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Chimeric antigen receptor (CAR) T cell therapy has demon-
strated remarkable outcomes in individuals with hematological
malignancies, but its success has been hindered by barriers
intrinsic to the tumor microenvironment (TME), particularly
for solid tumors, where it has yet to make its mark. In this
article, we provide an updated review and future perspectives
on features of the TME that represent barriers to CART cell
therapy efficacy, including competition for metabolic fuels,
physical barriers to infiltration, and immunosuppressive
factors. We then discuss novel and promising strategies to
overcome these obstacles that are in preclinical development
or under clinical investigation.
https://doi.org/10.1016/j.omto.2022.03.009.

Correspondence: Saad S. Kenderian, MD, Division of Hematology, Mayo Clinic,
200 First Street SW, Rochester, MN 55905, USA.
E-mail: kenderian.saad@mayo.edu
INTRODUCTION
Chimeric antigen receptors (CARs) are recombinant receptors that
redirect immune cells to recognize and target tumor cell surface
molecules.1–3 Pivotal clinical trials of CAR T cells targeting CD19
(CART19) or B cell maturation antigen (CART-BCMA) have demon-
strated unprecedented outcomes in individuals with relapsed/refrac-
tory B cell malignancies or multiple myeloma, respectively, which
led to several recent US Food and Drug Administration (FDA)
approvals.4–9 However, the success of CAR T cell therapies has
been largely limited to a subset of individuals with hematological
malignancies who achieve durable remissions, and CAR T cells
have had very limited activity in the solid tumor realm to date.10–12

The tumor microenvironment (TME) plays a critical role in the
response to cancer treatment. The TME has the ability to dampen the
efficacy of the infused CAR T cells, as evidenced by cellular and
molecular profiles that conclusively indicate T cell dysfunction.13

Cancer cells take advantage of normal cellular homeostatic
mechanisms to not only promote cancer survival and growth but also
evade immune surveillance.14 Thus, bidirectional interaction between
cancer cells and their microenvironment is crucial for cancer initiation
and progression and has a great effect on treatment outcomes and
disease prognosis.15,16 They have the ability to recruit stromal cells,
immune cells, and endothelial cells by secreting cytokines and chemo-
kines, shaping and remodeling the structure of a highly interconnected
TME.16,17 A wide range of immune cells can infiltrate the tumor, and
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their phenotypes or composition within the TME have been strongly
associated with clinical outcomes. Robust CD8+ T cell infiltration has
been established as a good prognostic factor for individuals with solid
tumors,18–21 whereas the presence of M2-polarized macrophages22,23

or a-smoothmuscle actin (SMA)-positive cancer-associated fibroblasts
(CAFs)hasbeen associatedwith less favorable outcomes.24,25Therefore,
the TME offers a wide range of potential therapeutic targets that can be
leveraged to enhance CAR T cell efficacy.12,26,27

Here we present the overall effect of the TME on CAR T cell therapy
efficacy with emphasis on competition for metabolic fuels, CAR T cell
exhaustion mechanisms, immunosuppressive factors, and physical
barriers (Figure 1). We then summarize promising strategies that
allow CAR T cell therapy to overcome the challenges presented by
the TME before providing our outlook on directions and potential
applications (Table 1).
EFFECT OF THE TME ON CAR T CELL THERAPY
EFFICACY
The TME is one of the greatest challenges affecting CAR T cell
therapy efficacy because it hampers CART cell trafficking to the
desired site of action, affects CART cell metabolic function, and
creates an immunosuppressive environment leading to T cell exhaus-
tion.28 In this section, we will summarize how various components of
the TME are able to inhibit CAR T cells and review strategies utilized
to overcome TME-induced CAR T cell inhibition.
Physical barriers

In addition to its role in liquid tumors, the TME in solid tumors also
presents a physical barrier that excludes tumor-infiltrating effector
T cells and CAR T cells through various mechanisms.

The first major physical constraint is formation of a dense fibrogenic
TME by stromal cells such as CAFs, which, under transforming
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Figure 1. TME factors limiting CAR T cell therapy

efficacy

Barriers to chimeric antigen receptor (CAR) T cell infiltra-

tion include dysregulated tumor vasculature and dense

fibrogenic extracellular matrix (ECM). Immunosuppressive

cytokines (interleukin-10 [IL-10], IL-4, and transforming

growth factor b [TGF-b]) and cells (myeloid-derived sup-

pressor cells [MDSCs], tumor-associated macrophages

[TAMs], and regulatory T [Treg] cells) hinder effective anti-

tumor function of CAR T cells. Competition for metabolic

fuels (glucose and O2) can suppress CAR T cell function.

TME, tumor microenvironment.
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growth factor b (TGF-b)-mediated activation, stimulate production
of extracellular matrix (ECM) proteins that limit T cell motility and
trafficking.29 TGF-b is a chemokine that can also limit T cell infiltra-
tion in solid tumors by directly acting on T cells through inhibition of
expression of chemokine receptors such as CXCR3.30 It has been
demonstrated that CAFs inhibit CAR T cell functions in preclinical
models through complex multi-directional mechanisms that involve
TGF-b as well contact cell-to-cell-mediated mechanisms.31

Another major physical constraint that leads to T cell exclusion from
the TME is the aberrant vasculature of solid tumors that contributes
to tissue hypoxia and limits T cell extravasation into the TME.
Hypoxia promotes recruitment of immunosuppressive cells
through secretion of various chemokines but also upregulates
expression of CTLA4 or lymphocyte activation gene 3 protein
(LAG3) on regulatory T (Treg) cells and programmed cell death 1
(PD-1) ligand 1 (PD-L1) on myeloid-derived suppressor cells
(MDSCs), tumor-associatedmacrophages (TAMs), and tumor cells.32
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The dysregulated vasculature also promotes
downregulation of adhesion molecules neces-
sary for T cell infiltration, such as vascular cell
adhesion protein 1 (VCAM1) and intercellular
adhesion molecule 1 (ICAM1), amplifying
T cell exclusion.4,32,33

Immunosuppressive microenvironment

Other factors limiting CAR T cell efficacy
include the presence of an immunosuppressive
TME with a cytokine and chemokine profile
that preferentially recruits immunosuppressive
Treg cells, MDSCs, and TAMs. Treg cells specif-
ically suppress cytotoxic T cell function through
secretion of immunosuppressive cytokines,
competitive consumption of interleukin-2 (IL-
2), cytotoxic T lymphocyte antigen 4 (CTLA4)-
mediated suppressionof antigen-presenting cells
(APCs), and prevention of T cell activation.34

MDSCs have been shown to have a detrimental
effect on CAR T cells because of their potent
immunosuppressive capabilities directly target-
ing effector T cells. MDSC-mediated CAR
T cell suppression is profound, and low levels ofMDSCs in individuals
receiving CART19 have been associated with positive lymphoma and
leukemia therapy response.35 TAMs are the most abundant immune-
infiltrating cells in the TME and suppress T cell-mediated anti-tumor
immunity through secretion of cytokines and amino-acid-depleting
enzymes such as arginase 1 or indoleamine 2,3- dioxygenase (IDO)
as well as increased recruitment of Treg cells.36–38

Some metabolites have also been shown to suppress effector T cell
functions through various mechanisms. The enzyme IDO catalyzes
conversion of tryptophan into kynurenine, suppressing effector T
and natural killer (NK) cells while recruiting and activating
immunosuppressive MDSCs.39 Elevated lactate levels produced by
hypermetabolic tumor cells have been associated with nuclear factor
of activated T cells (NFAT)-mediated dampening of T cell signaling,40

Treg cell expansion,41 and polarization of macrophages towards
an immunosuppressive M2 phenotype.42 The interactions between
tumor cells, the TME, and CAR T cells are complex. It has been
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Table 1. Summary of select CAR T cell clinical trials targeting the TME

Strategy/target Treatment Cancer type ClinicalTrials.gov identifier

Enhancing CAR T cell infiltration

Chemokines CXCR5-expressing EGFR-CAR T cells non-small cell lung cancer NCT04153799

ECM FAP-CAR T cells mesothelioma NCT01722149

tumor vasculature VEGF-R2-CAR T cells
metastatic melanoma
renal cancer

NCT01218867

local CAR T cell delivery

intracranial Her2-CAR T cells
GBM
glioma

NCT02442297

intratumoral Her2-CAR T cells
GBM
glioma

NCT03389230

intratumoral B7-H3-CAR T cells GBM NCT04077866

intraventricular NKG2D-CAR T cells GBM NCT04717999

intracranial IL13Ra2-CAR T cells
GBM
glioma

NCT02208362

intratumoral MG7-CAR T cells liver metastases NCT02862704

intrahepatic artery CEA- CAR T cells liver metastases NCT01373047

intratumoral GPC3-CAR T cells
hepatocellular carcinoma
cholangiocarcinoma

NCT04951141

intratumoral GPC3-CAR T cells hepatocellular carcinoma NCT03130712

intrapleural mesothelin-CAR T cells
mesothelioma
lung cancer
breast cancer

NCT02414269

intratumoral cMet-CAR T cells breast cancer NCT01837602

intratumoral T1E-CAR T cells head and neck cancer NCT01818323

Resisting immunosuppression

suppressive cytokines or inhibitory signals

TGF-b knockout EGFR-CAR T cells advanced biliary tract cancer NCT04976218

TGF-b DNR PSMA-CAR T cells prostate cancer NCT04227275

TGF-b DNR PSMA-CAR T cells prostate cancer NCT03089203

PD1 DNR MSLN-CAR T cells malignant mesothelioma NCT04577326

pro-inflammatory cytokines

IL-12-secreting MUC16ecto- CAR T cells ovarian cancer NCT02498912

IL-12-secreting EGFR-CAR T cells colorectal cancer NCT03542799

IL-7/CCL19-secreting CD19-CAR T cells lymphoma NCT04833504
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suggested that tumor cells induce CAR T cell dysfunction through
secretion of immunosuppressive extracellular vesicles.43

This vast array of TME metabolic and cellular features represents
obstacles and targets to be exploited in the ongoing and future
optimization of immunotherapeutic agents.

Competition for metabolic fuels

An effective CAR T cell antitumor response requires successful
completion of a number of metabolically demanding tasks, including
CAR T cell proliferation, cytokine secretion, and tumor cell killing.
CAR T cells therefore face the challenge of competing with cancer
cells for metabolic fuels in a nutrient-poor TME that supports
oncogenic growth but limits effector T cell function.

Energy production in all cells is at the center of survival and
metabolism, so the majority of cells rely primarily on the most
energy-efficient mitochondrial oxidative phosphorylation pathway
to generate adenosine 50-trisphosphate (ATP). Cancer cells and
rapidly proliferating T cells instead rely on aerobic glycolysis for
less efficient ATP generation. The so-called “Warburg effect” is
believed to facilitate less ATP production but greater nutrient uptake
into the cancer cell to enhance proliferation and survival.44 Aerobic
glycolysis works to alternatively ferment glucose into lactate
rather than oxidize glucose through mitochondrial oxidative phos-
phorylation. T cell activation initiates glycolysis rapidly through
T cell receptor (TCR)-induced pyruvate dehydrogenase kinase 1
(PDHK1), which metabolizes glucose into lactate and inhibits
mitochondrial pyruvate import. This glycolytic process is necessary
for effector T cell function and production of proinflammatory
cytokines such as interferon gamma (IFNg)45,46 Thus, proliferative
cancer and T cells, including CAR T cells, rely on glycolysis as their
primary means of energy metabolism. Unfortunately, the excessive
glucose consumption by hyperactive cancer cells in the TME limits
Molecular Therapy: Oncolytics Vol. 25 June 2022 71
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the glycolytic ability of CAR T cells, dampening TCR/CAR signaling
and effector responses. These pressures ultimately decrease the
efficacy of CAR T cell therapy by overriding the antitumor response
as the tumor outcompetes the CAR T cells for nutrients.47–49

Exhausted CAR T cells

Besides the competition for fuels and limited glycolytic ability
restricting CAR T cell function in the TME, other features of the
TME can induce an exhausted T cell metabolic phenotype. This
phenotype is characterized by loss of proliferative capacity and
function while displaying upregulation of inhibitory receptors and
dysregulated glycolysis enhanced beyond levels needed for effective
T cell proliferation. Single-cell transcriptome analyses of intratumoral
T cells isolated from mouse and human samples have revealed a
substantial upregulation of glycolytic genes and decrease in transcrip-
tion T cell factor 7 (TCF7) T cell self-renewal gene signatures in
terminally exhausted T cells compared with progenitor or effector
T cell subsets.50 The TME induces rapid exhaustion in these cells
via repetitive TCR stimulation, leading to bioenergetic stress on
glycolytic and oxidative metabolism. This stress results in transcrip-
tional and enzymatic signature changes that characterize the
dysfunctionally exhausted state of CAR T cells and associated
compromised antitumor immunity.51,52

STRATEGIES TO OVERCOME BARRIERS OF THE TME
ON CAR T CELL THERAPY EFFICACY
Enhancing CAR T cell infiltration

The TME poses several barriers to effective CAR T cell infiltration,
including mismatched or downregulated chemokines and chemokine
receptors that allow the tumor to circumvent immunosurveillance;
physical barriers, such as the ECM, produced by tumor stromal cells;
and abnormal tumor vasculature, which further limits the ability of
CAR T cells to reach the target site. These unique challenges
presented by the TME have been approached using a variety of
strategies to engineer CART cells that aremore effective at infiltrating
the tumor site.

Localized delivery of CAR T cells

Most CAR T cell studies have employed intravenous administration.
However, more localized routes of delivery may benefit the treatment
of solid tumors by bypassing various obstacles toCARTcell trafficking
and limiting systemic toxicity. In a transgenic mouse model, repeated
intratumoral administration of Her2-targeted CAR T cells eradicated
spontaneousmammary tumors and showed trafficking to distal tumor
sites and secondary lymphoid organs.53 Intrapleurally infused CAR
T cells were superior to intravenously administered CAR T cells in
an orthotopic model of pleural malignancy, requiring 30-fold fewer
CAR T cells to induce a durable remission.54 In glioblastoma
(GBM), CAR T cells have been delivered intravenously with the ratio-
nale that adoptively transferred T cells have been found in the brain or
cerebrospinal fluid.55 In vivo, however, intraventricular administra-
tion of IL-13Ra2-targeted CAR T cells resulted in better antitumor ef-
ficacy than intravenously delivered CAR T cells.56 Several clinical
studies have been performed with local delivery of CAR T cells for
72 Molecular Therapy: Oncolytics Vol. 25 June 2022
GBM. A phase I trial treated three individuals with intracranial CAR
T cells to evaluate the safety profile of this approach.57 Another study
in one individual withmultiple lesions found that CART cells injected
directly into one lesion eradicated disease only in that lesion, with
recurrence and progression observed in uninjected sites. The individ-
ual responded well after CAR T cells were infused intraventricularly
into a second tumor site, demonstrating a sustained antitumor
response over several months of active therapy.58 CAR T cells have
also been delivered regionally to hepatic metastases. Anti-Carcinoem-
bryonic antigen (CEA) CAR T cells have been associated previously
with severe colitis59 but were well tolerated with local delivery. CAR
T cells delivered through the hepatic artery infiltrated into metastases
in five of six individuals in this study, with some evidence of antitumor
activity.60 A phase 0 trial of cMet-targeted CAR T cells injected intra-
tumorally in individuals with metastatic breast cancer was well-toler-
ated and triggered immune responses at the tumor sites.61 Additional
clinical studies of localized CAR T cell delivery methods are ongoing
and will clarify the effect of route of administration on CAR T cell ef-
ficacy in solid tumors.

Engineering CAR T cells to express chemokine receptors

Chemokines not only play a role in regulating tumor growth and
progression but also shape the immune response within the TME.62

Mismatches between chemokine ligands and receptors or low
expression of chemokine receptors allow the tumor to evade the
immune response.63 Several groups have engineered CAR T cells to
overexpress chemokine receptors with the goal of improving CAR
T cell trafficking to the TME. Epidermal growth factor receptor
(EGFR)-targeted CAR T cells that overexpressed CCR6 more
effectively trafficked to adenocarcinoma cells in the lungs because of
their abundant expression of CCL20, a ligand for CCR6.64 CXCR2-ex-
pressing CAR T cells have shown improved accumulation and anti-
tumor effects in hepatocarcinoma sites65 and in mouse models of gli-
oma, ovarian cancer, and pancreatic cancer.66 Anti-mesothelin CAR
T cells that overexpressed CCR2b better infiltrated and eradicated
mesothelin-positive tumors,67,68 and in an earlier study, GD2-targeted
CAR T cells overexpressing CCR2b showed enhanced migration to
CCL2-expressing neuroblastoma tumors.69 Determining relevant
chemokine-chemokine receptor axes betweenCART cells and tumors
can thus provide a basis to develop chemokine-overexpressing CAR
T cells to better enhance solid tumor infiltration. In parallel to devel-
opment of technologies aimed to enhance CAR T cell trafficking, stra-
tegies to enable real-time imaging of CAR T cells in vivo are being
developed in preclinical and early-phase clinical trials.70,71 Such stra-
tegies would enable non-invasive assessment of CAR T cell trafficking
into tumor cells and allow expedited testing of novel interventions to
improve CAR T cell functions.

Engineering CAR T cells to normalize tumor vasculature

Abnormal tumor vasculature stems from an imbalance of pro- and
anti-angiogenic factors, leading to structurally irregular blood vessels,
impaired blood flow, hypoxic and necrotic regions, and higher
interstitial fluid pressure.72,73 These factors make effective CAR
T cell infiltration into the tumor difficult. Vascular endothelial growth
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factor receptor (VEGF-R) is upregulated in the TME to promote
angiogenesis. Several studies have generated CAR T cells targeting
VEGF-R to normalize tumor vasculature. In an early study, anti-
VEGF-R2 CAR T cells were found to have increased tumor
infiltration, which correlated with antitumor efficacy in five different
syngeneic tumor models.74 A follow-up study showed that anti-
VEFG-R2 CAR T cells combined with T cells targeting tumor
antigens synergistically reduced tumor burden and allowed increased
infiltration and expansion of adoptively transferred T cells in a
syngeneic melanoma model, indicating that targeting TME- and
tumor-associated surface markers is a viable strategy to boost T cell
immunotherapy.75 Another group found that VEGF-R1-targeted
CAR T cells demonstrated enhanced antitumor and antimetastatic
activity when combined with IL-15-expressing T cells.76 Another
study observed that GD2-targeted CAR T cells were only effective
against a neuroblastoma xenograft model when combined with
the anti-VEGF-A monoclonal antibody bevacizumab, which
allowed CAR T cell infiltration into the tumor.77 A clinical trial of
VEGF-R2-targeted CAR T cells in individuals with metastatic cancer
was initiated; however, the study was terminated because no objective
responses were observed (ClinicalTrials.gov: NCT01218867).

Engineering CAR T cells to reduce ECM density

Dense ECM with increased stiffness and cross-linking is often seen in
tumors compared with normal tissue.78,79 CAFs play a pivotal role in
remodeling the ECM in the TME. CAFs express fibroblast activation
protein (FAP), which has been studied as a potential CAR T cell
target. Although one study showed that FAP-targeted CAR T cells
exerted limited antitumor activity and resulted in severe toxicities
because of on-target, off-tumor effects,80 another study showed that
FAP-targeted CAR T cells had minimal toxicity while promoting
the endogenous T cell response and increasing numbers of tumor-
infiltrating lymphocytes.81 Both studies used syngeneic models, but
the latter study used a different single-chain fragment variable
(scFv) that rendered the CAR T cells sensitive only to high levels of
FAP. In a xenograft model, researchers found that combining FAP-
targeted CAR T cells with EphA2-targeted CAR T cells synergistically
reduced tumor growth.82 Alternatively, one group engineered CAR
T cells to degrade ECM proteins more effectively. After finding that
in-vitro-cultured T cells lack heparinase, a key enzyme in ECM
degradation, they engineered CAR T cells to express heparinase
and observed improved tumor infiltration and antitumor efficacy in
xenograft models of neuroblastoma and melanoma.83 Recently, it
was reported that SLAMF7 is expressed on CAFs and that targeting
SLAMF7 in combination with targeting tumor cells is a potential
strategy to reverse TME-induced CAR T cell inhibition.31

Resisting immune suppression in the TME

Innovative strategies to resist immunosuppression caused by anti-
inflammatory cytokines and suppressive cells in the TME have
been explored or are in development. These include engineering
approaches to rewire suppressive cytokines and inhibitory signals,
enhance secretion of pro-inflammatory cytokines, and deplete or
redirect suppressive cell types.
Engineering synthetic receptors targeting suppressive

cytokines and inhibitory signals

One strategy to overcome the immunosuppressive and tolerogenic
state of the TME is to redirect or circumvent the endogenous
response to suppressive cytokines and inhibitory signaling pathways.
Suppressive cytokines commonly encountered in the TME include
TGF-b, VEGF, IL-4, and IL-10, and they have the ability to not
only directly inhibit T cell effector function but also recruit
suppressor cell types. The field of CAR T cell therapy has witnessed
a revolution in cell engineering because of advances in synthetic
biology, cell engineering, and CRISPR tools.84 Synthetic receptors
targeting these suppressive cytokines have been engineered,
most notably against TGF-b and IL-4. The synthetic TGF-b
dominant-negative receptor (DNR) is a truncated form of TGF-b
receptor II (TGF-bRII) lacking the cytoplasmic signaling domain.
TGF-b DNRs have been engineered to inhibit endogenous TGF-b
signaling by forming signaling-incompetent ligand-receptor com-
plexes, acting as a sink for TGF-b.85 T cells expressing this synthetic
receptor can inhibit polarization of T cells into immunosuppressive
Treg cells,86 augmenting anti-tumor immunity. CRIPSR-Cas9-medi-
ated knockout of TGF-bRII in CAR T cells has demonstrated
increased efficacy, as well as reduced exhaustion and polarization
to Treg cells, when tested against solid tumor xenografts.87 When
transduced as a second transgene in prostate-specific membrane
antigen (PSMA)-targeted CAR, the synthetic TGF-b DNR has been
shown to limit the immunosuppressive effects of TGF-b in the
TME, and this construct is currently being investigated in a phase I
clinical trial (ClinicalTrials.gov: NCT03089203).88 Although early
reports suggest promising activity, there were two fatal cases of
neurotoxicity associated with massive CAR T cell proliferation.89

This highlights the power of engineering CAR T cells and the need
for extensive and careful evaluation of engineered therapy. Chimeric
receptors have also been engineered to convert immunosuppressive
signaling by fusing the ectodomain of an immunosuppressive
cytokine with the endodomain of an immunostimulatory cytokine.
Engineered chimeric IL-4 receptors have been combined with the
intracellular signaling domains of immunostimulatory cytokines
and have demonstrated potent in vitro T cell expansion and tumor
cell killing when co-expressed with prostate stem cell antigen
(PSCA)-targeted CARs.90,91 Leveraging this approach and aiming
to simultaneously target multiple immunosuppressive cytokines,
co-expression of an IL-4R-IL-7R chimera and TGF-bR–4-1BB
chimera with a first-generation PSCA CAR resulted in enhanced
potency and specificity of tumor cell killing in the TME with high
TGF-b and IL-4 expression.92

Synthetic receptors have also been engineered to rewire inhibitory
pathways such as the PD1-PDL1 and the FAS/Fas ligand (FASL)
signaling axes.93,94 Co-expression of a PD1DNRwithmesothelin-tar-
geted CAR enhanced CAR T cell function in xenograft models of
high-PDL1-expressing pleural mesothelioma.93 Similarly, expression
of a FAS DNR in CAR T cells has resulted in increased T cell longevity
and enhanced tumor killing in syngeneic models because of inhibition
of FASL-induced T cell apoptosis.94
Molecular Therapy: Oncolytics Vol. 25 June 2022 73
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Engineering “armored” CAR T cells to secrete pro-inflammatory

cytokines

Another strategy to combat an immunosuppressive TME and increase
CAR T cell function is secretion of pro-inflammatory soluble factors,
which can reshape the TME for a favorable anti-tumor response. CAR
T cells engineered to secrete IL-12 and IL-18 have been shown to stim-
ulate recruitment of pro-inflammatory immune cells such asM1mac-
rophages and enhance the anti-tumor response through IFNg secre-
tion and Treg cell inhibition.95–98 Overexpression of the IL-12b p40
subunit has also been shown to stimulate production of IL-23 by acti-
vated T cells, which promotes proliferation via STAT3 signalling.99

IL-7 and CCL19 are essential for formation of the T cell zone in
lymphoid organs, and their overexpression in CAR T cells has been
shown to promote CAR T cell survival and infiltration of pro-inflam-
matory dendritic cells and T cells in the TME in mouse models.100

Targeting suppressive cell types

Beyond a cytokine-driven approach to reshaping the immunosup-
pressive TME, direct inhibition of suppressor cell types within the
TME has also proven to be an effective strategy in the quest to
enhance CAR T cell efficacy.

The growing appreciation of the suppressive role of the myeloid
compartment of the TME has led to development of strategies
targeting TAMs and MDSCs. NK cells express the cytotoxic receptor
NKG2D, whose ligands are overexpressed on tumor-infiltrating
MDSCs, providing an opportunity to reverse an MDSC-mediated
suppressive TME. NK cells bearing an NKG2D-targeted CAR selec-
tively targeted MDSCs and rescued impaired CAR T cell activity
when combined with disialoganglioside (GD2)-targeted CART cells
in a neuroblastoma xenograft model.101 The NKG2D CAR-NK cells
secreted pro-inflammatory cytokines and chemokines in response
to MDSCs present in the TME, resulting in tumor regression and
prolonged survival compared with treatment with CAR T cells
alone.101 Other studies have also shown that TAM depletion through
colony-stimulating factor 1 receptor (CSF1R) inhibition102 and
targeted PD-1 ablation on myeloid progenitor cells103 have resulted
in more potent anti-tumor immunity and decreased tumor growth.
Granulocyte macrophage-colony stimulating factor (GM-CSF) deple-
tion resulted in enhancement of CAR T cell function through reversal
of the immunosuppressive myeloid cell effect.38,104 These studies
highlight the important role of the myeloid compartment in shaping
an immune response and underscore the need to incorporate inhibi-
tion of myeloid cells in combinatorial approaches aiming to enhance
CAR T cell efficacy.

Besides myeloid cells, Treg cells have also been shown to negatively
affect the efficacy of CAR T cell therapy in the TME. In a pilot study
evaluating the safety and feasibility of a single dose of peripherally
infused EGFR class III variant (EGFRvIII)-targeting CAR T cells in
individuals with EGFRvIII-expressing recurrent GBM, Treg cell
density in tumor specimens was found to be increased after CAR
T cell-EGFRvIII infusion compared with baseline, indicating a
potential mechanism of adaptive resistance to CAR T cell therapy.105
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To circumvent this Treg cell-mediated immunosuppression, the
investigators developed a bicistronic construct to drive expression of
an EGFRvIII-targeted CAR and a bispecific T cell engager (BiTE)
against EGFR. Secretion of EGFR-specific BiTEs by these CART.BiTE
cells allowed rewiring of Treg cells to become cytotoxic T cells.106
CONCLUSION AND FUTURE PERSPECTIVES
Despite the remarkable outcomes of CAR T cell therapy, which are
rapidly shaping treatment paradigms for hematological malignancies,
many challenges have to be overcome to achieve durable clinical
benefits and maximize survival. Recent studies have uncovered
many mechanisms in the TME that impede the efficacy of CAR
T cell therapy, including competition for metabolic fuels, physical
barriers to effective CAR T cell infiltration, and immunosuppressive
cytokines and cell types. Improved understanding of therapeutic
resistance intrinsic to the TME has informed novel strategies and
sophisticated CAR designs. Such strategies include use of novel
T cell engineering and gene-editing approaches to not only enhance
CAR T cell delivery to the TME niche and rewire or counteract
suppressive mechanisms but also effectively recruit the host immune
response to augment antitumor immunity. Optimizing metabolic
fuels in the TME to sustain the demands of CAR T cell function
remains a critical area of ongoing investigation. Ultimately, the
complicated task of overcoming the TME barriers to CAR T cell
therapy will require a multidimensional approach involving
synergistic combinations with other treatment modalities.
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