In this review, we will first summarize the well- 
established processes by which tumor-reactive CD8+ T cells lose 
effector function. We will then describe analogous pathway of 
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functional impairment in tumor-reactive CD4+ T cells, with fo
cus on how functional plasticity allows tumor-reactive CD4+ 

T cells to adopt distinct functional states to CD8+ T cells in re
sponse to similar impediments.

CD8 T cell dysfunction in the TME
CD8+ T cell dysfunction, a hallmark of cancer, has been exten
sively studied over the past two decades. Exhaustion, a key 
mechanism of T cell dysfunction during chronic antigen 

Figure 1. Context-dependent anti-tumor functions of CD4+ T cells. (A) Within lymphoid tissues, CD4+ T cells are critical for licensing cross-presenting DCs, 
which is via CD40L in tumor-draining lymph nodes. CD4+ T cells can also directly activate memory CD8+ T cells via CD40 and IL2/IL21. Tfh CD4+ T cells activate 
anti-tumor B cells in draining lymph nodes and in the spleen. (B) Within tumors, CD4+ T cells in tumors enhance tumoricidal functions of various innate and 
adaptive immune effectors. These include macrophages, eosinophils, NK cells, and CD8+ T cells. CD4+ T cells can also directly kill tumor cells. CD4+ T cells are 
also known to activate B cells in tumors, which have been correlated with favorable responses after checkpoint blockade immunotherapy. Created in Bio
Render. https://BioRender.com/p44y970. NK, natural killer; PFN, perforin; Gzm; granzyme; p-MHC, peptide-MHC.
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exposure, was first identified in CD8+ T cells during chronic 
lymphocytic choriomeningitis virus (LCMV) infection 
(Gallimore et al., 1998; Zajac et al., 1998; Wherry et al., 2003; 
Wherry et al., 2007) and later recognized as a key feature of im
paired antigen-specific CD8+ T cells in tumors (Baitsch et al., 2011; 
Schietinger et al., 2016; Thommen and Schumacher, 2018; Rudloff 
et al., 2023).

Activated CD8+ T cells upregulate the expression of mul
tiple inhibitory receptors (IRs), known as immune check
points, which act as a “brake” to limit T cells after activation 
(Guo et al., 2023). In acute infections, these checkpoints are 
downregulated after pathogen clearance as CD8+ T cells transi
tion from effector to memory states. Chronic TCR stimulation 
due to continuous antigen exposure results in sustained upre
gulation of these checkpoints on exhausted CD8+ T cells, leading 
to a progressive loss of effector function (Wherry et al., 2007). 
Indeed, exhausted CD8+ T cells exist across a spectrum of 
states between progenitor-exhausted (Tpex) and terminally 
exhausted CD8+ T cells—with varying phenotypic and func
tional characteristics (Miller et al., 2019; Philip and Schietinger, 
2019; Beltra et al., 2020). Tpex CD8+ T cells have self-renewal 
and proliferative capacity with limited effector potential (Fig. 2). 
Although they express the stemness-associated transcription 
factor 7 (TCF7), they also upregulate the IR programmed death- 
1 (PD-1) and the exhaustion-associated transcription factor 
thymocyte selection-associated high mobility group box 
(TOX)—indicating that an exhaustion program is induced early 
after activation (Blackburn et al., 2008; Paley et al., 2012; 
Utzschneider et al., 2016; Wu et al., 2016b; Miller et al., 2019; 
Beltra et al., 2020; Utzschneider et al., 2020). These cells typi
cally reside in tumor-draining lymph nodes and give rise to 
intermediate-exhausted CD8+ T cells upon migration into tu
mors. Intermediate-exhausted CD8+ T cells lose self-renewal 
capacity, acquire T-box expressed in T cells (T-bet) expression 
and limited effector potential, and moderately upregulate PD-1 
(Beltra et al., 2020) (Fig. 2). These cells eventually give rise to 
terminally exhausted CD8+ T cells that completely lose effector 
function and significantly upregulate the transcription factor 
TOX as well as multiple immune checkpoints—including PD-1, 
T cell Ig and mucin-domain containing-3 (TIM-3), lymphocyte- 
activation gene 3 (LAG-3), B and T lymphocyte attenuator, and 
T cell immunoreceptor with Ig and ITIM domains (TIGIT) 
(Miller et al., 2019; Beltra et al., 2020) (Fig. 2). Immune 
checkpoint blockade can expand CD8+ T cells with stronger 
effector functions that resemble intermediate-exhausted 
CD8+ T cells—including expression of multiple IRs (Zander 
and Cui, 2023) (Fig. 2). The “effector-exhausted” CD8+ T cells 
significantly express markers associated with terminal-effector 
CD8+ T cells, including the chemokine receptor CX3CR1, killer 
cell lectin receptors such as killer cell lectin-like receptor sub
family G member 1 (KLRG1), and the transcription factor zinc 
finger E-box–binding homeobox 2 (ZEB2) (Yan et al., 2018; 
Zander et al., 2019; Yamauchi et al., 2021). The induction of 
effector-exhausted CD8+ T cells relies on CD4+ T cell help during 
CD8+ T cell priming (Zander et al., 2019). Indeed, CD4+ T cell– 
mediated DC licensing significantly mitigates CD8+ T cell ex
haustion, suggesting that the quality of CD8+ T cell priming 

influences their subsequent differentiation into effector/ex
hausted fates (Zander et al., 2019) (Fig. 2).

As cancer cells arise from healthy cells that T cells are nor
mally tolerized to, the mechanisms that prevent self-reactive 
T cell responses also constrain anti-tumor T cell responses 
(Nüssing et al., 2020). Indeed, T cell anergy, a key mechanism 
that mitigates the activation of self-reactive T cells, has also been 
implicated in impaired priming of anti-tumor CD4+ and CD8+ 

T cells (Mescher et al., 2007; Crespo et al., 2013; Nüssing et al., 
2020) (Figs. 2 and 3). T cells normally require three signals to be 
optimally activated: signal 1 via the TCR bound to a peptide– 
MHC complex on APCs, signal 2 via costimulatory molecules 
on APCs, and signal 3 via cytokines from APCs that dictates 
the functional properties of the activated T cell (Deeths and 
Mescher, 1997; Curtsinger et al., 1999). Anergic T cells are 
those that do not receive sufficient costimulatory signals (“signal 
2”) (Schwartz, 1990; Greenwald et al., 2001; Schwartz, 2003). 
The transcription factor NFAT is a central regulator of anergy in 
CD4+ T cells. NFAT is a transcription factor induced downstream 
of TCR signaling. Strong TCR signaling with insufficient cos
timulatory signals leads to robust activation of NFAT, but weak 
activation of the transcription factor activator protein-1 (AP1) 
(Macián et al., 2002; Abe et al., 2012). This results in significant 
upregulation of transcription factors early growth response 
protein 2 (Egr2) and Egr3, which inhibit the expression of ef
fector programs in T cells via induction of transcriptional re
pressors such as inhibitor of DNA binding 2 (Id2) (Li et al., 2012; 
Zheng et al., 2012; Omodho et al., 2018) (Figs. 2 and 3). Regula
tory T cells (Tregs) constrain self-reactive CD8+ T cells via 
CTL-associated protein 4 (CTLA4)-mediated trogocytosis of 
costimulatory ligands CD80 and CD86 on APCs (Maeda et al., 
2014), suggesting that a similar mechanism induces anergy in 
tumor-specific CD8+ T cells. Indeed, CTLA4 blockade is known 
to rescue CD8 T cell priming in tumor-draining lymph nodes 
(van Pul et al., 2022; Lax et al., 2023). Interestingly even with 
sufficient costimulatory signals via CD80/86, tumor-specific 
CD8+ T cells can adopt a “partial-anergic” phenotype charac
terized by impaired proliferation and IL2 production and nor
mal effector/cytotoxic functions (Deeths et al., 1999; Mescher 
et al., 2007). Furthermore, exogenous IL2 from helper CD4+ 

T cells allows the partially anergic CD8+ T cells to overcome their 
impaired proliferation (Mescher et al., 2007). Thus, tumor- 
specific CD8+ T cells can adopt unique anergic states that dif
fer from those seen in self-reactive CD8+ T cells.

Pathways to function and dysfunction in tumor-reactive CD4+ 

T cells
While anticancer immune therapies have traditionally targeted 
CD8+ T cells, CD4+ T cell help has been shown to be critical for 
effective tumor control in multiple therapeutic contexts (Arina 
et al., 2017; Alspach et al., 2019; Ferris et al., 2020; Tracy et al., 
2022). Indeed, IR-expressing CD4+ T cells with functional defi
cits have also been observed in multiple tumor types and cor
relate with poor outcomes (Hohtari et al., 2019; Fu et al., 2020; 
Miggelbrink et al., 2021). These findings have prompted efforts 
to characterize mechanisms that functionally perturb tumor- 
reactive CD4+ T cells. In this section, we will describe the 
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Figure 2. Differentiation pathways of tumor-reactive CD8+ T cells. (A) In draining lymph nodes, a Tpex phenotype is induced in tumor-reactive CD8+ 

T cells early after priming. However, Tregs in draining lymph nodes from cold tumors can inhibit effective CD8+ T cell priming and induce a state of anergy 
comparable with what is seen in CD4+ T cells. CD8+ T cells can also adopt a unique “partial-anergy” phenotype that can be reversed by exogenous IL2 from CD4+ 

T cells. (B) In tumors, Tpex CD8+ T cells give rise to an intermediate-exhausted state and eventually a terminally exhausted T cells with impaired effector 
functions. Checkpoint blockade can expand effector-exhausted CD8+ T cells with significant effector function, but they still retain features of exhausted T cells. 
Created with BioRender. https://BioRender.com/j7c8w6c. p-MHC, peptide-MHC; EOMES, eomesodermin.
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Figure 3. Differentiation pathways of tumor-reactive CD4+ T cells. (A) Within tumor-draining lymph nodes, Tregs can inhibit effective CD4+ T cell priming, 
leading to the induction of anergic CD4+ T cells. TGFβ produced by Tregs and other immunosuppressive cells can also promote the differentiation of näıve and 
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environmental factors and cell-intrinsic pathways that influ
ence the functional state of tumor-reactive CD4+ T cells and 
highlight key similarities/differences with how these influence 
CD4+ and CD8+ T cells.

Impaired CD4+ T cell priming in tumor-draining lymph nodes
Similar to tumor-specific CD8+ T cells, impaired priming in 
tumor-draining lymph nodes induces anergic CD4+ T cells in 
many murine tumor models. Tregs in tumor-draining lymph 
nodes have been implicated in inducing anergic CD4+ T cells in 
murine models of lung adenocarcinoma (Alonso et al., 2018). As 
with self-reactive CD8+ T cells, this occurs via CTLA4-dependent 
trogocytosis of CD80 and CD86 on APCs by the Tregs (Tekguc 
et al., 2021). The anergic CD73hi FR4hi CD4+ T cells exhibited 
lower proliferative potential and impaired effector cytokine 
production after ex vivo stimulation, compared with CD73lo 

FR4lo effectors (Alonso et al., 2018). Similar findings have also 
been observed in other murine tumor models, where anergic 
CD4+ T cells have been shown to be ineffective at facilitating 
anti-tumor CD8+ T cell activation, resulting in cancer escape 
(Staveley-O’Carroll et al., 1998; Cuenca et al., 2003; Abe et al., 
2012). The deletion of the key anergy regulator NFAT1 or vac
cination with the TLR9 agonist CpG-ODN was sufficient to pre
vent CD4+ T cell anergy and delay tumor growth (Abe et al., 2012; 
Alonso et al., 2018). Additionally, CTLA-4 blockade has also been 
shown to mitigate T cell anergy by interfering with Treg- 
mediated trogocytosis and promotes the proliferation of effec
tor CD4+ T cells (Peggs et al., 2009; Chan et al., 2014). While 
anergy impairs anti-tumor CD4+ T cells early on in tumor- 
draining lymph nodes, other mechanisms subsequently con
strain their function in tumors and contribute to tumor growth 
(Abe et al., 2012). While anergic CD4+ T cells have been typically 
identified by high expression of CD73 and folate receptor 4 (FR4) 
in murine models (Kalekar et al., 2016; Trefzer et al., 2021), the 
utility of those markers to distinguish anergic CD4+ T cells from 
other dysfunctional CD4+ T cells in human/murine tumors re
mains controversial. A recent study by Haydn Kissick’s group 
has described PD-1+TCF7+ cells as a significant CD4+ T cell subset 
in human and murine tumors (Cardenas et al., 2024). These 
stem-like progenitors had robust self-renewal abilities but were 
inhibited from T helper (Th)1 effector differentiation by tumor- 
induced Tregs (Cardenas et al., 2024). While the study did not 
explicitly describe these cells as “anergic,” they had multiple 
traits associated with anergic CD4+ T cells—including upregu
lation of CD73/FR4, lack of expression of lineage-associated 
transcription factors (Lin: BCL6, T-BET, GATA3, and RAR- 
related orphan receptor gamma T), and reduced expression of 
both effector molecules as well as IRs (Cardenas et al., 2024). 
Thus, anergic tumor-reactive CD4+ T cells in murine and human 

tumors can be potentially defined as TCF7+ PD-1+ Egr2/3hi Lin− 

(Fig. 3). Indeed, the upregulation of TCF7 and downregulation of 
multiple IRs (apart from PD-1) is a key distinguishing feature 
between anergic and terminally exhausted CD4+ T cells (Fig. 3).

Unlike anergic CD8+ T cells, anergic CD4+ T cells can also 
differentiate into peripherally induced Tregs (pTregs) (Kalekar 
and Mueller, 2017; Alonso et al., 2018; Kuczma et al., 2021). The 
differentiation of anergic CD4+ T cells into pTregs is mainly 
driven by TGFβ (Fig. 3) (Kalekar and Mueller, 2017; Yamagiwa 
et al., 2024). pTregs have been suggested to play critical non
redundant roles in suppressing anti-tumor immune responses 
vis-à-vis thymically derived Tregs (Yadav et al., 2013; Hossain 
et al., 2024). Apart from pTregs, anergic cells can also give rise to 
FOXP3−-suppressive Tr1-CD4+ T cells, which have been linked to 
poor tumor control across different cancers (Bonnal et al., 2021; 
Thomann et al., 2021; Sultan et al., 2024). Thus, anergic CD4+ 

T cells have a unique ability to give rise to different suppressive 
CD4+ T cell subsets that inhibit anti-tumor immunity.

Exhaustion in chronically stimulated CD4+ T cells in tumors
While approaches that prevented CD4+ T cell anergy in draining 
lymph nodes transiently delayed tumor growth, the tumors 
eventually escaped and progressed (Abe et al., 2012). This sug
gests that distinct nonredundant mechanisms govern CD4+ T cell 
dysfunction in tumors, with implications for durable anti-tumor 
immune responses and tumor control. IR-expressing CD4+ 

T cells have been observed in multiple tumor types, hinting at a 
phenotype analogous to CD8+ T cell exhaustion (Crespo et al., 
2013; Chen et al., 2020; Yang et al., 2020; Liu et al., 2022) 
(Table 1). While research remains limited, it has identified key 
traits of these cells—some shared with exhausted CD8+ T cells 
and others unique to CD4+ T cells. The sections below will 
compare the unique and shared traits of chronically stimulated 
CD4+ T cells with exhausted CD8+ T cells, first in chronic viral 
infections and then in tumors.

Evidence of exhaustion in chronically stimulated CD4+ T cells in 
chronic viral infections. As exhausted CD8+ T cells were first 
described in the context of chronic viral infections, we will first 
discuss features of exhausted CD4+ T cells in chronic viral in
fections. Chronic LCMV infections are known to induce a higher 
proportion of IR-expressing CD4+ T cells compared with acute 
LCMV infections (Brooks et al., 2005; Aubert et al., 2011; Fahey 
et al., 2011; Dow et al., 2013). Similar populations of IR- 
expressing CD4+ T cells are also seen in other chronic 
infections—including hepatitis (Aubert et al., 2011), HIV 
(Brunet-Ratnasingham et al., 2022), CMV (Parry et al., 2021), 
and EBV (Chatterjee et al., 2019). In these contexts, the kinetics 
of IR upregulation correlate with disease severity. Furthermore, 
the upregulation of IRs is greater on antigen-specific CD4+ 

anergic CD4+ T cells into induced Tregs. In contrast, efficient priming generates stem-like CD4+ T cells that are imprinted with features of either effector or 
exhausted T cells, depending on the strength of priming. The strength of this priming is influenced by variables such as clone size and TCR affinity. (B) Within 
tumors, TGFβ can induce anergic CD4+ T cells and drive the differentiation into Tregs. The propensity of stem-like CD4+ T cells to differentiate into either 
effector or exhausted CD4+ T cells is likely shaped by their initial imprinting in the lymph node. Whether these differentiation pathways are mutually exclusive— 
i.e., whether stem-like exhausted CD4+ T cells can become effector CD4+ T cells, or whether exhausted CD4+ T cells can re-differentiate into effectors— 
remains unknown. Additionally, factors within the tumor microenvironment (TME) can suppress CD4+ T cell effector function through mechanisms that are 
independent of classical T cell exhaustion. Created with BioRender. https://BioRender.com/ekcyog8. p-MHC, peptide-MHC; EOMES, eomesodermin.
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T cells compared with bystander CD4+ T cells (Raziorrouh et al., 
2011; Jacobi et al., 2019). This suggests that chronic TCR sig
naling might drive an exhaustion phenotype analogous to CD8+ 

T cells. However, only a few studies have compared antigen- 
specific CD4+ and CD8+ T cells under conditions of persistent 
antigen that lead to exhaustion. Pioneering work by Wherry and 
colleagues addressed this by comparing the phenotype and 
functional profile of LCMV-specific CD4+ and CD8+ T cells from 
mice with chronic LCMV Cl13 infection (Crawford et al., 2014). 
Although IR upregulation was a common feature in chronically 
stimulated CD4+ and CD8+ T cells, there were some differences 
in the type of IRs expressed by each subset. The IRs 2B4, TIM-3, 

and LILRB4 were mainly expressed by exhausted CD8+ T cells, 
while CTLA4, CD220, and B and T lymphocyte attenuator 
were mainly expressed by chronically stimulated CD4+ 

T cells (Crawford et al., 2014). Indeed, the increased expression 
of CTLA4 in CD4+ T cells results in CTLA4 blockade having a 
stronger impact on proliferation in CD4+ vs. CD8+ T cells (Chan 
et al., 2014). Both chronically stimulated CD4+ T cells and CD8+ 

T cells had an enhanced type-I IFN gene signature, consistent 
with the role of persistent IFN signaling in facilitating exhaus
tion (Benci et al., 2016; Sumida et al., 2022), and also upregulated 
the exhaustion-associated transcription factors BATF (Zhang 
et al., 2022), PRDM1 (Shin et al., 2009), EOMES (McLane 
et al., 2021), and TOX (Khan et al., 2019). The link between 
TOX and dysfunction in CD4+ T cells is harder to discern given 
its crucial role in the CD4+ T cell development (Aliahmad et al., 
2011). While chronically stimulated CD4+ T cells and CD8+ T cells 
upregulate many of the same transcription factors, the tran
scription factor IKZF2 (Helios) has been implicated as a unique 
regulator in chronically stimulated CD4+ T cells, suggesting 
some differences in how CD4+ and CD8+ T cells are regulated 
during chronic stimulation (Crawford et al., 2014) (Table 1).

Chronically stimulated CD4+ and CD8+ T cells from LCMV- 
Cl13–infected mice had some common functional limitations— 
including reduced proliferation and motility (Table 1). However, 
they also had critical differences. Unlike chronically stimulated 
CD8+ T cells that were functionally impaired, chronically stim
ulated LCMV-specific CD4+ T cells appeared to be functionally 
remodeled (Table 1). Chronically stimulated LCMV-specific CD8+ 

T cells lost the ability to produce both IFNγ and TNF. In contrast, 
chronically stimulated LCMV-specific CD4+ T cells preferentially 
upregulated IL21 and IL10, retained IFNγ synthetic capacity, and 
lost TNF synthetic capacity—indicating acquisition of Tfh-like 
attributes (Fahey et al., 2011; Crawford et al., 2014). Indeed, 
chronically stimulated LCMV-specific CD4+ T cells upregulate 
costimulatory molecules associated with Tfh-CD4+ T cell 
development—such as inducible T cell costimulator and OX40 
(Fahey et al., 2011; Crawford et al., 2014). This Th1-to-Tfh 
transition has been described in chronically stimulated CD4+ 

T cells (Fahey et al., 2011). Mechanistically, this could be driven 
by inhibition of TCR signaling, given that TCR signal strength 
governs Th1 vs. Tfh polarization in naı̈ve CD4+ T cells (Kotov 
et al., 2019; Künzli et al., 2021). We now recognize that func
tional impairment in exhausted CD8+ T cells results from epi
genetic remodeling that limits transcription of effector genes 
(Pauken et al., 2016; Schietinger et al., 2016; Sen et al., 2016; 
Khan et al., 2019). However, whether the functional changes in 
chronically stimulated CD4+ T cells are driven by epigenetic 
remodeling is still unclear. Future work is needed to determine 
whether CD4+ T cells have similar or distinct epigenetic pro
grams compared with CD8+ T cells.

Unlike in CD8+ T cells, a detailed developmental trajectory to 
chronically stimulated CD4+ T cells has not been well-described. 
However, one common feature between the two is the existence 
of a stem-like progenitor population with self-renewal potential 
that eventually gives rise to a terminally differentiated “ex
hausted” population (Table 1). Indeed, a population of TCF7+ PD- 
1+ CD4+ T cells with features resembling TCF7+ PD-1+ Tpex CD8+ 

Table 1. Comparison of key attributes of chronically stimulated CD4+ 

vs. CD8+ T cells

Attribute Chronically 
stimulated CD8+ 

T cells

Chronically 
stimulated 
CD4+ T cells

References

IR expression ↑ PD-1, CTLA4, 
TIM-3 and LAG-3. 
↑2B4, LILRB4

↑ PD-1, CTLA4, 
TIM-3 and LAG-3

Dow et al. (2013), 
Goding et al. 
(2013), Crawford 
et al. (2014), Pour 
et al. (2019), 
Tracy et al. 
(2022)

↑ CD200 and 
BTLA4

Transcriptional 
regulation

TOX, NFAT, 
PRDM1, BACH2, 
BATF, and EOMES

TOX, NFAT, 
PRDM1, BACH2, 
BATF, and 
EOMES

Crawford et al. 
(2014), Trefzer 
et al. (2021), 
Sumida et al. 
(2022)Uniquely 

upregulates 
IKZF2 (Helios)

Functional 
profile

↓ Self-renew ↓ Self-renew Beltra et al. 
(2020), Fu et al. 
(2020)

↓ IFNγ, TNFα, and 
IL2

↓ TNFα and IL2 
but retains IFNγ, 
↑ Tfh attributes 
(IL21 and IL10)

Crawford et al. 
(2014), Catakovic 
et al. (2017), 
Balança et al. 
(2021)

Cytotoxicity 
attributes

++ to +++ 0 to ++ Oh et al. (2020), 
Liu et al. (2022), 
Sultan et al. 
(2024)

Epigenetic traits Characteristic 
epigenetic 
remodeling in IR, 
cytokine, and 
cytotoxicity genes

? Pauken et al. 
(2016), 
Schietinger et al. 
(2016), Stephen 
et al. (2017), 
Satpathy et al. 
(2019)

Ontogeny Terminally 
exhausted arise 
from a self- 
renewing TCF7+ 

Tpex subset

Arise from a self- 
renewing TCF7+ 

progenitor

Beltra et al. 
(2020), Xia et al. 
(2022), Zhou 
et al. (2024)

BATF, basic leucine zipper ATF-like transcription factor; EOMES, 
eomesodermin; BACH2, BTB domain and CNC homolog 2.
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T cells has been observed in mice with chronic infections (Xia 
et al., 2022; Swaminathan et al., 2024). This “stem-like” CD4+ 

T cell population had significant self-renewal potential and gave 
rise to different effector CD4+ T cell subsets in LCMV Cl13–in
fected mice (Xia et al., 2022; Swaminathan et al., 2024). Thus, in 
chronic infections, terminally exhausted CD4+ and CD8+ T cells 
are continuously replenished from analogous pools of self- 
renewing TCF7+ stem-like T cell populations.

Evidence of exhaustion in tumor-reactive CD4+ T cells in can
cer. IR-expressing CD4+ T cells have been described in various 
murine tumor models, which have a loss of proliferative ca
pacity, impaired cytokine production, and consequently defec
tive tumor control (Goding et al., 2013; Rausch and Hastings, 
2015; Goding et al., 2018; Qin et al., 2018; Fu et al., 2020) 
(Fig. 3). PD-1 blockade expands CD4+ T cells with lower IR ex
pression and enhanced effector function, leading to improved 
tumor control and survival (Goding et al., 2013; Rausch and 
Hastings, 2015; Fu et al., 2020). Similarly, the magnitude of IR 
upregulation cells strongly correlates with functional impair
ment of the CD4+ T cells and also lower progression-free survival 
in cancer patients (Yuan et al., 2017; Nakano et al., 2018; Huang 
et al., 2023; Ledergor et al., 2024). Indeed, tumor-specific PD-1+ 

CD39+ CD4+ T cells from patients with head and neck, ovarian, 
and cervical tumors exhibit impaired production of Th1- 
cytokines IFNγ and TNF (Balança et al., 2021). PD-1 blockade 
restores the helper function of these tumor-specific CD4+ T cells, 
which correlated with improved CD8+ T cell priming by DCs 
(Balança et al., 2021). These findings suggest that tumor-specific 
CD4+ T cells exhibit features of exhaustion, which contribute to 
impaired tumor control.

As mentioned earlier, a significant proportion of CD4+ T cells 
in tumors had a TCF7+PD-1+ stem-like phenotype and can give 
rise to Th1 effector CD4+ T cells (Fig. 3) (Cardenas et al., 2024). 
Treatment with PD-1 blockade induced the proliferation of stem- 
like CD4+ T cells, induced their differentiation into effector CD4+ 

T cells, and reduced the proportion of IR-expressing CD4+ T cells 
(Fig. 3) (Fu et al., 2020; Balança et al., 2021). These data suggest 
that the TCF7+PD-1+ stem-like CD4+ T cells can give rise to ter
minally differentiated effector or exhausted CD4+ T cells in tu
mors (Cardenas et al., 2024; Zhou et al., 2024) (Fig. 3). Indeed, 
stem-like and terminally differentiated CD4+ T cells share a gene 
expression program with progenitor- and terminally differen
tiated CD8+ T cells, respectively (Miller et al., 2019; Siddiqui 
et al., 2019; Zhou et al., 2024). While this suggests that tumor- 
reactive CD4+ T cells might be imprinted with features of ex
haustion early on, this may not be uniform to all tumor-specific 
CD4+ T cell clones. Indeed, studies have shown that CD4+ T cell 
clones with a lower precursor frequency are more likely to be
coming exhausted, while clones with a higher precursor fre
quency are more likely to acquire effector-memory fates 
(Malandro et al., 2016). Mechanistically, the low-precursor 
clones experience less clonal competition during priming and 
thus have a greater initial expansion. However, this stronger 
priming signal also hastens their terminal differentiation and 
predisposes them toward phenotypic exhaustion, including 
upregulation of multiple IRs and irreversible loss of Th1 effector 
function (Malandro et al., 2016). In contrast, high-precursor 

clones experience significant clonal competition that blunts 
their expansion after priming, resulting in a bias toward func
tional effector-memory CD4+ T cells (Malandro et al., 2016). 
Interestingly, these exhaustion features can be imprinted on the 
low-precursor clones in the tumor-draining lymph node itself, 
indicating a Tpex state as seen in CD8+ T cells. These results are 
consistent with observations that high-affinity T cell clones have a 
greater propensity toward exhaustion, while low- to intermediate- 
affinity clones have a propensity toward effector/memory differ
entiation (Hoffmann and Slansky, 2020; Künzli et al., 2021; 
Shakiba et al., 2022). Nevertheless, at a certain threshold, T cell 
clones with the lowest affinity develop a functionally inert phe
notype analogous to T cell anergy (Shakiba et al., 2022; Hay et al., 
2023). Thus, the strength of priming represents a determinant of 
CD4 T cell fate (Fig. 3).

As with chronic viral infections, persistent TCR stimulation 
in tumor-specific CD4+ T cells can result in a functional re
programming as opposed to functional impairment. Indeed, 
scRNA-seq studies from patients with basal cell carcinoma 
showed that exhausted CD8+ T cells and Tfh CD4+ T cells in tu
mors are driven by a common regulatory program (Satpathy 
et al., 2019). Exhausted CD4+ T cells preferentially upregulate 
the Tfh cytokine IL21 (Crawford et al., 2014; Satpathy et al., 2019) 
(Fig. 3). Furthermore, chronic type-I IFN signaling, a pathway 
known to facilitate T cell exhaustion, preferentially induces Tfh 
polarization over Th1 CD4+ T cells (Osokine et al., 2014). Chronic 
TCR signaling is known to shift CD4+ T cells from a Th1 state to a 
Tfh state (Crawford et al., 2014). However, exhausted CD8+ 

T cells in tumors are also known to preferentially recruit CXCR5+ 

Tfh CD4+ T cells via CXCL13 production (Zhou et al., 2024). Thus, 
the shift of tumor-reactive CD4+ T cells from a Th1 to a Tfh-like 
state could be driven by preferential recruitment of Tfh-like 
precursors into tumors as well as induction of a Tfh program 
in chronically stimulated Th1 CD4+ T cells. Although exhausted 
CD4+ T cells do not lose all effector function, the effector func
tions they retain might not be significant to tumor control. 
Indeed, although TIGIT-expressing CD4+ T cells in chronic 
lymphocytic leukemia retain IFNγ synthetic capacity, their 
presence correlates with more advanced disease (Osokine et al., 
2014). Furthermore, TIGIT blockade improved tumor control 
despite decreasing IFNγ production by the CD4+ T cells 
(Catakovic et al., 2017). Most studies have linked Th1 or Tfh CD4+ 

T cells with key roles in anti-tumor immune responses and tu
mor control and have thus studied CD4+ T cell exhaustion in the 
context of those effector programs. While Th2 and Th17 CD4+ 

T cells have been described in tumors, their role in tumor con
trol remains controversial and context dependent (see section 
on TME below). Furthermore, chronic viral infections, where 
T cell exhaustion was first described, preferentially elicit Th1- 
and Tfh-polarized CD4+ T cells. For this reason, the impact of 
chronic TCR stimulation on effector functions of Th2/Th17-po
larized CD4+ T cells and its impact on tumor control are still not 
well understood.

Interestingly, CD4+ T cells with cytotoxic attributes (cyto
toxic CD4+ T cells) within tumors can co-express multiple IRs 
associated with exhausted T cells (Oh et al., 2020; Lin et al., 2023; 
Sultan et al., 2024; Zhou et al., 2024) (Fig. 3). Cytotoxic CD4+ 
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T cells have context-dependent pro-tumor or anti-tumor roles. 
Many studies have described key roles for cytotoxic CD4+ T cells 
in facilitating tumor control by targeting MHCII+ cancer cells 
(Oh et al., 2020; Lin et al., 2023; Zhou et al., 2024). However, a 
recent study by Bob Schreiber’s group described an IL10+ 

FOXP3− “regulatory-cytotoxic” CD4+ T cell subset that prefer
entially kills anti-tumor MHCII+ myeloid cells, resulting in 
cancer immune evasion (Sultan et al., 2024). Although IRhi cy
totoxic CD4+ T cells are distinct from other helper CD4+ T cell 
subsets (Cachot et al., 2021), whether acquisition of cytotoxic 
function is a part of an “exhaustion” program in chronically 
stimulated CD4+ T cells in tumors or whether terminal effector 
CD4+ T cells acquire cytotoxic function via a pathway distinct 
from exhaustion is unknown.

In addition to effector CD4+ T cells, tumor-infiltrating Tregs 
also express various IRs (Yano et al., 2019). The role of these 
receptors on Tregs in tumors is complex. While significant up
regulation of PD-1 can reduce Treg proliferation and function 
(Lowther et al., 2016; Kamada et al., 2019), other IRs like Tim-3 
(Sakuishi et al., 2013; Banerjee et al., 2021), LAG-3 (Huang et al., 
2004; Camisaschi et al., 2010), and TIGIT (Chen et al., 2020; 
Yang et al., 2020) limit Treg proliferation while also enhancing 
their suppressive abilities—indicative of a transition to a 
terminal-effector phenotype. It is likely that the overall effect of 
IRs on Tregs depends on their expression level. While chronic 
TCR stimulation does impact Treg proliferation, whether it 
eventually impairs their suppressive function is not known. 
Thus, whether chronic TCR stimulation impacts Tregs in the 
same way as it impacts effector CD4+ or CD8+ T cells is still 
unclear.

Factors in the TME that regulate suppressed CD4+ T cells
Cancer cells do not exist in isolation: indeed, they recruit a di
verse cast of cell types to form an ecosystem favorable to their 
survival and growth. The TME presents various obstacles that 
impede T cell function—such as physical barriers, metabolic 
stressors, and immunosuppressive cell populations (Schreiber 
et al., 2011; Chen and Mellman, 2013). These features of the 
TME can significantly suppress effector functions in CD4+ T cells 
via mechanisms distinct from anergy or exhaustion (Fig. 3). 
Indeed, as these factors can affect CD4+ T cells at different stages 
of the aforementioned differentiation pathways, identifying 
suppressed CD4+ T cells ex vivo using surface markers and 
functional profiling is challenging. Rather, these TME effects can 
be discerned by identifying the suppressive mediators and elu
cidating pathways associated with the different suppressive 
mechanisms. This will also inform immunotherapies that rescue 
CD4+ T cell function by blocking these pathways. (Borst et al., 
2018; Renaude et al., 2021). In the section below, we will describe 
how key players/factors in the TME impact the functional state 
of tumor-reactive CD4+ T cells (summarized in Table 2).

Metabolic stressors. A key feature of the TME, particularly in 
large solid tumors, is a paucity of oxygen and nutrients due to 
rapid tumor growth (Visser and Joyce, 2023). Rapidly dividing 
cancer cells outcompete T cells for critical metabolic resources. 
Furthermore, during tumor growth, cancer cells adapt their 
metabolism from energy production toward biosynthetic 

pathways to produce molecules required for rapid cell division. 
This “aerobic” glycolysis consumes oxygen and releases sub
stantial lactate, resulting in a hypoxic and acidic TME that be
comes progressively hostile with tumor growth (Zhouet al., 
2022; Visser and Joyce, 2023). This hostile environment has 
profound impact on the functional state of tumor-specific CD4+ 

T cells.
Tumors have a high amount of lactate, which creates an 

acidic environment (Zhou et al., 2022; Visser and Joyce, 2023). 
The high lactate can induce effector CD4+ T cells in tumors to 

Table 2. Summary of how the factors in the TME impact CD4+ T cell 
functions

TME factor/Cell 
type

Impact on CD4+ T cell 
functions

References

Acidity/lactate I ↑ Treg differentiation Comito et al. (2019)

↓ Th1/Th17 effector 
programs

Comito et al. (2019), Krol 
et al. (2022)

↓ TCR signaling via 
induction of Cbl-b

Bosticardo et al. (2001), 
Pilon-Thomas et al. (2016), 
Huber et al. (2017), Tsai 
et al. (2023)

Hypoxia ↑ Treg differentiation Ben-Shoshan et al. (2008), 
Neildez-Nguyen et al. 
(2015)

↑ Suppressive IL10+ Th17 
CD4s

Volchenkov et al. (2017)

↓ Th1 effector program 
via IL10 signaling

Shehade et al. (2015)

ER stress ↓ Activation and effector 
functions in CD4+ T cells

Song et al. (2018), Cao et al. 
(2019)

↓ Th1 polarization

CAFs ↓ Effector function in 
CD4+ T cells

Erez et al. (2010), Fiori et al. 
(2019), Butti et al. (2021), 
Chen et al. (2024a)

↑ Suppressive Tregs Liao et al. (2009), Monte 
et al. (2011), Huang et al. 
(2022)

↑ Th2-CD4+ T cells Barnas et al. (2010), 
Kerdidani et al. (2022)Prime anti-tumor Th1/ 

Th17 CD4+ T cells

Tumor-associated 
suppressive 
myeloid cells

Produce suppressive 
factors that inhibit Th1 
effector programs in 
CD4+ T cells

Beltra et al. (2020), Xia et al. 
(2022), Zhou et al. (2024)

↓ Amino acids essential 
for T cell function

Prime CD4+ T cells to 
become anergic/Tregs

Induce tumor-promoting 
Th17 CD4+ T cells

cDC2s, cDC1s, and 
M1-like 
macrophages

Prime anti-tumor CD4+ 

T cells
Ferris et al. (2020), 
Iwanowycz et al. (2021), 
Patterson et al. (2023)

cDC2, type-2 conventional DCs; cDC1, type-1 conventional DCs.
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upregulate FOXP3 and thus become Tregs (Comito et al., 2019; 
Krol et al., 2022). Lactate signaling also impairs effector function 
in preexisting helper CD4+ T cells: lactate mediates degradation 
of the Th1-associated transcription factor T-bet and also results 
in inhibition of IL17 expression in Th17 CD4+ T cells (Comito 
et al., 2019; Krol et al., 2022). Low pH impairs the effector 
function of CD4+ T cells even in the absence of lactate, mainly via 
casitas B lymphoma-b (Cbl-b)–mediated inhibition of TCR sig
naling, suggesting that lactate inhibits effector functions in 
tumor-CD4+ T cells through both direct and indirect mecha
nisms (Bosticardo et al., 2001; Pilon-Thomas et al., 2016; Huber 
et al., 2017; Tsai et al., 2023).

Hypoxia has a similar inhibitory impact on CD4+ T cell 
function, which is mediated by the activation of the transcrip
tion factor HIF1α. Similar to lactate, HIF1α is also known to fa
cilitate iTreg differentiation via induction and stabilization of 
FOXP3 in Tregs (Ben-Shoshan et al., 2008; Neildez-Nguyen 
et al., 2015). HIF1α signaling is also known to inhibit effector 
functions of Th1 cells and induce immune-suppressive IL10+ 

Th17 CD4+ T cells (Shehade et al., 2015; Volchenkov et al., 2017).
ER stress is a common phenomenon in immune cells in tu

mors, which is driven by a plethora of stressors, including hy
poxia, acidity, and nutrient deprivation. ER stress is known to 
inhibit the activation and effector function of both CD4+ and 
CD8+ T cells, particularly under glucose starvation condition in 
tumors where IRE1-XBP1 signaling induce mitochondrial dys
function by inhibiting glutamine influx (Song et al., 2018; Cao 
et al., 2019). ER stress also uniquely inhibits Th1-polarized CD4+ 

T cells by repressing T-bet (Song et al., 2018; Cao et al., 2019).
Cancer-associated fibroblasts (CAFs). One of the first res

ponders to these inflammatory signals is fibroblasts. During 
wound healing, fibroblasts respond to persistent inflammatory 
signals by recruiting suppressive immune cells and producing a 
fibrous “clot” that closes wounds (Dvorak, 2015). Similarly in 
tumors, cancer cells reprogram fibroblasts toward an anti- 
inflammatory state, which is a key event that facilitates tumor 
progression (Erez et al., 2010; Fiori et al., 2019; Butti et al., 2021). 
CAFs have direct suppressive effects on T cell function via pro
duction of soluble mediators such as IL10, TGFβ, and adenosine 
(from ATP via CD39 and CD73), as well as via direct contact 
through PDL1/PDL2 and FasL (Chen et al., 2024a). CAFs induce 
naı̈ve T cells to become Tregs via direct antigen presentation 
and TGFβ production and induce effector CD4+ T cells to acquire 
an anti-inflammatory Th2 phenotype via thymic stromal 
lymphopoietin—both of which are associated with impaired 
anti-tumor immunity and tumor progression (Liao et al., 2009; 
Monte et al., 2011; Huang et al., 2022). However, CAFs are not 
necessarily pro-tumor and have in some cases been associated 
with anti-tumor CD4+ T cell responses. Antigen presentation, as 
well as complement protein-1q (C1q) production, by CAFs was 
shown to be critical for optimal expansion and survival of anti- 
tumor CD4+ T cells in lung cancer (Kerdidani et al., 2022). In 
skin cancer, inflammatory CAFs induce IFNγ- and IL17A- 
producing effector CD4+ T cells (Barnas et al., 2010). The anti- 
tumor function of the CAFs required autocrine IL6 signaling, 
which was enhanced by soluble factors produced by T cells 
(Barnas et al., 2010). Anti-tumor CAFs and Th1/Th17 CD4+ T cells 

thus co-regulate each other and can facilitate tumor control in 
some solid tumors. Thus, CAFs can polarize CD4+ T cells toward 
either pro-tumor or anti-tumor states, depending on the context 
(Fig. 3 and Table 2).

Tumor-associated myeloid cells. Tumors recruit and foster a 
variety of suppressive myeloid cells, which play critical roles in 
suppressing anti-tumor T cell responses (Cassetta and Pollard, 
2018; Li et al., 2021). These include myeloid-derived suppressor 
cells (MDSCs), tumor-associated macrophages, and tolerogenic 
DC (toDCs). These myeloid subsets produce a plethora of im
munosuppressive factors, such as IL10 and TGFβ, that inhibit 
effector Th1 CD4+ T cells and impair Th1 CD4+ T cell polarization 
(Tsukamoto et al., 2013). Suppressive myeloid cells also produce 
enzymes that deplete amino acids essential for T cell function, 
such as IDO (depletes tryptophan) (Munn and Mellor, 2016) and 
arginase (depletes arginine) (Grzywa et al., 2020). Direct in
teraction with MDSCs and toDCs can cause naı̈ve CD4+ T cells to 
either become anergic or differentiate into Tregs (FOXP3+ Tregs 
or FOXP3– Tr1s) (Steinbrink et al., 1997; Zhen et al., 2004; Raker 
et al., 2015), with Treg/Tr1 differentiation mediated by cos
timulatory signals such as CD40 on MDSCs (Pan et al., 2010) and 
ILT family proteins on toDCs (Comi et al., 2018). Interestingly in 
lupus, MDSCs are known to induce CD4+ T cells to acquire a Th17 
phenotype (Wu et al., 2016a; Hu et al., 2023). Th17 polarization is 
driven by high systemic levels of the inflammation-associated 
cytokines IL6 and TGFβ, as well as arginase-mediated arginine 
depletion (Wu et al., 2016a; Hu et al., 2023). The observations in 
lupus patients suggest that MDSCs induce Th17 CD4+ T cells in a 
chronic inflammatory environment—which could likely extend 
to inflammation-driven tumors. Indeed, MDSCs in colorectal, 
oral cell squamous, and pancreatic tumors are known to induce 
Th17 CD4+ T cells (Chatterjee et al., 2013; Blair et al., 2019; Dar 
et al., 2020; Wang et al., 2020). In those tumors, the Th17 CD4+ 

T cells facilitate tumor progression by recruiting more MDSCs, 
promoting angiogenesis, and promoting tumor survival and 
metastasis, as well as inducing fibrosis (Du et al., 2012; Wu et al., 
2014; Lücke et al., 2021; Fesneau et al., 2024). In contrast, type- 
2 conventional DCs, as well as type-1 conventional DCs and “M1- 
like” MHCII+ macrophages, prime and expand effector anti-tumor 
CD4+ T cells (Ferris et al., 2020; Iwanowycz et al., 2021; Patterson 
et al., 2023). The relative composition of pro-tumor and anti- 
tumor myeloid cell subsets in tumors thus plays a key role in 
regulating the functional state of anti-tumor CD4+ T cells.

Summary
CD8+ T cells have been at the forefront of immunotherapy 
approaches to fight cancer. However, recent studies have illu
minated key roles for CD4+ T cells in initiating and directing 
anti-tumor immune responses that curtail tumor progression. 
There has thus been an interest in better defining mechanisms of 
dysfunction in tumor-associated CD4+ T cells. In this review, we 
integrated insights from studies on tumor-reactive CD4+ T cells 
with cutting-edge studies on chronically stimulated CD4+ T cells 
in viral infections to define three main differentiation trajecto
ries for CD4+ T cells in tumor-draining lymph nodes and tumors 
(Fig. 3): (1) Impaired priming in tumor-draining lymph nodes 
resulting in CD4+ T cell anergy, (2) strong priming in tumor- 
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draining lymph nodes predisposes stem-like CD4+ T cells toward 
phenotypic exhaustion in the TME due to chronic TCR signaling, 
and (3) moderate/weak priming in tumor-draining lymph no
des, as well as treatment with immune-checkpoint inhibitors, 
predisposes stem-like CD4+ T cells toward effector differentia
tion. Finally, effector CD4+ T cells can also be functionally sup
pressed by factors in the TME.

The quality of priming in draining lymph nodes plays a key 
role in determining the eventual functional state of tumor- 
reactive CD4+ T cells. In many tumors, Tregs in the draining 
lymph node impair costimulatory signals that CD4+ T cells re
ceive during priming—resulting in CD4+ T cell anergy. On the 
flip side, excessively strong activation signals during priming 
can predispose CD4+ T cells toward terminal exhaustion. As in 
CD8+ T cells, this exhaustion phenotype in imprinted early on in 
stem-like CD4+ T cells in draining lymph nodes. Although ex
hausted CD4+ T cells in tumors have functional deficits, studies 
have described exhausted CD4+ T cells with varying degrees of 
functional impairment (Malandro et al., 2016; Catakovic et al., 
2017; Balança et al., 2021; Tracy et al., 2022). Whether the se
verity of the functional deficits correlates with TCR affinity or 
clone size, and thus the strength of the initial priming signals, 
remains to be determined. Still, these studies suggest that ef
fective anti-tumor CD4+ T cell priming requires activation sig
nals of an intermediate strength.

PD-1 and CTLA4 blockade impact CD4+ T cells via distinct 
mechanisms. CTLA-4 blockade mitigates T cell anergy by in
terfering with Treg-mediated trogocytosis, and promotes the 
proliferation of effector CD4+ T cells (Peggs et al., 2009; Chan 
et al., 2014). In contrast, based on observation in CD8+ T cells, 
PD-1 blockade likely promotes the differentiation of stem-like 
CD4+ T cell to effector CD4+ T cells within tumors (Siddiqui 
et al., 2019; Connolly et al., 2021). However, some studies sug
gest that PD-1 blockade can restore of effector function in ex
hausted CD4+ T cells (Balança et al., 2021). As the studies 
describing effector vs. exhaustion pathways in tumor-reactive 
CD4+ T cells focused on Th1/Tfh effector states, whether this 
model can be applied to tumor-reactive Th2 and Th17 CD4+ 

T cells is not yet known.
Lastly, immunosuppressive factors in the TME play a key role 

in attenuating CD4+ T cell function via pathways that are distinct 
from anergy or exhaustion (Table 2). As the TME can impact 
different effector CD4+ T cell states, understanding how factors 
in the TME influence the functional attributes of effector and 
regulatory CD4+ T cell subsets is crucial to elucidating their 
impact on CD4+ T cell–mediated tumor control. While the studies 
highlighted in this review have described the functional impact 
of individual TME factors on tumor-reactive CD4+ T cells, inte
grating these insights to understand the net impact of the TME 
on CD4+ T cell function is a crucial next step. One approach, 
pioneered by Max Krummel and others, is to classify tumors 
based on “immune archetypes:” groups of tumors with charac
teristic microenvironments and immune cell profiles (Combes 
et al., 2022; Xiao et al., 2022; Anderson et al., 2023; Hamidi et al., 
2024). Future studies could build on this work by characterizing 
how the different TME factors in distinct tumor “niches” influ
ence CD4+ T cell function in each archetype. Recent advances in 

interaction analysis leveraging single-cell RNA sequencing and 
spatial transcriptomics/proteomics have made it possible to 
answer such questions (Dimitrov et al., 2022; Jing et al., 2025).

In conclusion, CD4+ and CD8+ T cells experience distinct 
functional perturbations in tumors. Effective use of immuno
therapy for cancer treatment requires understanding how tu
mors and anti-tumor therapies affect different CD4+ T cell 
subsets and how these changes influence the anti-tumor im
mune response and tumor growth.
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