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REVIEW

Mesothelin-targeted CAR-T cell therapy for solid tumors
Astero Klampatsa a, Vivian Dimou a and Steven M. Albeldab

aThoracic Oncology Immunotherapy Group, Division of Cancer Therapeutics, The Institute of Cancer Research, London, UK; bPulmonary, Allergy and 
Critical Care Division, Perelman School of Medicine, University of Pennsylvania, Philadelphia, PA, USA

ABSTRACT
Introduction: Mesothelin (MSLN) is a tumor differentiation antigen normally restricted to the body’s 
mesothelial surfaces, but significantly overexpressed in a broad range of solid tumors. For this reason, 
MSLN has emerged as an important target for the development of novel immunotherapies. This review 
focuses on anti-MSLN chimeric antigen receptor (CAR) T cell immunotherapy approaches.
Areas covered: A brief overview of MSLN as a therapeutic target and existing anti-MSLN antibody- 
based drugs and vaccines is provided. A detailed account of anti-MSLN CAR-T cell approaches utilized in 
preclinical models is presented. Finally, a comprehensive summary of currently ongoing and completed 
anti-MSLN CAR-T cell clinical trials is discussed.
Expert opinion: Initial trials using anti-MSLN CAR-T cells have been safe, but efficacy has been limited. 
Employing regional routes of delivery, introducing novel modifications leading to enhanced tumor 
infiltration and persistence, and improved safety profiles and combining anti-MSLN CAR-T cells with 
standard therapies, could render them more efficacious in the treatment of solid malignancies.
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1. Mesothelin

Mesothelin (MSLN) is a cell surface-bound, glycosylphosphatidyli-
nositol (GPI) anchored protein, whose normal expression is 
restricted to the mesothelial cells of the pleura, pericardium, 
peritoneum, and tunica vaginalis in men, whereas very low 
MSLN expression (trace amounts) has also been observed in the 
epithelial lining of the ovaries, fallopian tubes, and rete testis [1].

In contrast to its limited expression on mesothelial cells under 
normal physiological conditions, MSLN has been found to be 
overexpressed in a plethora of cancers [1–4], including malignant 
mesothelioma [4–9], ovarian cancer [5,9–13], breast cancer (and 
more specifically triple-negative breast cancer (TNBC)) [14–16], 
pancreatic cancer [9,17–20], lung cancer [21–23], gastric cancer 
[24–28], endometrial cancer [12], cervical cancer [29], biliary 
cancer [30–32], uterine serous carcinoma [33], cholangiocarci-
noma [34,35] and pediatric acute myeloid leukemia [36]. 
Increased MSLN expression has been associated with a poorer 
prognosis for patients with TNBC [14,15], ovarian cancer [10], 
lung adenocarcinoma [22,23], cholangiocarcinoma [30,35], and 
pancreatic adenocarcinoma [17,19].

MSLN and its identity as a tumor-associated antigen (TAA) 
were discovered over 20 years ago when Chang et al. at the 
National Cancer Institute (NCI, Bethesda, MD) initially isolated 
(via mice immunization) and characterized a monoclonal anti-
body named K1, reactive with human ovarian carcinoma cells 
as well as with the normal mesothelium [37]. A few years later, 

the same researchers used molecular cloning to identify and 
isolate the cDNA and protein recognized by the K1 antibody. 
They named the protein ‘mesothelin’ as it is normally pro-
duced by mesothelial cells and provided early evidence that 
this protein could be involved in cellular adhesion [5]. The 
human MSLN gene is located at chromosome 16 and contains 
a 1884-base pair open reading frame and a total of 15 exons 
[38]. The human MSLN gene was shown to encode a ~ 71-kDa 
precursor protein consisting of ~628 amino acids [5]. The 
precursor is cleaved (via furin cleavage) at Arginine 295 
(Arg295) into two products; a ~ 31-kDa N-terminal soluble 
protein known as mature megakaryocyte potentiating factor 
(MPF) and a ~ 40-kDa GPI-anchored mesothelin protein, 
bound on the cell surface [5,39,40] (Figure 1). In mesothelioma 
and ovarian cancer, the levels of membrane-bound MSLN that 
is released in the serum have been found to be elevated and 
serum MSLN is considered to be a tumor marker for mesothe-
lioma and ovarian cancer patients41, 42.

The physiological/biological function of MSLN remains uncer-
tain, since the lack of MSLN in an MSLN knockout mouse model did 
not affect the development, growth, or reproduction of those mice 
when they were compared to homozygous and heterozygous 
wild-type mice [41]. Nevertheless, MSLN is considered to be 
involved in several mechanisms of cancer pathogenesis. In epithe-
lial ovarian carcinoma, in patients who exhibited higher levels of 
MSLN mRNA expression in surgery-resected ovarian cancer tissues, 
showed resistance to chemotherapy with platinum and 
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cyclophosphamide when compared to chemo-sensitive patients 
who expressed lower MSLN levels [42]. MSLN has also been found 
to bind with high affinity to the surface mucin MUC16 (or CA125) 
[43]. This binding could potentially mediate adhesion of ovarian 
cancer cells to the mesothelial cells residing in the peritoneal cavity 
and promote intraperitoneal ovarian cancer metastasis [44].

MSLN is further involved in tumor progression and cell 
survival and proliferation in pancreatic cancer in vitro [45] 
and in vivo [46]. MSLN-overexpressing pancreatic cells were 
found to produce higher levels of interleukin-6 (IL-6) via NF-κB 

constitutive activation, further stimulating cancer cell prolif-
eration in an autocrine manner [47]. Furthermore, MSLN- 
overexpression in pancreatic cancer cell lines has been asso-
ciated with resistance to tumor necrosis factor-alpha (TNF-α)- 
mediated apoptosis [48], anoikis-induced apoptosis [49] and 
resistance to paclitaxel treatment [50].

Over the years, evidence has accumulated with regards to 
the importance of mesothelin as a TAA overexpressed in 
almost one-third of human cancers. The fact that MSLN is 
expressed primarily on dispensable tissues under normal con-
ditions and is abnormally expressed in various tumors, makes 
it a highly appealing target when it comes to the develop-
ment of novel anti-tumor therapies with a low risk of ‘on 
target-off tumor’ toxicity. For these reasons, various types of 
anti-mesothelin therapies have been developed, including; 
antibodies, antibody-drug conjugates (ADCs), immunotoxins, 
cancer vaccines, and chimeric antigen receptor (CAR)-T cell 
immunotherapies. We will briefly review these approaches, 
but will focus on an overview of experimental models and 
clinical trials for anti-MSLN CAR-T cell therapies.

1.1. Overview of anti-MSLN antibody-based and cancer 
vaccine therapies

Along with CAR-T cell immunotherapies, a variety of other 
types of novel anti-MSLN therapies have been developed 
over the last two decades such as antibody-based therapies 
(monoclonal antibodies, ADCs, immunotoxins) and vaccines.

Article highlights

● Mesothelin (MSLN) is a tumor differentiation antigen overexpressed in 
a broad range of solid tumors including mesothelioma, ovarian cancer, 
triple-negative breast cancer, lung cancer, pancreatic cancer, and gastric 
cancer.

● Several novel anti-cancer immunotherapies targeting MSLN have been 
developed and are being tested in both preclinical settings and clinical 
trials.

● Anti-MSLN immunotherapies include; antibody-based drugs (mono-
clonal antibodies, antibody-drug conjugates, immunotoxins), vac-
cines, and CAR-T cell therapies.

● A significant number of clinical trials using anti-human MSLN CAR-T cells 
have been taking place since 2011; however, further work is required so as 
to develop anti-MSLN CAR-T cells with high anti-tumor efficacy.

● Evidence from both preclinical models and clinical trials has demon-
strated that further CAR-T cell modifications and novel approaches in 
CAR-T cell engineering are necessary to generate a successful anti- 
MSLN CAR-T cell therapy for solid tumors.

This box summarizes key points contained in the article.

Figure 1. MSLN and MPF. A precursor protein of ~71 kDa is divided via furan cleavage into a ~ 40 kDa GPI-anchored, membrane-bound protein which contains 
a MUC16/CA125 binding site known as mesothelin (MSLN), and a soluble protein of ~31 kDa known as megakaryocyte-potentiating factor (MPF). MSLN expression is 
normally restricted on the surface of mesothelial cells but it is also overexpressed in a broad range of cancers.
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The action of antibody-based drugs involves several 
mechanisms; antibody-mediated neutralization of the TAA 
leading to complement-mediated killing of the tumor cell, 
antibody-dependent cellular cytotoxicity (ADCC) via the NK 
cells leading to tumor cell death, antibody-dependent cellular 
phagocytosis (ADCP) of the tumor cells via monocyte-derived 
macrophages, and finally, hampering of the tumor cells’ pro-
liferative capacity and induction of apoptosis via TAA target-
ing with antibodies conjugated to toxins or inhibitors.

1.2. Anti-MSLN antibodies, immunotoxins and 
antibody-drug conjugates

1.2.1. SS1 antibody and SS1P immunotoxin
SS1, is a murine-derived anti-MSLN antibody (stable single- 
chain Fv), able to recognize MSLN with higher affinity than 
the K1 monoclonal antibody [51,52]. SS1 fusion to 
Pseudomonas exotoxin A (PE38) led to the development of 
the recombinant immunotoxin (RIT) SS1P, able to be interna-
lized by the targeted cells and induce apoptosis [53]. SS1P has 
been tested in several clinical trials for advanced cancers such 
as mesothelioma, pancreatic and ovarian cancer 
(NCT01445392, NCT01362790, NCT01051934, NCT00066651, 
NCT00006981). These studies have either been completed or 
terminated, most of them at Phase I. SS1P did not lead to 
pericardial toxicity, but was found to be immunogenic in 
clinical trial NCT00006981; neutralizing antibodies to SS1P 
were also found to be produced [54].

When SS1P was tested in combination therapies (pentosta-
tin and cyclophosphamide for patients with chemotherapy- 
refractory mesothelioma; NCT01362790 and pemetrexed and 
cisplatin for chemotherapy-naïve MPM patients; 
NCT01445392), SS1P- and combination therapy-related toxici-
ties were still observed, however partial responses and stable 
disease were observed and pentostatin and cyclophospha-
mide were able to delay the formation of SS1P neutralizing 
antibodies.

1.2.2. LMB-100/RG7787
LMB-100/RG7787 is a humanized antibody based on SS1 but is 
conjugated to a less immunogenic pseudomonas exotoxin, 
PE24, in an attempt to induce lower toxicity levels [55].

1.2.3. Amatuximab (MORAb-009)
Since the development of SS1 antibody, several other SS1- 
based drugs have been developed, including humanized anti-
bodies. Amatuximab (MORAb-009) is a chimeric anti-MSLN 
humanized monoclonal antibody. It consists of the SS1 single- 
chain fragment variable (scFv) domain fused to human IgG1/κ 
[56]. A number of Phase I and II clinical trials for amatuximab, 
now completed or terminated, have taken place 
(NCT00738582, NCT02357147, NCT01413451, NCT01018784, 
NCT00325494, NCT00570713, NCT01521325). Two of these 
studies, NCT00738582 for patients with pleural mesothelioma 
and NCT00570713 for pancreatic cancer patients, reported no 
severe drug hypersensitivity events, and amatuximab was 
found to be well tolerated, no complete or partial responses 

were observed for the majority of patients and approximately 
half of the patients had stable disease [57].

When pemetrexed and cisplatin were combined with ama-
tuximab (NCT00738582), severe adverse effects occurred but 
also more partial responses were observed and more patients 
exhibited stable disease [58]. Amatuximab was found to block 
interaction between MSLN and MUC16 (CA125), and this could 
prevent metastasis in ovarian cancer and mesotheliomas [59]. 
In MPM patients, an amatuximab pharmacokinetics and expo-
sure-response study (NCT02357147) showed that higher expo-
sure to amatuximab combined with chemotherapy was 
associated with longer overall survival [60].

1.2.4. Anetumab ravtasine (BAY94-9343)
Anetumab ravtasine or BAY94–9343, a novel drug-conjugated 
antibody, is a human anti-MSLN antibody conjugated to the 
maytansinoid tubulin inhibitor DM4 which disrupts the divi-
sion, growth, and proliferation of tumor cells [61,62]. 
Anetumab ravtasine binds MSLN with strong affinity and 
high selectivity, leading to efficient antigen internalization. 
Several Phase I or II clinical trials for anetumab ravtasine 
have now been completed or terminated (NCT02696642, 
NCT02751918, NCT03455556, NCT02824042, NCT03023722, 
NCT02839681, NCT02639091, NCT02610140, NCT02485119), 
but four Phase I or II studies (NCT03126630, NCT03102320, 
NCT03587311, NCT03816358) are currently recruiting subjects 
whereas a Phase II study is currently enrolling by invitation 
(NCT03926143). Results from the first open-label multi-center 
Phase I dose-escalation and expansion study (NCT01439152) 
for anetumab ravtasine in patients with multiple solid tumor 
types (including MPM and ovarian cancer) have now been 
published, reporting that this antibody showed a manageable 
safety profile and favorable pharmacokinetics, it was well 
tolerated and had an encouraging preliminary clinical activity, 
thus paving the way for further Phase II studies [63].

1.2.5. MMAE, BMS-9861 and BAY2287411
Other important ADCs include [58];, a humanized anti-MSLN anti-
body conjugated to the anti-mitotic agent monomethyl auristatin 
E (MMAE) which has been administered to pancreatic and ovarian 
cancer patients in a Phase I clinical trial [9,64], BMS-986,148 con-
jugated to the alkylating agent duocarmycin (MED2460) which 
has been tested in a clinical trial for patients with mesothelioma, 
NSCLC, ovarian, pancreatic and gastric cancer [56], and 
BAY2287411, a thorium-227 labeled antibody-chelator conjugate 
that is being tested in a Phase I clinical trial for patient with PDAC, 
serous ovarian cancer, and epithelioid mesothelioma 
(NCT03507452).

1.2.6. HPN536
HPN536 is the most recently developed anti-MSLN antibody 
currently being tested in a Phase I/II clinical trial 
(NCT03872206) for patients with advanced MSLN-expressing 
cancers. The novelty of this agent lies in the fact that it is a tri- 
specific antibody, which apart from the MSLN recognizing 
domain also contains an anti-albumin domain that confers 
HPN536 an extended half-life, as well as an anti-CD3ε scFv 
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that mediates T cell recruitment and killing of the MSLN- 
expressing tumor cells.

1.3. Anti-MSLN cancer vaccines

Along with antibody-based drugs, anti-MSLN cancer vaccines 
have been developed, aiming to induce tumor-specific immune 
system activation leading to selective killing of the tumor cells. 
Two bacteria-based vaccines have been tested in clinical trials; 
CRS-207 that contained a live-attenuated Listeria monocyto-
genes strain and was engineered to express MSLN [65] and 
JNJ-64,041,757 (ADU-214), containing a live-attenuated, double- 
deleted Listeria monocytogenes strain and expressing MSLN. 
CRS-207 was tested in patients with PDAC, mesothelioma, 
NSCLC and ovarian cancer and was found to be well tolerated 
and to induce immune activation [65]. CRS-207 in combination 
with cyclophosphamide and another vaccine for pancreatic can-
cer (GVAX, engineered to secrete GM-CSF), was found to confer 
longer overall survival to patients with metastatic pancreatic 
adenocarcinoma compared to GVAX and cyclophosphamide 
alone [65]. JNJ-64,041,757 was used to treat NSCLC patients 
alone or in combination with nivolumab in two clinical trials 
(NCT03371381 and NCT02592967) which were, however, termi-
nated due to lack of a favorable clinical effect. Despite the 
generally disappointing clinical results and small numbers of 
clinical trials, neoantigen DNA vaccines are being tested and 
further preclinical efforts are being made with regards to the 
development of other types of vaccines, such as Meso-VAX in 
combination with adeno-associated virus (AAV)-IL-12 and CTGF/ 
MSLN DNA vaccine [66,67].

A more detailed overview of anti-MSLN antibody-based 
drugs and vaccines can be found in a recent review by Lv 
J. & Li P [68].

2. MSLN CARs: design and preclinical studies

2.1. Four Generations of MSLN CARs

A CAR consists of an extracellular antibody-derived single- 
chain fragment variable (scFv) domain (fusion protein contain-
ing a heavy and light Ig chain connected by a short linker) that 
recognizes the target antigen, followed by a hinge (or spacer) 
region (usually CD8α-derived) that improves the expansion of 
CAR-T cells [69] and connects the scFv to a transmembrane 
domain (usually CD8α-derived) which, in turn, is connected to 
an intracellular domain (derived from CD3z and costimulatory 
molecules), responsible for T cell activation signaling [70]. 
A number of MSLN-specific scFv’s have been studied, in CAR 
constructs of all CAR generations, depending on their intracel-
lular costimulatory domain repertoire (Figure 2).

First-generation CARs consist only of a CD3ζ domain bear-
ing the immunoreceptor tyrosine-based activation motif 
(ITAM) that is able to induce T cell activation and cytotoxicity, 
but do not maintain long-term proliferative capacity or suffi-
cient cytotoxicity levels [70–72].

Second-generation CARs that add co-stimulatory domains 
such as CD28, 4–1BB, or OX40 along with CD3z, lead to 

amplified activation, increased persistence, and enhanced 
cytotoxicity of CAR-T cells [15,71,73–77] (Figure 2). This was 
first demonstrated in an in vivo model using NSG (NOD/scid/ 
IL2rγ(-/-)) mice bearing large pre-established mesothelioma 
tumor xenografts [74]. Intravenously injected T cells lentivirally 
transduced with anti-MSLN (SS1 scFv) CD3ζ/CD28/4-1BB CARs, 
exhibited good persistence and multifactorial cytokine secre-
tion leading to striking anti-tumor activity. Intratumoral injec-
tion of the same CAR-T cells led to a more rapid reduction in 
tumor mass [76]. Second-generation anti-MSLN CAR-T cells 
have been widely used. In an ovarian cancer murine model 
using NSG mice, intraperitoneally injected anti-human MSLN 
mRNA electroporated CAR-T cells (CARMA-hMeso; CD3ζ/ 
4-1BB) were able to induce dose-dependent suppression of 
tumor growth and conferred improved mice survival [78]. 
A study using MSLN-expressing (SiHa) and non-expressing 
(Caski) human cervical squamous carcinoma cells, showed 
that lentivirally transduced anti-human MSLN CAR-T cells 
(‘MESO CAR-T’; CD3ζ/4-1BB) were able to specifically kill the 
SiHa cells and produced higher levels of pro-inflammatory 
cytokines in the presence of the SiHa cells [29]. In addition, 
when SiHa cells were implanted into NSG mice, MESO CAR-T 
tumor-killing activity after two consecutive intratumoral injec-
tions was superior to that of control anti-MSLN CAR-T cells 
that did not include the 4–1BB co-stimulatory domain [29].

Third-generation CARs consist of two co-stimulatory 
domains (such as CD28, 4–1BB, OX40, DNAX-activating protein 
10 (DAP10), Toll-like receptor-2 (TLR2)) alongside CD3ζ [76,79] 
(Figure 2). Lentivirally transduced anti-MSLN CD3ζ/CD28/TLR2 
CAR-T cells were found to have superior killing capacity of 
MSLN-expressing human lung cancer cells compared to CD3ζ/ 
CD28 CAR-T cells lacking TLR2 co-stimulation and to produce 
higher levels of IL-2, IFN-γ, and GM-CSF and similarly, the 
TLR2-containing CAR-T cells were able to more efficiently 
inhibit the growth of the MSLN-expressing lung cancer cells 
xenografted on NSI mice (NOD/scid/IL2rγ(-/-)) [80]. Similarly, 
anti-MSLN CD3ζ/CD28 CARs in which DAP10 was also incor-
porated led to the generation of CAR-T cells with superior anti- 
tumor activity against MSLN-expressing lung cancer cell lines 
as well as in xenografted NSI mice [81]. When the same anti- 
MSLN CAR mRNA constructs were electroporated into auto-
logous T cells from tumor mesothelioma patients, multiple 
injections of these CAR-T cells were able to promote tumor 
regression in NSI mice bearing matching patient tumor xeno-
grafts [82].

Fourth-generation CARs, or TRUCKs (T cells redirected for 
universal cytokine-mediated killing) are most often second- 
generation CARs (but can also be third-generation CARs) engi-
neered to secrete immunomodulatory molecules such as inter-
leukins (IL-12, IL-15, IL-7, IL-21), chemokines (CCL19) or 
immune checkpoint inhibitors such as antibodies against the 
programmed cell death protein 1 (PD-1) [70,83–86] (Figure 2). 
Anti-MSLN TRUCKs have been found to exhibit a favorable 
anti-tumor effect. In a murine PDAC model expressing MSLN, 
intravenously injected anti-mouse CD3ζ/CD28/4-1BB MSLN 
CAR-T cells (mouse MSLN is 70% similar to the human MSLN) 
which were also expressing IL-7 and CCL19 were found to 
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have an improved survival in the tumor site and exhibited 
superior anti-tumor activity compared to conventional CAR-T 
cells; they led to complete tumor regression, increased mouse 
survival and promoted increased infiltration of the hosts’ den-
dritic and T cells in the tumor sites [83].

Another modification of CARs is being explored recently, based 
on the second-generation CARs (including a CD3ζ and CD28 
domain) to which a truncated IL-2 receptor β chain which contains 
a binding site for the transcription factor STAT-3 is added [87,88] 
(Figure 2). This addition to provide a cytokine (IL-2)-driven JAK- 
STAT signaling which, together with the TCR signaling and CD28 
co-stimulation, provides all three signals for full T cell activation 
and improves survival and proliferation [87,88]. The CAR-T cells 
employ a variety of methods to exert their anti-tumor activity, 
including perforin and granzyme secretion, activation of the Fas/ 
Fas Ligand and TRAIL pathway and secretion of pro-inflammatory 
cytokines such as IFN-γ, TNF-α, IL-12, and IL-18 [88,89].

2.2. Engineering approaches to MSLN CARs

The most widely and commonly used method for efficient 
T cell engineering for CAR-T cell generation is via lentiviral 
transduction, which allows for permanent and stable CAR 
expression although a potential danger for insertional 

mutagenesis exists [70,90–92]. For this reason, improved lenti-
viral vectors or non-viral methods are also being developed 
and tested. Bi-component vector systems such as the Sleeping 
Beauty and the piggyBac transposon systems have been effi-
ciently used for non-viral for CAR-T cell engineering via elec-
troporation, leading to stable, nonrandom integration 
[91,93,94]. Second-generation CD3ζ/4-1BB ‘mesoCAR-T cells’ 
engineered with the piggyBac transposon system, were 
shown to exert significant cytotoxic activity against MSLN- 
expressing bile duct carcinoma (BDC) human cell lines and 
to significantly suppress tumor xenograft growth after intra-
tumoral injection in NOD/SCID mice previously transplanted 
with MSLN-expressing human BDC cells, in contrast to control 
T cells [95]. Similarly, piggyBac-modified CD3ζ/CD28 CAR-T 
cells exhibited increased IFN-γ production and a robust killing 
effect against both MSLN-expressing human PDAC cells 
in vitro and higher IFN-γ levels as well as suppressed tumor 
growth in PDAC xenograft NSG mouse models [96]. A more 
recent study utilized the PiggyBac system to construct meso1 
and meso3 CD3ζ/CD28 CAR-T cells; meso1 CAR recognizes the 
membrane-distal region (region I) of MSLN whereas meso3 
CAR recognizes the membrane-proximal region (region III) of 
MSLN. The meso3 CAR was found to have superior perfor-
mance compared to meso1 CAR in gastric and ovarian cancer 

Figure 2. The CAR generations. The first-generation CARs consisted of an extracellular scFv region (VL connected to VH via a linker) responsible for the recognition 
of the target tumor antigen, connected via a spacer or hinge to a transmembrane domain (both spacer/hinge and transmembrane domain usually CD8?-derived), 
which finally led to an intracellular CD3? domain responsible for CAR-T cell activation (signal 1). Along with CD3?, an intracellular co-stimulatory domain (CD28 or 4– 
1BB; signal 2) was added to generate the 2nd generation CAR-T cells and a second co-stimulatory domain (CD28, 4–1BB, OX40, DAP10 or TLR2) was included to 
generate the 3rd generation CAR-T cells. 4th generation CAR-T cells consist of CD3? along with co-stimulatory domain 1 but are also engineered to express and 
secrete an inflammatory cytokine such as IL-12 (but they can also secrete an inflammatory chemokine or an antibody targeting immune checkpoint inhibitors) which 
can modify the tumor microenvironment. Finally, 2nd generation CARs may contain, apart from the intracellular CD3? (signal 1) and co-stimulatory domain 1 
(signal 2), an IL-1 R? domain which mediates JAK-STAT signaling (signal 3), providing the third signal for full T cell activation.

EXPERT OPINION ON BIOLOGICAL THERAPY 5



in vivo models [97]. There is also interest in viral-based tar-
geted integration into the T cell receptor locus [98]. 
Additionally, RNA electroporation methods have been used 
to generate CAR-T cells. This method leads to transient CAR 
expression due to eventual degradation of the CAR mRNA, 
which is a safety advantage, but requires multiple cycles of 
CAR-T cell injections [82,91]. Despite the lack of long-term 
persistence of the transiently expressed CARs, this approach 
can aid toward minimizing the risks of ‘on-target/off-tumor’ 
toxicities.

2.3. MSLN CAR Strategies to overcome solid tumor 
limitations

Unfortunately, CAR-T cell therapeutic approaches against solid 
tumors have had limited success. This is likely due to 
a number of factors.

For most solid tumors, the TAAs that have been used as 
potential therapeutic targets are not exclusively expressed in 
malignant tissues, but are also expressed in low levels in 
normal healthy tissues – this is the case for MSLN-, increasing 
the danger for CAR-T cell recognition and subsequent attack 
and damage of healthy tissues, and effect known as ‘on-target 
/off-tumor toxicity’ [99]. ‘On-target/off-tumor toxicity’ events 
often occur in gastrointestinal, pulmonary, and hematological 
tissues and can highly vary in severity from manageable man-
ifestations to severe toxicity and death [100]. To prevent the 
detrimental effects of normal tissue antigen recognition, trans- 
signaling CAR-T cells have been experimentally tested. The 
rationale behind this approach is that dissociation of the 
activation and co-stimulation signals in two different CAR 
constructs, each of them targeting a different TAA, could 
lead to generation of CAR-T cells with higher tumor specificity, 
requiring tumor cell expression of both TAAs to achieve full 
activation and thus, sparing the healthy tissues which might 
lowly express only one of the TAAs. In a xenograft NSG mouse 
model of ovarian cancer, an anti-MSLN CD3ζ CAR providing 
signal 1 and an anti-folate receptor-alpha (FRα) CD28 CAR 
providing the co-stimulatory signal 2 were lentivirally trans-
duced in primary human T cells; the trans-signaling CAR-T cells 
generated exhibited superior anti-tumor activity and increased 
persistence in vivo, similar to that of conventional second- 
generation CAR-T cells [72]. Importantly though, the dual 
specificity trans-signaling CAR-T cells did not exhibit potent 
activity against MSLN-only expressing cells in vivo, in contrast 
to conventional second-generation anti-MSLN CD3ζ/CD28 
CAR-T cells [72]. In a more recent study, targeting MSLN and 
carcinoembryonic antigen (CEA) using dual CAR constructs 
(CEA/CD3ζ and MSLN/4-1BB) led to high in vivo anti-tumor 
activity whilst sparing the cognate healthy tissues [101]. Thus, 
experimental evidence suggests that dual CARs could more 
precisely target and kill tumor cells, reducing the risk of ‘on- 
target/off-tumor’ effects.

Interpatient and intratumoral genetic heterogeneity, tumor 
antigen escape, inefficient trafficking, poor migration, and 
inadequate infiltration of the CAR-T cells to the tumor site, 
and a highly immunosuppressive and hostile tumor 

microenvironment (hypoxia, suppressive immune cells, immu-
nosuppressive cytokines, immune checkpoint molecules, 
abnormal tumor vascularization), are all significant obstacles 
in the development of robust and efficient CAR-T cell thera-
pies [99]. Vigorous efforts are being made to overcome those 
obstacles and novel CAR constructs and different modes of 
CAR-T cell delivery (regional vs intravenous/systemic delivery) 
are currently being tested to determine optimal CAR-T cell 
therapy conditions.

One reason for inefficient CAR-T cell migration and homing 
to the tumor is the lack of chemokine receptor expression by 
the CAR-T cells that matches the chemokines expressed by the 
tumor cells. CCL2 is one of the most highly and uniformly 
expressed and secreted chemokines in MPM, but its corre-
sponding receptor, CCR2, was found to be lowly expressed 
in CD3ζ/4-1BB mesoCAR-T cells [74]. Moon et al. lentivirally 
transduced mesoCAR-T cells with CCR2b, the most dominant 
CCR2 isoform, and the CCR2b mesoCAR-T cells were intrave-
nously injected in NSG mice bearing subcutaneous tumors of 
human MPM naturally expressing MSLN (M108) [74]. The 
CCR2b CAR-T cells were able to infiltrate the tumor site and 
suppress tumor growth in a significantly more robust manner 
compared to mesoCAR-T cells without CCR2b expression [74]. 
Superior chemotactic function, migratory properties and 
in vitro cytotoxic killing of M108 cells was also observed for 
the CCR2b mesoCAR-T cells [74].

The presence of immunosuppressive mediators in the 
tumor microenvironment can also significantly hamper the 
activity of CAR-T cells. In pancreatic cancer patients, IL-10 
has been shown to suppress MSLN-specific CD4+ and 
CD8 + T cell responses [102]. In a recent in vitro study, lenti-
virally transduced anti-human MSLN CD3ζ/CD28/4-1BB CAR-T 
cells were co-cultured with human pancreatic cancer cells, in 
human pancreatic cancer cell conditioned media, with or with-
out the presence IL-10 blocking antibody [103]. In the absence 
of IL-10 blockade, IFN-γ and Granzyme B secretion by the CAR- 
T cells, as well as their anti-tumor cytotoxic activity, was sig-
nificantly suppressed compared to conditioned media-free co- 
cultures of CAR-T cells and pancreatic cells. This suppressive 
effect, however, was significantly reversed when the CAR-T 
cells and pancreatic cells were co-cultured in conditioned 
media including IL-10 blocking antibody [103]. Newick et al 
addressed CD3-ζ chain inactivation caused by protein kinase 
A (PKA), a protein activated by prostaglandin E2 (PGE2) and 
adenosine in the tumor microenvironment, by generating 
MSLN CAR T cells expressing a small peptide called the ‘reg-
ulatory subunit I anchoring disruptor’ (RIAD) that blunts the 
negative effects of PKA. The resulting MSLN CAR-RIAD T cells 
showed better efficacy than conventional MSLN CAR T cells 
both in vitro and in vivo and improved trafficking to the tumor 
site in vivo [104].

Adenosine is an important immunosuppressive metabolite 
of the tumor microenvironment that through binding to its 
cognate receptor A2aR expressed by activated T cells leads to 
blockade of T cell anti-tumor activity [105]. For this reason, 
a recent study tested the activity of a fully human CD3ζ/4-1ΒΒ 
anti-MSLN CAR-T cell in combination with an A2aR knockdown 
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approach via addition of anti-A2aR shRNA sequences in the 
CAR vector or in combination with an A2aR pharmacological 
antagonist [105]. The anti-MSLN CAR-T cells containing the 
anti-A2aR shRNA sequences were protected from the immu-
nosuppressive and inhibitory effects of adenosine signaling 
and were able to exert their proliferative, cytokine- 
producing, and cytotoxic functions but the pharmacological 
inhibition of A2aR, although able to protect the proliferative 
and cytokine-producing functions of the CAR-T cells, failed to 
rescue their cytotoxic ability [105].

Within the solid tumor microenvironment, upregulation of 
intrinsic T cell inhibitory enzymes such as diacylglycerol kinase 
(dgk), that negatively regulates TCR signaling and limits the 
activation of the Ras/ERK pathway, as well as increased expres-
sion levels of inhibitory checkpoint molecules such as PD-1, 
CTLA-4, TIM-3, LAG-3 and/or their corresponding receptors, 
can lead to rapid loss of CAR-T cell functional activity, signifi-
cantly limiting their therapeutic efficacy [75]. When murine 
CD8 + T cells derived from dgk-deficient mice (dgkα- 
deficient, dgkζ-deficient, or both) were transduced with anti- 
human MSLN CD3ζ/4-1BB CARs, they exhibited significantly 
improved cytokine production (IFN-γ) and enhanced cytotoxic 
activity, decreased sensitivity to TGF-β and upregulated 
expression of TRAIL and FasL in vitro [73]. The murine CAR-T 
cells deficient in both dgk isoforms also demonstrated 
a superior performance in vivo [73]. Moreover, pharmacologic 
inhibition of dgks, led to improved anti-tumor activity and 
function of human anti-MSLN CAR-T cells [73].

Upon antigen encounter, activated T cells can upregulate 
inhibitory receptors, such as PD-1, and in response to acti-
vated T cell-derived pro-inflammatory cytokines, cancer cells 
upregulate expression of their respective inhibitory ligands, 
such as PD-L1; these events eventually lead to T cell anergy 
and hypofunction, suggesting that this could also be a limiting 
factor in CAR-T cell efficacy [75,106–110]. This inhibitory loop 
has been blocked in a number of ways. Liu et al. created 
MSLN-CAR- CD3ζ/41BB T cells that also expressed a PD1- 
CD28 chimeric ‘switch receptor’ [111]. Upon interaction with 
its ligands, PD-L1, this receptor (which contained the extracel-
lular domain of PD1 linked to the transmembrane domain of 
CD28), both bound and blocked PDL1 and delivered an addi-
tional activation signal (via the CD28 domain) instead of an 
inhibitory signal. These MSLN-CAR/PD1-CD28 CAR T cells 
showed increased efficacy in an animal model of mesothe-
lioma [111].

In another study using fully human anti-MSLN CD3ζ/CD28 
and CD3ζ/4-1BB CARs, it was shown that intrapleural injection 
of CAR-T cells in an MPM mouse orthotopic model, led the 
CD28 CAR-T cells in a state of anergy/exhaustion much faster 
than the 4–1BB CAR-T cells rendering CD28 CAR-T cells more 
prone to relapse, although upon initial antigen stimulation 
in vitro both CAR-T cell types had demonstrated similar pro-
liferation and effector cytokine secretion levels [110]. In this 
study, tumor cells were found to overexpress both PD-1 
ligands (PD-L1, PD-L2) and tumor-infiltrating CD28 CAR-T 
cells isolated from progressing tumors, were found to express 

PD-1, TIM-3, and LAG-3 [110]. When, however, the CD28 CAR- 
T cells were co-administered with PD-1 blocking antibody or 
when CD28 CAR-T cells were co-transduced with a PD-1 
dominant negative receptor (DNR) which conferred the CAR- 
T cells with an intrinsic PD-1 checkpoint blockade, the in vivo 
function of the anti-MSLN CD28 CAR-T cells was rescued [110]. 
In another recent study, CRISPR/Cas9-mediated disruption of 
PD-1 in anti-MSLN CD3ζ/4-1BB CAR-T cells led to improved 
and enhanced capacity of the CAR-T cells to control large 
established tumors in TNBC NSG orthotopic xenograft 
mouse models, created via mammary gland injection of 
human MSLN-expressing and PD-L1-expressing TNBC cells 
(BT549) [112].

Other experimental approaches to improve CAR-T cell 
activity within the hostile tumor microenvironment include: 
depleting the immunosuppressive myeloid-derived suppressor 
cells (MDSCs) via blocking antibodies or via the use of immu-
notoxins such as Gemtuzumab ozogamicin in in vivo murine 
models [113]; combination of anti-MSLN CAR-T cells (CD3ζ/ 
4-1BB) with an oncolytic adenovirus expressing cytokines such 
as IL-2 and TNF-α, which has been shown to improve CAR-T 
cell anti-tumor efficacy and survival in both xenograft and 
syngeneic PDAC mouse models [114]; targeting of the immu-
nosuppressive cytokine TGF-β via the use of an oncolytic 
adenovirus which was recently shown to improve the anti- 
tumor activity of human MSLN-targeting CD3ζ/CD28/4-1BB 
CAR-T cells in an TNBC xenograft NSG mouse model [115]. 
Another recent study that targeted the metabolism of CD3ζ/ 
CD28/4-1BB MSLN-targeting CAR-T cells via siRNA knockdown 
of cholesterol acyltransferase 1 (ACAT-1), led to increased 
cytotoxicity and pro-inflammatory cytokine production (IL-2, 
IFN-γ) both in vitro and in in vivo mouse xenograft pancreatic 
adenocarcinoma models [116].

The mode of CAR-T cell administration could also play 
a role in the efficacy and success of this therapeutic interven-
tion [117]. In a mesothelioma xenograft mouse model, intra-
tumoral injection of anti-MSLN CD3ζ/CD28/4-1BB CAR-T cells 
was shown to decrease tumor size faster than intravenous 
injection of the same CAR-T cells [76]. In another study using 
an orthotopic NSG mouse model of mesothelioma, intra-
pleural administration of anti-MSLN CD3ζ/CD28 CAR-T cells 
led to robust in vivo CAR-T cell activation and expansion, as 
well as enhanced persistence and anti-tumor efficacy, outper-
forming the intravenously administered CAR-T cells [71]. 
Therefore, tumor-specific, regional delivery instead of systemic 
delivery of CAR-T cells, could be key to overcoming some 
important solid tumor obstacles that are currently limiting 
their therapeutic efficacy. Another important advantage of 
regional or intratumoral CAR-T cell administration could be 
the prevention of ‘on-target/off-tumor’ toxicities.

It is finally important to mention that, often, the construc-
tion of anti-human MSLN CAR-T cells employs the use of 
murine-derived scFv (for example SS1) and this could poten-
tially lead to adverse effects and immunogenicity. In 
a xenogeneic model of human ovarian cancer [77], as well as 
in a patient-derived xenograft (PDX) model of pancreatic 
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cancer [118], the use of fully human anti-MSLN CAR-T cells led 
to efficient in vivo anti-tumor activity, suggesting that the use 
of fully human anti-MSLN could be a feasible option in clinic.

2.4. MSLN CAR-T cell clinical trials

A number of early-stage clinical trials for anti-MSLN CAR-T cells 
have taken place over the last decade, commencing in 2011. 
According to ClinicalTrials.gov, these trials are targeting sev-
eral MSLN-positive solid tumor malignancies such as malig-
nant pleural mesothelioma (MPM), lung cancer, ovarian 
cancer, pancreatic ductal adenocarcinoma (PDAC), triple- 
negative breast cancer (TNBC), endometrial cancer, gastric 
cancer, colorectal cancer, hepatoma (hepatocellular carci-
noma), glioma, esophagus cancer, neuroendocrine tumors/ 
Merkel cell carcinoma, and squamous cell cancer. Along with 
the anti-MSLN CAR-T cell clinical trials, an anti-MSLN CAR NK 
cell Early Phase I clinical trial in epithelial ovarian cancer 
(NCT03692637) is also taking place. A list of these trials is 
presented in Table 1. Despite this long list, there is relatively 
little published data yet about the results of these studies. The 
section below summarizes what has been published in either 
manuscript or abstract form.

The initial clinical trials tested a CD3ζ/4-1BB-based CAR that 
targeted MSLN using the SS1-based single chain anti-MSLN 
antibody (University of Pennsylvania: NCT01355965, 
NCT01897415). To maximize safety, these trials used mRNA 
electroporated CAR-T cells. The trials were based on encoura-
ging preclinical data (discussed earlier in this review), which 
provided evidence for efficient anti-tumor activity of CAR-T 
cells generated via mRNA electroporation [82]. The first-in- 
human NCT1355965 Phase I study involved multiple infusions 
of meso-RNA-CAR-T cells given to four patients, three MPM 
and one PDAC patient [119]. In terms of safety, no ‘on-tumor 
/off-target’ toxicities such as pericarditis, pleuritic, and perito-
nitis nor cytokine release syndrome (CRS) symptoms were 
observed; however, one MPM patient experienced a severe 
anaphylaxis reaction within minutes of CAR T cell intravenous 
infusion that was delivered 6 weeks after the first series of 
injections. This was attributed to the development of anti-IgE 
antibodies induced by the immunogenic murine-derived anti- 
MSLN scFv in the CAR construct [119].

The NCT01897415 study was conducted in chemotherapy- 
refractory metastatic PDAC patients (10 patients enrolled; 6 
patients treated) [120]. Patients were given intravenous CAR- 
Tmeso cells 3 times weekly for 3 weeks. None of the patients 
developed cytokine release syndrome or neurologic symp-
toms and there were no dose-limiting toxicities. Two patients 
had stable disease, with progression-free survival times of 3.8 
and 5.4 months. 18F-2-fluoro-2-deoxy-D-glucose (FDG)- 
positron emission tomography/computed tomography ima-
ging was used to monitor the metabolic active volume 
(MAV) of individual tumor lesions. The total MAV remained 
stable in three patients and decreased by 69.2% in 1 patient 
with biopsy-proven mesothelin expression. Transient CAR 
expression was detected in patients’ blood after infusion and 
led to expansion of new immunoglobulin G proteins. These 

results were stated to provide evidence for the potential anti-
tumor activity of messenger RNA CARTmeso cells, as well as 
PDAC resistance to the immune response [120].

Based on the good safety profiles of the studies 
(NCT01355965 and NCT01897415) using transiently expressed 
anti-MSLN CARs), a clinical trial using the same anti-MSLN 
(murine SS1 scFv) CD3ζ/4-1BB CAR construct was generated, 
but used lentiviral transduction (NCT02159716, University of 
Pennsylvania). 15 patients with malignant pleural mesothe-
lioma (MPM), ovarian carcinoma and pancreatic ductal adeno-
carcinoma (PDAC) were given a single infusion of mesothelin 
CAR T cells, with or without cyclophosphamide [121]. 
Lentiviral-transduced CART-meso cells were well tolerated; 
one dose-limiting toxicity (grade 4, sepsis) occurred at 
1–3 × 10 7/m 2 CART-meso without cyclophosphamide [121]. 
The best overall response was stable disease (11/15 patients). 
CART-meso cells expanded in the blood and reached peak 
levels by days 6–14 but persisted transiently. 
Cyclophosphamide pre-treatment-enhanced CART-meso 
expansion, but did not improve persistence beyond 28 days. 
CART-meso DNA was detected in 7/10 tumor biopsies. Human 
anti-chimeric antibodies (HACA) were detected in the blood of 
8/14 patients. CART-meso cells were well tolerated and 
expanded in the blood of all patients but showed limited 
clinical activity [121].

One reason for this lack of response was postulated to be 
the relatively short persistence of the CARTs, perhaps due to 
immunologic reactions (antibody and T cell-based) against the 
murine scFV antibody fragment. Accordingly, two follow-up 
clinical trials were initiated (NCT03054298, NCT03323944), 
using a fully humanized and more active anti-MSLN scFv 
CD3ζ/4-1BB CAR construct (called ‘M5’), hoping to enhance 
CAR-T cell persistence and anti-tumor activity [121]. In the 
NCT03054298 study, both intravenous and intrapleural CAR-T 
administration will be tested in mesothelioma, lung cancer, 
and ovarian cancer patients. In the NCT03323944 trial, intra-
venous infusions will be given to patients with pancreatic 
cancer. Both trials are currently active and recruiting.

Investigators at Memorial Sloan Kettering Cancer Center 
(New York, US) are using retrovirally transduced human scFv 
CD3ζ/CD28 CAR-T cells that also contain an inducible Caspase 
9 (iCasp9) suicide gene in an ongoing Phase I/II clinical trial 
(NCT02414269, currently recruiting) for patients with MPM, 
lung cancer, and breast cancer. The suicide gene was included 
as an effective ‘switch-on/switch-off’ mechanism to tightly 
regulate the activity of CAR-T cells if adverse ‘on-target/off- 
tumor’ events or CRS were noted [122]. These meso-CAR-T 
cells are being administered intrapleurally, based on preclini-
cal evidence suggesting that intrapleural administration con-
ferred superior CAR-T cell anti-tumor activity and enhanced 
persistence compared to intravenous administration [71,117]. 
The investigators’ abstract for the 2019 American Association 
for Cancer Research (AACR) conference stated that 21 patients 
with MPD (19 MPM, 1 lung cancer, 1 breast cancer) were 
treated (40% received ≥3 lines of prior therapy) with meso- 
CAR T cells at doses from 3 × 105 to 1 × 107 CAR T cells/kg. 
Eighteen of the 21 patients received cyclophosphamide. No 
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CAR T-cell-related toxicities higher than grade 2 were 
observed. CAR T cells were detected in the peripheral blood 
of 13 patients (day 1 to 38 weeks), as evidenced by vector 
copy number. T-cell persistence was associated with 
decreased serum SMRP levels (>50% compared to pretreat-
ment) and evidence of tumor regression on imaging studies. 
Once lack of toxicity had been established (6–17 weeks after 
CAR T-cell infusion), 14 patients received anti-PD1 checkpoint 
blockade agents (1–21 cycles), off protocol, with no toxicity. 
The best responses among the 19 MPM patients were that 2 
patients had complete metabolic response on PET scan (60 
and 32 weeks ongoing), 5 had partial responses and 4 had 
stable disease. The trial is ongoing.

Another ongoing Phase I study (NCT03608618, currently 
recruiting) taking place in the US National Cancer Institute is 
also using CD3ζ/4-1BB (patent: US20190211109A1) mRNA 
electroporated anti-MSLN CAR-T cells with a human scFV 
(termed as the MCY-M11 CAR). Advanced ovarian cancer and 
peritoneal mesothelioma patients are being treated and the 
CAR-T-cells are administered intraperitoneally [123]. No results 
have yet been reported.

Despite the lack of reported data on human mesothelin 
CAR T cell trials, a number of other trial designs have been 
reported and are accessible in Clinical.Trials.Gov. A trial is 
underway in China (NCT02959151), in which lentivirally trans-
duced anti-MSLN CAR-T cells are intra-tumorarly administered 
in patients with hepatocellular carcinoma, metastatic pancrea-
tic, and metastatic colorectal cancer. Transcatheter arterial 
infusion (TAI) of anti-MSLN CARs in pancreatic cancer patients 
has also been proposed as a mode of regional delivery 
(NCT02706782) that could enhance CAR-T cell performance 
and decrease the risk of ‘on-target/off-tumor toxicities.’

As was seen in the MSKCC trial (NCT02414269), the combina-
tion therapy of anti-MSLN CAR-T cells along with immune check-
point inhibitors is under active study. This includes a study with 
the PD-1 blocking antibody pembrolizumab (NCT03393858, 
NCT02414269), engineering of anti-MSLN CAR-T cells to secrete 
anti-PD-1 and anti-CTLA-4 antibodies (NCT03182803) and devel-
opment of CRISPR/Cas9 mediated PD-1 knocked-out CAR-T cells 
redirected against MSLN (NCT03916679).

Another strategy to enhance anti-MSLN CAR-T cell efficacy 
(and CAR-T cell efficacy in general) is CAR-T combination with 
lymphodepleting drugs such as cyclophosphamide and/or flu-
darabine (see Table 1 or list of these trials), or by combining 
with chemotherapy drugs such as paclitaxel (NCT03747965) or 
with aldesleukin/IL-2 (NCT01583686) which promotes T-cell 
activation.

3. Conclusion

Clinical trial data, to date, have shown that anti-MSLN CAR 
T cells appear to be safe. However, despite good preclinical 
evidence of anti-tumor activity, they have not shown persis-
tence or efficacy when intravenously infused into patients 
with a wide variety of mesothelin-expressing solid tumors.

Given these disappointing results, a range of approaches to 
improve the persistence and efficacy of this treatment are 

being proposed and tested in new clinical trials. This includes 
regional CAR-T cell delivery, utilization of fully human anti- 
MSLN scFV, and combination with checkpoint inhibitors and 
chemotherapies. Other strategies, still in preclinical testing, 
such as augmentation of bystander effects [124], blockade of 
inhibitory factors (such as TGFβ, adenosine, or PGE2), CAR-T 
cells engineered to secrete inflammatory cytokines or tumor 
homing chemokine receptors, or CAR T cells with genetic 
manipulations that make them more resistant to chronic 
T cell activation and hypofunction may be needed to enhance 
their performance [74,83,112,115].

4. Expert Opinion

CAR-T cell immunotherapies are an important advancement 
in the treatment of blood malignancies and significant 
efforts are being made for their successful implementation 
in combatting solid tumors. To this end, the selection of 
TAAs to be targeted by CAR-T cells is crucial. Solid tumors, 
however, are often characterized by lack of unique TAA 
expression and although CAR-T cell action is not limited by 
MHC antigen recognition, it still requires expression of TAAs 
on the tumor cell surface. Thus, the selection of a TAA that is 
overexpressed by the tumor cells whilst its physiological 
expression is as confined as possible, is the best option for 
a therapeutic target. Mesothelin (MSLN), with its normal 
expression pattern being restricted primarily to the 
mesothelial surfaces of the pleura, peritoneum, pericardium, 
and the tunica vaginalis (in men), while significantly over-
expressed in a broad range of solid tumors, is such 
a potential antigen.

Indeed, anti-MSLN CAR-T cells have been evaluated in several 
preclinical models and clinical trials, presented in this review. 
Along with anti-MSLN CAR-T cells, other therapeutic approaches 
with different tumor-killing mechanisms such as antibody-based 
drugs and anti-cancer vaccines targeting MSLN have been 
developed and tested both experimentally and in clinical trials. 
Compared to anti-MSLN antibody-based therapies and CAR-T 
cells, anti-MSLN vaccines have shown moderate and generally 
less favorable effects in clinic and fewer clinical trials for anti- 
MSLN vaccines are currently taking place.

One advantage of anti-MSLN CAR-T cells over other types 
of anti-MSLN immunotherapies, is the fact that CAR-T cells are 
highly sensitive ‘living drugs,’ combining the antigen specifi-
city of a monoclonal antibody together with their inherent 
effector functions. CAR-T cells have an intrinsic ability to 
migrate and infiltrate toward the tumor tissues as well as to 
proliferate and prolong their survival upon target interception, 
while secreting pro-inflammatory factors that will attract and 
activate other immune cells in the tumor microenvironment. 
Excessive CAR-T cell activation, however, could lead to adverse 
effects such as CRS and therefore anti-MSLN CAR-T cell engi-
neering with suicide genes such as iCasp9 could ameliorate 
their safety profile, if this is needed. Furthermore, given that 
CAR-T cells have in general a higher sensitivity for low antigen 
expression levels compared to monoclonal antibodies, ‘on- 
target/off-tumor effects’ against nonpathogenic tissues should 
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be more often anticipated following CAR-T cell administration. 
The use of anti-MSLN CAR-T cells bearing a suicide gene or the 
use of inhibitory CARs, could confer protection against healthy 
tissue damage.

Anti-MSLN CAR-T cells can have a longer half-life over anti- 
MSLN antibody-based drugs, however CAR-T cells targeting 
solid tumors develop ‘exhaustion’ before being able to exert 
their anti-tumor effects at their full capacity. Thus, despite 
their longer presence at the tumor site, CAR-T cell hypofunc-
tion might be a significant obstacle toward effective tumor 
killing. For this reason, immune checkpoint inhibition 
approaches can conceivably improve anti-MSLN CAR-T cell 
function and could be a significant advancement toward the 
engineering of more potent CAR-T cells. The use of humanized 
or fully human anti-MSLN scFv is also a promising strategy 
that could enhance CAR-T cell survival and mitigate the risk of 
immunogenic responses.

Similarly, humanized or fully human anti-MSLN antibody- 
based drugs such as amatuximab and anetumab ravtansine 
have improved half-life, good anti-tumor efficacy, better safety 
profiles and reduced immunogenicity [58,61,63,125]. Thus, sev-
eral Phase I/II clinical trials treating patients with MSLN- 
expressing solid tumors with amatuximab (and anetumab rav-
tansine) have been completed or are currently taking place. In 
contrast, antibody-based drugs with a murine anti-MSLN moiety 
such as SS1P have been shown to be highly immunogenic and 
patients developed neutralizing antibodies against SS1P [125]. 
Therefore, an immunotoxin consisting of a humanized anti- 
MLSN antibody and a less immunogenic bacterial exotoxin, 
LMB-100/RG7787, has been more effective than SS1P [55,125].

Both anti-MSLN CAR-T cells and anti-MSLN antibody-based 
drugs have faced significant challenges in effectively reaching 
the solid tumor sites. Antibodies are usually administered 
intravenously and CAR-T cell intravenous administration is 
still quite common, leading often to ‘on-target/off-tumor’ toxi-
cities as well as ineffective anti-tumor activity. Thus, for both 
therapies, a regional or intratumoral approach could poten-
tially enhance their performance and reduce the risk of off- 
tumor recognition of targeted antigen. In cases where loca-
lized administration might not be feasible or effective, or in 
cases of a metastasis leading to multiple tumor niches, intra-
venous infusion of anti-MSLN CAR-T cells engineered to 
express tumor homing chemokines or chemokine receptors 
could have an advantage over intravenously administered 
anti-MSLN antibody-based drugs.

It is finally important to note that the use of chemotherapeu-
tic and lymphodepleting agents in conjunction with anti-MSLN 
immunotherapies (CAR-T cells, antibody-based drugs, vaccines) 
could be necessary to achieve optimal results. For anti-MSLN 
CAR-T cells especially, a combinatorial approach using both 
established anti-cancer regimens and locally administered 
novel anti-MSLN CAR-T cells, the use of fully human scFv, block-
ade of inhibitory checkpoint molecules, expression of suicide 
genes, inflammatory cytokine secretion, expression of tumor 
homing cytokines and cytokine receptors, dual CARs-able to 
overcome the challenges of the tumor microenvironment while 

maintaining high safety profiles, will likely prove necessary for 
successfully treating solid tumors.
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