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Abstract. Chimeric antigen receptors (CARs) recently gained
momentum in cancer treatment due to their ability to promote
T-cell mediated responses to a specific tumor-associated
antigen. CARs are part of the adoptive cell transfer (ACT)
strategies that utilize patients' T lymphocytes, genetically
engineered to kill cancer cells. However, despite the therapy's
success against blood-related malignancies, treating solid
tumors has not reached its fullest potential yet. The reasons
include the complex suppressive tumor microenvironment,
mutations on cancer cells' target receptors, lethal side-effects,
restricted trafficking into the tumor, suboptimal persistence
in vivo and the lack of animal models that faithfully resemble
human tumor's immunological responses. Currently, rodent
models are used to investigate the safety and efficacy of CAR
therapies. However, these models are limited in representing
the human disease faithfully, fail to predict the adverse treat-
ment events and overestimate the efficacy of the therapy. On
the other hand, spontaneously developed tumors in dogs are
more suited in CAR research and their efficacy has been
demonstrated in a number of diseases, including lymphoma,
osteosarcoma and mammary tumors. The present review
discusses the design and evolution of CARs, challenges of
CAR in solid tumors, human and canine clinical trials and
advantages of the canine model.

Contents
1. Introduction

2. General design of the CARs
3. Generations of CAR T cells

Correspondence to: Professor Sulma I. Mohammed, Department
of Comparative Pathobiology, Purdue University Center for Cancer
Research, Purdue University, 725 Harrison Street, West Lafayette,
IN 47907, USA

E-mail: mohammes@purdue.edu

Key words: chimeric antigen receptors therapy, immunotherapy,
solid tumor, hematological malignancies, canine, dog

CAR T-cell therapies common side effects
Future generations of CAR T therapy

CAR T therapies in hematological malignancies
CAR T cells in solid tumors

Animal models

e

1. Introduction

Treatment of cancer by standard methods, surgery, radia-
tion, and chemotherapy, is less effective in advanced-stage
disease and causes numerous side effects. Consequently,
researchers are in the quest to explore the possibility of
developing more effective, less toxic therapy. Recently
immunotherapy has emerged as a sound approach that
includes immune checkpoint inhibitors, T-cell transfer
therapy, monoclonal antibodies, vaccines, and immune
system modulators. The most studied type of immuno-
therapy is T-cell transfer therapy or adoptive cell transfer
(ACT). ACT is the collection and the use of patients' immune
cells to treat their cancer. Currently, there are a few types of
ACT-based therapies, tumor-infiltrating lymphocytes (TIL),
engineered T cell receptor (TCR), natural killer (NK) cells,
iNKT cells, Chimeric antigen receptors (CAR) T-cell (1),
and yOT cells (2). TIL uses T cells around or in a patient's
tumor tissues. These T cells are collected, and the best that
recognizes and kills the tumor ex-vivo is selected, expanded,
and adoptively transferred back to the patient to eliminate
tumor cells. TCR or transduced T-cell is the genetic engi-
neering of T-cells to express new specific TCR to recognize
tumors ex vivo. NK cells therapy depends on the immune
system's activation against abnormal cells. Unlike TLs,
NK cell receptors interact with target cells independent of
antigen processing and presentation. yd T cells are T cells
that express a unique TCR composed of one y-chain and
one d-chain (3,4). In CAR T cell therapy, the T lymphocytes
undergo modification with a receptor based on a recognition
sequence of an antibody, called CAR, a non-MHC restricted
receptor, to attach to specific proteins (antigens) on cancer
cells' surface ex-vivo. The T cells in CAR therapy have an
improved ability to attack and kill the cancer cells compared
to T cells in TIL therapy (5). In these therapies, the lympho-
cyte undergoes modification via plasmids or viral vectors,
such as adenovirus, retrovirus, or lentivirus (6).
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CAR T therapy showed promising success in treating
malignant blood diseases such as acute lymphoblastic leukemia
(ALL) and diffused-large B cell lymphoma (DLBCL) in chil-
dren and young adults. Therefore, the FDA authorized cluster
of differentiation 19 (CD19) specific CAR T cell therapies
for these diseases. Tisagenlecleucel (Kymriah™) against
ALL and DLBCL for children/young adults, Axicabtagene
ciloleucel (Yescarta™) against adult non-Hodgkin lymphoma
(NHL) and DLBCL, Brexucabtagene autoleucel (Tecartus™)
for relapsed or refractory (R/R) mantle cell lymphoma (MCL)
treatments (7-10), and most recently, Breyanzi (lisocabtagene
maraleucel) for the treatment of relapsed or refractory (R/R)
large B cell lymphomas (LBCL) in adult patients (11).

However, these CAR T therapies have limited success in
solid tumors. CAR T cells treatment directed against anti-
gens such as vascular endothelial growth factor receptor 2
(VEGF-R2), CDI171, folate receptor alpha, disialoganglioside
GD2, human epidermal growth factor receptor 2, mesothelin,
EGFRUVIII, or carbonic anhydrase IX, in patients with solid
tumors failed to produce similar beneficial outcomes as seen
in blood-related malignancies (12).

Translating successful CAR T-cell therapies to solid
tumors requires overcoming several barriers, including
identifying an ideal tumor-associated antigen to target and
overcome antigen expression heterogeneity, addressing the
tumor-suppressive microenvironment, and employing a
preclinical model that faithfully represents the disease. The
review collected data using PubMed, Google Scholar and
other publicly available databases and discusses the design and
evolution of CARs and the challenges facing CAR therapies in
solid tumors. Also, it discusses the advantages and disadvan-
tages of preclinical animal models emphasizes the advantages
of using the canine model (Fig. 1).

2. General design of the CARs

The discovery of the CARs started around the 1980s. Several
factors are essential for CAR T cell therapy to be effective,
such as recruitment, activation, expansion, and persistence
of bioengineered T cells at the tumor site. Even though
~41 years have passed since the first CAR T cell's creation,
some essential components of its structure remained the
same (13). However, these components have undergone
numerous modifications to enhance CAR T therapeutic
capabilities over the years. The structure consists of four
components: the ectodomain (the domain of a membrane
protein outside the cytoplasm) a hinge, the transmembrane
domain, and the intracellular signaling endodomain. Each
domain has a specific function and optimal molecular
design. The extracellular domain, the target-binding
domain, is usually a single-chain variable fragment (scFv)
of the antigen-binding region of a monoclonal antibody's
light and heavy chain. It recognizes any antigen and binds
targets with high affinity. The hinge connects the extracel-
lular antigen-binding domain to the intracellular signaling
domains and regulates the extracellular domain flexibility,
facilitating the migration and binding capacity to tumor cell
receptors. The length and composition of the hinge can affect
antigen binding and signal through the CAR. Generally, the
hinge domain consists of amino acid sequences from CD8,

CD28, IgGl, or IgG4. The transmembrane domains anchor
the CAR in the T cell membrane. It consists of a hydrophobic
alpha helix that spans the membrane, such as CD3¢, CD28,
CD4, or CD8a. The primary function of the transmembrane
domain is to stabilize the CAR. The endodomain domain
(intracellular signaling domain) comprises of the activation
domain, a TCR-derived CD3C-derived immunoreceptor
tyrosine-based activation motifs, and intracellular costimula-
tory domains derived from CD28 or 4-1BB (CD137) (14,15).
The first CAR generations with CD3-{ transmembrane
domains suffered detachment from the surface of T cells.
Consequently, CAR T structure is subjected to modification
with a well-balanced transmembrane domain composed of
the CD4, CDS8, or CD28 molecules (16). Antigen-specific
T cell activation, in nature, requires three signals to gain
full functionality that enables proliferation, differentiation,
and survival. Co-stimulation plays a vital role in the CAR
T-cell functionality as it triggers the T-cell immune response
against foreign antigens. The absence of co-stimulation
can enter T cells in a state of anergy, leading to its unre-
sponsiveness to antigen binding (17). Unfortunately, cancer
cells promote co-stimulatory-ligand deficient environments
generating unfavorable antitumor responses. Therefore,
CAR T is designed with various costimulatory molecules
to overcome the tumor cell suppressing environment. The
conserved region of a CD3-{ domain, the immunoreceptor
tyrosine-based activation motifs (ITAMs), carries out
signaling transduction pathways on CAR T cells to build
sufficient T cell activation (18).

Also, CARs function without relying on the major histo-
compatibility complex (MHC), allowing it to target various
antigens without antigen presentation for activation since
activated with the single-chain Fv domain interaction with
the targeted TAA (19) The MHC independence is an essential
feature of CAR design since the tumor microenvironment
consistently down-regulates the MHC complexes.

3. Generations of CAR T cells

Although CAR T therapy can lead to long-lasting remissions
for some patients with very advanced malignant disease,
it can cause severe and fatal side effects such as cytokines
storm and neurological problems, including termer, delirium,
and seizures. Therefore, scientists modified CAR T cells to
create safe and more effective therapy by building on the CAR
T cell's original components and information gained from
clinical trials. These include:

CAR Ist generation. It consists of a single-chain variable frag-
ment (scFv) ectodomain and a TCR-derived signaling CD3-C
constant region representing the endodomain fragment. These
Ist generation CAR cannot maintain the CAR stable on the
T cell membrane and T cell activation for a considerable
amount of time (20).

CAR second and third generations. The second and the third
generation compared to the 1st generation were modified to
enhance the receptor cohesion toward the lymphocyte surface,
thus allowing optimal functionality. As a result, these CARs
generations have one (2nd generation) or two (3rd generation)
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Figure 1. Schematic diagram of the advances and challenges of CAR-T cell therapy in animal models. General design of the chimeric receptor, trials and
differences between hematological malignancies and solid tumors are discussed in the present review paper. In addition, comparison between different animals
used as pre-clinical models are discussed presenting their potential translational impact in CAR-T cell development. CAR, chimeric antigen receptors.

costimulatory signals that augment T cell proliferation, differ-
entiation, and survival despite the effect of tumor-suppressing
environments (17).

CAR 4th generation. The fourth generation compared to
2nd and 3rd generation CAR, create a robust immune attack
to eliminate the tumor before they re-generate or mutate. The
4th generation CAR T cells redirected for universal cytokine
killing (TRUCK), has the same structure and physiology as
the 2nd and the 3rd CAR generations with a slight genotypic
difference (20). These TRUCKSs contain a nuclear factor of
the activated T cells (NFAT), codifying a transgenic cytokine.
NFATs are found in T cells and play a crucial role in cytokine
expression. TRUCKSs deliver a considerable amount of IL-12
on the tumor site stimulating T cells and recruiting other
immunological cells to target tumor cells not recognized by
the (svFc) fragment of a CAR (21).

CAR 5th generation. The 5th generation have the same structure
as the second generation of CARs, but they contain a truncated
cytoplasmic IL-2 receptor f-chain domain with a binding site
for the transcription factor STAT3. The antigen-specific activa-
tion of this receptor simultaneously triggers TCR (through the

CD3¢ domains), costimulatory (CD28 domain), and cytokine
(JAK-STAT3/5) signaling required physiologically to drive
full T cell activation and proliferation.

4. CAR T-cell therapies common side effects

CAR-based therapy's common side effects are the body's
immunological defense impulses triggered by the T cell artifi-
cial receptor. These autoimmune consequences can affect the
patient's prognosis and disease outcomes. The most common
side effects include.

Cytokine release syndrome (On-target on-tumor toxicity).
One of the most frequent setbacks in using CAR T therapies
is releasing proinflammatory cytokines into the body or cyto-
kine release syndrome (CRS) due to excessive antigen-CAR
T cell engagement. These cytokines are small proteins that
act as cell messengers to help direct the body's immune
response. Increased cytokine levels lead to chronic inflam-
mation throughout the body, which can be harmful and
interfere with several body functions. CRS is characterized
by increased serum levels of cytokines, fever, diarrheas,
hypotension, hypoxemia, low blood pressure, and organ
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dysfunctions. Most patients have a mild CRS form, but it
may be severe or life-threatening in some individuals due to
organ failure. The severity of CRS depends upon the disease
burden. Generally, splitting the initial dose and strictly
monitoring the vital parameters can mitigate the risk. Also,
treating specific symptoms to lower the immune response,
such as tocilizumab and siltuximab, interferes with IL-6 or
corticosteroids to help reduce inflammatory and immune
response (22).

Immune effector cell-associated neurotoxicity syndrome
(ICANS). Although CAR T neurotoxicity is the most common
side effect, its pathophysiology is not entirely understood.
Recent studies suggested that blood-brain barrier disfunction
(BBB) causes CAR T cells' infiltration into the cerebrospinal
fluid (23). Symptoms include confusion, myoclonus, seizures,
delirium, aphasia, memory loss, and coma (8,9,22).
Neurotoxic issues are reported in patients within the first
two months of CAR T treatment lasting between 6-17 days,
depending on the type of blood cancer treated and the specific
drug-infused (24). Trials studying GD2 in treating neuroblas-
toma with high-affinity GD2 specific CAR T and ERBB2
with ERBB specific CAR T for metastatic colorectal cancer
found it to cause severe neurotoxicity and multi-organ failure,
respectively (25,26).

On-target toxicities (On-target off-tumor toxicity). On-target
off-tumor effect arises in patients with target antigens
expressed on both tumors and healthy tissues. The condition
was first noticed in patients who experienced uncommon
reductions of healthy B-lymphocytes, B-cell aplasia, in trials
utilizing a CD-19 specific CAR T cell due to the binding of
the engineered T cells to both CD-19 malignant and healthy
B cell (27,28). Similarly, low-level ERBB2, CAIX, and
CEACAMS expression on healthy lung, liver, and gastro-
intestinal epithelia resulted in deadly toxicities in these
organs (25,29). Thus, it is crucial to know the background
expression of the target antigen in healthy tissues to determine
whether its levels are over the threshold that may cause toxicity
and the potential severity.

Off-target toxicity. Off-target toxicity occur when CAR T cells
attack an antigen other than those for which the CAR T was
meant to bind or activate themselves independently from their
specificity. The risk of off-target toxicity occurs due to the
inherited CAR T makeup (23). For example, patients treated
with CAR T-anti-HER2/neu. CAR T-anti-HER2/neu carries
IgGl-derived CH2CH3 domain as an extracellular spacer
which can interact with the Fc receptor expressed on innate
immune cells and, as a result, lead to antigen-independent
activation (29).

5. Future generations of CAR T therapy

Even though treatment with CAR-T cells has produced remark-
able clinical responses with specific subsets of B cell leukemia
or lymphoma, a number of challenges (mentioned above)
limit the therapeutic efficacy of CAR-T cells in solid tumors
and hematological malignancies. However, researchers are
working restlessly to overcome these limitations by pursuing

various new CAR concepts and models to generate the next
generation of CAR therapies. These concepts include:

The bispecific adaptor platform. Among numerous platforms
to improve CAR T therapy, the adaptor CAR platforms have
received much attention and immense research. The platform
separates the tumor-targeting and signaling moieties of conven-
tional CARs resulting in a system consisting of an adaptor
CAR or Universal CAR and soluble, tumor-specific adaptor
molecules. The universal CAR construct contains cytoplasmic
activation domains in conventional CAR and an extracellular
single-chain variable fragment (scFv) that recognizes fluores-
cein (anti-FITC CAR T cell. The bispecific adapter molecule
comprises fluorescein linked to a tumor-specific ligand. Such
an adaptor brings the CAR T cell to the tumor cell triggering
CAR T-cell activation and the subsequent destruction of the
cancer cell-the omission of the bispecific adapter prevents
CAR T-cell engagement with the cancer cell and the tumor cell
killing. A cocktail of orthogonal fluorescein-linked bispecific
adapters in which each fluorescein-linked adapter is attached
to a unique tumor-specific ligand capable of binding one of the
cancer cell's antigens could be prepared (30,31). Developing
this platform improves conventional CAR T cells' flexibility,
tumor specificity, and controllability (32).

Dual CAR T-cells. Despite the great successes with
Tisagenlecleucel and Axicabtagene, Anti-CD19 chimeric
CAR T cell, therapy in leukemia, up to 60% of patients relapse
due to CDI19 antigen loss. A new approach to overcoming
antigen loss targets more than one antigen on cancer cells,
such as autologous CD19/CD22 CAR T cell therapy, which
demonstrated to be safe and had anti-leukemic activity in
patients with relapsed/refractory B-ALL (33).

Dominant-negative receptor CAR T cells. In addition to the
target antigen scFv, dominant-negative receptor CAR T cells
are transduced with an additional co-inhibitory receptor that
controls inhibitory signals sent by the tumor milieu to the
T cell. Those receptors include PD-1 and TGF-SRII (34,35).
Other upregulated receptors when the T cell is exhausted,
and potential candidates for this type of method are CTLA-4,
TIM-3, and TIGIT.

Off-the-shelf CAR T cells. These Off-the-shelf CAR T cells
are a third-party, healthy donor-derived alternative. Because
the preparation of autologous CAR T cells takes time, the
patient needs to be stable to withdraw their T cells by leuka-
pheresis; pre-made CAR T cells offer a ready-to-use therapy
for advance stage cancer patients.

6. CAR T therapies in hematological malignancies

The FDA gave authorization for five CART therapies up to
date. The first four therapies utilize slightly different methods
of genetic engineering to transform the patient's T cells into
CAR-T cells. However, all therapies produced CAR T cells that
bind to the cluster differentiation 19 (CD19) protein on the B-cell
surface.

The first approved CAR-T therapy is tisagenlecleucel
(Kymriah; Novartis),approved in August 2017. In this therapy, the
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T cells are induced by a vector that encodes a second-generation
CAR with scFv, derived from the CD19-specific monoclonal
antibody FMC63 and the costimulatory domain from 4-1BB
and CD3C. The therapy is indicated to treat acute lymphoblastic
leukemia, the most common cause of cancer-related deaths
among children in the USA age 25 or younger (36).

The second FDA-approved CAR T therapy is Axicabtagene
ciloleucel (Yescarta™), developed by Kite, a Gilead Science,
Inc company, in October 2017. In this therapy, patient-derived
T cells are transduced using a gamma-retroviral vector
expressing a second-generation CAR that targets CD19.
Yescarta is created from CD3* enriched autologous T cells,
while Kymriah is generated from autologous CD4/CD8 T-cell.
The therapy works similarly to Kymriah but is indicated
for treating adults with certain non-Hodgkin lymphomas,
including diffuse large B-cell lymphoma (37).

The third FDA-approved CART therapy is brexucabta-
gene autoleucel (Tecartus), on July 24, 2020, developed by
Kite Pharma to treat relapsed or refractory (R/R) mantle cell
lymphoma (MCL), which is a form of non-Hodgkin lymphoma
occurring in cells from the ‘mantle’ zone of the lymph node.
It is aggressive cancer that primarily affects men 60 years and
over. Tecartus is similar to Yescarta in generation and CAR
structure. It is the first and only CAR-T cell therapy for adult
patients suffering from R/R mantle cell lymphoma (38).

In February 2021, the FDA approved the fourth
CAR T therapy, Lisocabtagene maraleucel (Breyanzi®;
Bristol Myers Squibb). Breyanzi® is indicated for adult patients
with relapsed or refractory large B-cell lymphoma, including
diffuse large B-cell lymphoma (DLBCL) not otherwise speci-
fied (including DLBCL arising from indolent lymphoma),
high-grade B-cell lymphoma, primary mediastinal large
B-cell lymphoma, and follicular lymphoma grade 3B after two
or more lines of systemic therapy.

However, these treatments caused two potentially fatal side
effects: neurologic toxicity and cytokine release syndrome
(CRS). CRS occurred in 94% of patients; 13% experienced
symptoms that required aggressive treatment or were consid-
ered life-threatening in the phase I ZUMA-1 trial (11,39).

Recently, in March 2021, FDA approved the first B-cell
maturation agent (BCMA)-directed CAR T cell therapy,
idecabtagene vicleucel (Abecma®) developed by Bristol Myers
Squibb. It is indicated for relapsed or refractory multiple
myeloma treatment after four or more prior lines of therapy (40).
BCMA is a member of the tumor necrosis factor superfamily
and only expressed by some B cells, normal plasma cells, and
malignant plasma cells and not expressed by hematopoietic
stem cells and normal essential non-hematopoietic tissues (41).

Ongoing hematological malignancies clinical trials. Currently,
numerous trials used CAR T cells against different hemato-
logical malignancies: A Phase I clinical trial (NCT03778346)
against Refractory/Recurrent Multiple Myeloma using
BCMA-7x19 CAR-T cells by Wenzhou Medical University.
The CAR-T cell targets BCMA antigens and expresses IL-7
and CCLI9. This design provides superior T cells differen-
tiation, migration, expansion, and tumor killing. Both patients
enrolled achieved complete remission (CR) and very good
partial response (VGPR) with a response of over 12 months.
Side effects included Grade 1 cytokine release syndrome one
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month after the first infusion. A Phase II clinical trial evaluated
the efficacy and safety of anti-CD19 CAR-T cells alone or in
combination with anti-B cell maturation antigen CAR-T cells
therapy against relapsed/refractory multiple myeloma. The
disease targeted immunoglobulin D (IgD) multiple myeloma,
a rare subtype with a worse prognosis. A total of 7 patients
enrolled in the trial. Six achieved stringent complete remis-
sions (CR), and one with extracellular disease achieved
minimal response (MR) 60 days after the first infusion.

Clinical trials conducted by Kite Pharma, Inc., the devel-
opers of Yescarta™, are currently underway to demonstrate
safety and clinical benefits to patients with R/R Indolent
Non-Hodgkin Lymphoma (iNHL). ZUMA-5 is a Phase II
multicenter trial in which participants receive an infusion
of axi-cel CAR-T cells (2x10° cells/kg). The participants
included 124 patients with follicular lymphoma (FL) and
22 with marginal zone lymphoma (MZL). Out of the evaluated
104 patients, the ORR was 92%, with a CR of 76% after a
17.5-month follow-up. FL patients (n=84) responded with an
ORR of 94% and CR of 80% compared to the MZL patients
(n=20) with 85% ORR and a 60% CR.

Three different clinical trials ELIANA (NCT02435849),
ENSIGN (NCT02228096), and B2101J (NCT01626495),
tested Kymriah™ (Novartis Pharmaceuticals Corp.) in
CD19-positive R/R B cell acute lymphoblastic leukemia.
The patients of all three trials experienced a minimum of
69-95% overall remission rates (ORR) with durable remission.
A Phase I clinical trial using m971 anti-CD22 CAR-T cells
targeting R/R B-cell ALL patients previously received an
infusion of CD19 CAR-T cells. Even though CD19 CAR T has
impressive results treating ALL patients, some patients relapse.
The trial consisted of two cohorts of patients with R/R Large
B cell lymphoma (n=9) and patients with R/R B-cell ALL
(n=6) that undergo allogeneic hematopoietic stem cell trans-
plant. Patients that experienced R/R Large B cell lymphoma
received an infusion of 1x10° (n=3) and 3x10° cells/kg (n=6),
while all R/R B-cell ALL received 1x10° cells/kg. Large
B cell lymphoma patients experienced ORR of 78% and CR
of 56%. Five of the R/R B-cell ALL patients were minimal
disease negative in the 28 days, while all subjects except one
experienced relapse. Flow cytometry analysis showed that
ALL patients downregulate CD22, promoting relapse.

7. CAR T cells in solid tumors

T cell therapy's potential to induce successful immunological
responses in patients with solid tumors has been demonstrated
in immune checkpoint therapy (42) and TIL and TCR therapies
in melanoma, sarcoma, cholangiocarcinoma, and breast cancer
in a few patients (43), suggesting T cells can eliminate solid
tumors under adequate condition. However, few CAR-T cell
therapy attempts have been reported in glioblastoma and
neuroblastoma (44,45). The Key challenges posed to CAR
T cell therapy success in solid tumors can be described in three
steps: finding, entering, and surviving in the tumor. These chal-
lenges include the lack of tumor-specific target antigens and
tumor cell heterogeneity, CAR T cell trafficking/infiltration
towards tumor sites, T cell inhibitory signals in solid tumors,
physical barriers in the solid tumor microenvironment, and the
immunosuppressive microenvironment (26,46,47).
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Antigen selection and heterogeneity in solid tumors.
Target selection in solid tumors is a major hurdle in imple-
menting CAR T-cell therapy against solid tumors. Also, in
contrast with hematological malignancies, where the surface
antigen expression is uniform and intense, solid tumor cells
rarely express uniformly one specific antigen, and even when
present, the levels may be quite variable (47). The antigen is
also more common to be enriched on tumors and at low levels
on healthy tissues, increasing the potential risk of significant
on-target off-tumor toxicity. Almost all currently targeted
TAAs for solid tumors display this heterogeneity, including
CEA, ERBB2, EGFR, GD2, mesothelin, MUCI1, and PSMA.
The lack of antigen specificity and the acceptance of low levels
of the target antigen on normal tissues have led to a number
of catastrophic events. A patient with metastatic colon cancer
died after receiving an infusion of CAR T cells targeted to
the HER2 (ERBB2) antigen (48). Another patient died from
encephalitis when infused with a high-affinity anti-GD2 CAR
for neuroblastoma (49). CAR targets used for the treatment of
solid malignancies include:

Prostate-specific membrane antigen (PSMA). PSMA is a
Glutamate carboxypeptidase 2, a type II membrane protein
highly expressed on most prostate-cancer cells and tumor-asso-
ciated neovasculature of numerous solid tumors (50).

Mesothelin (MSLN). MSLN is a protein present in malig-
nant pleural mesothelioma, ovarian, pancreatic, and lung
cancers. Also, mesothelin is expressed on non-transformed
peritoneal, pleural and pericardial mesothelial cells (51).

Fibroblast activation protein-a (FAP). FAP is a type-II
transmembrane serine protease expressed almost exclusively
in pathological conditions including fibrosis, arthritis, and
cancer, where explicitly expressed on cancer-associated
stromal cells present in epithelial cancers (52).

Epidermal growth factor receptor (EGFR). EGFR is a
transmembrane protein that serves as receptors for numerous
epidermal growth factor families of extracellular protein
ligands. Different human tumors, including non-small cell
lung cancer (NSCLC), breast, head, neck, gastric, colorectal,
esophageal, prostate, bladder, renal, pancreatic, and ovarian
cancers, express EGFR. EGFR signaling causes increased
proliferation, decreased apoptosis, and enhanced tumor cell
motility and neo-angiogenesis.

Carcinoembryonic antigen (CEA). CLA are glycosylphos-
phatidylinositol (GPI) cell-surface-anchored glycoproteins,
characterized as members of the CD66 cluster of differen-
tiation. These proteins serve as functional colon carcinoma
L-selectin and E-selectin ligands (53). Currently, CEA-targeted
CAR T cell is used to treat patients with liver metastases that
are positive for CEA expression.

The human epidermal (HER2). HER2 is a receptor
tyrosine-protein kinase member of the human epidermal
growth factor receptor (HER/EGFR/ERBB) family. HER2
is expressed on epithelial cells in the gastrointestinal, respira-
tory, reproductive, and urinary tract, and it is amplification or
over-expression on breast cancer denote aggressive types of
breast cancer (54).

CAR T trafficking in solid tumors. In hematological malignan-
cies, infused CAR T Cells and tumor cells co-circulate in the
blood and have a higher propensity to migrate to similar areas

such as bone marrow and lymph nodes. On the other hand,
CAR T cells in solid tumors encounter a number of hurdles,
including difficulty migrating to and adequately penetrating
the tumor, binding to receptors, and completing their cyto-
toxic function. Chemokines, such as CXCL12 and CXCLS5,
secreted by the tumor inhibit T-cell migration into the tumor.
In some instances, the chemokine receptors on T cells do not
adequately match the tumors' chemokine signature, resulting
in little migration to the tumor site. For example, it has been
shown that T cells genetically modified to express CXCR2
migrate towards tumor cells expressing CXCL1. Chemokines
secreted by the tumor's stroma, the chemokine repertoire in
the tumor location, and the local ‘normal’ cytokine milieu also
affect the CAR T cell movement and migration. Furthermore,
solid tumor stroma sends chemokines signals that mismatch
the chemokine-receptors on T cells' surface, resulting in
dysregulation and cancer progression (55).

T cell inhibitory signals in solid tumors. Endogenous suppres-
sive signal and their upregulation reduce CAR T cells'
therapeutic ability. Intrinsic inhibitory T cells and upregula-
tion inhibitory receptors CTLA-4/PD-1 may cause T cell
exhaustion and prevent T cell persistence by interacting with
ligands overexpressed on tumor cells.

Physical barriers in the solid tumor microenvironment.
Physical barriers generated by excessive tumor-stromal
density favors tumor progression and aggressiveness. The
physical barriers that affect CAR T cell function in solid
tumors include:

Hypoxia. Abnormal vascularization and rapidly growing
tumor cells limit the amount of oxygen (hypoxia) in the
tumor. Hypoxia impacts CAR-T cells' attributes by decreasing
CAR-T cells' expansion ability, blocking their differentiation
into effector memory cells, and enriching the cultures with
T cells with a central memory cell phenotype (56). Also,
abnormal hypoxia-derived tumor vessels affect T cell adhe-
sion and extravasation towards the solid tumor. Additionally,
abnormalities of blood vessels, known as high endothelial
venules (HEV), compromise immune cell trafficking to the
tumor (47,57).

Extracellular matrix. Peritumoral extracellular matrix
(ECM) collagen fibers limit T cell access to tumors, and it is
known that tumors with high collagen density present lower
levels of infiltrating T cells.

Tumor vasculature. The tumor's core exhibits immature
vessel formation, leading to low permeability (46).

Fibroblasts. Other non-immune cells that enhance
tumorigenesis are stromal cells, such as cancer-associated
fibroblast (CAF) (47). The cells are involved in the secretion
of pro-tumorigenic molecules contributing to tumor vascula-
ture and anti-inflammatory reaction to immune cells (47,57).
In addition, fibroblast differentiation can express activation
makers that support matrix degradation and remodeling (46).

Tumor microenvironment. The immunosuppressive nature
of the tumor microenvironment plays an essential role in
tumor survival, metastatic progression, and influences immu-
notherapies' outcomes (57). Numerous suppressive immune
cells and molecular factors in the tumor microenvironment
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can block CAR T cell's antitumor immune function. These
immune cells include immune suppressor cells, such as
Tregs, myeloid-derived suppressor cells, and tumor-associated
macrophages. In contrast, molecular factors include cytokines
and soluble factors associated with immunosuppression, such
as TGF-p and IL-10, promoting T cell anergy by indirect
contact. Another factor known to condition the antitumor
effect of T cells in solid tumors is soluble factors such as trans-
forming growth factor B (TGF-f) and vascular endothelial
growth factors (VEGF) secreted mainly by stromal and tumor
cells (47). TGF-f can also be secreted by regulatory T cells
(Tregs), platelets, macrophages, and fibroblasts to suppress
T cell proliferation and effect function (25). Evidence suggests
that it promotes Treg maturation and modulate CD8* effector
cell function (26,58).

CAR T solid tumors trials. The accomplishments surrounding
CAR T-cell-based therapies hinge on their success in
hematological diseases; however, for the reasons mentioned
above, much work is needed to sure their success in solid
tumors (59).

The CAR T cells' persistence in the stromal micro-envi-
ronment was the main setback in two clinical trials targeting
neuroblastoma and ovarian tumors. Neuroblastoma CARs were
generated with the use of EBV-specific cytotoxic T lympho-
cytes (EBV-CTLs) and activated T cells (ATCs) targeting
GD2 (45). Although both engineered T cells were found to
circulate the system at higher concentrations demonstrating
improved functionality for CAR-T cell therapy purposes, only
three out of eleven patients with active disease completed
remission (45).

Furthermore, few clinical trials used CAR T-EGFR to treat
biliary tract cancers (BTC), cholangiocarcinomas, and gall-
bladder carcinomas that express EGFR. The results reported
that out of 19 patients, one achieved complete remission and
ten stable diseases, concluding that CAR T-EGFR treatment
was a safe and promising strategy for EGFR-positive advanced
biliary tract cancers (60) Also, trials targeted carcinoembryonic
antigens (CEA), utilizing CAR T-CEA. CEA is overexpressed
in lung, gastrointestinal, and breast cancers and is used as a
tumor marker for cancer patients' diagnosis and prognosis (61)
In this Phase I trial, a total of 8 patients with CEA-positive
liver metastases were included, of which 4 have more than ten
metastatic foci in the liver. Patients received treatment with
anti-CEA CAR T cells via hepatic arterial infusions. In addi-
tion to CAR T cell infusion, half of the patients received IL-2
cytokine. The trial results indicated that patients experienced
no fatal side effects or adverse unpredictable outcomes and
that patients tolerated very well the anti-CEA CAR-T therapy
with or without IL2 administration (62).

8. Animal models

Preclinical animal testing requires using a relevant animal
model that truly represents the human disease and can elicit a
biological response similar to what would happen in humans.
However, the preclinical model used in testing the safety
and efficacy of CAR T cell therapy fell short to adhere to
the standard due to variability in cross-species reactivity to
non-human target antigens and, therefore, difficult to identify
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potential adverse events in humans and often offer a false
sense of safety.

Rodent models. Before testing new therapeutic approaches in
human patients for clinical trial purposes, safety and efficacy
are usually assessed pre-clinically in animal models such as
mice, zebrafish, among others. Rodent models have been critical
for understanding pathways, identifying tumor-target antigens,
and understanding the tumor physiology and the microenviron-
ment (63). However, despite rodent models' role in preclinical
trials, which led to numerous breakthroughs in modern medi-
cine, it has a number of limitations. For example, among drugs
that showed strong efficacy and inhibited tumor growth in mice,
only 11% are approved for human use by FDA. Furthermore,
side effects seen in humans were not observed in mice (64).

Also, rodent models do not appropriately portray the
complex microenvironment relationship between the
immune cells and tumor cells (65). These animals do not
develop spontaneous tumors. Their living condition, which is
pathogen-free, impacts their immune system flora (64). Thus,
rodents do not produce ‘normal’ immune cell lines found in
humans or animals exposed to natural environments, resulting
in the same immune milieu between them and identical gene
sequence composition. Therefore, studies using animals with
none functioning immune systems have limited translational
impact. In the case of toxicities involving immune system
signaling, brain swelling after CAR T cells therapy is not
detectable in studies using immunodeficient mice. All these
mentioned factors make rodent models less trustworthy and
raise questions regarding whether their contribution is suffi-
cient to use them as preclinical models.

Non-human primate model. Of all the animal models
mentioned, the one that more accurately resembles the human
genetic composition are the non-human primates. Although
similar, these models are not adequate for comparative studies
since they experience low spontaneous cancer rates (64), high
maintenance, and ethical regulation surrounding these models.
Taraseviciute et al studied how neurotoxicities can affect the
non-primate model, rhesus macaque, after transferring autolo-
gous CD20-specific CAR T cells. The group demonstrated
that CD20 CAR and non-CAR T cells infiltrate and accumu-
late in the cerebrospinal fluid (CSF) and brain parenchyma,
causing high levels of proinflammatory cytokines in the CSF
and pan-encephalitis (66).

Canine model. Unlike the rodent models, dogs develop spon-
taneous tumors that resemble human disease in morphology,
molecular aspects, and genetic behavior (67). Also, dogs
have intact immune systems with considerable similarities to
humans' immune milieu because dogs and humans cohabitate
in the same household, therefore, sharing the same environ-
mental risk factors (64). Furthermore, the genetic diversity
displayed by different dog breeds provides an ideal tool that
enriches the preclinical studies by providing similar chal-
lenges seen in humans' studies from different ethnic groups.
Also, cancer is the number one cause of death in dogs (63).
All hematological malignancies and solid tumors in dogs are
similar to human diseases. These included mammary tumors
(breast), osteosarcoma, prostate, bladder cancer, and leukemia.
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Canine mammary tumors. Studies revealed that sponta-
neous invasive mammary carcinomas are closely similar
in pathology, epidemiology, and immunohistochemical
characterization with human breast cancers (68). Commonly
overexpressed estrogen and progesterone hormone receptors,
the conglomeration of similar tumor-infiltrating lymphocyte
ratios, and homologous cancer risk factors such as obesity and
age are similar between humans and canines' tumors (64,69)
Clinical outcomes after tumor progression are closely related
to these two species. Furthermore, molecular markers such
as the nuclear protein Ki-67, the pS3 tumor suppressor gene,
and the BCRA genes provide valuable information regarding
both species' prognosis status (70). Clinical trials using canine
CAR T therapy in canine mammary tumors are not initiated
yet. However, CAR T cell therapies' benefits in humans breast
cancer have been explored over the last years. The following
trials are ongoing and centered on improving the safe dose and
uncovering the different effects (good and bad). Phase I trials
are ongoing targeting HER2" breast cancer (NCT04650451
and NCTO03740256) in patients with advanced-stage III
(NCT04650451) or metastatic (stage IV) (NCT04650451 and
NCT03740256) cancer with no other treatment option available
using BPX-603 and HER2 specific CAR T cells, respectively.
City of Hope Medical Center conducted a trial using HER2
specific CAR T cells targeting HER2* breast cancer cells
(NCT03696030) in patients with brain or leptomeningeal
metastases. Two trials (NCT02414269 and NCT02792114)
at the Memorial Sloan Kettering Cancer Center are ongoing
targeting Mesothelin in patients with metastatic (stage IV)
breast cancer that spread to the pleura (iCasp9IM28z CAR
T-cells-Phase I/II) and HER2-cells (Mesothelin CAR
T cells-Phase I), respectively. Tmunity Therapeutics using
CART-TnMUCI (NCT04025216) in patients with triple-nega-
tive and ER-low, HER2-breast cancer with TnMUCI positive
cells. Minerva Biotechnology Corporation conducts a trial
targeting MUCT* (NCT04020575) utilizing huMNC2-CAR44
CAR T cells in patients with metastatic (stage I'V) breast
cancer. Fred Hutchinson Cancer Research Center conducts
a phase I trial on triple-negative and ER-low breast cancer
(NCT02706392), targeting ROR1 positive cells. Lastly, patients
that received a minimum of two therapies for advanced cancer
expressing GD2 antigen are carried on by Baylor's College of
Medicine (NCT03635632) using a C7R-GD2 CAR T cell.

Canine osteosarcoma. Canine develops osteosarcoma (OSA)
at a much higher rate than humans (71), serving as a remarkable
model for developing treatments and overcoming the numerous
challenges in solid tumor therapies. There are a number of
similarities between the canine and humans concerning this
disease. The tumor location, the pattern of metastasis, genetic
drivers of the disease, and response to therapy are similar in
both species. Canine OSA is a spontaneous, naturally occur-
ring disease as in humans. Canine OSA has aggressive biology
and an increased rate of metastasis, and the animal often dies
within six months, and almost 96% of dogs with OSA perish
from the disease. Canine trials or in-vitro experiments related
to osteosarcoma are scarce in the literature. Mata et al (65)
developed a CAR-T cell targeting HER2 overexpressing tumor
cells in-vitro. Canine and human-derived transmembrane and
signaling domains were tested on tumor cells, demonstrating

little to no difference in tumor suppression (65) On the other
hand, Baylor College of Medicine is conducting a Phase I
clinical trial (NCT03635632) in human patients with relapsed
or refractory osteosarcoma with increased expression of GD2
antigen utilizing C7R-GD2 CAR-T cells. The National Cancer
Institute (NCI) has completed a Phase I clinical targeting GD2
positive solid tumors with anti-GD2 CART cells in children
and young adults that suffer osteosarcoma (NCT02107963), no
final data has been posted yet.

Canine prostate cancer. Canines are a few animal models
that develop spontaneous prostate cancer as humans (72,73).
Both dogs and humans share similar risk factors, including
advanced age, low mortality rates, clinical outcomes, and
prostate gland functionality, suggesting that these animals
may be ideal models for future clinical trials (72-74).
Unfortunately, a lack of prostate cancer screening in canine
augments the malignancy's mortality rate and aggressiveness,
thus not allowing proper treatment strategies (74,75). On the
other hand, human screening methods have strengthened
over the last few years, enabling rapid diagnosis (76). ACT
therapy for prostate cancer has been developed mainly in
humans. CAR-T cells against TCRy chain alternative reading
frame protein (TARP), prostate stem cell antigen (PSCA),
and prostate-specific membrane antigen (PSMA) were devel-
oped and used to suppress tumor growth in vitro (77-80).
Phase I clinical trials are currently conducted in patients
with castrate-resistance prostate cancer targeting PSMA with
doses of CART-PSMA-TGFBRDN, LIGHT-PSMA CART
P-PSMA-101 CART cells (NCT03089203, NCT04053062, and
NCT04249947). The City of Hope Medical Center conducted
another trial against metastatic castration-resistance prostate
cancer, targeting the PSCA antigen's overexpression with
anti-PSCA-4-1BB/TCRC-CD19 CART cells (NCT03873805).
Phase I/II clinical trial (NCTO02744287), sponsored by
Bellicium Pharmaceuticals, PSCA-CART (BPX-601), is
currently used to treat patients with previously treated
advanced tumors, including metastatic prostate and metastatic
castrate-resistance prostate cancer. Finally, the First Affiliated
Hospital of Chengdu Medical College targeted EpCAM
positive prostate cancer with an EpCAM-specific CART cell
(NCTO03013712), a second-generation CAR (CD28/CD3¢)
targeting PSMA.

Canine bladder cancer. Invasive Urinary bladder cancer
(InvUC), Invasive transitional cell carcinoma (TCC), and inva-
sive urothelial carcinoma (UC) are three different subtypes
of bladder cancer spontaneously developed in canines that
resemble ‘humans’ malignancies (79,81,82). Similarities in
clinical outcomes, histological features, and progression sites
make canines straightforward compared to humans (79).
Canine trials or CAR-T generations are not seen in literature,
but human clinical trials are currently under investigation. A
Phase I/II clinical trial, conducted by Shenzen Geno-Immune
Medical Institute (NCT03185468), is currently evaluating the
safety and efficacy of a 4SCART-PSMA CART cell against
PSMA-expressing bladder cancer.

Canine leukemias. As mentioned above, preclinical trials
driven with canine models could represent an enormous step in
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adoptive T cell therapy development. Unfortunately, preclinical
trials using canine models are scarce in the scientific litera-
ture. The few clinical trials available are primarily performed
in B cell lymphomas. Panjwani conducted a trial in patients
with B cell lymphomas, targeting the CD20 antigen. The study
concluded the need for stable CAR T cell expression and
that further studies must be performed (83). Nonetheless, the
second trial showed stable CAR T transduction using lentiviral
vectors (84). Their CD20-BB-C CAR T cell, alongside cyto-
kines IL7 and IL5, proved to be durable and antigen-specific
against DLBCL. Non-Hodgkin's Lymphoma (NHL) is the
most common cancer in dogs, and the most common sub-type
is Diffuse Large B-Cell Lymphoma (DLBCL). While combi-
nations of chemotherapy agents lead to clinical remission in
~75% of dogs, most dogs relapse within six to nine months
of standard treatment, a statistic that has remained unchanged
for the past 30 years. An urgent need exists for new therapies
for canine lymphoma. Furthermore, evaluating these new
therapies in pet dogs with naturally occurring cancer may
also provide vital information to advance novel therapies for
individuals.

9. Conclusions

The remarkable progress that adoptive immunotherapy has
experienced these past years, especially in blood-related
cancers, provides optimism for CARs therapy. Trials of
CAR T in leukemia and lymphomas had shown positive
outcomes, with some cases experiencing mild side effects.
Notwithstanding, trials conducted in solid tumors represent
a daunting task to achieve. Tumor microenvironment, CARs
tracking and duration, and the various toxicities experienced
by a number of patients represent significant setbacks that
need addressing. The animal model that faithfully resembles
humans is another milestone in this endeavor. Up to date, all
preclinical studies of CAR T safety and efficacy are conducted
in mice, including syngeneic, transgenic, and xenograft, and
humanized mouse models to represent humans' immune
responses and diseases to test the safety and efficacy of CART
therapy. However, these models fell short in representing the
disease and its adverse effect. The dog's importance is recently
recognized as a preclinical model for cancer CAR T therapy
because of its human physiology, immune responses, and
disease similarities. The development of reagents and the use of
the dogs in clinical trials will help advance the CAR T therapy
field for both species.
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