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Chimeric antigen receptor (CAR) T cell immunotherapy 
has achieved remarkable clinical success in the treatment of 
selected blood cancers (1). Additionally, highly impressive 
efficacy has recently been reported in patients with the 
paediatric solid tumour, neuroblastoma (2). Nonetheless, 
common adult cancer types such as lung cancer largely 
remain stubbornly resistant to CAR T cell immunotherapy 
(3,4). To address this, it is widely acknowledged that there 
is a need for more effective CAR T cell trafficking and 
infiltration of solid tumours, selection of more tumour 
specific targets, improved CAR T cell persistence, 
enhanced performance within the immunosuppressive 
tumour microenvironment (TME) and prevention of life-
threatening CAR T cell-associated toxicities (3). 

Ideal targets for CAR T cell immunotherapy are highly 
expressed on tumour cells with little or absent expression 
on healthy cells. In solid tumours, such prime targets are 
very difficult to identify as a result of which more than 
100 candidates have been evaluated pre-clinically and 
30 advanced to clinical studies (5,6). Risk of toxicity and 
enhanced delivery to the TME may be further reduced by 
chemokine receptor armouring, thereby directing CAR 
T cells more efficiently to tumours that produce cognate 
chemokines, whilst avoiding low antigen expressing healthy 
cells (7,8). Alternatively, where appropriate, CAR T cells 
can be injected intratumourally, although penetration 
within target lesions remains sub-optimal (9). 

The TME also contributes importantly to poor CAR 
T cell function, due to physical constraints, antigen 

overload, deployment of multiple immunosuppressive 
attributes, nutrient deprivation and accumulation of 
harmful metabolites (10,11). As a result, T cell exhaustion 
may commonly ensue at that site (12). The key pathways 
that mediate exhaustion include the induced upregulation 
of inhibitory immune checkpoints such as programmed 
cell death protein 1 (PD-1), lymphocyte activation gene 3 
(LAG-3) and T cell immunoglobulin and mucin domain 3 
(Tim-3), upregulation of suppressive transcription factors 
such as thymocyte selection-associated high mobility 
group (HMG) box (TOX) and nuclear receptor family 
4 (NR4) and onset of metabolic dysfunction. A detailed 
review of tumour resistance mechanisms and approaches to 
overcome this by CAR T cell engineering has recently been 
published (13). In brief, commonly used approaches entail 
the use of more durable receptor designs, switch systems 
and manufacturing processes and/or engineering strategies 
that foster enhanced CAR T cell fitness within the tumour 
battleground (14-18). Moreover, efficacy and safety may 
be further potentiated through the use of products derived 
from early memory/stem memory T cells, owing to their 
superior persistence and reduced propensity to cause 
cytokine release syndrome (CRS) (19,20). 

Most commonly, CAR T cell batches are manufactured 
from unfractionated patient-derived T cells. As a result, 
individual products are highly heterogeneous in nature, 
often with marked donor-dependent variation in cellular 
composition and immunophenotype. These attributes 
can significantly shape CAR T cell fitness and ultimate 
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anti-tumour efficacy (21,22). Donor to donor variability, 
selection of different CAR T cell architectures and 
signalling moieties, use of diverse manufacturing protocols 
and the incorporation of distinct armouring technologies 
across different studies all potentially obscure the 
identification of meaningful predictive markers of anti-
tumour activity, persistence, and adverse events. 

One fundamental question in this regard is the importance 
of T cell subset composition in the generation of effective 
CAR T cell drugs. The direct anti-tumour cytotoxic function 
of CD8+ T cells is widely appreciated. By contrast, CD4+ 
T cells are traditionally considered to operate primarily as 
supportive “helper cells”, acting via direct (e.g., cytokine-
mediated) and indirect (e.g., maintenance of cross-presenting 
dendritic cells) mechanisms (23). However, this view of how 
CD4+ T cells contribute to anti-tumour immunity has begun 
to evolve on the foot of some recent experimental studies 
and clinical observations, including the paper featured in this 
commentary by Boulch et al. (24). 

Recent clinical studies have highlighted some unexpected 
mechanisms by which CD4+ CAR T cells contribute to 
tumour control. The clinical importance of cytotoxic CD4+ 
CAR T cells was highlighted in long-term adult survivors 
with chronic lymphocytic leukaemia following CD19 CAR 
T cell immunotherapy. In these subjects, the initial phase 
of anti-tumour activity was mediated by CD8+ or γδ T cells, 
whereas long-term disease control was almost exclusively 
mediated by oligoclonal cytotoxic CD4+ T cells (25). 
Novel helper mechanisms by which CD4+ CAR T cells 
support their CD8+ counterparts have also been uncovered 
during the CAR T cell manufacturing process and include 
interactions mediated between CD40L-CD40 and CD70-
CD27 (26). In the absence of such support, CD8+ CAR T 
cells exhibit a hypofunctional phenotype.

A number of recent pre-clinical investigations have also 
provided new insights into the importance of CD4+ CAR 
T cells in anti-tumour efficacy. In a pleural mesothelioma 
model (27), regional co-delivery of CD4+ and CD8+ CAR T 
cells targeted against mesothelin resulted in the enhanced 
accumulation of the latter at the site of disease, leading to 
increased overall efficacy. When the authors compared the 
use of different T cell subset compositions, anti-tumour 
efficacy was ranked in the order (I) CD4+ CAR plus CD8+ 
CAR; (II) CD4+ CAR alone and (III) CD8+ CAR alone (27).  
In an orthotopic glioblastoma model, CD8+ CAR T cells 
exhibit a marked susceptibility to become rapidly exhausted, 
in contrast to CD4+ CAR T cells (28). In that study, both 
products were manufactured from enriched CD62L+ 

CD45RO+ central memory T cells. Although CD4+ CAR T 
cells achieved greater efficacy, they could not rescue CD8+ 
CAR T cells from exhaustion meaning that the order of 
anti-tumour potency was (I) CD4+ CAR alone; (II) CD4+ 
CAR plus CD8+ CAR equal to (III) CD8+ CAR alone. A 
notable finding highlighted in both reports was the fact 
that CD4+ CAR T cells demonstrated intrinsic tumour cell 
killing activity, in addition to provision of CD8+ cytotoxic 
T cell support. In keeping with this, CD4+ CAR T cells 
have been shown to undertake direct, perforin-mediated 
cytotoxicity, sometimes even acting as “serial” tumour cell 
killers (29). However, rate of tumour cell killing by CD4+ 
CAR T cells is significantly slower than by their CD8+ 
counterparts, a point ascribed to the lower granzyme B 
content of these cells. Importantly, although CD4+ CAR 
T cells are less cytolytic than CD8+ CAR T cells, they do 
produce higher amounts of a range of cytokines, including 
interleukin (IL)-2 and interferon (IFN)-γ (30) and this is a 
point that was picked up by Boulch et al. in their study (24).  
Regarding CD4+ T cell subsets, it should also be noted 
that particularly impressive results have recently been 
reported for CD26high CD4+ CAR T cells in a mesothelioma 
xenograft model, although the role of CD26 in these 
findings remains unclear (31). 

The importance of CD4+ CAR T cells in disease control 
has also been demonstrated in some haematological cancer 
models. Studies in leukaemic models have highlighted 
the importance of CD4+ T cells in achieving myeloid cell 
activation, elevated cytokine release, enhanced CAR T 
cell expansion kinetics and ultimately, greater durability of 
response (24,32). Moreover, in a humanised mouse model of 
B cell acute lymphoblastic leukaemia (B-ALL), CAR T cells 
recovered from the bone marrow of mice that had achieved 
complete responses were enriched for CD4+ CAR T cells (32).  
Similarly, in vivo generated CD19-specific CD4+ CAR 
T cells achieved better disease control than CD8+ CAR 
T cells or a mix of the two subsets in an Nalm-6 B-ALL 
model (33). In contrast, although Raji lymphoma xenografts 
respond better to CD8+ (central memory) rather than CD4+ 
(naïve) CAR T cell counterparts, the combination of both 
of these subsets yielded best results (30). These studies set 
the scene for the development of clinical products such 
as lisocabtagene maraleucel in which a defined subset of 
CD4+ and CD8+ CAR T cells are infused, an approach that 
achieves comparable efficacy to other approved products, 
with some indications that toxicity may be reduced (34).

Dissection of the in vivo cross talk that occurs between 
CD4+ and CD8+ CAR T cells requires the use of immune 
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competent model systems. Two recent pre-clinical studies 
by Boulch et al. (24) have proven highly informative in this 
respect and their findings are summarised graphically in 
Figure 1. Using a model of CD19+ Burkitt-like lymphoma, 
they first demonstrated that CD8+ CAR T cells co-
localised with tumour to a greater extent than their CD4+ 
counterparts and this was accompanied by increased 
tumour cell apoptosis. These findings chime well with 
the established direct tumour cytolytic activity of CD8+ 
CAR T cells (35). As before, they also found that CD4+ 
CAR T cells could induce tumour cell killing. Intriguingly 
however, this activity was primarily mediated in the absence 
of cell contact via a process they dubbed “indirect killing”. 

Additionally, CAR CD4+ T cells proved more effective in 
recruiting endogenous immune effectors to re-sculpt the 
TME in a manner that was strongly dependent on IFN-γ 
and IL-12. Thus, complementarity was demonstrated 
between both subsets which, respectively, were more adept 
at immune cell activation (CD4+ CAR T) and direct tumour 
cell killing (CD8+ CAR T). In a key follow-up study by the 
same group, mechanisms that underlie CD4+ CAR T cell-
dependent cytotoxicity were further interrogated (24). They 
used intravital imaging of the bone marrow in a CD19 
CAR T cell/proB-ALL tumour model and employed a 
range of knockout mouse models to ascertain the relative 
importance of CAR T cell-derived IFN-γ and perforin, and 

Figure 1 Schematic of anti-tumour mechanisms deployed by CD4+ CAR T cells. Boulch et al. (24) demonstrate that CD4+ CAR T cells 
mainly promote indirect tumour control through IFN-γ release, while only a small fraction of lysis results from perforin-mediated direct 
killing. Other anti-tumour activities of IFN-γ are discussed in the text. CAR, chimeric antigen receptor; IFN, interferon. 
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tumour or host cell expression of IFN-γ receptor (IFN-
γR). By this means, they determined that over two-thirds of 
CD4+ CAR T cell tumour killing events occurred indirectly 
through IFN-γ-dependent mechanisms, whereas perforin-
dependent direct killing only accounted for the residual 
minority of these events. Since IFN-γ could disseminate 
widely throughout the TME, it induced apoptotic cell 
death of tumour cells at a significant distance from the 
originating CD4+ CAR T cell, contrasting with the highly 
localised cytolytic activity of CD8+ CAR T cells. Moreover, 
both antigen positive and negative variant tumour cells 
were susceptible to this CD4+ CAR T cell-driven clearance 
mechanism. However, tumour cell sensitivity to IFN-
γ-dependent apoptosis proved critical in this regard, 
potentially accounting for the variable importance of this 
mechanism in different tumour types. While causes of 
IFN-γ resistance were not identified, alterations in IFN-γR 
expression were excluded (24), highlighting the probability 
that downstream pathway deficiencies are responsible 
and warrant further study. In keeping with this, defects 
in the IFN-γR signalling pathway have also been linked 
to resistance to CAR T cell mediated destruction of solid 
tumours (36). However, in apparent conflict with these 
findings of Boulch et al. is the demonstration by the Maus 
group that IFN-γ is dispensable for cytotoxic responses and 
anti-tumour activity against haematological tumours (36,37). 
A possible reconciling factor to explain these apparent 
differences is that the haematological models under study 
by Larson et al. were highly susceptible to CD8+ CAR T 
cell tumour cell clearance, obviating the need for this CD4/
IFN-γ-dependent mechanism (36). Consequently, it would 
be of great interest to examine the susceptibility of IFN-γ 
resistant tumour cells to destruction by CD8+ CAR T cells. 

Several potentially important additional tumour protective 
roles of IFN-γ have emerged in recent years. First, this 
cytokine has been implicated in intratumoural myeloid cell 
activation and the facilitation of endogenous T cell memory, 
both in pre-clinical models and in glioblastoma patients 
following CAR T cell treatment (38,39). Moreover, IFN-γ 
is known to also induce target cell death by ferroptosis 
whereby lipid peroxide accumulation is triggered in an iron-
dependent manner (40). The importance of these target-
independent effects of IFN-γ stems from the fact that most 
solid tumour CAR T cell targets exhibit heterogeneous 
expression, necessitating additional immune effector 
mechanisms to consolidate clinical response. 

Clinical studies have also assigned an increasingly 
prominent role for CD4+ T cells, both in CAR T cell and other 

forms of cancer immunotherapy. In the article featured in this 
commentary, Boulch et al. reported that in patients with diffuse 
large B cell lymphoma (DLBCL) who received CD19-specific 
CAR T cell immunotherapy, there was a strong correlation 
between high CD4:CD8 ratio and IFN-γ release. Importantly, 
in those patients with high CD4:CD8 ratio and high serum 
IFN-γ concentration, there was a significant improvement in 
progression-free survival and overall survival when compared 
to patients with a high CD4:CD8 ratio and low levels of 
IFN-γ (24). Given that these patients had a haematological 
malignancy, these data need to be carefully reconciled with 
the findings of the Maus group (36,37), as highlighted above. 
In the context of immune checkpoint blockade, clonally 
expanded cytotoxic CD4+ T cells that produce IFN-γ have 
been identified in bladder cancer, where tumour cell killing 
was major histocompatibility complex (MHC) class II 
dependent (41). Indeed, a gene signature associated with this 
cell type correlated with clinical response to anti-programmed 
death ligand 1 (PD-L1) immunotherapy. Similarly, CD4+ T 
cell populations have been correlated with positive clinical 
responses to immune checkpoint blockade in breast and 
colorectal cancer (42,43). In the colorectal study, a CD4+ T cell 
population with a strongly cytotoxic gene signature was once 
again identified. In a phase 1 dose escalation trial undertaken 
in our centre to evaluate intratumoural pan erythroblastic 
leukaemia viral oncogene homologue (ErbB)-specific CAR 
T cells in patients with relapsed refractory head and neck 
squamous cell carcinoma, we found that the administration of 
CD4+ T cell rich CAR product was correlated with superior 
outcome (9). However, although CD4+ CAR T cells drive 
potent anti-tumour efficacy, evidence also suggests that these 
cells are the main drivers of associated adverse events, such as 
CRS (32,44). Intriguingly. IFN-γ has also been implicated in 
this toxic event (37), highlighting the potentially double edged 
nature of the CD4+ T cell/IFN-γ axis identified by Boulch and 
others. Consequently, adjusting the CD4:CD8 ratio in CAR 
T cell products may help to achieve the appropriate balance of 
potent anti-tumour activity whilst reducing harmful adverse 
events to tolerable levels. 
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