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Abstract 
Immune checkpoint (IC) blockade using monoclonal antibodies is currently one of the most successful immunotherapeutic interventions to treat 
cancer. By reinvigorating antitumor exhausted T cells, this approach can lead to durable clinical responses. However, the majority of patients 
either do not respond or present a short-lived response to IC blockade, in part due to a scarcity of tumor-specific T cells within the tumor micro-
environment. Adoptive transfer of T cells genetically engineered to express chimeric antigen receptors (CARs) or engineered T-cell receptors 
(TCRs) provide the necessary tumor-specific immune cell population to target cancer cells. However, this therapy has been considerably inef-
fective against solid tumors in part due to IC-mediated immunosuppressive effects within the tumor microenvironment. These limitations could 
be overcome by associating adoptive cell transfer of genetically engineered T cells and IC blockade. In this comprehensive review, we highlight 
the strategies and outcomes of preclinical and clinical attempts to disrupt IC signaling in adoptive T-cell transfer against cancer. These strategies 
include combined administration of genetically engineered T cells and IC inhibitors, engineered T cells with intrinsic modifications to disrupt 
IC signaling, and the design of CARs against IC molecules. The current landscape indicates that the synergy of the fast-paced refinements of 
gene-editing technologies and synthetic biology and the increased comprehension of IC signaling will certainly translate into a novel and more 
effective immunotherapeutic approaches to treat patients with cancer.
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Introduction
In the last few decades, immunotherapy has become one of 
the most promising cancer-treatment modalities. The exten-
sions in survival rates, as well as the long-lasting responses 
achieved in various cancers, demonstrate the significant im-
pact of immunotherapy versus standard treatments [1–3]. 
Distinct cancer immunotherapy strategies have emerged that 
include immunological checkpoint (IC) inhibitors, adoptive 
cellular immunotherapy, and cancer vaccines [4].

The American regulatory agency Food and Drug 
Administration (FDA) has approved several monoclonal anti-
bodies which block ICs through PD-1, PD-L1, or CTLA-4 
interactions in a variety of cancers [5]. However, even though 
IC inhibitors have revolutionized the landscape of therapy for 

advanced disease in many solid tumors, not all respond in the 
same manner [6].

Adoptive transfer of genetically engineered immune cells 
such as chimeric antigen receptor (CAR)-T cells have shown 
excellent complete remission rates for some hematological 
malignancies. Nevertheless, obtaining the same results in solid 
neoplasms has been challenging. There are several factors that 
limit the performance of CAR-T cells in solid tumors, such 
as antigen heterogeneity, limited infiltration and trafficking, 
restricted recognition of cell surface antigens, and physical 
and metabolic barriers imposed by the tumor microenviron-
ment [7]. Of special interest for this review, immunosuppres-
sive mechanisms such as the upregulation of co-inhibitory 
ligands by malignant and non-malignant cells in the tumor 
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microenvironment ultimately impair the antitumor immune 
response in favor of tumor survival. Despite the efforts to 
overcome these limitations, there is still no CAR-T-cell-based 
treatment approved for solid tumors so far [8, 9]. This re-
view intends to summarize investigations of IC inhibition and 
adoptive transfer of genetically engineered T-cells, focusing 
on the effect of combining both strategies.

Control of immune response: balance 
between co-stimulatory and co-inhibitory 
signals
The immune response is based on a balance between im-
munogenicity and tolerance, which are coordinated by mul-
tiple pathways and molecules that behave as co-stimulatory 
or co-inhibitory signals to control the immunity against for-
eign antigens and self-antigens. These molecules are classified 
into two groups: stimulatory, which are either constitutively 
expressed or inducible by T-cell activation, and inhibitory, 
usually expressed during or after cell activation.

The long-standing ‘two signal theory’ postulates that T-cell 
activation requires a first signal to initiate the immune re-
sponse and this occurs through engagement between the 
T-cell receptor (TCR) on the T-cell surface and the major 
histocompatibility complex (MHC) in antigen-presenting 
cells (APCs). The second signal is provided by co-stimulatory 
molecules that interact with their respective ligands, resulting 
in cell proliferation and cytokine release thereby strengthen-
ing the immune response [10].

However, immune reactions should be fine-tuned to elim-
inate potentially harmful agents while preserving tissue integ-

rity and maintaining self-tolerance. Thus, T cells evolved to 
be equipped with molecular circuitries responsible for provid-
ing repressive signals that restrain immune reactions. These 
signals are triggered by interactions between ligands and 
their corresponding receptors collectively known as immune 
checkpoint (IC) molecules. Engagement of these receptors on 
the surface of T cells modulates the spread and the length of 
T-cell response with the ultimate consequence of preventing 
an excess of inflammation, tissue damage and alloreactivity 
[11]. Among the IC receptors, PD-1, CTLA-4, LAG-3, TIM-3, 
and TIGIT are arguably the best characterized and many of 
their corresponding inhibitors are clinically available (Fig. 1). 
The key features of these molecules are described below:

 1. PD-1

The programmed cell death protein 1 (PD-1) is a type I trans-
membrane protein member of the immunoglobulin super-
family (IgSF), expressed on the surface of activated T cells, 
B-cells, and myeloid-cells after TCR stimulation or exposure 
to certain cytokines such as interleukin (IL)-2, IL-7, IL-15, 
and IL-21 [12–14]. Downregulation of immune response and 
induction of peripheral tolerance is triggered by binding of 
the programmed death ligand 1 (PD-L1) (expressed in APCs) 
and programmed death ligand 2 (PD-L2) (expressed in mono-
cytes, dendritic cells, and activated endothelial cells) [15–17].

 2. CTLA-4

The cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), 
also known as CD152, a member of the IgSF, is upregulated 

Figure 1. Immune checkpoint receptors and their ligands. (A) Programmed cell death protein 1 (PD-1) is expressed on activated T cells and, upon 
binding to one of its ligands (PD-1 ligand 1 (PD-L1) or PD-L2) on APCs or tumor cells, induces a state of exhaustion or anergy. Herein, the PD-1/
PD-L1 inhibitors discussed are atezolizumab, avelumab, durvalumab, nivolumab and pembrolizumab. (B) CTLA-4 competes with CD28 costimulatory 
receptor on the T-cell surface for engaging with B7-1(CD80) or B7-2 (CD86) ligands expressed by APCs, resulting in suppression of T-cell activation. The 
CTLA-4-blocking antibodies mentioned in this review are ipilimumab and tremelimumab. (C) LAG-3 protein on activated T cells interacts with several 
ligands, such as the major histocompatibility complex class II (MHC-II) expressed by APCs and tumor cells, and LSECtin expressed by tumor cells, 
leading to T-cell dysfunction. Relatlimab, which was cited in this review, is a LAG-3 inhibitor that interferes in the LAG-3/MHC-II interaction. (D) T-cell 
immunoglobulin- and mucin-domain-containing molecule 3 (TIM-3) is expressed on highly dysfunctional T cells and have multiple ligands. One of them 
is galectin-9 (Gal-9), expressed and secreted by many hematopoietic cells and some tumor cells. Another ligand is the adhesion protein CEACAM-1 
expressed on tumor cells (for inhibitory function) and T cells itself (cis interaction for both TIM-3 stability and inhibitory function). Also, TIM-3 present in 
DCs engages with the alarmin HMGB1 released in the tumor microenvironment, mediating its sequestration from nucleic acid binding and, therefore, 
impairing innate immune responses. Phosphatidylserine (PtdSer) released from apoptotic cells (represented as apoptotic bodies) also interacts with 
TIM-3, a postulated important mechanism for antigen cross-presentation by TIM3+ DCs. (E) T-cell immunoglobulin and ITIM domain (TIGIT) binds to 
three nectin or nectin-like proteins: CD112, CD113, and CD155. TIGIT is upregulated upon T-cell activation and interacts with increasing affinity with 
CD112, CD113, and CD155, respectively, expressed on DC and tumor cells. 



Combination of genetically engineered T cells 3

after the early stages of T-cell activation through TCR 
signaling [18]. CTLA-4 downregulates T-cell responses upon 
the binding of B7-1 (CD80) and B7-2 (CD86). These ligands 
can also bind to the co-stimulatory molecule CD28 to con-
solidate T-cell activation. However, this process also leads to 
upregulation of CTLA-4, which will gradually outcompete 
CD28 for binding to B7-1 and B7-2. The consequent activa-
tion of CTLA-4 reduces IL-2 secretion and induces cell cycle 
arrest in T-cells [18–20].

 3. LAG-3

The lymphocyte-activation gene 3 (LAG-3 or CD223) is ex-
pressed in activated T CD4, CD8, and natural killer (NK) cells, 
and encodes a type I transmembrane protein. It is another 
member of the IgSF with four extracellular immunoglobulin 
domains, structurally similar to the CD4 co-receptor [21]. Its 
major ligand is class II MHC expressed in APCs, to which 
LAG-3 binds with higher affinity than CD4 itself [22, 23]. It 
has been also postulated that LAG-3 binds to the C-type lec-
tin receptor LSECtin expressed in the liver and some tumor 
cells, inhibiting interferon gamma (IFNγ) secretion in effector 
T cells [24]. LAG-3 signaling represses T-cell proliferation, 
pro-inflammatory cytokine release, and promotes exhaustion 
of effector T cells [22, 25].

 4. TIM-3

The T-cell immunoglobulin and mucin 3 (TIM-3) was first 
identified on the surface of IFNγ-producing CD4+ T helper 
1 (Th1) and CD8+ T cytotoxic 1 (Tc1) T cells, followed by 
its detection on regulatory T cells (Tregs) and on some innate 
immune cells, such as monocytes, NK cells, macrophages and 
dendritic cells (DCs) [26]. Until now, four TIM-3 ligands have 
been identified: galectin-9, high mobility group protein B1 
(HMGB1), carcinoembryonic antigen cell adhesion molecule 
1 (CEACAM-1), and phosphatidylserine (PtdSer). The en-
gagement between TIM-3 and its ligands correlates with the 
suppression of Th1 and T helper 17 (Th17) responses [27], T 
cell exhaustion in chronic infection [28, 29] and in inducing 
peripheral tolerance [30].

 5. TIGIT

The T-cell immunoglobulin and ITIM domain (TIGIT), is ex-
pressed predominately in T-cells and NK-cells. This receptor 
is a member of the IgSF and binds to CD155, CD112, and 
CD113 to exert a potent inhibitory effect on T cells [31] and 
to inhibit the cytotoxicity of NK-cells [32]. Also, the expres-
sion of TIGIT by Tregs is associated with increased immuno-
suppressive capacity [33]. This inhibitory receptor competes 
with the co-stimulatory receptor CD226 (DNAM-1) for bind-
ing to the ligands CD155 and CD112 [34].

Highjacking of immunological checkpoint 
signaling in cancer
Avoiding immune destruction is one of the hallmarks of  
cancer. The long-standing theory of immune surveillance pos-
tulates that immune cells are constantly monitoring the tis-
sues and are able to identify and eliminate the majority of 
incipient cancer cells. This implies that established tumors 
have somehow managed to avoid this detection system, and 

usurping the immune checkpoint signaling is one of the mech-
anisms by which some tumors succeed in avoiding immune 
cell-mediated killing.

Modulation of IC signaling in cancer is supported by a 
massive amount of data showing increased expression of IC 
receptors and ligands by non-malignant cells and neoplastic 
cells in the tumor microenvironment, respectively.

In melanoma patients, PD-L1 and PD-L2 are detected in 
49% and 25% of the patients, respectively [35], while in 
non-small cell lung cancer (NSCLC) PD-L1 expression was 
reported in at least 68% of patients, with PD-L1 high ex-
pression in 28% of patients [36]. Notably, PD-L1 expression 
is associated with poor prognosis in different tumor types 
[37–39]. Similarly, the expression of CTLA-4 in the tumor 
microenvironment has also been related to poor prognosis 
and lower overall survival in several cancer types [40, 41].

As opposed to healthy individuals, advanced melanoma pa-
tients harbors TIM-3+ NY-ESO-1-specific CD8+ T cells that 
are less functional than the TIM-3− counterparts. Upon TIM-
3 blockade, production of IFNγ, tumor necrosis factor alpha 
(TNFα), and IL-2 are enhanced upon stimulation with cog-
nate peptide ex vivo [42]. A study on lung cancer reported 
that 30% of CD4+ and CD8+ tumour-infiltrating lymphocytes 
(TILs) expressed TIM-3. The frequency of TIM-3+ CD4 T 
cells correlated with poor clinical parameters such as nodal 
metastasis and advanced cancer stage [43].

In head and neck carcinoma, LAG-3 mRNA is highly ex-
pressed in tumor cells when compared with the healthy oral 
mucosa, and its expression correlates with poor overall sur-
vival [44]. For NSCLC, 25.9% of patients display LAG-3+ 
TILs. The recurrence-free survival for patients with LAG-3− 
TILs is 1.91 years versus 0.87 years for patients with LAG-3+ 
TILs [45]. Also, TIGIT high expression has been observed in 
several tumors [46], such as melanoma [47], for example, and 
TIGIT upregulation in tumors is commonly associated with 
PD-1 overexpression.

The differential expression of IC molecules in cancer can be 
a result of a myriad of mechanisms implemented by neoplas-
tic cells. For example, acute myeloid leukemia (AML) cells 
can upregulate the expression of CD86 and ICOS-LG, two 
potent co-stimulatory molecules. When co-cultured with T 
cells, continuous stimulation provided by AML cells induces 
the expression of CTLA-4, PD-1, TIM-3, and LAG-3 on the 
surface of CD4+ helper T cells, leading to reduced prolifer-
ation and impaired cytokine production upon restimulation. 
These effects are not observed when T cells are co-cultured 
with healthy monocytes from peripheral blood [48].

These illustrative examples highlight the importance of 
IC signaling in enabling the immunological escape of cancer 
cells. These findings led to the development of IC inhibitors 
for the treatment of cancer and rendered a Nobel Prize in 
Physiology or Medicine for James Allison and Tasuko Honjo 
in 2018.

Immunological checkpoint inhibitors: 
potential and limitations in cancer treatment
The recognition of IC molecules as negative regulators of 
T-cell activity led to the idea that blocking these signals could 
unleash an immune response against cancer. James Allison and 
colleagues were the first to demonstrate that CTLA-4 neutral-
izing monoclonal antibodies (mAbs) enhanced the antitumor 
immune response in mouse models of fibrosarcoma and colon 
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carcinoma [49]. Subsequent clinical trials of melanoma dem-
onstrated the efficacy of targeting CTLA-4 and, in 2011, the 
FDA approved the CTLA-4 neutralizing mAb ipilimumab for 
non-resectable stages III/IV melanoma.

Hodi and colleagues demonstrated that ipilimumab im-
proved the survival in patients with metastatic melanoma to 
10.1 months, while the median overall survival with gp100 
peptide vaccine was 6.4 months [3]. In 2015, Schadendorf 
and colleagues did a pooled meta-analysis evaluating 1861 
patients and observed that 22% of patients with advanced 
melanoma experienced an extension of 3 years or more of life 
upon treatment with ipilimumab [50].

After several promising preclinical data, a seminal clin-
ical trial in 2010 demonstrated that blocking the PD-1 axis 
was also well-tolerated and promoted antitumor responses 
[51]. Four years later, the FDA approved the two first hu-
manized anti-PD-1 mAbs (pembrolizumab and nivolumab) 
for refractory and unresectable melanoma. Since then, sev-
eral new mAbs targeting the PD-1 axis were developed, such 
as atezolizumab (anti-PD-L1), avelumab (anti-PD-L1), and 
durvalumab (anti-PD-L1). Notably, combined neutralization 
of PD-1 and CTLA-4 with nivolumab and ipilimumab, re-
spectively, extended the overall survival of advanced melan-
oma patients in comparison to ipilimumab alone [52].

Currently, the vast majority of available IC inhibitors 
focus on the PD1 and CTLA-4 axis. However, there are 
other promising targets such as LAG-3, whose blockade with 
relatlimab combined with nivolumab (NCT03470922) im-
proved progression-free survival in melanoma patients com-
pared with nivolumab alone [53]. In addition, several clinical 
trials are underway to assess both the safety and efficacy of 
TIM-3 inhibitors administrated alone or combined with other 
mAbs (NCT03489343, NCT03099109, and NCT03652077) 
and TIGIT inhibitors alone or in association with differ-
ent IC inhibitors (NCT02964013, NCT02794571, and 
NCT02913313).

Despite the important clinical responses in a considerable 
subset of patients, there are some limitations in the use of 
IC inhibitors to treat cancer. Firstly, several adverse events 
have been associated with use of IC inhibitors. Topalian and 
colleagues described grade 3 or 4 immune-related adverse 
events in 14% of cancer patients treated with anti-PD-1 anti-
body and reported three deaths from toxicity [54]. Also, in 
a clinical trial using ipilimumab previously cited here, 60% 
of patients treated with this IC inhibitor had immune-related 
adverse events and 10–15% had grade 3–4 immune-related 
adverse events, whereas in the gp100 treatment group these 
frequencies were much lower: 32% and 3%, respectively [3]. 
Secondly, the majority of patients are not responsive to IC 
inhibition [55] and the factors that predict clinical response 
are under thorough investigation. In the meantime, several 
investigators have been trying to potentiate clinical response 
by adopting a combinatorial approach between IC inhibitors 
and the adoptive transfer of genetically engineered T cells.

Adoptive transfer of genetically engineered T 
cells
Adoptive transfer of anti-CD19 CAR-T cells has led to re-
markable clinical results for B-cell malignancies [56]. The 
therapeutic potential of CAR-T cells relies on the redirection 
of the cytotoxic capacity of T cells towards defined molecu-
lar targets through the CAR. The CAR is a modular receptor 

composed of an extracellular antigen-binding domain, which 
is commonly a single-chain variable fragment (scFv) from a 
monoclonal antibody, followed by a hinge, a transmembrane 
domain, and an intracellular signaling domain (Fig. 2A).

Over the years and with greater knowledge about CAR-T 
cells functionality, CAR structure has been gradually diversi-
fied, so that they are currently categorized into at least three 
generations. Briefly, first-generation CARs harbor only the 
CD3ζ as the intracellular domain, while second-generation 
CARs also have a co-stimulatory domain (such as CD28 and 
4-1BB), third-generation CARs harbor two co-stimulatory 
domains and fourth-generation CAR-T cells are engineered 
to simultaneously express at least a second-generation CAR 
and a cytokine that presumably boosts their immune activity.

Although CAR-T cells have been providing surprisingly 
positive results for the treatment of hematological neoplasms, 
the use of these engineered T cells in solid tumors remains 
challenging. In a meta-analysis published in 2020, for in-
stance, authors could retrieve information from 42 clinical 
trials using CAR-T cells against solid tumors. Of the total 
patients of which the clinical outcome was disclosed (295 
subjects), only 4.4% (13 subjects) had a complete response 
[57].

To respond to this challenge, a wide range of creative strat-
egies to improve the therapeutic efficacy of CAR-T cells is 
under intense investigation [58]. One of the factors limiting 
the use of CAR-T cells to treat solid neoplasms is that conven-
tional CARs are unable to bind intracellular antigens, which 
represent the majority of viable tumor-associated antigens in 
solid neoplasms. In addition, the microenvironment of solid 
tumors is complex and equipped with several immunosup-
pressive mechanisms that pose considerable challenges for 
T-cell performance.

To allow the recognition of intracellular tumor antigens, 
T cells can be modified to express artificial TCRs instead of 
CARs (Fig. 2B). This class of engineered T cells, referred here 
as TCR-T cells, was developed virtually at the same time as 
CAR-T cells and is widely used in preclinical and clinical 
studies. Similar to CAR, the activity of T cells can be redir-
ected to any MHC-displayed antigen (intracellular or not) 
through the ectopic TCR [59]. Adoptive transfer of TCR-T 
cells has also led to promising results in the clinical scenario 
[60, 61].

When comparing CAR versus TCR, one of the advantages 
of CAR-T cells is the antigen recognition in a human leuco-
cyte antigen (HLA)-unrestricted way, while HLA-dependent 
antigen recognition by TCR-T cells may represent a limitation 
in the applicability of this therapy, as well as a mechanism 
for tumor escape mediated by the loss or downregulation of 
HLA. On the other hand, TCR-T cells are able to recognize 
intracellular proteins, unlike CAR-T cells, greatly increasing 
targeting options [62].

Despite the encouraging results observed with the adoptive 
transfer of both CAR and TCR-T cells, much of the thera-
peutic efficacy of these approaches are limited by immuno-
suppressive mechanisms in the tumor microenvironment such 
as induction of IC signaling. The exhaustion/anergy resulting 
from IC signaling and observed in endogenous T cells [63] are 
also recapitulated in genetically engineered T cells.

Preclinical studies have reported the relevance of IC on 
CAR-T-cell functionality. For example, Falla-Mehrjardi and 
colleagues demonstrated that the expression of IC adenosine 
A2A receptor (A2aR) increased after stimulation of anti-CD19 
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CAR-T cells. Additionally, the authors co-cultured CAR-T 
cells with target cells in the presence of an adenosine analog, 
to recapitulate an immunosuppressive tumor microenviron-
ment. In this setting, the use of an A2aR inhibitor improved 
cell proliferation and IFNγ and IL-2 production by CAR-T 
cells [64].

Moreover, PD-1 or PD-L1 upregulation has been reported 
in CAR-T cells after co-culture with target cells [65] and 
post-infusion into patients [66]. Also, a comparison between 
CAR-T cell profile at infusion and at time of peak in per-
ipheral blood revealed an increase in PD-1 expression [67]. 
Furthermore, increases in CTLA-4, TIM-3, LAG-3, and TIGIT 
expression in stimulated or infused CAR-T cells have also 
been described [68–72], and increased levels of PD-1, TIM-3, 
and LAG-3 have also been reported in TILs isolated from tu-
mors after TCR-T-cell infusion [73]. In addition to the IC high 
expression, other exhaustion characteristics were described in 
CAR-T cells even before infusions, such as decreased cell pro-
liferation, impaired cytokine production, effector-like pheno-
type, and epigenetic and transcriptional modifications con-
sistent with functionally exhausted cells [74].

Based on these evidences, inhibiting IC signaling in engin-
eered T cells to improve antitumor response and persistence 

have been explored in different ways in several preclinical 
and clinical studies. The approaches of combining adoptive 
cell transfer with IC inhibition discussed in this review are 
summarized in Fig. 3. For a better presentation, we organized 
these strategies into the following sections: combined admin-
istration of genetically engineered T cells and IC inhibitors, 
engineered T cells with mechanisms for blocking or inhibiting 
IC and CAR-T cells against IC molecules.

Combining adoptive T-cell transfer with 
immunological checkpoint inhibition
Combined administration of genetically engineered 
T cells and IC inhibitors
Infusion of genetically engineered T cells followed by admin-
istration of IC inhibitors (Fig. 3.1) have shown promising re-
sults in preclinical studies and there are several clinical trials 
under way to evaluate the benefit of this combined strategy 
(Table 1).

PD-1 inhibition has been extensively explored in this 
combination therapy. John and colleagues provided clear 
evidence that PD-1 blockade in CAR-T cells, mediated by 
anti-PD-1 antibody addition in cell culture, was able to im-

Figure 2. Artificial receptors. (A) CAR encompass an extracellular antigen-binding domain, a hinge region, a transmembrane domain and an intracellular 
signaling domain. The extracellular binding domain is usually a scFv derived from a monoclonal antibody for targeting a specific antigen. The intracellular 
signaling domain typically involves the zeta chain of the CD3 complex (CD3ζ) in the first-generation CAR. Further modifications were made to enhance 
CAR-T-cell efficacy and proliferation by adding one or two co-stimulatory molecules (such as CD28 or 4-1BB) on second- and third-generation CARs, 
respectively. In addition, the fourth-generation CAR, named as TRUCK or armoured CAR, combines the receptor structure to the expression of a cell-
surface or secreted immunomodulatory molecules that enhances T-cell function or helps to overcome the hostile tumour microenvironment. (B) T-cell 
receptor (TCR) is a heterodimer of two highly variable chains, being α and β the most abundant in T cells. The TCR heterodimer forms a complex with 
CD3, which initiates a signaling cascade after TCR recognition of major histocompatibility complex (MHC)-bound peptides. CD3 comprises invariant 
dimers of CD3ε and CD3δ (CD3εδ), CD3ε and CD3γ (CD3εγ) and CD3ζ homodimer (CD3ζζ). On engineered T cells, artificial TCR comprises transduced 
α/β heterodimer specific to a selected intracellular antigen. Co-stim, co-stimulatory molecule.
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prove proliferation, IFNγ, and granzyme B expression and 
in vivo antitumor activity [65]. Furthermore, the addition of 
pembrolizumab in anti-GD2 CAR-T cells culture restored the 
levels of IFNγ and TNFαcytokine secretion and cell viability 
after repeated stimulation [66]. The use of this inhibitor in 
combination with anti-NY-ESO-1 TCR-T cells in a murine 
model enhanced the efficacy of infused T cells [73].

In line with these promising preclinical data, some results 
observed in clinical trials are encouraging and suggest a syn-
ergy between adoptive cell transfer and IC inhibitors. In a case 
report, it was observed that pembrolizumab administration 
after 26 days of anti-CD19 CAR-T cells infusion in a patient 
with refractory diffuse large B-cell lymphoma (DLBCL) was 
followed by an increase in CAR-T cell number, high serum 
IL-6 levels, and a decrease in PD-1+ CAR-T cells [80]. Other 
combination possibilities involving pembrolizumab-mediated 
PD-1 blockade are currently being explored along with 

CD19/CD22 dual targeting CAR-T cells for treating patients 
with DLBCL (NCT03287817), and in combination with 
TCR-T cells targeting NY-ESO-1 for patients with NSCLC 
(NCT03709706).

Positive results were also observed in treatment with anti-
CD19 CAR-T cells followed by nivolumab administration in 
a patient with DLBCL. Despite the progressive disease that 
led to the termination of the study, during the period after 
nivolumab infusion a partial response was observed, with a 
constant considerable reduction in tumor volume. Comparing 
these results with a previous clinical trial (NCT02348216), 
without nivolumab infusion, the authors suggested that PD-1 
inhibitor administration significantly favors CAR-T-cell ex-
pansion [81]. Also, young patients with relapsed B-cell acute 
lymphoblastic leukemia or B lymphoblastic lymphoma re-
ceived CAR-T cells targeting CD19 in combination with 
pembrolizumab or nivolumab and, despite the observed re-

Figure 3. Combination strategies of adoptive cell transfer and immune checkpoint inhibition. In this review, we focused on three main combination 
approaches. In the first one (1), engineered T cells are associated with the systemic infusion of an immune checkpoint (IC) inhibitor (monoclonal 
antibody). In the second one (2), engineered T cells are genetically boosted through different mechanisms. These mechanisms encompass: (A) the 
expression of a dominant negative receptor that does not transmit the negative signal upon binding to the IC ligand due to the lack of the intracellular 
signaling domain; (B) expression of a chimeric switch receptor, which reverses the IC inhibitory signal into a co-stimulatory (positive) one; (C) IC gene 
silencing through genome editing (for gene knockout) or RNA interference (siRNA or shRNA for gene knockdown); and (D) modification of engineered T 
cells to express an anti-IC antibody or scFv for in situ blocking of IC signaling. Finally, the third approach (3) discussed here relies on T cells engineered 
to express an artificial receptor against the IC ligand. Artificial receptor refers to the CAR or artificial TCR; IC; mAb; scFv.
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sponses to treatment, adverse effects possibly related to pro-
longed use of IC inhibitors were reported [82].

The combination of anti-CD19 CAR-T cells with anti-
PD-L1 monoclonal antibody durvalumab has also been in-
vestigated. The safety and feasibility of this approach were 
evaluated with the administration of durvalumab at different 
doses 1 day before or 21–28 days after CAR-T-cell infusion 
in patients with relapsed or refractory (r/r) aggressive B-cell 
Non-Hodgkin Lymphoma (NHL). In general, complete and 
partial remission was observed in 42% and 8% of patients, 
respectively. Furthermore, despite some patients developing 
cytokine release syndrome and neurotoxicity, when adoptive 
cell transfer was followed by treatment with durvalumab the 
same did not happen [79]. Also, inhibition of PD-L1 during 
CAR-T cell treatment has been evaluated with the administra-
tion of atezolizumab in patients with r/r large B cell lymph-
oma. Initial results suggest that, despite the observed adverse 
effects, combination therapy appears to be safe and capable 
of improving CAR-T cell expansion [83].

CTLA-4 inhibition has also been assessed in engineered 
T cells. Nowicki and colleagues investigated the safety and 
antitumor capability of anti-NY-ESO-1 TCR-T cells as-
sociated with dendritic cell vaccination with or without 
ipilimumab in sarcoma and melanoma patients. Ipilimumab 
increased serum levels of FMS-like tyrosine kinase 3 ligand 
(Flt-3L), which plays a fundamental role in dendritic cell de-
velopment and differentiation. However, this approach did 
not improve tumor eradication [84]. Thus, CTLA-4 blockade 
in edited T cells has been explored concurrently with other IC 
inhibitors, such as anti-PD-1 mAbs (NCT04003649). Also, 
an ongoing clinical trial is evaluating the safety and efficacy 
of using CAR-T cells in association with several IC inhibitors, 
including the LAG-3 inhibitor relatlimab for the treatment of 
B-cell malignancies (NCT03310619). Additionally, combined 
pharmacological blockade of PD-1 plus TIM-3 or PD-1 plus 
TIGIT enhanced the capacity of anti-NY-ESO-1 TCR-T cells 
to control tumor growth in mice when compared to the single 
PD-1 blockade [85].

In general, the PD-1/PD-L1 axis has been the main target 
in current clinical trials exploring the combined approach of 
CAR/TCR-T cells and IC inhibitors. The benefit of targeting 
multiple IC was highlighted by Padmanee Sharma and James 
Allison, in the sense that by targeting a single IC, other in-
hibitory signaling pathways are induced, as suggested for 
CTLA-4-blockage that could contribute to increased PD-L1 
expression [86]. So, by targeting multiple ICs, resistance to a 
single IC inhibitor could be overcome, potentiating the com-
bination therapy.

Engineered T cells with mechanisms for blocking or 
inhibiting immunological checkpoint signaling
Another approach to combine adoptive T-cell transfer with 
IC inhibition is to further genetically engineer CAR or TCR-T 
cells to intrinsically disrupt or downregulate IC signaling. In 
addition, to stably prevent IC signaling, this approach has the 
potential to bypass the adverse effects associated with pro-
longed use of pharmacological IC inhibitors.

After observing high PD-L1 expression in an orthotopic 
model of pleural mesothelioma, Cherkassky and colleagues 
compared three strategies to inhibit PD-1 signaling and in-
crease anti-mesothelin CAR-T-cell performance: administra-
tion of a PD-1-inhibitor, PD-1 downregulation using short 
hairpin RNA (shRNA) and expression of a PD-1 dominant C
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negative receptor (DNR) in CAR-T cells. Despite the im-
proved CAR-T-cell performance upon anti-PD-1 adminis-
tration, the maintenance of this response required multiple 
applications of the mAb. On the other hand, the expression 
of the PD-1 DNR in CAR-T cells controlled tumor burden 
and improved the survival of mice upon a single adminis-
tration [87].

Unlike the endogenous receptor, PD-1 DNR lacks the intra-
cellular inhibitory signaling domain, so cellular inhibition is 
not triggered upon ligand binding (Fig. 3.2A). As both re-
ceptors compete for the same ligand, DNRs contribute to 
attenuate CAR-T-cell exhaustion. The use of CAR-T cells 
co-expressing the PD-1 DNR has been shown to be safe and 
effective in a clinical trial involving patients with r/r B cell 
lymphoma (ChiCTR1900021295) [88]. Also, clinical results 
suggest that this approach is efficient against both PD-L1 
positive and negative tumors [89].

Another strategy used to inhibit PD-1 signaling by a de-
signed receptor is the expression of a PD-1:CD28 chimeric 
receptor, also called chimeric switch receptor. This is com-
posed of the fusion of a truncated extracellular domain of 
PD-1 with transmembrane and cytoplasmic portions of the 
CD28 co-stimulatory molecule (Fig. 3.2B). Thus, the binding 
of PD-L1 to the PD-1 domain of this receptor provides T cell 
co-stimulation instead of an inhibitory signal [90].

Preclinical studies of CAR and TCR-T cells demonstrated 
that expression of PD-1:CD28 chimeric receptors enhanced 
antitumor activity [91, 92]. Notably, PD-1:CD28 receptors 
indeed provided an additional co-stimulatory signal especially 
in the immunosuppressive tumor microenvironment, where 
such ligands are overexpressed [92]. Recently, the efficacy and 
safety of this strategy were confirmed in patients with PD-L1+ 
DLBCL (NCT03258047). Consistent with preclinical tests, a 
clinical trial showed that after 3 months of anti-CD19 CAR/
PD-1:CD28-T-cell infusion, 58.8% of patients had clinical re-
sponses, and complete remission was reported in 41.2% of 
cases. Additionally, no cytokine-release syndrome and severe 
neurological toxicity were reported [93].

The conversion of an inhibitory signal into a co-stimulatory 
one using a chimeric receptor was also applied to CTLA-4 
in tumor-specific T cells. Overexpression of CTLA-4:CD28 
chimeric receptor increased T-cell reactivity. This increase in 
response was observed mainly in CD4+ T cells, boosting the 
antitumor effect of CD8+ T cells [94]. Increased CAR and 
TCR-T-cell functions were also described using TIGIT:CD28 
chimeric switch receptor. The co-expression of this receptor 
with CAR or TCR was able to mediate an increase in TNFα, 
IFNγ, and IL-2 secretion. Furthermore, it was observed in a 
xenograft tumor model that TCR-T TIGIT:CD28 cells were 
able to delay tumor growth, as well as increase the animal 
survival compared to TCR-T cells [95].

Gene knockout approaches have also been explored to ab-
rogate IC signaling in engineered T cells (Fig. 3.2C). For in-
stance, upon shRNA-mediated A2AR downregulation, CAR-T 
cells presented a modest improvement in antitumor capacity 
in vivo. However, this modification also reduced CAR-T-cell 
persistence. This collateral effect was not observed upon A2AR 
knockout using clustered regularly interspaced short palin-
dromic repeats (CRISPR)/CRISPR associated 9 (Cas9), which 
increased CAR-T-cell function without compromising persist-
ence. This approach also led to a superior antitumor activity 
when compared to pharmacological blockade of A2AR [96]. 
Although interesting, the authors did not address the reason 

for these differences. Even though the authors used four dis-
tinct shRNAs, the possibility of shRNA-mediated non-specific 
off-target effects affecting CAR-T cell persistence cannot 
be completely ruled out. However, it was already reported 
that some shRNAs might induce distinct gene signatures in 
comparison to CRISPR/Cas9 editing, even when both tech-
niques have been demonstrated to be on-target [97]. Thus, fu-
ture studies incorporating the profiling of persistence-related 
genes could shed light on these intriguing results.

Disrupting PD-1 expression has also been consistently as-
sociated with enhanced cytotoxic capacity in tumor-specific 
T cells [98]. Similarly, knocking out PD-1 using CRISPR/
Cas9 in anti-Glypican-3 CAR-T cells increased cytotoxic ac-
tivity in vitro, IL-2 and IFNγ secretion, Akt activation, and 
Bcl–xL anti-apoptotic protein expression after co-cultivation 
with tumor cells. These effects were recapitulated in a mouse 
model, resulting in increased CAR-T cell infiltration, persist-
ence, and antitumor activity [99]. Similar results were con-
sistently observed in other studies using anti-mesothelin and  
anti-CD19 CAR-T cells [100, 101]. Furthermore, this approach 
is already being evaluated in a clinical trial (NCT03525782).

In contrast with the results of A2AR and PD-1 disruption, 
a pioneer study on CRISPR/Cas9-based LAG-3 knockout in 
human T cells reported no differences in anti-CD19 CAR-T-
cell performance both in vitro and in vivo [102]. As discussed 
by the authors, these results are in apparent contradiction 
to other studies showing increased cytotoxicity upon LAG-
3 blockade using mAbs. The reason for these discrepancies 
is attributed to the limited recapitulation of an immunosup-
pressive environment in the Raji xenograft model using im-
munodeficient mice. The authors also recall that LAG-3 acts 
synergistically with PD-1, thus disrupting only LAG-3 would 
not suffice to enhance CAR-T performance. These specula-
tions have not yet been addressed and this is an area of active 
investigation.

Knockdown of IC molecules through small-interfering 
RNA (siRNA) was also evaluated in engineered T cells. 
Concomitant downregulation of PD-1 and CTLA-4 or of 
PD-1 alone resulted in enhanced CAR-T-cell cytotoxicity in 
vitro [70]. Furthermore, downregulation of PD-1 ligands in 
MAGE-A4-specific TCR-T cells enhanced the lytic capacity 
and IFNγ production [103]. Interestingly, Condomines and 
colleagues demonstrated that CTLA-4 downregulation in 
CAR-T cells using shRNA enhanced antitumor activity of 
first-generation CAR-T cells, which are dependent of natural 
CD28/CD80 co-stimulation, whereas the same did not occur 
with the second-generation CAR-T cells [104]. Since CTLA-4 
competes for CD28 ligands, its immunosuppressive effects are 
likely to be higher when activation of CAR-T cells depends 
on endogenous CD28 activation and are less prominent when 
the costimulatory signal is already integrated in the CAR (i.e. 
second-generation CARs). These findings demonstrate that 
the effect of CTLA-4 inhibition on edited T cells may depend 
on the expressed artificial receptor.

Additionally, it was recently demonstrated that PD-1 and 
TIGIT simultaneous downregulation in CAR-T cells using 
shRNA promoted a robust antitumor response and improved 
in vivo CAR-T-cell persistence [72]. Currently, there is a 
clinical trial underway to evaluate the use of PD-1/TIGIT-
downregulated anti-CD19 CAR-T cells in patients with re-
lapsed or refractory DLBCL (NCT04836507).

Still aiming at attenuating inhibitory effects on engin-
eered T-cell function, these cells can be modified to secrete 
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IC-blocking antibodies (Fig. 3.2D). CAR-T cells engineered 
to secrete anti-PD-L1 antibodies downregulated by 50% the 
expression of LAG-3, TIM-3, and PD-1 in comparison with 
cells expressing CAR alone. Also, a considerable decrease in 
PD-L1 expression was observed in tumors when animals were 
treated with CAR-T cells secreting anti-PD-L1 antibodies, as 
well as a better reduction in tumor size [105].

Additionally, CAR-T cells secreting anti-PD-1 antibodies 
showed improved effector function [106]. Accordingly, T 
cells engineered to secrete PD-1-blocking scFvs displayed im-
proved antitumor activity in PD-L1+ murine tumor models, 
with results comparable to those obtained using IC inhibi-
tors. Notably, the authors suggested that scFv-secreting 
CAR-T cells may have an advantage in relation to safety, as 
scFvs were mainly detected in the tumor microenvironment, 
thereby avoiding systemic toxicity [107]. Currently, CAR-T 
cells secreting scFvs against PD-1/CTLA-4/TIGIT have been 
evaluated in clinical trials (NCT03198546, NCT03198052).

CAR-T cells against immunological checkpoint 
molecules
CAR-T cells can be directed against IC molecules in order 
to reduce the immunosuppressive effect of the tumor micro-
environment and allow the antitumor activity of T cells (Fig. 
3.3). An important point to consider in this approach is that 
the IC target can be expressed in CAR-T cells themselves, 
which could result in fratricide.

Qin and colleagues compared two anti-PD-1 CAR designs: 
the first composed of the extracellular and transmembrane 
domains of PD-1 and the intracellular domains of 41BB, 
TLR2, and CD3ζ; the second construct consisted of a CAR 
harboring a high-affinity anti-PD-L1 scFv with the same 
cytoplasmic domain as the first construct. CAR-T cells ex-
pressing both constructs specifically lysed PD-L1+ cell lines 
in vitro and in vivo, with anti-PD-L1 CAR-T cells showing 
better performance. However, combined administration of 
anti-PD-1 CAR-T cells and anti-mesothelin CAR-T cells did 
not improve antitumor capacity. Apparently, anti-mesothelin 
CAR-T cells, which overexpressed PD-L1, became targets 
of anti-PD-L1 CAR-T cells, limiting the expected synergism 
between them [108]. Nevertheless, the use of CAR-T cells 
targeting PD-L1-positive malignant and non-malignant cells 
in the tumor microenvironment has shown promising results 
[109,110].

CAR-T cells targeting protein HLA-G were recently evalu-
ated for their antitumor potential. This protein is not only an 
IC but also a tumor-associated antigen found in a few healthy 
tissues, making it an interesting target for CAR-T cells. Anti-
HLA-G CAR-T cells showed specific cytotoxic capacity 
against HLA-G+-targeted cells and contributed to tumor re-
gression in vivo [111].

Anti-TIM-3 CAR-T cells also demonstrated a potent anti-
leukemic activity against AML cell lines and patient-derived 
blasts in a preclinical study. Noteworthy, TIM-3 is expressed 
in AML blasts and leukemic stem cells and is not present in 
normal hematopoietic stem cells, naïve lymphocytes, granulo-
cytes, and most nonhematopoietic tissues [112]. Overall, these 
examples indicate that the expression of IC molecules by can-
cer cells as a mechanism to escape immunosurveillance can 
be leveraged for the development of tumor-specific CAR-T 
cells. In addition, these IC-directed CAR-T cells might provide 
additional anti-tumor benefits by eliminating non-malignant 
immunosuppressive cells in the tumor microenvironment.

Concluding remarks
After many years of skepticism that immune cells could be 
harnessed to eliminate tumors, cancer immunotherapy is cur-
rently one of the most effective approaches for treating pa-
tients with cancer. The two most prominent approaches of 
the immunotherapy toolbox are inhibitors of IC molecules 
and the adoptive transfer of genetically engineered T cells. 
Despite the clinical success, not all patients respond to these 
therapeutic strategies or some of them only experience short-
term responses or unacceptable toxic collateral effects. In this 
review, we highlight the efforts of combining both the adop-
tive transfer of genetically engineered T cells and the disrup-
tion of IC signaling through genetic and pharmacological ap-
proaches. Overall, these interventions have been resulting in 
promising therapeutic responses and at the same time reveal-
ing how and to what extent different IC molecules in different 
tumor types mediate the escape from the immune system. As a 
future perspective, lessons from these trials are advancing the 
field toward a complex and sophisticated genetic engineering 
of immune cells to make them resistant to tumor-associated 
immunosuppressive mechanisms while maintaining high spe-
cificity and cytotoxicity against cancer cells.
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