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Abstract: Evading the immune system is one of the hallmarks of cancer. Tumors escape anti-
tumor immunity through cell-intrinsic means and the assembly of an immunosuppressive tumor
microenvironment. By significantly boosting the host immune system, cancer immunotherapies
targeting immune checkpoint receptors (CTLA-4 and PD-1) improved survival in patients even
with cancers previously considered rapidly fatal. Nevertheless, an important group of patients is
refractory or relapse rapidly. The factors involved in the heterogeneous responses observed are still
poorly understood. Other immunotherapeutic approaches are being developed that may widen
the options, including adoptive cell therapy using CAR-T cells alone or in combination. Despite
impressive results in B cell malignancies, many caveats and unanswered questions remain in other
cancers, thus limiting the potential of this approach to treat aggressive diseases. In particular, a
complex TME could impair the survival, proliferation, and effector functions of CAR-T cells. Recent
reports highlight the potential of targeting TGF-β signaling to improve CAR-T cell therapy. TGF-β is
a well-known regulatory cytokine with pleiotropic effects in the TME, including immunosuppression.
This review summarizes recent work investigating the potential effects of TGF-β within the TME,
with a focus on CAR-T behavior and efficacy. We also discuss several key questions to be addressed
to accelerate clinical translation of this approach.

Keywords: tumor microenvironment; TGF-beta; CAR-T; lymphocyte; immunotherapy; adoptive
T-cell therapy

1. Introduction

Evading the immune system is one of the hallmarks of cancer [1]. The tumor mi-
croenvironment (TME) of a developing tumor is made of cancer cells and a variety of
associated tissue cells, blood vessels, stromal cells, including fibroblast and infiltrating
inflammatory cells. The crosstalk between stromal cells and malignant cells within this
environment crucially determines the fate of tumor evolution and heterogeneity. This
complex network of cells can induce profound immunosuppression. It also participates in
tumorigenesis by promoting angiogenesis, invasion, and metastasis. To escape anti-tumor
immunity, tumor cells can exploit cell-intrinsic pathways associated with resistance to
immune attacks or avoid their recognition by anti-tumor immune cell types. They can
also contribute to the assembly of an immunosuppressive through the expression or the
secretion of immunosuppressive substances (cytokines, chemokines, etc.) able to inhibit
immune effector cells (T cells, NK, DC) while promoting the recruitment and the activation
of immunosuppressive cell populations (Tregs, Tumor-Associated Macrophages, MDSCs,
etc.) [2].
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By significantly boosting the host immune system to fight cancer, immunotherapy
approaches targeting immune checkpoint receptors (CTLA-4 and PD-1) significantly im-
proved survival in a number of patients even with cancers previously considered rapidly
fatal (Melanoma, non-small cell lung cancer (NSCLC), and renal cell carcinoma among oth-
ers). An important fraction of patients (20–30%) is refractory or relapse rapidly [3–6]. The
intrinsic resistance of highly prevalent malignancies such as breast, colorectal or prostate
cancers also poses a major concern. Understanding the causes of this resistance is a major
challenge. Promising approaches are being developed that may widen the spectrum of
immunotherapeutic options to overcome resistance. This includes adoptive cell therapy
(also referred to as ACT), using CAR-T cells [7]. Various generations of CARs have been
developed so far [8–10]. The first-generation CARs are made of an scFv extracellular do-
main directed against a cell-surface antigen and intracellular CD3ζ domain, which contains
three ITAM motifs. CAR expression on T cells allows recognition of tumor cells via scFv in
an MHC-independent manner and their activation [11–13] (Figure 1). In the second and
third generations CARs, the intracellular domain was modified to incorporate one or two
co-stimulatory domain(s), respectively (e.g., CD28, 4-1BB, OX40, ICOS) (Figure 1). Given
this new modification of CARs, the activation of CAR T cells can overcome the absence of
natural co-stimulatory signals, further allowing a better activation of the CAR T cells, an
increase in the proliferation, cytokine production and survival. Fourth-generation CAR-T
cells are designed with a second-generation CAR structure, but in addition, they are armed
with inducible cytokines that enable modulating the TME and immune responses. In fact,
many different CAR approaches are being explored to overcome exhaustion, improve
anti-tumor efficacy and extend their lifespan [9,14]. Different T cell subsets compose the
CAR-T population. Each subpopulation can differ in activity, functions, and response to
the antigen [15]. Moreover, CD28-based and 4-1BB–based CARs may produce significantly
different signals [13,16]. It was shown that CD28 CAR T cells expanded more rapidly and
typically persisted less in vivo.

CAR-T cell therapy demonstrated spectacular regression in B cell malignancies, al-
though the relapsing disease is still frequent (~50% at 1 year) [7,17–22]. In the case of solid
tumors, unfortunately, important caveats and unanswered questions still hamper the use
of this approach [9,23–25]. In most tumors, the TME is profoundly immunosuppressive.
TGF-β is viewed as one of the most potent immunosuppressive cytokines in the TME.

The intent of this review is to present recent evidence on the effects of TGF-β in
the TME and highlight strategies exploiting this pathway to improve the effectiveness of
CAR-T-cell therapy. After a brief introduction on the TME and immunosuppression, the
role of TGF-β on immune effector cells is discussed at both functional and molecular levels.
We then summarize recent evidence implicating TGF-β in the regulation of CAR-T cells
behavior and efficacy. The possible underlying mechanisms at play are discussed, as well
as emerging strategies developed to counteract the deleterious effects of TGF-β. Finally, we
discuss the potential limitations of the CAR-T-based approaches and remaining challenges
for clinical implementation.
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Figure 1. Schematic overview of the main CAR generation formats. The 1st generation CAR is made of an antibody-de-
rived single-chain Fv (scFv), a hinge and transmembrane (TM) region, and a CD3ζ signaling domain. 2nd or 3rd genera-
tions contain one or two intracellular co-stimulatory domains linked to CD3ζ, respectively. Costimulatory domain(s) can 
include CD28, 4-1BB, OX40, and ICOS. The 4th generation resembles the 2nd CAR generation, except it has integrated 
genetic modifications to induce the production of certain cytokines enabling modulation of immune responses in response 
to CAR activation. 
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macrophages (TAMs), especially M2-like TAMs, is known to contribute to immunosup-
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latory T cells (Tregs), Regulatory B cells (Bregs), and Regulatory Dendritic cells (DCregs), 
can induce profound immunosuppression. Cancer-associated fibroblasts (CAFs) are also 
involved in immunosuppression, and recent work underlined their essential role in tumor 
immune escape and resistance to immunotherapy. Importantly, these distinct cell types 
secrete numerous immunosuppressive substances such as IL10, PGE2, or TGF-β in the 
TME. In general, such factors operate by inhibiting effector functions of anti-tumor im-
mune cells while promoting the differentiation, recruitment, or activity of the different 
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TGF-β is a cytokine with crucial roles in embryonic development and in adult tissue 
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Figure 1. Schematic overview of the main CAR generation formats. The 1st generation CAR is made of an antibody-derived
single-chain Fv (scFv), a hinge and transmembrane (TM) region, and a CD3ζ signaling domain. 2nd or 3rd generations
contain one or two intracellular co-stimulatory domains linked to CD3ζ, respectively. Costimulatory domain(s) can include
CD28, 4-1BB, OX40, and ICOS. The 4th generation resembles the 2nd CAR generation, except it has integrated genetic
modifications to induce the production of certain cytokines enabling modulation of immune responses in response to
CAR activation.

2. Tumor Microenvironment and Immunosuppression

The presence of immunosuppressive cell populations such as tumor-infiltrating
myeloid cells, including myeloid-derived suppressor cells (MDSCs) and tumor-associated
macrophages (TAMs), especially M2-like TAMs, is known to contribute to immunosuppres-
sion [26]. Likewise, the presence of immune regulatory populations, including regulatory
T cells (Tregs), Regulatory B cells (Bregs), and Regulatory Dendritic cells (DCregs), can
induce profound immunosuppression. Cancer-associated fibroblasts (CAFs) are also in-
volved in immunosuppression, and recent work underlined their essential role in tumor
immune escape and resistance to immunotherapy. Importantly, these distinct cell types
secrete numerous immunosuppressive substances such as IL10, PGE2, or TGF-β in the
TME. In general, such factors operate by inhibiting effector functions of anti-tumor immune
cells while promoting the differentiation, recruitment, or activity of the different immune
suppressor cells [2,26–28].

2.1. TGF-β

TGF-β is a cytokine with crucial roles in embryonic development and in adult tissue
homeostasis. In cancer, it is recognized as one of the most important regulators in the TME.
It can be secreted by tumor cells as well as stromal cells, such as fibroblasts, endothelial
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cells, pericytes, mesenchymal stem cells, lymphatic epithelial cells, as well as by immune
cells [29,30].

There are three TGF-β ligands: TGF-β1, TGF-β2, and TGF-β3. TGF-β1 is the most
commonly upregulated in tumor cells and the TME [31–33]. TGF-β is released from cells in
a latent form consisting of a propeptide (predicted ~MW 30 kDa) non-covalently associated
to the “mature” TGF-β sequence (MW 13 kDa) [29,33,34]. The prodomain prevents TGF-
β from binding to TGF-β receptors and therefore is called a latency-associated peptide
(LAP). The LAP- TGF-β complex (often referred to as small latent complex (SLC)) can
also bind one of the latent TGF-β binding proteins (LTBPs) to form the LTBP-LAP-TGF-β
complex (referred to as large latent complex (LLC)). Components and enzymes present in
the extracellular matrix appear to be essential for processing the latent complexes, thereby
controlling the pool of active TGF-β.

The active TGF-βs signal through type I and type II TGF-β receptors (TGF-βRI and
TGF-βRII, respectively). TGF-β binding to TGF-βRII induces heterodimerization with
TGF-βRI and subsequent phosphorylation and activation of the downstream mediators
SMAD2 and SMAD3 [31,34] (Figure 2). Phosphorylated SMAD2/3 can activate and mod-
ulate diverse transcriptional programs. Moreover, this signaling pathway can be modu-
lated by numerous TGF-β superfamily members allowing complex regulatory loops and
crosstalk with other cell signaling pathways [35]. TGF-β has pleiotropic effects and can
virtually act on all cellular components of the TME. It plays a very important role in tumor
initiation and progression [31]. It is widely accepted that TGF-β signaling acts as a negative
regulator of anti-tumor immunity. Less is known about its role in promoting anti-tumor
immunity [30].

2.2. TGF-β, TME Components and Immunosuppression

TAMs can suppress T cell-mediated anti-tumor immunity by releasing immuno-
suppressive substances such as TGF-β, IL-10 and arginase 1 (ARG1) or indoleamine
2,3-dioxygenase (IDO). IDO is an enzyme responsible for metabolizing tryptophan to
kynurenine. Metabolic stress depletion through tryptophan depletion may suppress anti-
tumor immunity by preventing the activation of effector T cells and the inhibition of NK
cell activity while promoting the expansion and activation of immature DCs and MDSCs,
which, in turn, supports Treg activation [36–38]. Tumor MDSCs can also inhibit tumor
immunity through various routes, including the production of IL-10, cyclooxygenase 2
(COX2), arginase 1 (ARG1), TGFβ, NO, and ROS and the induction of Tregs [39]. In tu-
mors, the phenotype of MDSCs often overlaps with those of monocytes and immature
neutrophils [29]. CAFs represent another important source of TGF-β and have been as-
sociated with tumor-growth promoting functions, immunosuppression, and resistance
to immunotherapy [26,40]. In addition, they can restrain T cell infiltration and their ac-
cess to the tumor. TGF-β is well-known to promote the polarization of immune cells,
including neutrophils, macrophages, and dendritic cells, towards more mature and pro-
tumoral phenotypes [41,42]. It is worth noting that all these cell components (MDSCs,
M2-like macrophages, or CAFs) are not just sources of TGF-βs; they seem to exploit au-
tocrine or paracrine TGF-β for their expansion, polarization, and behavior towards a
tumor-promoting role rather than tumor elimination [29,41–44].
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Figure 2. Canonical TGF-β signaling through its receptors and SMAD proteins. The release of active
TGF-β from latent TGF-β complex likely involves the action of diverse proteases and interactions with
integrins (such as αvβ6 or αvβ8, not shown). Active TGF-β is recognized by the TGFβ type II receptor
at the cell surface. The binding of active TGF-β on the receptor further promotes phosphorylation of
a type I receptor that dictates the phosphorylation of receptor-regulated SMADs (R-SMADs), such as
SMAD2 and SMAD3, which combine with SMAD4 to form R-SMADs-SMAD4 heteromeric complexes
able to translocate into the nucleus. These SMAD complexes bind promoters and cooperate with
various co-regulators and transcription factors to regulate gene expression. SMAD7, SMURF1, among
other factors (not shown), can act in regulatory loops as negative regulators of TGF-β signaling.

3. Effects of TGF-β on Effector T Cells and T Regs, and Consequences on Immune
Checkpoint Blockade

TGF-β promotes CD4+ T cell differentiation into Treg cells contributing to the sup-
pression of both adaptive and innate immune responses [45,46]. IL-10, as well as TGF-
β1 produced by CD4(+) T FOXP3 cells, may play a role in tumor immune escape and
immunosuppression [47]. In the mouse system, it has been reported that TGF-β markedly
suppresses the cytotoxic function of CD8+ T cells through transcriptional downregulation
of genes encoding cytotoxic mediators such as perforin, granzymes (GzmA, GzmB), IFNγ,
and FasL [48]. TGF-β and IL-10 also inhibit antigen-presenting cells, thus limiting the
cytolytic function of tumor-specific T cells. TGF-β was found to repress T-cell activation
of human T lymphocytes in the presence of strong T cell stimuli (anti-CD3/CD28 beads).
This was correlated with a decrease in IFN-γ and IL-2 secretion and a lower proportion
of CD8+ cells expressing GZMB and FASL [49]. Previous work indicates that blockade
of endogenous TGF-β signaling in T cells using a dominant-negative TGF-βRII improves
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anti-tumor responses and tumor control in mice [50,51]. In bladder and colon tumors,
microenvironmental TGF-β was predictive of poor outcomes [52,53]. Among the TGF-β
isoforms, TGF-β1 is primarily expressed in tumors, while TGF-β3 is less frequently ob-
served. It is to note that TGF-β2 is important for hematopoiesis and cardiac function. This
explains in part adverse events and previous failures of pan-TGF-β targeting therapies.
Thus, diverse targeting agents have been developed to selectively inhibit TGF-β1 and/or
TGF-β3-dependent signaling [54,55].

TGF-β has been associated with resistance to immune checkpoint blockade (ICB).
Proposed mechanisms include CD8+ T-cell exclusion via stromal remodeling and inhi-
bition of CD4+ T-helper differentiation. Additionally, TGF-β signaling induces PD-1 in
antigen-specific tumor-infiltrating lymphocytes (TILs) in a smad-3-dependent manner [56].
Combined inhibition of TGF-β and PD-1/PD-L1 signaling may act in synergy to elicit
anti-tumor responses and prevent metastasis in various models, including murine mam-
mary (EMT6, 4T1), colon (MC38, LAKTP), cutaneous squamous [57], or pancreatic (KPC1)
tumor models [52,53,57–60]; although these tumor models do not respond equally well.
Blocking the PD-L1/PD-1 axis and TGF-β actions reduced TGF-β signaling in stromal cells,
facilitated T cell penetration into the center of the tumor, and provoked vigorous anti-tumor
immunity and tumor regression. Additionally, the anti-TGF-β/ICB combination can act by
suppressing T regs and inhibiting cancer-associated epithelial-mesenchymal transition [57].
Bifunctional anti-TGF-β RII/PD-L1 using bintrafusp alfa (also known as M7824) emerged
as a promising strategy for dual targeting of the PD-1/PD-L1 and the TGF-β and axis
(reviewed recently [61]).

Intriguingly, in the human system, TGF-β may be required for retention and mainte-
nance of intratumoral cytotoxic effector cells and tissue-resident memory T cells (TRM).
TRM cells may exert key anti-tumor functions coinciding with better disease control and
response to immunotherapy [62–65]. It remains unclear whether TGF-βs derived from
tumoral and stroma areas differentially modulate the activity of these T cell populations.
Nevertheless, the role of certain integrins seems to be critical. Integrins such as ανβ8 bind
and activate latent TGF-β [29,33,66]. Recent work further suggests ανβ8 as a promising
target for cancer immunotherapy [67]. On the other hand, it is now well established that
active TGF-β is important to induce the expression of αEβ7 (CD103) expressed by TRM
cells [68]. CD103 endows cells with cytolytic functions and allows binding to E-cadherin
expressing tumor cells as well as retention in epithelial tissues [69]. Active TGF-β is able
to promote CD103-dependent T-cell adhesion and signaling, whereas it inhibits leuko-
cyte function-associated antigen (LFA)-1 (αLβ2) integrin expression and LFA-1-mediated
T-lymphocyte functions [64]. It is also known that CD8+ T cells can produce TGF-β-
dependent anergy [70,71]. A recent study nicely showed that self-production of active
TGF-β1 allows continuous expression of CD103 on highly cytotoxic T cells without rely-
ing on external TGF-β1-producing cells [71]. These investigators also noted that integrin
β8 was specifically upregulated on TGF-β+CD103+ cytotoxic T cells (CTLs) isolated from
tumor tissues as compared with the CD103- CTLs. CD103+ CTLs had elevated lytic and
migration capacity and a slightly increased apoptosis rate. Whether TGF-β predisposes
certain subpopulations cells to rapid exhaustion warrants further attention. Among the
CD103+ TILs, the investigators found certain subpopulations (CD39+) exhibiting a more
exhausted phenotype, as assessed by co-expression of different inhibitory receptors (PD-1+,
TIM3+, and TIGIT+), whereas others (CD39-) could not demonstrate co-expression of
the receptors.

It has also been indicated that under certain circumstances, as in the media supple-
mented with IL-7 and IL-15, rather than with IL-2, TGF-β exposure can confer an early
memory phenotype without limiting T-cell expansion. Moreover, this condition did not
generate T regs. The proposed mechanism involves BLIMP-1 suppression, which, in turn,
results in the induction of ID3, a master regulator of T-cell memory differentiation [72].
Importantly, the data showed that even a brief TGF-β exposure could program a durable
effect on T cell expansion and phenotype persistence in vivo.



Immuno 2021, 1 166

4. Effects of TGF-β on CAR-T Effector Functions

Tumors are heterogenous and dependent on a complex ecosystem formed by the TME.
CAR-T cells are widely recognized as a new weapon in the fight against cancer. However,
there are many issues to resolve before using the full potential of these living drugs. In
their review, Lim W.A. and June C.H. present the major challenges for therapeutic T cells
such as (1) trafficking and migrating to the site of the tumor, especially important in the
setting of solid tumors, (2) the recognition of tumors and discrimination from healthy cells
through the choice of optimal cell surface tumor antigens. (3) the control of mechanisms
causing undesirable effects, (4) the proliferation and persistence of these T cells over time,
(5) and lastly, overcoming the presence of an immunosuppressive microenvironment while
dealing with the tumor heterogeneity [73].

Due to the abundance of TGF-β in the TME, its impact on CAR-T cells and the effects
of TGF-β signaling blockade has been explored [74–78] (Figure 3). The original study of
Koehler et al. [74] found that in vitro exposure to active TGF-β can alter the proliferation
of first-generation CAR-T cells directed against the carcinoembryonic antigen (CEA) on the
LS174T colon cancer model. However, it seemed to have minimal if no effects on CAR-T
cytolytic activity and IFN-γ secretion. Importantly, these investigators demonstrated that
CD28 co-stimulation allowed by second-generation CAR makes these T cells resistant
to TGF-β-mediated repression of T cell proliferation. CD28-ζ CAR T cells had superior
efficacy compared to ζ CAR T in eliminating TGF-β producing C15A3 tumors (a stable
CEA-expressing variant of MC 38) engrafted in mice. Subsequently, this group showed
that CAR-T cells expressing a CD28 co-stimulation domain were more adept than those
with 4-1BB co-stimulation to resist this TGF-β-mediated repression of T cell proliferation.
Here again, TGF-β had no effect on the cytotoxic function of the 4-1BB-ζ CAR-T [75].
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The data suggest that CD28 co-stimulation can counteract the deleterious effects of
TGF-β and that neutralizing TGF-β or disrupting TGF-β signaling might be particularly
beneficial in the setting of therapeutic ζ CAR-T cells or 4-1BB-ζ CAR-T cells.

TGF-β also inhibited the secretion of IFN-γ and IL-2 in ζ, CD28-ζ, and 4-1BB-ζ CAR-T
cells [75]. In fact, the steady-state levels of these cytokines were much higher in the CD28-ζ
CAR-T cells, a characteristic likely due to the CAR CD28 endodomain containing an LCK
binding site which supports a positive regulatory loop inducing IL-2 secretion. Thus,
the positive regulation of IL-2 can make CD28-ζ CAR T cells resistant to the suppressive
effects of TGF-β. One potential limitation is that CD28-induced IL-2 production may be
counterproductive in vivo since IL-2 in the TME can also sustain tumor-infiltrating Treg
cells [74]. For this reason, the investigators studied the potential utility of other cytokines
to avoid excessive secretion of IL-2 upon CAR-T activation. IL2 and IL15 promote T-reg but
not IL-7 because Treg cells do not express the IL-7Rα [79]. IL-7 and IL-15 can replace IL-2 in
mediating TGF-β resistance of CAR T cells. Moreover, engineered IL-2 deficient CAR T
cells with a hybrid IL-7α/IL-2Rβ receptor demonstrated in vivo anti-tumor efficacy against
C15A3 tumors. IL-7 also augments the amplification of activated T cells and, therefore, may
be an interesting supplement to improve amplification and persistence of the CAR-T cells.
Intriguingly, in the study from Dahmani et al., BCMA-CD28-ζ CAR- T cells generated in
cultures supplemented with TGF-β, IL-7, and IL-15 were highly cytotoxic against Myeloma
KMS-11 cells, with improved persistence and control of tumor growth in immunodeficient
animals compared to CAR-T cells unexposed to TGF-β prior to infusion [72]. In the
recent report by Tang et colleagues, CD28-ζ CAR-T cells directed against mesothelin were
potent against mesothelin expressing mesothelioma NCI-260 and ovarian OVCAR-3 cell
lines in vitro [78]. In vivo, the CAR-T was able to slow down the growth of engrafted
tumors in mice compared to vehicle-injected animals [78]. Further work showed TGF-β
exposure downregulated IL-2 expression in cocultures with CRL5826 cells, at least in the
CD4+ population, whereas IFN-γ expression was inhibited in both CD4+ and CD8+ cells.
Moreover, TGF-β inhibited the production of granzymes in cells coinciding with a reduction
in tumor-cell-specific lysis [78], which contrasted with other studies [75,76]. Another study
using 4-1BB-ζ CAR-T cells directed against ROR1 found a small but significant reduction
of cytotoxic activity in TGF-β-exposed CAR-T cells cocultured with triple-negative breast
cancer MDA-MB-231 cells [77].

Such discrepancies can be explained by the concentrations of IL2 (0 to 1000 U/mL)
and/or TGF-β (5 ng/mL, 10 ng/mL or more) used during maintenance and activation of
the CAR-T before their challenge with the target tumor cells. Other important parameters to
consider are the timing conditions, Effector/Target ratios, as well as the type of cytotoxicity
assays, used that vary strikingly between studies (i.e., from 4 to 72 h, one vs multiple
challenges using various assays (XTT viability assay, Luciferase-based, or chromium-
release assays). Overall, the direct effect of TGF-β on lytic capacity is not fully established
and requires clarification. In this context, it will be interesting to see if TGF-β can affect
immune synapse formation and associated signaling. Another open question is whether
TGF-β could induce metabolic reprogramming in these cells [80].

In the study of Tang et al., TGF-β induced rapid PD-1 upregulation in CAR-T cells, and
in the long-term setting, expression of major inhibitory receptors such as LAG3, TIM3, or
CTLA-4 was increased in the TGF-β exposed CAR-T cells. This suggested that active TGF-β
can accelerate the exhaustion of CD28-ζ CAR-T cells [78]. Another intriguing observation
was that TGF-β induced a set of Treg-associated genes such as FOXP3, BACH2, HELIOS
both in CD8+ and CD4+ T cells, raising the intriguing possibility that TGF-β1 induces a
Treg-like phenotype. One can speculate that excessive activation of the CD28-IL2 loop,
coincident with the high reactivity of CD28-ζ CAR-T cells, may create the ideal conditions
for rapid CAR-T exhaustion and/or acquisition of Treg-like phenotypes while encouraging
Tregs infiltration. Nevertheless, this may not be restricted to CD28-ζ CAR-T cells as
downregulation of FOXP3+ cells was likewise observed in 4-1BB-ζ CAR-T cells forced to
express a dominant-negative TGF-βRII (dnTGFβRII) [76]. As mentioned, the addition of
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active TGF-β1 appeared to upregulate the expression of exhaustion markers, such as PD-1,
TIM-3, LAG-3, and CTLA-4 in CAR T cells, but without clear data on which cell population
express these receptors (that is, CD4+, CD8+ effector cells or Treg-like) [78]. Such effect
was found to be reduced in CAR-T expressing dnTGFβRII. The latter also performed much
better in vivo and could eradicate engrafted tumors in most instances.

5. Therapeutic Consequences and Considerations

CAR T cells were engineered to overcome the suppressive effects of TGF-ß by forcing
them to co-express a dominant-negative TGF-βRII (dnTGFβRII). Kloss C.C. and colleagues
applied this approach to 4-1BB-ζ CAR-T cells targeting the prostate-specific membrane anti-
gen (PSMA) [76]. Exploiting a model of aggressive AR negative prostate cancer (PC3 cells)
in vitro and in vivo, they demonstrated increased potency of these CAR-T cells to eradicate
these tumor cells. The CAR-T expressing dnTGFβRII had improved proliferation and
demonstrated enhanced persistence (Figure 3). Blockade of TGF-β signaling did not result
in significant improvement of cytotoxic capacity toward target cells but instead prevented
exhaustion while favoring inflammatory responses and the expression of TH2 cytokines
(i.e., IL-4, IL-5, and IL-13), various chemoattractant cytokines (i.e., IP-10, MIP1-α, MIP1-β,
and CCL5. No effects were noted on IL-2 secretion.

Two non-randomized clinical studies are ongoing that will assess toxicity and anti-
tumor effects of CART-PSMA-TGFβRDN cells in the setting of metastatic castrate-resistant
prostate cancers. Primary results are expected in September 2021 (NCT03089203) and
November 2022 (NCT04227275).

Other investigators demonstrated that knocking out the endogenous TGF-βRII via
CRISPR/Cas9 technology can enhance tumor elimination efficacy of CD28-ζ meso-CAR-
T cells toward CRL5826 CDX and PDX deriving from pancreatic human tumors [78].
Combining TGFBR2 suppression with PD-1 inactivation further improved the therapeutic
effects of these CAR-T cells. Mechanistically, the authors showed that abrogating TGF-β
signaling can overcome the effect of TGF-β on exhaustion and prevent T-reg-like conversion
of CAR-T cells.

In the study from Stuber et al., the TGF-β receptor blockade was achieved by using a
specific TGFBR1 kinase inhibitor, SD-208. Upon exposure to active TGF-β, proliferation,
cytokine production and viability of ROR1-CAR T-cells were markedly impaired. TGF-
β signaling blockade protects the CAR-T cells from these inhibitory effects supporting
anti-tumor activity against MDA-MB-231 TNBC cells in vitro in 2D and 3D cultures. The
possibility of treating patients with this type of agent is attractive to control transiently
CAR-T cell proliferation, cytokine production while limiting off-target toxicity.

Other investigators have developed CAR-T cells engineered to respond robustly to
active TGF-β (TGF-β CAR-T cells), allowing enhanced anti-tumor efficacy of neighboring
cytotoxic T cells and restrain Treg cell expansion [81,82]. Indeed, TGF-β CAR-T cells
could significantly improve CD20 CAR-T-mediated lysis against CD20+ Raji cells. They
showed that TGF-β CAR-T cells reduce the Treg differentiation and suppressive functions
of neighboring T cells, while transduction of TGF-β-CAR itself would not lead to Treg-like
differentiation in the CAR-T population. Although one limitation of this technology is that
these CAR-T cells are independently active of tumor targeting and against virtually any cell
or tissue producing TGF-β, this approach may aid in some instances to protect neighboring
cells from TGF-β suppressive effects and promote their anti-tumor function in tumors with
substantial TGF-β levels. Future studies assessing combinatorial strategies and related
toxicities would help address the limitations and determine the optimal conditions for
this approach.

Finally, a recent study aimed to neutralize microenvironmental TGF-β using EGFRvIII-
specific CAR T cells modified to express TGFβRII ectodomain as a TGF-β-trap. The
investigators showed evidence that such modification can enhance anti-tumor efficacy
against Glioma U87 cells and murine GL261 in tumor-bearing animals coinciding with
prolonged CAR-T survival. The CAR-T cells were also found to modulate the TME since
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the TGF-β-trap CAR-T’s condition was associated with increased M1 polarization of the
infiltrated microglia [49].

Despite significant advances in our understanding of the TGF-β effects, the high
dose of active TGF-β supplementation utilized across these studies is questionable. The
precise level of active TGF-β at the tumor site and in diverse malignancies has been
unclear and warrants further investigations. It is noteworthy that Tang and colleagues
underlined that TGF-β levels secreted by tumor cells were not sufficient to affect CAR-T
cell proliferation [78]. As a consequence, a high dose of active TGF-β was employed in
the in vitro experiments. These observations could reflect the fact that in certain tumors,
despite high levels of the latent form, the amount of active TGF-β remains limited in the
epithelial compartment or at least different compared to the amounts found in the stromal
compartments. Studies investigating the process of TGF-β maturation in these settings are
required [33].

In the study of Kloss et al., no exogenous TGF-β was added. Knock-down of the
endogenous TGF-β signaling in CAR-T cells was clearly beneficial for the eradication of
PC3 cells [76]. This could reflect the involvement of tumor- or CAR-T-derived TGF-β.
In this line, the results of Stüber et al. pointed out the importance of TGF-β autocrine
production and signaling in CAR-T cells [77]. Further investigations may be required
to fully characterize TGF-β signaling in CAR-T cells. Moreover, because PDX or CDX
transplantation in immunodeficient does not fully recapitulate TME, it will be critical
for the efforts to develop and study preclinical models that better mimic a suppressive
TME. Clearly, generalizations should be avoided, and many aspects deserve clarification
before clinical translation. There are other considerations. Despite TGF-β is an essential
immunosuppressive substance in tumor tissues, other mechanisms and metabolic changes
also greatly contribute to immune suppression [83]. Therefore, manipulating TGF-β
signaling may have a limited impact in some contexts, and combinatorial approaches must
be considered.

With increased efficacy, proliferation and persistence of CAR-T cells, one can reason-
ably question the safety and off-target effects of these approaches. However, in most cases,
this aspect has been poorly investigated. One potential limitation is that improved CAR-T
functions might enhance non-specific killing, and investigators should devote great care to
control these effects in vitro and in vivo. The study of Kloss and colleagues is interesting
in this respect [76]. Mock-transduced cells were included in the experiments to control allo-
geneic effects. Mismatched CD19 CAR were also included to control antigen-independent
effects of the CAR-T. This study notably found that groups of mice receiving dnTGFβRII
CAR T cells developed graft-versus-host disease (GvHD) necessitating euthanasia a month
after CAR T cell infusion. This correlated with a higher proportion of human CD3+ cells
detected in peripheral blood of the mice. Human T cells in the dnTGFbRII CAR-T were
typically 3 to 7 times higher in the blood compared to conventional second-generation
CAR-T cells. It remains unknown however if this higher number of circulating CAR-T was
simply due to a better proliferation in vivo and/or reduced tumor retention vs improved
trafficking in the blood stream [76,78].

6. Conclusions

The CAR-T efficacy has revolutionized cancer therapy in hematological malignancies
expressing CD19 and CD20 antigens. This enthusiasm has been challenged by a high
relapse rate, and for many tumor types, major obstacles such as antigen specificity and the
presence of an immune-suppressive environment [7,21,23,72,83]. Especially in the case of
solid tumors, the full potential of CAR-T cells to eradicate aggressive disease remains to be
exploited. Concerns such as therapeutic resistance, safety, and off-target toxicity have to
be addressed [84,85]. The development of methods to restrain the suppressive effects of
TGF-β in the TME is promising but requires further exploration of safety and off-target
toxicities. Additionally, to our knowledge, there is no data available on CAR-T propensity
to traffic and migrate to the tumor site in this setting. Clearly, CAR-T cell therapy should
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benefit from a better understanding of the cellular and molecular basis governing TGF-β
signaling in CAR-T cells as well as crosstalk with the TME. This should help develop
biomarkers of response and improve the control of these newly designed CAR-T cells.
Finally, CAR-based strategies beyond T Lymphocytes should be considered [86,87].
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