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T cell-based therapies, including tumor-infiltrating lympho-
cyte therapy, T-cell receptor-engineered T cells, and chimeric
antigen receptor T cells, are powerful therapeutic approaches for
cancer treatment. Whereas these therapies are primarily known
for their direct cytotoxic effects on cancer cells, accumulating
evidence indicates that they also influence the tumor microen-
vironment (TME) by altering the cytokine milieu and recruiting
additional effector populations to help orchestrate the antitumor

Introduction

Cellular immunotherapies are emerging as groundbreaking strat-
egies in cancer treatment. These therapies encompass a variety of
approaches, such as dendritic cell (DC) vaccines, cytokine-induced
killer cells, NK cell-based strategies, and T cell-based immunother-
apies, each harnessing distinct mechanisms to target and eliminate
cancer cells (1). Among these, T cell-based approaches such as
tumor-infiltrating lymphocyte (TIL) therapy, T-cell receptor-
engineered T cells (TCR T), and chimeric antigen receptor T cells
(CAR T) have gained substantial attention due to their clinical suc-
cess, and several of them have been granted FDA approval for the
treatment of certain malignancies in recent years (Table 1). Regard-
less of the specific approach, the main shared mechanism of action of
T cell-based immunotherapies is the induction of cytotoxicity via the
perforin/granzyme pathway; however, there is increasing evidence
that their effects extend beyond the direct killing of tumor cells. For
instance, they can modify the cytokine milieu and reshape the dy-
namics of the tumor microenvironment (TME) by recruiting and
activating additional effector populations (2).

The TME is a highly coordinated network of immune cells,
stromal cells, and vascular cells. The constant interplay between
themselves, tumor cells, and other components of this bustling
ecosystem determines the course of the disease by promoting an-
titumor responses or by favoring disease progression (3). The
presence of therapeutic T cells adds an additional layer of com-
plexity because they also integrate into this convoluted niche.
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immune response. Conversely, the TME itself can modulate the
behavior of these therapies within the host by either supporting
or inhibiting their activity. In this review, we provide an overview
of clinical and preclinical data on the bidirectional influences
between T-cell therapies and the TME. Unraveling the interac-
tions between T cell-based therapies and the TME is critical for a
better understanding of their mechanisms of action, resistance,
and toxicity, with the goal of optimizing efficacy and safety.

Reciprocally, the TME influences the activity of therapeutic T cells,
potentially supporting or inhibiting their activity. This phenomenon
is particularly relevant because, despite their promise, T-cell thera-
pies face substantial challenges that limit their clinical translation.
Severe toxicities such as cytokine release syndrome (CRS) are fre-
quent events in clinical settings (4). Additionally, limited efficacy
due to T-cell exhaustion and reduced infiltration are major con-
cerns, especially in solid malignancies (5). Unraveling the bidirec-
tional communication between T cell-based therapies and the TME
is crucial for a better understanding of their mechanisms of action,
resistance, and toxicity, with the ultimate goal of optimizing their
efficacy and safety. In this review, we will discuss preclinical and
clinical research to provide an in-depth view of how these therapies
influence, and are influenced by, the TME. For convenience, se-
lected cell types will be discussed separately; nonetheless, in reality,
these complex multicellular networks are inherently influenced by
countless factors, including simultaneous interplay between several
subsets of immune cells.

Influence of Lymphoid Cells in the TME
on T Cell-Based Immunotherapies

Lymphoid populations in the TME

TILs are a heterogeneous group of lymphocytes that have migrated
into the tumor site. Their presence is usually associated with a fa-
vorable immunotherapy response, underscoring their pivotal role in
the antitumor response (6, 7). T cells, in particular, are the corner-
stone of antitumor immunity, showcasing unparalleled functional
versatility. Among T-cell subsets, CD8" cytotoxic T lymphocytes
(CTL) execute direct cytotoxic functions, targeting and eliminating
cancer cells (7, 8). On the other hand, CD4" T cells encompass a wide
spectrum of activation states with distinct functions that influence the
course of the disease (9). The Th1/Th2 balance is particularly relevant
in cancer, as Thl cells promote antitumor responses through the
production of IFNy and activation of CTLs, being therefore associated
with a better immunotherapy response (10, 11). Additionally, the role
of Th17 is context-dependent: in colorectal cancer, this type of re-
sponse can support tumor growth and is associated with poor
prognosis, whereas in other settings such as ovarian cancer, it is rather
associated with an antitumor response (12, 13). Regulatory T cells
(Treg), another crucial subset of CD4" T cells, inhibit antitumor
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Table 1. T-cell immunotherapies in clinical use.

Feature TIL therapy (6, 137, 138)

CAR T-cell therapy (126, 139-145)

TCR T-cell therapy (146, 147)

Overview
ex vivo, and reinfused after
lymphodepletion.

Advantages Relies on the host’s TCR repertoire with
broad recognition of tumor-associated

antigens and neoantigens.

Limitations Requires access to tumor tissue, which can
have great variability of TIL quality and

quantity.

Toxicities

FDA status Approved in 2024 for metastatic or
unresectable melanoma previously
treated with immunotherapy and/or

kinase inhibitors.

Several ongoing clinical trials for different

malignancies.

Products in  Lifileucel (Amtagvi)

TILs are isolated from the tumor, expanded

CRS, neurotoxicity, and autoimmunity

T cells are obtained from PBMCs,
transduced with an antigen-specific CAR
construct, expanded ex vivo, and
reinfused after lymphodepletion.

MHC independency is useful in the context

of HLA loss in cancer.

CAR constructs can be engineered with
several domains, on/off switches, and
suicide genes to optimize efficacy and
safety.

Ongoing research on the generation of
allogeneic “off-the-shelf” CAR T cells.

Limited to surface antigens.

Potential for on-target/off-tumor effects
due to shared antigen between tumor
and healthy tissues.

Difficult to predict and/or modulate antigen
avidity and tonic signaling.

CRS, neurotoxicity, cytopenias, and sepsis

Recent reports of secondary malignancies,
including CAR" leukemia.

First approved in 2017 for R/R pediatric
B-cell ALL. Several other CD19-targeting
CAR T cells have since been approved for
other R/R B-cell malignancies such as
DLBCL, MCL, FL, CLL, and ALL.

Two anti-BCMA CAR T cells have been

approved for R/R MM.

Several ongoing clinical trials for other
malignancies, including solid tumors.

Tisagenlecleucel (Kymriah)

T cells are collected from either PBMCs or
TILs, transduced with an antigen-specific
TCR, expanded ex vivo, and reinfused
after lymphodepletion.

Can target intracellular antigens presented
by MHC molecules.

Requires precise epitope selection, TCR
screening, and HLA matching.

Potential for off-target/off-tumor effects
due to TCR cross-reactivity.

CRS, neurotoxicity, and graft-vs-host
disease

Approved in 2024 for MAGE-A4-positive
metastatic or unresectable synovial
sarcoma.

Several ongoing clinical trials for different
malignancies.

Afamitresgene autoleucel (Tecelra)

use Axicabtagene ciloleucel (Yescarta)
Brexucabtagene autoleucel (Tecartus)
Lisocabtagene maraleucel (Breyanzi)
Idecabtagene vicleucel (Abecma)
Ciltacabtagene autoleucel (Carvykti)
Obecabtagene autoleucel (Aucatzyl)

Abbreviations: ALL, acute lymphocytic leukemia; CLL, chronic lymphocytic leukemia; DLBCL, diffuse large B-cell lymphoma; FL, follicular lymphoma; MCL,
mantle cell lymphoma; MM, multiple myeloma; PBMC, peripheral blood mononuclear cell; R/R, relapsed/refractory.

responses through various mechanisms, including suppression of ef-
fector T cells and modulation of antigen presentation, thereby pro-
moting immune escape (14). B cells can also infiltrate the TME, in
which they also play a dual role. Although they can foster an im-
munosuppressive TME by secreting cytokines such as IL10, IL35, and
TGEB, they can also produce tumor-specific antibodies and present
tumor antigens to T cells, supporting adaptive antitumor immunity
(15, 16). Interestingly, tumor-reactive antibodies can emerge from
either autoreactive clones that show reactivity in their germline
configuration or because of somatic hypermutation of nonbinding
precursors (17). B cells are also fundamental constituents of tertiary
lymphoid structures (TLS), which are associated with the presence of
IgG class-switched plasma cells and predict favorable immunotherapy
response (18-20). Lastly, NK cells are innately endowed with several
tumor detection and destruction mechanisms, such as missing self-
detection, recognition of NK group 2 member D (NKG2D) stress
ligands, and antibody-dependent cellular cytotoxicity (21, 22). As we
will discuss in detail in the next paragraphs, endogenous T cells,
B cells, and NK cells in the TME can influence the outcome of T cell-
based immunotherapies.
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T cell-based immunotherapies can stimulate the endogenous
T-cell response

The first observation linking T cell-based immunotherapies and
lymphocytes populating the TME is their ability to stimulate the
endogenous T-cell response. This statement holds true across all
major types of T cell-based immunotherapies, namely adoptive
T-cell therapy (ACT), TIL therapy, TCR T therapy, and CAR T
therapy, and is supported by both preclinical and clinical evidence.

Preclinical data from different murine models has shown that
ACTs recruit and activate host T cells as a part of the antitumor
response (3, 23). In the TCR T and CAR T contexts, different mouse
tumor models have consistently shown an increased infiltration and
activation of endogenous T cells upon therapy (24-26). Moreover,
through tetramer staining, several groups have independently
demonstrated that CAR T-cell therapy promotes the expansion of
endogenous tumor-specific T cells (2, 27). Additionally, Alizadeh
and colleagues found that ILI3Ra2 CAR T-cell therapy against
murine glioblastoma promoted T cell-mediated immunologic
memory generation. Briefly, tumor clearance in mice with previ-
ously robust TMEs rejected rechallenge with IL13Ra2-negative
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tumors unlike those with less T cell-infiltrated TMEs. Ex vivo,
T cells from CAR T-treated mice showed enhanced proliferation
and cytotoxicity, and when transferred to new tumor-bearing mice,
they controlled tumor growth better than T cells from untreated
hosts (24). This observation is promising as it addresses the issue of
antigen loss variants, a common drawback of CAR T-cell therapy.

Human data confirm an increased recruitment of endogenous
T cells after CAR T-cell therapy in hematologic malignancies
(28-32). For instance, a multiplex immunofluorescence-based study
conducted on post-anti-CD19 CAR T-cell treatment biopsies from
patients with diffuse large B cell lymphoma (DLBCL) showed that
responsive samples had a higher CD3" infiltrate driven by a relative
increase of the CD8"/CD4" ratio. Notably, although CAR T cells
represented <5% of the TME, their presence correlated with an
increased positivity for Ki-67, PD-1, and granzyme B in endogenous
T populations in comparison with pretreatment biopsies or post-
treatment samples lacking CAR T cells. Accordingly, in situ hy-
bridization showed that non-CAR T cells frequently expressed IFNy
in the presence of CAR-positive cells (33). These findings suggest
that CAR T-cell treatment promotes activation of endogenous
T cells, which are in turn significant producers of IFNy. It is worth
noting that the role of IFNy in CAR T-cell cytotoxicity is still an
area of active research: Larson and colleagues performed a genome-
wide CRISPR knockout screening in different human cancer cell
lines to identify genes responsible for resistance to CAR T-cell
therapy, finding that the loss of genes associated with the IFNyR
signaling pathway conferred resistance to CAR T-cell therapy in
solid tumors but not in hematologic malignancies (34). In addition,
Wang and colleagues recently found that after locoregional delivery
of IL13Ra2 CAR T cells against pediatric brain tumors, there was an
infiltration of CAR-negative T cells with CD8" T memory, CD8" T
tissue-resident memory, and CD4" T effector (Teff) phenotypes in
the cerebrospinal fluid, whereas CAR" T cells were mostly prolif-
erating and exhausted. Single-cell TCR sequencing revealed clonal
expansion of CAR-negative CD8" Teff and activated CD4" T cells
(Res Sq 2023.rs.3.rs-3454977/v1). Indeed, a CAR T cell-induced
expansion of endogenous T-cell clones and intraclonal plasticity
have been reported by several other groups both in the tumor niche
and peripherally, indicating that CAR T cells not only enhance
endogenous T-cell cytotoxicity but also promote the expansion of
specific clones (28, 35, 36).

Despite this shared evidence that T cell-based immunotherapies
can stimulate the endogenous T-cell response, differences might
exist depending on the specific therapy. For instance, a study
comparing multiple CAR constructs indicated that the effect of CAR
T cells on TILs was dependent on CAR design. Notably, 4-1BB-
based CARs exhibited larger proportions of effector and regulatory
CD4" clusters in the TME compared with CD28-based designs (37).
These findings put into evidence the complexity of the CAR T-cell
influence on endogenous T cells due to a kaleidoscope of factors
such as the CAR construct itself.

Finally, it is important to consider the role of preconditioning
regimes in this context. Lymphodepletion with cyclophosphamide/
fludarabine is essential for creating a suitable niche for ACT en-
graftment and expansion (38, 39). However, these agents can also
strongly reshape the TME by overcoming immunosuppressive cues
and reversing T-cell exclusion in cold tumors (40). The extent to
which endogenous T-cell reconstitution after ACT is a result of
treatment rather than homeostatic proliferation is not fully eluci-
dated. Recently, Louie and colleagues reported that after infusion,
CAR" and CAR’ T cells share a similar differentiation trajectory
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toward an NK-like phenotype, suggesting that CAR T-cell expan-
sion is partially driven by a response of homeostatic signals induced
by preconditioning. Moreover, it was hypothesized that the greater
clonal expansion observed in CAR™ CD8" T cells could be due to
certain clones surviving lymphodepletion rather than a consequence
of treatment (36). These findings highlight the relevance of lym-
phodepletion in ACTs and its impact in the TME. Unfortunately,
pretreatment with lymphodepleting agents is not a standardized
practice in preclinical models, restricting our understanding on how
these agents impact the dynamics of T-cell therapies in the TME.

The endogenous T-cell response can contribute to the efficacy
of T cell-based immunotherapies

As discussed above, T cell-based immunotherapies can stimulate
the endogenous T-cell response. Nevertheless, the direct contribu-
tion of the endogenous T-cell response to the observed therapeutic
effect has not been comprehensively characterized. In a seminal
work, Marigo and colleagues (41) used the EG.7 murine lymphoma
model to show that a CD40/CD40L-mediated interaction between
the host’s CD8" cells and myeloid cells was essential for tumor
eradication upon CD8" ACT. Of interest, interactions between en-
dogenous CD8" T cells and myeloid cells have also been recently
described by CODEX imaging of ACT-treated B16 tumors, sug-
gestive of local tumor antigen presentation (3).

In the context of a murine model of CAR T-cell therapy, it has
been shown that IFNy sensing by endogenous cells is crucial for
survival upon therapy (2, 24). In the same setting, endogenous T
and NKT cells exhibit strong IFN transcriptional signatures. Even if
these data do not allow to quantify the contribution of endogenous
T cells to therapeutic efficacy, they support their potential role in
tumor eradication (2). Additional research in the future will be
essential to evaluate the specific contribution of endogenous T cells
in different T cell-based immunotherapy settings.

Preexisting T cells in the TME influence the response to T cell-
based immunotherapies

Another important observation linking T cell-based immuno-
therapies and lymphocytes populating the TME is that preexisting
T cells in the TME can influence the response to T cell-based im-
munotherapies. Also in this case, this statement holds true across all
major types of T cells-based immunotherapies, although in different
ways. For clarity, in the following paragraphs we will discuss sep-
arately the influence mediated by conventional ap T cells, Tregs, and
y8 T cells.

Conventional aff T cells

In the context of TIL therapy, Barras and colleagues reported
differentially enriched baseline CTL signatures between responding
and nonresponding patients with melanoma. Of relevance, re-
sponders showed an enrichment of progenitor-exhausted CD8"
T cells and exhausted CD8" T cells (Tex) states, which also exhibited
high TCR signaling, IFNy activation, and CD28 costimulation sig-
natures, suggesting tumor antigen recognition and DC interaction
(42). Similarly, Bachireddy and colleagues profiled bone marrow
(BM) transcriptomes of patients with relapsed chronic myeloid
leukemia who either responded or did not respond to salvage donor
lymphocyte infusion (DLI), another type of ACT. In this study, pre-
DLI analyses showed that responders’ T cells exhibited higher
phenotypic diversity and enrichment of late differentiated programs
with signatures similar to the Tex state. Matched post-DLI analyses
showed expansion of different T-cell states, but clonotype
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overlapping suggests that therapy led to the expansion of T cells
already present in the TME (43). More recently, this same group
carried out a similar setup in the setting of acute myeloid leukemia,
finding disease-specific trends (bioRxiv 2024.02.09.579677). Col-
lectively, these findings highlight the influence of TME composition
and functional status on response to TIL therapy and suggest a
positive contribution of preexisting progenitor-exhausted and Tex
states for response to TIL therapy.

The presence of endogenous T-cell infiltrate and/or of specific
T-cell states has also been associated with clinical outcomes to CAR
T-cell therapy, even though clear common trends are not yet
present. In the context of CAR T cells, Brown and colleagues re-
cently reported that pretreatment CD3 levels of glioblastoma bi-
opsies correlated with improved overall survival after IL13Ra2 CAR
T-cell therapy, with two patients even achieving complete remission.
This finding is particularly surprising, given that the proportion of
grade 4 tumors was higher in the intratumoral CD3-high cohort
(44). In a recent article with data from a phase 1 clinical study of
GD2 CAR T cells against neuroblastoma and osteosarcoma, pres-
ence in the peripheral blood of a naive CD8* CCR7" CD45RA"
T-cell cluster and enrichment of the Thl-associated RUNX3 tran-
scription factor at baseline were associated with an adequate CAR
T-cell expansion, whereas a CD8" CCR7* CD38" terminally dif-
ferentiated effector T-cell cluster was associated with poor expan-
sion (45). Additionally, Scholler and colleagues correlated the
immune contexture of CD19 CAR T cell-treated patients with
DLBCL with disease prognosis, showing that in the TME, re-
sponders had an increase in T-cell activation and IFN-related genes.
Interestingly, it was also observed that peak circulating levels of
CAR T cells were associated with a lower expression of Tex genes in
the TME (46). Moreover, Sworder and colleagues recently showed
that mutations on TNFRSF14 were a common finding in poor
CD19 CAR T-cell expanders. Through immune deconvolution of
pretreatment samples, they observed that tumors with such muta-
tion also exhibited increased levels of follicular helper T and CD4"
resting memory T cells, suggesting that the tumor genome itself can
influence CAR T-cell therapy kinetics and activity (47).

Adverse CAR T-cell outcomes can also be explained by the
mutual influence of CAR T cells and endogenous T cells. Strati and
colleagues recently found that in the BM of patients with DLBCL
who developed CAR T cell-related prolonged cytopenia, there was
an overrepresentation of a clonally expanded CD8" Teff cluster
with high expression of GZMB and CX3CR1 and enrichment of
IFNy-associated pathways (48).

In sum, preexisting T-cell populations in the TME can impact
both positively and negatively the response to T cell-based immu-
notherapies; future work will be instrumental to define in a disease-
specific fashion the roles of distinct T-cell states in therapy response.
We also estimate that the identification of shared prognostic fea-
tures would strongly benefit shared analysis pipelines and nomen-
clature, which would make it possible to compare findings from
different trials.

Tregs

There are several reports indicating a sustained reduction of
peripheral Tregs after CAR T-cell therapy (49, 50). However, the
role of preexisting Tregs in the TME prior to ACT is less under-
stood. As expected, baseline Treg enrichment has been linked to
poor CAR T-cell expansion (45). In line with this, lower pretreat-
ment levels of Treg-related soluble factors in the TME have been
associated with better clinical outcomes after CD19 CAR T-cell
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therapy (32). It is worth noting that decreased levels of Tregs in the
TME have also been consistently associated with high-grade CAR
T cell-induced neurotoxicity (46, 51), likely reflecting an impaired
regulation of the infusion product, which is why in some of these
reports, Treg density is paradoxically associated with better clinical
outcomes(46). Supporting this, Jain and colleagues (52) found that
the IFN signaling, which is enriched in patients with nondurable
responses to CD19 CAR T cells, had a strong correlation with
macrophages, neutrophils, and DCs but not Tregs. Furthermore,
whereas murine and human research confirms an expected link
between tumor relapse and Treg infiltration, Sworder and colleagues
(25, 47) reported that relapsed tumors could be classified based on
low or high CAR T-cell content, with the latter exhibiting signifi-
cantly higher levels of Tregs, showcasing that resistance to CAR
T-cell therapy is dependent on additional mechanisms beyond Treg
involvement. Finally, in the context of TIL therapy, as shown by
Barras and colleagues (42), patients with progressive disease after
TIL therapy had the lowest baseline proportion of Tregs, and in fact,
the Treg signature was lost in nonresponders after treatment,
highlighting the complex behavior of this population in different
T-cell immunotherapies.

v8 T cells

So far, we have presented information about conventional af
T-cell subtypes; however, two recent transcriptomic reports have
involved y§ T cells in the context of T-cell therapies. As for TIL
therapy, Barras and colleagues (42) showed a pretreatment enrich-
ment of highly proliferative y§ T cells in patients with progressive
disease, suggesting a negative influence on therapy. Additionally, in
the CAR T-cell scenario, these cells expand in peripheral blood after
infusion (36). Although these data are descriptive, they suggest a
possible role of this rare subtype in the biology of cellular
immunotherapies.

B cells can influence T cell-based immunotherapies by acting
as antigen-presenting cells and providing costimulation
Because most CAR T cells in clinical use today target antigens
that are also present in healthy B cells, researching their participa-
tion in this context is challenging. Additionally, because B cells are
not typically considered major players in the TME, their interaction
with other types of T-cell therapies has been poorly studied. One
study reported that B cells prime antigen-specific CD8" T cells with
enhanced antitumor immunity when ex vivo activated with
TLR9 agonist CpG. Indeed, selective depletion of B cells from the
CpG-treated activation culture negatively impacted the expansion of
CTLs and almost completely abolished CTL persistence and anti-
tumor efficacy in vivo (53). More recent works obtained from hu-
man data indicate that the B-cell lineage could be involved in
therapy response. For instance, through interactome prediction,
Maurer and colleagues reported that in DLI responders, plasma cells
were part of a tumor-inhibiting multicellular network involving
CD4* T, CTLs, and NKs. Moreover, through CODEX imaging, it
was observed that prior to therapy, responders had a higher abun-
dance of T- and B-cell niches (bioRxiv 2024.02.09.579677). Likewise,
Barras and colleagues reported that in TIL responders, memory
B cells displayed higher pretreatment IFN signaling and MHC II
expression, suggesting a role in the modulation of local T cells; and
indeed, responders exhibited higher frequencies of B-T doublets
with tumor-reactive signatures, suggesting a costimulatory role.
TLSs were also more abundant in the tumor stroma, leading to the
hypothesis that B-cell contribution to the formation of TLSs could
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be an additional mechanism through which T-cell immunotherapy
is supported. Interestingly, although B cells were almost completely
lost after treatment, in responders, the remaining memory B cells
were predicted to interact with certain T-cell subsets such as T
effector memory (TEM)-like, Tex, and ISG CD8" (42). Taken to-
gether, these results suggest that B cells might influence antitumor
response upon T cell-based immunotherapies by providing cos-
timulation, serving as local antigen-presenting cells (APC), and
possibly supporting TLSs.

NK cells are recruited and activated in the TME upon
T cell-based immunotherapies

Recent results indicate that NKs are recruited and activated in the
tumor site upon T-cell therapy (2, 54). Nonetheless, they might be
dispensable for the antitumor response in this context. For instance,
Ramos and colleagues reported that cotreatment of CD19 CAR
T cells and an NK-depleting antibody significantly improved mouse
survival compared with CAR T-cell therapy alone. They propose
that NK-derived IFNy might decrease CAR T-cell efficacy by
upregulating MHC-I molecules on tumor cells, leading to an en-
gagement with NKG2A inhibitory molecules (22). In line with this,
Textor and colleagues (55) showed that although NK cells infiltrated
HER CAR T cell-treated ovarian tumors, NK depletion did not
impact tumor rejection. Data on human studies are scarce and
mostly descriptive, but they indicate that NK activation in the tumor
site might hold prognostic value. Rade and colleagues (56) recently
reported that in suboptimal responders to B-cell maturation antigen
(BCMA) CAR T-cell therapy, there were fewer peripheral NK cells
prior to infusion, as well as decreased activation of BM NK cells
after treatment. Similarly, Maurer and colleagues reported that in
acute myeloid leukemia, DLI responders had an expansion of
GZMB, B3GAT1, FCGR3A NK clusters. Interactome prediction
showed a response centered around cytolytic NKs and different
CTLs, such as the ZNF683HI CD8" cluster. Interestingly, due to
HLA-E/F and CDS8A expression in this cross-talk, an antigen-
presenting role of NK cells was proposed (bioRxiv
2024.02.09.579677). In sum, existing data fail to generate a con-
sensus on the contribution of NK cells in the context of T cell-based
immunotherapies but rather suggest that context-specific variables
might define the role of NK cells.

Influence of Myeloid Cells in the TME
on T Cell-Based Immunotherapies

Myeloid populations in the TME

Tumor-infiltrating myeloid cells (TIM) exhibit remarkable plas-
ticity in the TME and are often the most abundant element. Fre-
quently, they do not represent distinct populations but rather
alternative activation states that are elicited in response to various
cues such as tumor signals and therapeutic interventions. Indeed, in
the context of T cell-based immunotherapies, they have been dis-
cussed based on their ontogenetic origin or their functional/
transcriptional status. Such is the case for the MI/M2 and
N1/N2 polarization of macrophages and neutrophils and the re-
cently described mregDCs (57). Moreover, certain populations,
mainly myeloid-derived suppressor cells (MDSC), represent a
pathologically activated heterogenous group of cells originating
from granulocytic or monocytic precursors rather than a single
population (58). Because it is not possible to univocally convert
functional definitions in ontogenetic lineages, we will discuss the
contributions of different myeloid immune populations identified
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by both approaches, focusing our attention on monocytes, tumor-
associated macrophages, monocyte-derived DCs (moDC), MDSCs,
conventional DCs (cDC), and tumor-associated neutrophils
(TANs). For convenience, we also include in this section plasma-
cytoid DCs (pDC), even if their myeloid or lymphoid origin is still a
matter of debate. Finally, it is worth noting that some of these
notations, such as M1/M2, are gradually being abandoned due to
their failure to reflect the true complexity of such populations in
vivo. Increasing multiomics evidence suggests that these classifica-
tions do not represent absolutely polarized cellular states but rather
a more nuanced landscape (59, 60). However, because no official
consensus currently exists, we will adhere to the nomenclature used
in each specific study to avoid misinterpretation of the findings.

Key subsets of TIMs, including tumor-associated macrophages,
TANs, and MDSCs, typically promote cancer progression by facil-
itating tumor growth, metastasis, and immune evasion (61). Other
TIM populations like cDCs generally support antitumor immunity
through antigen presentation and T-cell activation. Given their
flexible nature, TIMs can be readily reprogrammed by different
T-cell therapies to enhance their antitumor effect. However, the
overwhelmingly immunosuppressive features of the TME prior to
therapy can paradoxically hinder the efficacy of these treatments
(61). Moreover, the plasticity that makes TIMs so adaptable also
makes them challenging to study, as their constantly changing na-
ture complicates efforts to characterize and target them.

Distinct monocyte populations are associated with variable
CAR T-cell expansion and activity

Because monocytes differentiate into different populations in
target tissues, they are not usually studied per se in the TME.
Nonetheless, it is important to mention that higher blood levels of
monocytes have consistently been associated with a less efficient
CAR T-cell expansion (45, 62). Specific monocyte types might be
responsible for this phenomenon. Kaczanowska and colleagues (45)
reported that higher pretreatment levels of nonclassic CD14~
CD16" CXCR3" monocytes were increased in good GD2 CAR
T-cell expanders, whereas increased classical CD14" CD16~
CXCR3™ monocytes were associated with poor expansion. Cocul-
turing GD2 CAR T cells with an osteosarcoma cell line and CXCR3-
expressing THP-1 cells showed maintained IFNy production as
compared with untransduced THP-1 cells, suggesting that CXCR3™"
monocytes directly impact CAR T-cell activity. In line with this, it
has been observed that BCMA CAR T cell-treated patients with
multiple myeloma with better posttreatment outcomes had a lower
proportion of BM CD14" myeloid cells (28, 56). Whereas the rea-
sons for this association remain unclear, an enrichment of non-
classic CD16" monocytes has been recently reported to occur upon
different T-cell therapies (30, 42). Through in silico prediction,
Ledergor and colleagues (30) propose that in suboptimal re-
sponders, these cells engage with CD4" CAR T cells through the
TGFp axis, possibly driving them to exhaustion. Collectively, these
observations support the notion that distinct monocyte populations
are associated with variable CAR T-cell expansion and activity via a
direct and/or indirect mechanism.

Macrophages are programmed toward an inflammatory state
by T cell-based immunotherapies

A large body of work, carried out over the past few years, has
identified macrophages as key players in the context of all types of
T cell-based immunotherapies (63). In ACT, preclinical evidence
overwhelmingly shows that an M1 polarization occurs as part of the
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antitumor response. Importantly, this is true for both CD8" and
CD4" ACTs. Marigo and colleagues (41) reported that CD8" ACT
decreased F4/80" ARG1" M2 phenotype cells in the EG.7 TME. As
for CD4" ACTs, Haabeth and colleagues (64) showed that Thl-
polarized CD4" T cells eliminated multiple myeloma through a
mechanism involving an IFNy-mediated M1 shift of BM F4/80"
cells. Accordingly, another group showed that in the B16 melanoma,
CD4" ACT upregulated NOS2, IL1b, Cxcl10, and CD86 and de-
creased CD206 surface expression, confirming an M1 polarization
(65). A similar observation was reported in the human biopsies of
patients with synovial sarcoma treated with NY-ESO-1 TCR T cells,
with decreased transcript and protein levels of CD163, another M2-
associated molecule (66).

As for TIL therapy, the results from Barras and colleagues suggest
that M1 polarization of the TME is not only a consequence of
treatment but a requirement for antitumor response. Indeed, in
responders, macrophages differentially expressed genes related to
inflammatory processes, including antigen processing, complement
synthesis, phagocytosis, and IFN signaling. Accordingly, ligandome
analysis predicted a rich T cell-macrophage cross-talk, especially
between CD8" Tex and IFN-stimulated macrophages, such as
CXCL9" and C1Q", and to a lesser extent immunosuppressive
macrophages such as TREM2" and S100A8". Moreover, T cell-
myeloid doublets were enriched in CXCLY9, suggesting that this
particular subset is essential for supporting TIL engraftment. Post-
treatment data showed that the CD8" T cell-CXCL9" macrophage
interaction was a hallmark of response, overall suggesting a TIL-
induced repolarization of TME macrophages (42).

With regard to CAR T cells, ample murine evidence also suggests
an IFNy-mediated shift of the M1/M2 ratio upon treatment (2, 24,
37, 55). Of relevance, these data come from very different tumor
types, including blood, brain, and ovarian, showcasing that
M1 polarization might be a common CAR T-cell mechanism re-
gardless of the target tissue. Importantly, through a combination of
IFNy '~ CAR T cells or IENYR ™ hosts in a glioblastoma model,
Alizadeh and colleagues confirm that IFNy is responsible for such
polarization. Of note, in this context, macrophage/microglia clusters
exhibited higher expression of IFNy-related genes as well as en-
richment of the antigen processing and presentation machinery
(24). This finding is in line with transcriptomic data from another
murine glioma report in which macrophage/microglia clusters of
CAR T cell-treated tumors displayed the largest and strongest set of
predicted intercellular interactions, suggesting a relevant role in
reshaping the TME upon therapy (37).

In humans, two groups independently reported that CD163" cells
were higher in pretreatment biopsies of suboptimal CD19 CAR
T-cell therapy responders, highlighting how the TME functional
status contributes to T-cell therapy behavior (31, 32). Additionally,
Faramand and colleagues (51) observed that patients who experi-
enced severe CAR T cell-induced neurotoxicity exhibited higher
TME macrophage scores, suggesting that they could serve as pre-
dictors of toxicity. In fact, the role of macrophages and microglia
has long been proposed to be central in the pathophysiology CAR
T-cell neurotoxicity (67). Findings from a phase I trial of GD2 CAR
T cells targeting diffuse midline gliomas highlighted that the cere-
brospinal fluid myeloid cell status and cytokine profile were highly
influenced by the route of CAR T-cell administration. Specifically,
intracerebroventricular infusion was linked to an IFN-dependent
immune-activating signature during peak inflammation. In contrast,
intravenous administration led to an immunosuppressive profile,
characterized by MDSC-like signatures and previously described
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microglial states, such as disease-associated microglia and axon
tract-associated microglia (68).

Taken together, these data indicate that, across different types of
T cell-based immunotherapy and malignancies, macrophages in the
TME polarize toward a proinflammatory state upon therapy. In
some cases, this shift relies on IFNy sensing and associates with
better response to therapy, suggesting a relevant macrophage con-
tribution to antitumor response. However, this polarization can also
be associated with adverse effects such as CRS and neurotoxicity,
underscoring the complexity of macrophages and related pop-
ulations in T cell-based therapies and the need for better under-
standing this critical balance.

moDCs can support adoptive cell therapy via antigen
presentation and cytokine secretion

MoDCs are phenotypically and functionally related to both
macrophages and conventional DCs, making their study challenging
(69). Certain DC subtypes, such as TNF/inducible nitric oxide
synthase (iNOS)-producing DCs (Tip-DC) have been identified as
crucial pieces for effective ACT. Marigo and colleagues showed that
CD8" ACT reshaped the myeloid TME through an expansion of
Ly6C* MHC-II" iNOS2" cells, which were identified as Tip DCs on
the basis of ex vivo production of TNF. This population was found
to support CD8" ACTs through tumor antigen cross-presentation
(41). Accordingly, another group observed an accumulation of
monocyte-derived DC3s in the B16 model upon treatment, further
showing that they promoted the proliferation of the CD8" ACT in
an antigen-specific manner (70). In the CAR T-cell context, an
in vitro study showed that the presence of monocyte-derived APCs
in an acute lymphoblastic leukemia/CD19 CAR T-cell coculture
drastically increased cytokine secretion in a contact-independent
fashion. Interestingly, it was possible to establish the relative con-
tribution of each component to the cytokine profile, finding that
IFNy was exclusively produced by CAR T cells, whereas IL6 was
exclusively released by monocyte-derived APCs (71). This finding is
particularly relevant because IL6 is the main cytokine involved in
CRS, yielding valuable insight into the pathophysiology of this

complication.

MDSCs associate with suboptimal CAR T-cell therapeutic
response

Although MDSCs are classically divided into monocytic
(M-MDSC) and granulocytic subtypes, most evidence in the T-cell
therapy context focuses mostly on M-MDSCs. Clinical data from
large cohorts of patients treated with CD19 CAR T cells against
B-cell malignancies and GD2 CAR T cells against osteosarcoma and
neuroblastoma consistently correlated circulating levels of MDSCs
with suboptimal responses (5, 52, 72). In the TME, they interfere
with CAR T-cell activity, as shown by Burga and colleagues (73) in a
model of liver metastasis of colon cancer, in which MDSCs were
found to reduce CAR T-cell proliferation through the PD-1/PD-
L1 axis. Contrastingly, another report showed that in the B16 model,
ACT-derived IFNy was essential for tumor suppression while par-
adoxically being responsible for the recruitment of M-MDSCs into
the tumor site. For this reason, additional drivers of M-MDSC
migration were sought, identifying CCR2 as a key receptor. When
growing tumors on CCR2™'~ mice, the infiltration of M-MDSCs
was drastically decreased but a compensatory increase of granulo-
cytic MDSCs was observed, putting into evidence the plasticity of
the myeloid TME and its complexity in the T-cell therapy response
(54). In sum, not surprisingly, existing data support a negative
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association between MDSCs and CAR T-cell therapy, with possible
implications of the PD-1/PD-L1 axis.

Classic DCs support T cell-based immunotherapies by T-cell
interaction

Considering their central role in adaptive immunity, it comes as no
surprise that cDCs support ACT. Recently, Espinosa Carrasco and
colleagues double-transduced B16 cells with CD8" and CD4" re-
stricted antigens to demonstrate that the coadministration of CD4"
T cells reversed CD8" T-cell dysfunction and enhanced ACT efficacy.
Depletion of CD11c" cells confirmed that DCs were essential for this
phenomenon. In order to mimic clonal evolution, they engineered
B16 cells to express either the CD8" or CD4" antigen and injected a
mixture, observing that tumor cells spatially organized by antigen
expression, which lead to independent antigen presentation to either
CD8" or CD4" T cells by different DCs. In the presence of both
antigens, a single DC copresented antigens to both T cells through
epitope linkage, forming DC-centered triads, whose frequency was
associated with tumor regression (74). In line with this, Kruse and
colleagues previously reported that CD4" ACT engaged in long-
lasting, antigen-driven interactions with CD1lc" cells in the
B16 tumor margin, leading to IFNy release and consequent engage-
ment of iNOS-expressing antitumoral phagocytes (75). Human data
from DLI-treated acute myeloid leukemia samples support this no-
tion, showing that responders had an enrichment of BM co-
localization niches composed of CTLs, T effector memory cells, and
DCs (bioRxiv 2024.02.09.579677). Of note, this T cell/DC cross-talk
seems to be a necessary feature of the TME for an adequate response
to TIL therapy (42). It is worth noting that DC infiltration into the
TME depends on the tumor genotype, as reported by Spranger and
colleagues, who showed that ACT failed to infiltrate [B-catenin-
expressing tumors due to a defective CXCR3-CXCL9/10 axis caused
by a poor infiltrate of CD103" DCs (76).

In sharp contrast, another group reported that depletion of pre-
¢DCs in B16 animals transplanted with Zbtb46DTR BM did not
impact CD8" ACT expansion, IFNy release, or tumor growth,
suggesting that both cDC1 and ¢cDC2 were dispensable for ACT
(70). This study suggests that other CD11c" nonconventional DC
populations, such as the previously discussed moDCs, might play a
more relevant role in this scenario. Finally, in the CAR T-cell
context, several murine models have shown a recruitment of DCs
upon therapy, sometimes even clustering together with the CAR
T cells (2, 25, 27, 28, 77). Once again, IFNy seems to mediate these
dynamics, as suggested by the results of Boulch and colleagues, who
reported that not only did cDCls exhibit a robust IFN signature but
also that coculturing tumor cells, CAR T-cells, and DCs lead to an
upregulation of IL12, a hallmark of IFNy sensing (2).

pDCs

Type I IFN-producing pDCs play a minor role in the TME and are
usually overlooked. However, Barras and colleagues (42) reported that
in pre-TIL therapy samples, a positive clinical response signature was
largely confined to pDCs. As for CAR T cells, murine data showed that
they upregulated antigen-presenting machinery genes after CD19 CAR
T-cell treatment (2). Although this is not a widely recognized function
of this population, it has been previously reported to occur, opening the
door to a potential role in regulating T-cell immunotherapies (78).

Neutrophils may limit therapeutic T-cell activity in the TME

Neutrophils are by far the most relevant granulocyte in the TME
(61). As for their role in T-cell therapies, Glodde and colleagues
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showed that the mobilization of neutrophils into the melanoma
TME limited ACT efficacy by inhibiting T-cell proliferation and
IENy secretion. Of note, because IFNy itself contributes to the
immunosuppressive phenotype of TANs through the upregulation
of PD-L1, the authors proposed that this response is driven by the
ACT itself (79). Contrastingly, Hirschorn and colleagues demon-
strated that in the B16 model, CD4" ACT directly reeducated TANs
to promote a neutrophil extracellular trap (NET)-independent,
iNOS-mediated elimination of antigen loss variants. Of relevance,
neutrophil depletion exhibited a biphasic behavior, with initial tu-
mor regression followed by accelerated regrowth (80). Therefore,
these results do not overrule an immunosuppressive role of TANs
but suggest that their function depends on TME cues that may
change over time.

As for CAR T-cell therapy, data on neutrophil contribution are
limited. Two groups have independently shown that neutrophils
exhibit strong IFN signatures after treatment (2, 24). However, the
functional repercussion of this observation is unknown. It is worth
noting that, although outside the TME, circulating neutrophils hold
prognostic value for CAR T-cell response (81, 82). Indeed, neu-
trophil peaks have been identified as pioneers of inflammatory TNF
and IL6/JAK-STAT3 cascades in patients with CRS after CAR T-cell
therapy (82). More recent data agree with this observation and
propose a myeloperoxidase-mediated endothelial damage as a pro-
moter of CRS (83). As for other granulocytes, limited research
suggests that eosinophils appear to be needed for appropriate CAR
T-cell responses. In vivo eosinophil depletion in a murine lym-
phoma model significantly reduced CD19 CAR T-cell infiltration
into the tumor site and impaired their antitumor effect (84). This
finding is in line with the reports that peripheral eosinophil counts
are positively correlated with better clinical outcomes in CAR T-cell
therapy, highlighting an increasingly recognized role of a relatively
rare population in this context (84, 85).

Special Mention: Role of Nonimmune
Cells of the TME in T Cell-Based
Immunotherapy

Although immune cells are the hallmark of the TME, the presence of
additional stromal cells such as cancer associated fibroblasts (CAF) and
mesenchymal stem cells (MSC) cannot be neglected (86). In certain
malignancies, CAFs are among the most abundant populations of the
TME, in which they have an overwhelmingly protumorigenic role.
Recent research shows that when in proximity, CAFs inhibit the ex-
pansion and cytokine production of BCMA CAR T-cells through the
PD-1/PD-L1 axis (87). Likewise, MSCs have been reported to interfere
with ACT and CAR T cells both by enhancing cancer cell resistance
and by directly affecting their activity (88, 89). Unexpectedly, multiple
leukemia models reveal that although their presence indeed reduced
CAR T-cell proliferation and cytokine secretion and induced a senes-
cent phenotype, the cytotoxic activity itself was unaffected (90, 91).
Furthermore, the differential impact of MSCs in CAR T-cell subpop-
ulations is poorly understood. For instance, whereas Towers and col-
leagues (90) reported a relative sparing of CD8" CAR T cells with
preferential abrogation of CD4" CAR T-cell expansion, in a similar
setup Zhang and colleagues (92) found the exact opposite trend. Finally,
human data on CD19 CAR T cell-treated patients suggest that CAR
T cell-induced pancytopenia is associated with the disruption of
CD271" BM niche stromal cells, revealing a potential role of this
population as a biomarker of adverse therapy outcomes (93).
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Interestingly, both MSCs and CAFs have also been implicated in
the regulation of T-cell metabolic state upon therapy. Upon acti-
vation, T cells require rapid energy production via glycolysis to
support their proliferation and cytotoxic function against tumor
cells. However, tumor cells compete with immune cells for essential
nutrients such as glucose and amino acids, leading to nutrient de-
pletion within the TME. This results in oxidative and mitochondrial
stress in T cells, ultimately compromising their function. Recent
studies indicate that restoring or enhancing metabolic function in
T cells can enhance their survival and improve the efficacy of T cell-
based therapies (94-98). For instance, Baldwin and colleagues (94)
demonstrated that intercellular mitochondrial transfer from MSCs
to T cells can restore mitochondrial fitness in exhausted T cells,
which also seems to be associated with a reduction in the expression
of exhaustion markers such as PD-1, LAG3, and TIGIT. Further-
more, Morotti and colleagues demonstrated that the release of im-
munosuppressive molecules, such as prostaglandins, by tumor cells
impairs the efficacy of T cell-based therapies. Specifically, the
prostaglandin E 2-EP2/EP4 axis disrupts TIL metabolism by alter-
ing the assembly of the IL2 receptor. Blocking this axis during TIL
expansion restores IL2 sensitivity, and via the mTOR pathway,
mitochondrial fitness is recovered, leading to enhanced T-cell
proliferation (99).

These findings, despite not being comprehensive, suggest an in-
hibitory function of CAFs and a variable impact of MSCs on ther-
apeutic T cells. Additional characterization of this cross-talk might
be instrumental for the future engineering of CAR T cells with
biological functions counteracting nonimmune cell negative
conditioning.

Conclusions and Future Directions

In this review, we have presented evidence from preclinical re-
search and clinical studies, highlighting the bidirectional interplay
between T-cell immunotherapies and the TME. Based on the dis-
cussed research, we proposed possible immunologic mechanism
linking immune cells in the TME and T cell-based immunotherapies
(Fig. 1). We discuss how T-cell therapies reshape the TME through
many mechanisms, including the recruitment and activation of en-
dogenous T cells and the inflammatory polarization of the myeloid
compartment. Importantly, many of these mechanisms are heavily
reliant on T cell-derived IFNy. Moreover, we discussed how the
baseline composition and functional status of the TME can affect the
kinetics and dynamics of T-cell therapies in the host, influencing
therapy response and clinical outcomes. This information is crucial
for the optimization of current T-cell therapy approaches as well as
for the development of safer, more effective approaches.

Despite this growing interest, there still is a paucity of high-
resolution single-cell multiomics datasets that reveal how the bi-
directional influence of ACTs and the TME influence therapy
outcomes. Capturing high-quality data at the single-cell level,
other than being technically challenging and costly, is complicated
in this setting due to the dynamic nature of both ACTs and the
TME as well as the extreme intertumoral and intratumoral het-
erogeneity observed in cancer (100, 101). Due to this variability,
functional signatures are often only partially consistent across
studies. This partial overlap arises because different research set-
tings address distinct questions with different methodologies. As a
result, even well-defined signatures may not be universally re-
producible, leading to an overidentification of cellular states and
complicating the establishment of a wuniversally accepted
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taxonomy. Moreover, high-throughput technologies continue to
evolve, with novel techniques allowing for the simultaneous as-
sessment of genomic, transcriptomic, proteomic, and metabolomic
data coupled with spatial and temporal information (102, 103).
Although these approaches individually offer irreplaceable insight,
the integration of such complex multidimensional data and their
translation into biological models and clinical implications is a
difficult task (104).

For ACTs in particular, this is further accentuated because data
can potentially be obtained from T cells at the moment of apheresis,
from the infusion product after ex vivo manipulation, and based on
the functional status they acquire in the host, each carrying distinct
implications (105, 106). Once again, even when such data are suc-
cessfully collected, generalization remains challenging. Not only do
each patient’s T cells exhibit inherent variability, but by this point,
their fitness has also been substantially altered by extensive first- and
second-line treatments (107). Further complicating matters, varia-
tions in manufacturing processes can yield CAR T-cell products that
target the same antigen but with unique preinfusion phenotypes,
driving the expansion of specific states within the host (108, 109).
Each of these T-cell states could potentially engage and interact with
the TME in diverse ways, adding yet another layer of complexity to
treatment outcomes.

Still, in recent years, substantial efforts have focused on charac-
terizing and linking T-cell states at different stages of the CAR T cell
“life cycle” to specific clinical outcomes with the hope of finding
trends to improve efficacy and safety (110-112). Although this topic
warrants a review article of its own, some key findings are worth
mentioning. For instance, several groups have independently asso-
ciated naive and stem cell-like memory phenotypes of apheresis
material and CAR T-cell products to overall better and more sus-
tained clinical responses (113-115). Similar signatures have also
been found on long-lived CAR T cells after infusion (116, 117). Of
particular relevance, the most recent paper from June’s group has
generated a comprehensive single-cell multiomics atlas from nearly
700,000 preinfusion CAR T cells from 82 patients with acute lym-
phoblastic leukemia who had been enrolled in the very first CAR
T-cell clinical trials. Surprisingly, a type 2 functional status of the
infusion products was associated with sustained therapeutic re-
sponses (118, 119). In contrast, Treg-like trajectories of CAR T cells
have been consistently linked to impaired expansion and progres-
sive disease (108, 120). These findings collectively stress the value of
such research efforts in uncovering unforeseen information that
could potentially guide future therapy improvements.

The scope of this review was limited to well-established pre-
clinical models of ACT as well as currently approved T-cell im-
munotherapies. Looking ahead, emerging T-cell approaches based
on unconventional subsets such as NKT and yd T cells are expected
to make a boom due to their unique properties, including classical
MHC independence, expression of NKG2 receptors, and CD1d
restriction (121, 122). In this context, recent advancements include
the development of MHC-independent TCR receptors and double-
chain chimeric synthetic TCR and antigen receptors as alternatives
to address CAR T-cell limitations (123, 124).

Moreover, synthetic TILs and next-generation CAR T cells (e.g.,
TRUCKSs, SUPRA CARs, tandem CAR:s, etc.) can be armored with a
wide array of matrix enzymes, chemokines, and cytokines or even be
used as micropharmacies to deliver therapeutic agents to the TME.
This enables active remodeling of the TME by recruiting and
reprogramming various immune cell populations (125-129). Ad-
ditionally, these therapies can be engineered to simultaneously
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Possible mechanisms linking immune and nonimmune cells in the TME and T cell

-based immunotherapies A, Administration of T cell-based immunotherapies

can induce in immune cells functional changes capable of supporting the antitumor response. Due to iNOS upregulation, neutrophils can kill more efficiently
tumor cells; cDCs, moDCs, and macrophages can upregulate several proinflammatory mediators, supporting both therapeutic and endogenous T cells. Tumor-
specific T-cell clones might undergo expansion and contribute to tumor eradication. B, Immune cells in the TME can also negatively modulate the antitumor
response upon T cell-based immunotherapies. Preexisting macrophages (depending on their state) and Tregs could dampen the therapeutic response.
Neutrophils and MDSCs exposed to IFNy can upregulate PD-L1and engage in inhibitory interactions with PD-1 expressed by therapeutic and endogenous T cells.

NK cells, via IFNy secretion, can lead to HLA-E upregulation by tumor cells, whic

h can be recognized by the NKG2A/CD94 complex and inhibit NK and CD8"

T-cell cytotoxic function. Additionally, nonimmune cells such as tumor cells themselves, via PGE2 release, and CAFs can limit the therapeutic efficacy of
adoptively transferred T cells. ACT, adoptive cell therapy; GzmB, granzyme B; Mg, macrophages; Neut, neutrophils; PFN, perforin; PGE, prostaglandin E.

target multiple antigens, including nontumoral targets within the
TME, to optimize their infiltration, persistence, and functional ac-
tivity (130-132).
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Furthermore, combinations of T cell-based therapies with
other strategies such as radiotherapy, chemotherapy, immune
checkpoint blockade, cancer vaccines, and oncolytic viruses have
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shown to markedly improve antitumor efficacy by sharply
reshaping the TME (133-136). Finally, novel immunotherapeutic
approaches, such as bispecific T-cell engagers and TCR mimics,
also represent exciting strategies to leverage T cells for precise
targeting of cancer cells (38). Although these agents are not
T cells per se, exploring how their activity is influenced by the
TME could also be beneficial for optimizing their therapeutic
potential.

Opverall, these promising advancements pave the way for a new
era in cancer treatment, in which a deep understanding of the tu-
mor, its microenvironment, and its host, coupled with increasingly
innovative T-cell therapies, bring us one step forward in the race of
personalized medicine.
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