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The receptor tyrosine kinase-like orphan receptor 1 (ROR1) is a membrane receptor
that plays a key role in development. It is highly expressed during the embryonic
stage and relatively low in some normal adult tissues. Malignancies such as leukemia,
lymphoma, and some solid tumors overexpress ROR1, making it a promising
target for cancer treatment. Moreover, immunotherapy with autologous T-cells
engineered to express a ROR1-specific chimeric antigen receptor (ROR1 CAR-T
cells) has emerged as a personalized therapeutic option for patients with tumor
recurrence after conventional treatments. However, tumor cell heterogeneity and
tumor microenvironment (TME) hinder successful clinical outcomes. This review
briefly describes the biological functions of ROR1 and its relevance as a tumor
therapeutic target, as well as the architecture, activity, evaluation, and safety of some
ROR1 CAR-T cells used in basic research and clinical trials. Finally, the feasibility
of applying the ROR1 CAR-T cell strategy in combination with therapies targeting
other tumor antigens or with inhibitors that prevent tumor antigenic escape is
also discussed.

Clinical trial registration: https://clinicaltrials.gov/, identifier NCT02706392

chimeric antigen receptor (CAR), receptor tyrosine kinase-like orphan receptor 1 (ROR1),
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Introduction

According to the World Health Organization (WHO), cancer is the leading cause of death
worldwide. Breast, lung, colon and rectum, prostate, skin, and stomach cancers were the most
frequent solid neoplasms in 2020, with lung cancer showing the highest mortality (1). In
turn, leukemia and non-Hodgkin’s lymphoma presented the highest mortality in the group
of hematological tumors (2). Given the prevalence and mortality of cancer, it is pertinent
to invest in new therapeutic alternatives for treating patients affected, especially those who
experience relapses. Therapies for cancer management currently available include surgery aimed
at removing as much of the tumor as possible, followed by chemotherapy and radiotherapy. In
addition, some malignancies can be treated with endocrine therapy or small molecule inhibitors
(3, 4). Mutations acquired by cancer cells change the normal gene expression profile (5, 6).
Thereby, many malignant cells gain a stem cell profile and thus proliferate without restriction
(7). In some cases, these changes lead to overexpression of membrane molecules, such as
the receptor tyrosine kinase-like orphan receptor 1 (ROR1) and the epidermal growth factor
receptor (EGFR), which are found in breast cancer, lung adenocarcinoma, and glioblastoma
(8-12) and are considered promising therapeutic targets.
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In both hematological malignancies and solid tumors, there is a
complex scenario know as tumor microenvironment (TME) (13-16)
that comprises other cell types (fibroblasts, immune cells and blood
vessel cells), soluble factors, and components of the extracellular
matrix (ECM). The interaction between all those components
stimulates abnormal cell proliferation and promote the emergence
of resistance mechanisms in tumor cells (16-18). In solid tumors,
T-cell infiltration is fundamental for immunotherapeutic success. In
this scenario, TME has attracted attention for creating a physical
barrier that leads to insufficient accumulation of immune cells within
the tumor. TME further inhibits tumor-infiltrating lymphocytes
(TILs) due to the presence of immunosuppressive checkpoint
molecules that bind the programmed death receptor 1 (PD-1) and
cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4), which in
turn, suppress the immune response (16, 19). Inhibitory factors in
the TME are therapeutical targets to reduce the immunosuppressive
microenvironment (20). For example, monoclonal antibodies (mAbs)
can bind to PD-1 (21, 22) or CTLA-4 (23) expressed on T-cells
to block the respective downstream signaling pathways and restore
the antitumor immune response. Stuber et al. (24) showed that
the inhibition of TGF-f improved the effector activity of antitumor
T-cells in a breast cancer model (24). Similarly, ECM plays a crucial
role in tumor progression promoting malignant transformation
[reviewed in (25, 26)], and ECM components are targeted to enhance
tumor infiltration by immune cells. Examples are T-cells genetically
engineered to secrete a heparanase capable of cleaving heparan
sulfate (27) as well as target fibronectin to enhance T-cell infiltration
(28). In addition, most therapies are administered intravenously and
are effective against hematological malignancies but without similar
efficacy in solid tumors; therefore, direct administration of antitumor
T-cells has shown promising results in treating glioblastoma and
ovarian cancer (29-31).

Furthermore, the tumor cell heterogeneity that induces resistance
to conventional treatments and the occurrence of aggressive relapses
become significant challenges to achieving a successful outcome (7).
Other therapeutic options for cancer management are emerging,
such as the immunotherapy with mAbs (32-37), bi-specific T-cell
engagers (BiTEs), a kind of mAbs, which are fusion proteins
containing two antibody binding sites, one for tumor antigen
on cancer cells, and other for simultaneous binding to CD3 on
T-cells (38); Blinatumomab (39) and Anti-ROR1 BiTE (40) belong
to this category. Therapies with oncolytic viruses (41), such as
Teserpaturev/G47A, have also been implemented. This product
contains a recombinant herpes simplex virus type 1; it has been
approved for the treatment of malignant glioma in Japan, and
it is currently under clinical development for the management
of prostate cancer (phase II), malignant pleural mesothelioma
(phase I), and recurrent olfactory neuroblastoma (phase I) (42).
Anticancer approaches based on microRNAs (43-46), TILs (47-49),
and T-cells engineered to express a chimeric antigen receptor (CAR-
T cells) against tumor antigens are other current alternatives for the
treatment of cancer (50-52).

Chimeric antigen receptor therapy involves the ex vivo genetic
manipulation of autologous T-cells to enable them to recognize a
specific antigen present on the surface of malignant cells. The CAR
gene, which encodes a single-chain variable fragment (scFv) specific
for a tumor antigen and some costimulatory domains, is inserted
into T-cells by laboratory techniques to be expressed on the T-cell
membrane. Subsequently, the interaction between the CAR on T-cells
and the tumor antigen on cancer cells triggers an immune response
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resulting in neoplastic cell death (53). The United States Food and
Drug Administration (FDA) has approved the use of CAR-T cells
targeting the cluster of differentiation 19 (CD19) (54-56) and the
B-cell maturation antigen (BCMA) (57, 58) for the treatment of
hematological malignancies. CD19 CAR-T cells and BCMA CAR-T
cells were safe and effective in patients with refractory B-cell acute
lymphoblastic leukemia (B-cell ALL) and multiple myeloma (MM),
respectively. Although CAR-T cell therapy has shown good outcomes
in patients with leukemia, lymphoma, and MM, it remains a challenge
in the case of solid tumors, due to the immunosuppressive TME and
the poor persistence of CAR-T cells in vivo (59-61).

Discovery and biological function of
ROR1

Receptors with tyrosine kinase activity and their ligands regulate
several cellular processes, such as development and survival.
However, they may also participate in the emerging of diseases,
such as cancer [reviewed in (62)]. This receptor group includes
the tyrosine kinase-like orphan receptors (RORs) family. The two
members of this family, ROR1 and ROR2, are generally involved
in signaling pathways of cell proliferation, differentiation, and
migration, as well as angiogenesis, and play essential roles in the
development of various tissues and organs (63-65), such as the
skeletal and neural ones (66). Despite RORs belong to the tyrosine
kinase family, they do not share a conserved amino acid sequence
with other tyrosine kinases (63).

Receptor tyrosine kinase-like orphan receptor 1 and ROR2 were
discovered during the search for tyrosine kinase coding genes. They
share 58% of the amino acid sequence of tyrosine kinases (67).
Interestingly, the sequence of RORI is highly conserved between
humans and mice (97% similarity) (Supplementary Figure 1A);
that of ROR2 reaches 92% (68). There are three RORI1 isoforms
produced by alternative splicing (69) (Supplementary Figure 1B).
The RORI isoform 1 (UniProt: Q01973) has an extracellular region
with three domains: An immunoglobulin-like domain (P42-F147),
a cysteine-rich domain (E165-1299, also called Frizzled domain);
and a Kringle domain (K312-C391). The extracellular region is
followed by a transmembrane segment that spans from 1407 to V427,
and the cytoplasmic region (C428-L937) that contains a tyrosine
kinase domain (V473-L746) and a proline-rich domain between
two serine/threonine-rich domains (69, 70) (Figure 1). The ROR1
isoform 2 (Q01973-2) comprises only the intracellular region (69, 71),
whereas the RORI1 isoform 3 (Q01973-3) contains the extracellular
region but with two amino acid substitution at positions 392 and
393 (DS — GK) (69). These ROR receptors were designated orphans
because their ligands had not been identified at that time; however,
it is now established that Wnt molecules are their main ligands and
bind to the Frizzled domain. Thus, signals are transduced using the
non-canonical (B-catenin-independent) pathway (9, 72).

Receptor tyrosine kinase-like orphan receptor 1 undergoes
several post-translational modifications, such as glycosylation, which
generate RORI variants with different molecular weights (100,
115, and 130 KDa). Inhibition of RORI glycosylation alters the
cell surface localization of the 130 KDa variant and the RORI-
induced filopodia formation (73). RORI and ROR2 are highly express
during embryogenesis in most tissues derived from all three germ
layers but decrease after birth (67). However, low levels of ROR1
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FIGURE 1

The basic structure of the human and mouse receptor tyrosine
kinase-like orphan receptor 1 (ROR1) receptor. The ROR1 receptor
comprises an extracellular region containing three domains (Ig-like,
Frizzled, and Kringle), a transmembrane region, and a cytoplasmic
region containing four domains (tyrosine, serine/threonine, proline,
and serine/threonine). Adapted from Aghebati-Maleki et al. (70).

are found in normal adult organs and tissues (74), including the
brain, liver, bladder, kidney, ovary, pancreas, bone marrow, adipose
tissue, lymphoid and endocrine systems, and gastrointestinal and
respiratory tracts (75) (Supplementary Figure 2). After the discovery
of RORs, ROR2 became more relevant than ROR1 because mutations
in ROR2 were associated with drastic skeletal alterations in bones
formed by endochondral ossification, cardiac abnormalities, and
pulmonary dysfunction that resulted in neonatal death (76). In
humans, ROR2 mutations cause brachydactyly type B (77). On the
other hand, although human RORI mutations are not associated with
morphological alterations, mRorI-deficient mice die after birth owing
to a respiratory dysfunction (78).

Relevance of ROR1 as tumor marker

Receptor tyrosine kinase-like orphan receptors play an essential
function in some features of tumor cell behavior, such as migration
and invasiveness. Recently, in the large quest to discover tumor
therapeutic targets, ROR proteins were found to be expressed
in human cancers (79). In the last few years, more attention
has been paid to RORI because its elevated expression in many
human neoplasms (breast, ovarian, lung) is associated with cancer
development, progression, and metastasis. In fact, a growing number
of studies have pointed to ROR1 as a human tumor-associated
antigen (TAA) (9, 80, 81). Therefore, RORI has been proposed as a
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potential target for treating these malignancies (9, 10, 70). However,
the presence of low levels of RORI in normal adult tissues, including
parathyroid, pancreatic islets, stomach, and duodenum, should be
considered to prevent cytotoxicity (74) (Supplementary Figure 2).

The RORI ligand, Wnt5a, is a cytokine highly expressed in
cancer tissues. In the triple-negative breast cancer (TNBC) cell line
MDA-MB-231, Wnt5a binds to RORI to signal and activate the
PI3K/AKT/CREB pathway. This pathway controls genes such as
BCL2, CCND1I, and CCNBI, which are involved in cancer cell survival
and proliferation (9). Hasan et al. (82) evaluated the role of Wnt5a
after transfecting RORI in the RORI-negative (ROR1ME) breast
cancer cell line MCF7. They observed that in the ROR1TMCF7 cells,
Whnt5a stimulated the RORI-dependent cortactin phosphorylation
which recruited ARHGEFI (Rho guanine nucleotide exchange factor
1) to activate RhoA and promote cancer cell migration (82). On the
other hand, Zhang et al. (83) showed that chemotherapy can also
increase RORI1 levels in breast cancer cells, that, in turn, enhance the
expression of genes induced by the activation of RhoGTPases, Hippo-
YAP/TAZ, or B lymphoma Mo-MLV insertion region homolog 1
(BMI11). In this study, ROR1 was shown to promote the ability of
cancer cells to migrate in Matrigel, engraft in immunodeficient mice,
and survive chemotherapy. Moreover, blockade of ROR1 with an
anti-ROR1 mAb (cirmtuzumab) reduced the downstream signaling
pathway and decreased the invasiveness of cancer cells and their
ability to persist after chemotherapy (83). Other anti-ROR1 mAbs,
such as zilovertamab, are currently being evaluated to treat ovarian
and endometrial cancer (84).

Molecular analyses have confirmed the high expression levels
of RORI mRNA in human ovarian cancer biopsies compared to
normal ovary samples and suggested ROR1 as a TAA and a promising
therapeutic target for this type of neoplasm (81). siRNA silencing of
RORI and ROR2 and their ligand, WNTAS5, in the ovarian cancer
cell line OVCAR3 led to decreased malignant cell proliferation,
migration, and invasiveness (85). Patients with ovarian cancer
expressing high levels of RORI have a short median survival due to
a small population of so-called cancer stem cells (CSCs). These cells
are resistant to chemotherapy and exhibit a metastatic phenotype,
including high levels of RORI, which makes them suitable targets for
anti-ROR1 therapies (7). In a murine model, Wu et al. (86) evaluated
a vaccination strategy against epithelial ovarian carcinoma (EOC).
For this purpose, they isolated CD117" CD44" CSCs from EOC
cell line. These CSCs expressed high levels of RORI and were used
to prepare a lysate to be administered subcutaneously to mice. The
immune response triggered by the vaccine entailed the production
of INF-y and anti-ROR1 antibodies, inhibited tumor growth, and
improved mice survival (86). Furthermore, Zhang et al. (7) working
with ROR1T CSCs, isolated from xenografts derived from human
primary ovarian tumors, demonstrated that anti-ROR1 mAb UC-961
inhibited the ability of those cells to self-renew, form spheroids or
engraft in immunodeficient mice (7). These results point to RORI as
a relevant therapeutic target for patients with ovarian cancer.

Lung adenocarcinoma cells also express elevated levels of ROR1
when compared to adjacent non-tumor tissue cells. The ROR1 high
expression correlates significantly with the attributes of the malignant
cells (12), and is associated with a worse overall survival (80). In this
cancer, ROR1 downregulates proapoptotic molecules (Bak, Caspase-
3, Caspase-7) and upregulates antiapoptotic molecules (Bcl-2 and
Bcl-XL) and proteins involved in the cell cycle, such as CDK4 and
cyclin E1 (12). RORI silencing in non-small cell lung cancer (NSCLC)
cell lines led to decreased activity of the PI3K/AKT/mTOR signaling
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FIGURE 2

Monoclonal antibodies (mAbs) used to design ROR1 CARs. Binding sites in the ROR1 extracellular region are shown.

pathway, which is related to apoptosis and antiproliferative effects on
tumor cells (87).

Similarly, human and mouse hepatocellular carcinoma cell lines
overexpress RORI. RORI silencing in those cell lines, decreased
proliferation and migration but increased resistance to apoptosis
(88). Elevated expression of RORI1 and related proteins (pAkt
and pCREB) was also observed in biopsies from human gastric
adenocarcinoma by immunohistochemical staining. The expression
of RORI and pCREB was associated with the Ki67 labeling index,
pointing to a role for these molecules in tumor cell proliferation
(89), similar to observations in human breast cancer cells (9).
In neuroblastoma, the highly expressed ROR1 down-regulates the
PI3K/AKT-dependent pathway that promotes cell differentiation.
In this cancer, retinoic acid, used as a therapeutic agent for over
a decade, was shown to bind to the promoters of RORI and
WNTA5 to regulate their transcription, reducing cell proliferation
and promoting cell differentiation, as evidenced by the increased
expression of synaptophysin (90). Several studies have provided
evidence for the relationship between the PI3K/AKT signaling
pathway and the role of RORI on tumor cell progression and
invasiveness (87, 91-93). Therefore, proteins downstream of that
signaling pathway could be relevant therapeutic objectives for future
cancer treatments.

Epithelial-mesenchymal transition (EMT) is a common feature
of metastatic cells which are characterized by overexpressing ROR1.
In the metastatic breast cancer cell line MDA-MB-231, suppression
of ROR1 function led to reduced expression of vimentin, SNAIL-
1/2, and ZEB1, but increased levels of E-cadherin, CK-19, and ZO-1;
in addition, the ability of MDA-MB-231 cells to migrate and invade
decreased. However, RORI transfection in ROR1M¥ MCF7 cells
showed some opposite effects, specifically, increased expression of
vimentin and SNAIL-1/2. Treatment with the anti-ROR1 mAb D10,
could modulate and inhibit the migration of these cancer cells in vitro
and in vivo (94). Similarly, RORI is overexpressed in melanoma cells,
enhancing AKT activation and participating in the EMT process by
increasing the expression of the mesenchymal markers, vimentin,
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and N-cadherin (91). Interestingly, circulating tumor cells (CTCs)
from patients with pancreatic cancer (PAC) showed higher levels of
RORI and greater proliferative and invasive potential compared to
cells from non-cancerous tissues and the PAC cell lines, PANC-1
and SW-1990. CTCs, considered functional markers of metastasis,
were characterized by the up-regulation of N-cadherin and the
downregulation of E-cadherin. These data support a role for ROR1
in the EMT, a process extensively reviewed by Loh et al. (95, 96).
RORI1 knockdown restored E-cadherin levels, increased N-cadherin
expression, and inhibited migration and invasiveness of PAC CTCs
(96). RORI expression is not limited to solid tumors. It is also present
in hematopoietic cancers such as B-ALL (97), chronic lymphocytic
leukemia (CLL) (98), mantle cell lymphoma (MCL) (99), and diffuse
large B-cell lymphoma (DLBCL) (93). In CLL, RORI is expressed in
isoforms of different molecular weights (64, 105, 130, and 260 kDa),
constitutively phosphorylated at both tyrosine and serine residues.
This phosphorylation is more prominent in progressive than non-
progressive disease. The 64 kDa RORI isoform localizes within
the nucleus, probably regulating gene transcription. Blocking ROR1
phosphorylation with mAbs drove cancer cells into apoptosis (98).
The 260 kDa RORI isoform results from the homodimerization of
RORI1 or the heterodimerization with ROR2 (98). The latter increases
cell proliferation and migration of CLL cells by a mechanism
mediated by the binding of Wnt5a (100).

ROR1 CAR-T cells under investigation

A therapeutic alternative for patients with cancer that has become
relevant in the last years is the treatment with ex vivo genetically
engineered autologous lymphocytes. Adoptive immunotherapy
based on CAR-T cell infusion is a promising approach to target tumor
antigens expressed on the tumor cell membrane (101). Optimizing
CAR-T cell therapy requires knowing the antigenic profile expressed
by tumor cells and their analysis in the context of normal tissues.
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FIGURE 3

Schematic representation of ROR1 CARs. Five different scFvs (derived from 2A2, R12, XBR1-402, clone F, and UC-96 mAbs) recognize an epitope
between the Ig-like and Frizzled domains of RORL1 (left inset) (A—E), whereas R11 recognizes an epitope in the Kringle domain (middle inset) (F), and 4A5
only recognizes an epitope in the Ig-like (right inset) (G). Names of the source mAbs appear at the top of each CAR structure. The blue/pink
double-colored intracellular region indicates that two CARs were constructed, one with the CD28 costimulatory domain and another with the 4-1BB.
The animal species from which mAb were obtained and the respective reference are listed below each CAR structure.

This knowledge will improve therapy results and avoid injury to
self-tissues (102).

The typical architecture of a second-generation CAR comprises
scFv, hinge, transmembrane, and intracellular regions. The scFv
region is the domain for tumor antigen recognition. It usually derives
from the variable domains of a monoclonal antibody’s heavy and light
chains which are coupled to a short linker. The hinge region is a
connecting peptide that provides the CAR with the conformational
freedom necessary to facilitate its binding to the target antigen on
the tumor cell; it can be short or long. The transmembrane (Tm)
region come from CD8, CD28, or another co-stimulatory domain.
The intracellular region comprises co-stimulatory domains (CD28 or
4-1BB) and a CD3¢ domain that triggers intracellular signaling for
CAR-T cell activation, expansion, cytokine synthesis, and cytotoxic
activity (101).

Receptor tyrosine kinase-like orphan receptor 1 CARs can be
assembled using scFvs derived from various mAbs developed for
treating hematological and solid tumors. The 2A2 (103), R12 (53),
XBR1-402 (99, 104), clone F (105), and UC-961 (106) mAbs bind
to an epitope at the N-terminal RORI region between the Ig-
like and Frizzled domains. In turn, the 4A5 (107) and R11 (108)
mAbs bind to specific epitopes in the Ig-like and Kringle domains,
respectively (Figures 2, 3 and Supplementary Table 1). The CARs
manufacturing can be achieved through different ways for CAR gene
delivery, for example using lentiviral non-replicating vectors (LVs) or
transposable elements.

ROR1 CAR gene delivery using
non-replicating LVs

Hudecek et al. (103) engineered a CD8" CAR-T cell using the

scFv derived from the anti-ROR1 2A2 mAb. The CAR structure
included an IgG4 hinge domain, a CD28 Tm domain, and a CD28

Frontiers in Medicine 05

or 4-1BB co-stimulatory domain followed by a CD3¢ domain (103).
These CAR-T cells were cocultured at different ratios with tumor cells
from B-cell CLL or MCL to measure their cytotoxic effect. At all cell
ratios tested, ROR1 CAR-T cells destroyed ROR1™ tumor cells but
not normal cells, showing the specificity of this type of therapy (103)
(Figure 3A).

Subsequently, Hudecek et al. (103) demonstrated the relevance
of the hinge length in enhancing the cytotoxic effect of CAR-T
cells. They designed ROR1 CARs containing scFvs derived from
2A2 and R12 mAbs coupled to a hinge domain (IgG4-Fc spacer)
of different lengths (long: 229 aa, intermediate: 119 aa, or short:
12 aa), followed by a human Tm CD28 domain, and a cytoplasmic
region (human CD28 or 4-1BB bound to CD3t) (53) (Figures 3A,
B). They then evaluated the effector activity of these ROR1 CAR-T
cells against ROR1™ tumor cells. 2A2 ROR1- and R12 ROR1-CAR-
T cells engineered with a short-length hinge domain showed more
significant cytotoxic effects and cytokine production (IFN-y, TNF-a,
and IL-2) than CAR-T cells with long-length hinge domains. These
results suggested that the shorter the hinge domain, the better the
spatial coupling of CAR-T cells to the ROR1™ target cells and the
subsequent activation of T-cells (53). Furthermore, R12 ROR1-CAR-
T cells containing a short hinge domain showed greater effector
functions than 2A2 ROR1-CAR-T cells with a short hinge domain
(109, 110). Therefore, the length of the hinge domain and the receptor
affinity should be considered in CAR design. Wallstabe et al. (50)
observed similar results for 2A2 ROR1- and R12 ROR1-CAR-T cells
with short hinge domains when evaluated against A549 (lung) and
MDA-MB-231 (breast) cancer cell lines cultured in a 3D model (50).
Moreover, Berger et al. (51) observed no significant cytotoxic effect on
normal tissues when R12 ROR1-CAR-T cells harboring cytoplasmic
4-1BB and CD3¢ domains were infused intravenously into Macaca
mulatta (51).
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The XBR1-402 CAR (Figure 3C) was constructed with a short
IgG4-derived spacer, the Tm domain of CD28, and the signaling 4-
1BB, and CD3t¢ domains. When T-cells engineered to express this
CAR were co-cultured with the ROR1™ breast cancer cell line MDA-
MB-231, they exhibited rapid proliferation, high levels of IFN-y and
IL-2, and the ability to kill the tumor cells (104). Notably, XBR1-402
RORI1-CAR-T cells were found to be equally or more potent than R12
RORI-CAR-T cells with the same short spacer and signaling domains
(104).

Following CAR-T cell infusion, some life-threatening side effects
may occur. The most common are fever, anaphylaxis, weight
loss, neuronal toxicity, respiratory distress, and cytokine release
syndrome (CRS) (108, 111, 112). To avoid this toxicity resulting
from shared antigen expression between tumor and normal cells, new
methods such as sensitive tuning of CARs to antigen density (113),
CARs regulated by inhibitory molecules (105), and combinatorial
antigen detection circuits (108, 114) are employed. A drug-regulated
expression system named Signal Neutralization by an Inhibitory
Protease (SNIP) has been developed to regulate CAR-T cell activity.
For example, RORI(F).28z CAR-T cells (Figure 3D) (105) exhibit
lung and liver toxicity in a murine model. Therefore, SNIP
RORI(F).28z CAR-T cells were engineered. This construct comprised
the scFv fragment derived from clone F mAb (115) followed by the
hinge, Tm, co-stimulatory (CD28), and signaling (CD3¢) domains
and a cleavage site for the hepatitis C virus NS3 protease (NS3p)
between the Tm and signaling domains. In addition, these T-cells
were engineered to express a membrane-bound NS3p with a Tm
(CD28) domain. Thus, T-cells expressing these constructs were apt
to be regulated by adding a specific protease inhibitor. When no
inhibitor is added (OFF state), the CAR activity is drastically reduced
because the NS3p cleaves the CAR structure. In contrast, in the
presence of the inhibitor (ON state) the NS3p is inactive, and CAR
activity is triggered. In mice bearing live ROR1" Nalmé6 leukemic
cells, conventional ROR1(F).28z CAR-T cells were more active but
elicited a lethal effect. However, SNIP RORI(F).28z CAR-T cells
tuned with appropriate doses of the NS3p inhibitor caused no toxic
effect while maintaining antitumor activity, resulting in high safety
and efficient therapeutic outcomes.

Lee et al. (106) designed CAR-T cells using the scFv derived
from zilovertamab (UC-961), followed by a short hinge segment
(IgG4), a Tm (CD28), and the intracellular 4-1BB and CD3¢ domains
(Figure 3E) (106). These CAR-T cells showed in vitro antitumor
activity against lung and breast cancer cell lines. In vivo, they
significantly suppressed tumor xenograft growth and produced no
important side effects (106).

Srivastava et al. (108) constructed the R11 ROR1 CAR, which
recognizes an epitope in the Kringle domain of ROR1 conserved in
mice and humans. This R11 ROR1 CAR construct was assembled
with a long hinge segment (modified human IgG4), a Tm (murine
CD28) domain, and intracellular 4-1BB and CD3t¢ domains (108)
(Figure 3F). Authors showed that R11 RORI-CAR-T cells caused
mouse death due to the recognition of ROR1" normal cells in
bone marrow and spleen. Accordingly, they then applied the
synthetic Notch receptor (synNotch) strategy to overcome the
adverse cytotoxic effect. For this purpose, R11 ROR1-CAR-T cells
were further transfected to express a synNotch receptor directed
against a different tumor antigen (epithelial cell adhesion molecule
(EpCAM) or B7-H3) expressed exclusively on RORIT tumor cells.
Recognition of EpCAM or B7-H3 on ROR1™ tumor cells activated
the synthesis of a transcription factor that, in turn, promoted the
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transcription of the ROR1 CAR gene. Thus, the cytotoxic activity
of CAR-T cells was directed only against tumor cells in which both
EpCAM (or B7-H3) and RORI antigens were present, with no
detrimental effect on normal ROR1™T cells (108) (Supplementary
Table 1).

ROR1 CAR gene delivery using
transposable elements

In cell therapy, CAR gene delivery using LVs faces problems
related to the formation of replication-competent viral vectors,
mutational integration of the provirus into the host cellular genome,
and mobilization of structural viral genes to target cells. Moreover,
developed LVs derived from the human immunodeficiency virus
(HIV) poses further safety concerns (116). Thus, to overcome
this problem, some research is looking for different ways to
the intracellular release of CAR genes. The Sleeping Beauty (SB)
transposon system is an alternative platform for CAR-T cell
manufacturing (117, 118), which seems to address the need for a non-
viral gene transfer approach that could reduce the cost and avoid the
manufacturing issues associated with the transduction of T-cells with
recombinant viral vectors and accelerate the translation of preclinical
data into clinical trials (117, 119-121).

The SB system was used by Deniger et al. (107) to insert
the heavy and light chain sequences of the 4A5 mAb into
a RORI CAR construct containing the CD28/CD3t or 4-1BB
(CD137)/CD3t costimulatory/signaling domains. They observed that
T-cells expressing the CAR coupled to 4-1BB/CD3; showed more
effective antitumor activity (107) (Figure 3G). Huang et al. (122)
also used the SB system to engineer T-cells to express a ROR1 CAR
comprising the scFv from the 2A2 mAb, a Tm domain (CD28),
and the 4-1BB and CD3¢ domains. These ROR1 CAR-T cells were
effective against sarcoma cells as evidenced by the synthesis of
high levels of IFN-y, TNF-a, and IL-13 in cocultures with sarcoma
cell lines and the ability to reduce the tumor growth in a murine
osteosarcoma xenograft model (122) (Supplementary Table 1).

Methods employed to evaluate ROR1
CAR-T cell function

In vitro methods are the most widely used in research because
they make it possible to elucidate cellular and molecular mechanisms
in a controlled manner. Two-dimensional (2D) cell cultures support
cell growth in monolayers but do not recreate the conditions
observed in vivo. In turn, 3D cell cultures more accurately recreate
in vivo cellular processes such as gene expression, cell organization,
differentiation, and signaling, as well as cell-cell and cell-extracellular
matrix interactions (123, 124).

Chimeric antigen receptor cell therapy has been successful
in treating hematological malignancies (125, 126) but remains
challenging for solid tumors. Advancing research to improve CAR-
T cell performance is critical in therapies designed to treat this
kind of tumor, where factors such as tumor infiltration by T-cells,
immunosuppressive TME, and tumor cell heterogeneity hinder the
desired clinical outcome. Therefore, further investigation of these
factors is necessary to promote the clinical approval of CAR-T cells
against solid tumors (16). For this reason, it is essential to use in vitro
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models that can mirror existing in vivo conditions to understand
CAR-T cell function and the role of TME in therapy outcomes (17,
18, 50). Various 3D cell-culture systems, such as organoids, spheroids,
bioprinting, and microdevices have been used to assess CAR-T cell
function (50, 127-129).

Yuki et al. (17) and Boucherit et al. (18) reviewed 3D cell-culture
systems developed on Matrigel or collagen platforms using chopped
tumor samples or tumor cells in suspension to evaluate anti-cancer
therapies such as immune checkpoint blockade, TILs generation,
biomarker-based patient response prediction, and exploration of
tumor therapeutic targets to improve clinical outcome. These studies
have corroborated the key role played by TME in the antitumor
immune response by altering the phenotype and function of immune
cells (17, 18). Thus, 3D cell-culture systems could be employed to
assess CAR-T cell functionality.

Hudecek et al. (103) demonstrated that the cytotoxic activity
of ROR1 CAR-T cells could be evidenced when cocultured with
suspensions of ROR1" tumor cells (Jeko-1, Rec-1, BALL-1, RCH-
ACYV, and RPMI-8226) (103). Similar cytotoxic effects were observed
in 2D cocultures of ROR1 CAR-T cells with adherent ROR1TMDA-
MB-231 cancer cells (104).

Wallstabe et al. (50) evaluated ROR1 CAR-T cell function using
a 3D cell-culture system made of decellularized porcine jejunum
functioning as a scaffold with an intact basement membrane. A549
or MDA-MB-231 cancer cells were seeded on the luminal side of the
scaffold and generated a progressively increasing cell mass with an
invasive phenotype. When ROR1 CAR-T cells were added, they could
infiltrate and migrate into this 3D tumor system exerting a cytotoxic
effect that killed cancer cells. However, they showed phenotypic
markers of cellular exhaustion (50). In the same model, Stuber et al.
(24) showed that the addition of TGFp significantly decreased the
cytotoxic/antitumor activity of ROR1 CAR-T cells on MDA-MB-231
cancer cells. Furthermore, treatment with SD-208, a TGFp inhibitor,
prior to TGFB exposure restored the effector activity of CAR-T
cells to levels similar to those observed in cultures non-exposed to
TGEB (24).

Murine models (wild-type, immunodeficient, gene-specific
knockdown strains) have also been used to evaluate CAR-T
cell therapy. In many of these studies, mice are inoculated with
bioluminescent cancer cells, and tumor size is tracked over time
(53, 105, 122). For example, in the study conducted by Srivastava
et al. (108) to evaluate the SynNocht strategy (previously described)
to avoid toxicity and death caused by ROR1 CAR-T cells, different
mouse strains such as C57BL/6] (B6), BALB/c Rag2_/_, RORI1-KO
were used in the different experiments (108). Subsequently, Srivastava
et al. (130) used a genetically engineered mouse model of human
lung adenocarcinoma adapted to express ROR1. They showed that
combined treatment with cyclophosphamide, oxaliplatin, CAR-T
cells, and anti-PD-L1 improved CAR-T cell-mediated tumor control.
The model allowed them to evidence that oxaliplatin activated tumor-
infiltrating macrophages to secrete T-cell recruiting chemokines,
thus resulting in increased CAR-T cell infiltration, remodeling of the
TME, and increased tumor sensitivity to anti-PD-L1 (130).

Tumor xenografts are another strategy used to evaluate CAR-T
cells in vivo. In this approach, cell lines derived from primary human
tumors are transplanted into immunodeficient mice. For example, in
the SNIP ROR1 CAR-T cell study (described above), Labanieh et al.
(105) tested CAR-T cell activity in NGS (NOD SCID Ilgr2 null) mice
transplanted with Nalm6 ROR1™ leukemic cells. At 1-day post-tumor
engraftment, SNIP ROR1 CAR-T cells were injected intravenously,
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and NS3p inhibitor was administered only for 2 days. This protocol
showed a reduction in tumor size without animal lethality (105).

Macaca mulatta, a non-human primate, is a promising model for
evaluating the effects of ROR1 CAR-T cells because ROR1 is highly
conserved between humans and macaques and has a similar tissue
expression pattern. A study showed that autologous infusion of ROR1
CAR-T cells did not cause significant adverse effects. Specifically,
there were no changes in body weight, complete blood cell counts,
serum chemistry (pancreatic, liver, and muscle enzymes) or plasma
levels of IFN-y, IL-6, and IL-12 (51).

ROR1 CAR-T cells employed in
clinical trials

Approximately 1,314 clinical trials of CAR-T cell therapies
(https://clinicaltrials.gov/) are ongoing for managing leukemias,
lymphomas, and solid tumors. These CAR-T cells target different
antigens, but RORI was the tumor antigen selected in just five
studies, namely, two for hematological malignancies (NCT02194374
and NCT05588440), two for solid tumors (NCT05274451 and
NCT05638828), and one for both (NCT02706392) (131).

The NCT02706392 trial conducted by the Fred Hutchinson
Cancer Center was a Phase I trial intended to treat patients with
RORI1* cancers. Malignancies included in the study were CLL, MCL,
ALL, stage IV NSCLC, and TNBC. This trial was focused on finding
the optimal dose of CAR-T cells and determining the side effects of
the therapy. The study started in 2016 and has now been completed
(132). Preliminary results showed that patients with TNBC did
not present severe neurotoxicity or severe CRS after infusion of
increasing doses (3.3 x 10°,1 x 10%,3.3 x 10%,and 1 x 107 cells/kg)
of ROR1 CAR-T cells. Moreover, the disease remained stable after
CAR-T cell infusion in two patients at 15 and 19 weeks, respectively.
Following the first CAR-T cell infusion, one patient showed stable
disease, and after the second infusion, a confirmed partial response
was observed and persisted for 14 weeks (133). A report on this study
by Srivastava et al. (130) using ROR1 CAR-T cells manufactured
carrying R12 scFv, 4-1BB and CD3¢ signaling domains showed that in
three patients (ROR1T TNBC or ROR1™ NSCLC), the ROR1 CAR-
T cells expanded as evidenced in peripheral blood. However, the
engineered cells poorly infiltrated the tumors and displayed reduced
functionality; moreover, no tumor regression was observed (130).
The poor tumor infiltration and low persistence of ROR1 CAR-T
cells may be related to the immunosuppressive TME that leads the
engineered T-cells to upregulate multiple inhibitory receptors and
loss the capacity to produce interferon-y (IFN-y), tumor necrosis
factor-o. (TNF-a), and granulocyte-macrophage colony-stimulating
factor (GM-CSF) (130).

The NCT05274451 trial, a Phase I study, was designed by Lyell
Immunopharma, Inc. Its objective is to evaluate the safety and
tolerability of LYL797, a ROR1 CAR-T cell product in patients with
relapsed or refractory TNBC and NSCLC. It started in 2022, is
currently in the patient recruitment phase, and is estimated to be
completed in 2026 (134). The LYL797 CAR expresses the scFv derived
from the R12 mAb and was constructed with Gen-R and Epi-R
technologies. Gen-R modifies cells to overexpress c-Jun, resulting
in less cellular exhaustion, and Epi-R maintains a stem cell-like
phenotype that enhances the functional activity of CAR-T cells (135).
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The third trial, NCT02194374, was designed by the M.D.
Anderson Cancer Center. It focused on the treatment of patients
with CLL, started in 2015, but was closed in 2017 with no patient
enrollment or results (136). The NCT05638828 trial at Peking
University started in 2022 and is in the patient recruitment phase.
This early phase 1 study aims to evaluate the safety and tolerability of
escalating doses of the ROR1 CAR-T cells called RD14-01 in patients
with advanced ROR1™ solid tumors (137). Finally, the NCT05588440
trial is a phase 1/2 study conducted by Oncternal Therapeutics, Inc.
It aims to investigate the safety and efficacy of the CAR-T therapy,
ONCT-808, in patients with relapsed/refractory (R/R) aggressive
B-cell malignancies and is currently enrolling patients (138).

Promising combined therapeutic
approaches

Combined therapeutic strategies are used to treat patients with
cancer in order to achieve the best outcomes. The most conventional
consist of surgery followed by radiotherapy and/or chemotherapy.
Currently, other therapeutic approaches are designed to act on a
specific alteration (gene, receptor) of neoplastic cells; one of them
is the immunotherapy directed against a single TAA. However, this
strategy has the disadvantage of exerting a selective antigenic pressure
that results in the proliferation of malignant cells with low or no
expression of the target antigen, which translates into their resistance
to conventional treatments (7). For instance, CD19 CAR-T cells
(Kymriah®, Yescarta®, Tecartus®, Breyanzi®, and ARI-0001) (139)
have been successful in treating patients with B-cell malignancies
(140); however, relapses related to down-regulation of the target
antigen occurred in 25% of cases (141, 142). In addition, tumor
antigens can escape immune strategies by other mechanisms, such as
receptor genetic mutation, epitope masking, and trogocytosis (142—
144). Therefore, simultaneous targeting of multiple tumor antigens
or combining immunotherapy with other anti-cancer drugs could
help prevent antigenic escape and reduce patient relapse. Gill et al.
(145) observed synergy between CD19 CAR-T cells and ibrutinib
in treating patients with CLL; 72% of individuals had no detectable
residual disease after 12 months (145). On the other hand, multiple
antigen targeting CAR constructs comprise a dual CAR construct or
a tandem construct (two single-chain variable fragments) (146, 147).
CD19/CD22 and CD19/BCMA CAR-T cells are current therapeutic
strategies for targeting multiple antigens that have shown promising
results (148, 149). Shah et al. (150) designed bispecific CD20-CD19
CAR-T cells to treat patients with B-cell malignancies and observed
a rapid response at 28 days post-infusion; 64% of patients had a
complete response whereas 18% had a partial response (150).

The heterogeneity of solid tumors has hindered the identification
of robust and suitable targets for CAR-T cell therapy (139). Moreover,
the occurrence of some antigenic targets in normal tissues further
complicates the task (74, 75). Yang et al. (151) produced bivalent
tandem CAR-T cells directed against CD70 and B7-H3, two antigens
co-expressed in some lung and breast cancers and melanoma.
Compared to conventional CAR-T cells, tandem CAR-T cells showed
a higher cytotoxic effect and increased cytokine production in co-
cultures with cancer cell lines and after being infused into lung and
melanoma xenograft-bearing animals (151). In turn, Srivastava et al.
(108) used a logic-gated CAR-T cell therapy in which ROR1 CAR
was combined with a SynNocht receptor against a different tumor
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antigen (EpCAM or B7-H3) to treat animal models of human breast
cancer. As previously described, these SynNocht ROR1 CAR-T cells
avoided the adverse cytotoxic effects observed with conventional
ROR 1 CAR-T cells (108).

Lung and breast cancers are malignant neoplasms that affect
many people worldwide (1). Some surface antigens expressed
in both malignancies are promising therapeutic targets. In lung
cancer, the most relevant therapeutic targets include RORI,
EGFR, PD-L1, CD80/CD86, mucin 1 (MUC1), mesothelin (MSLN),
carcinoembryonic antigen (CEA), prostate stem cell antigen (PSCA)
and human epidermal growth factor receptor 2 (HER2) (139,
152). For breast cancer, the most common therapeutic targets are
CEA, CD70, ROR1, HER2, MUC1, EGFR, CD133, MSLN, EpCAM,
disialoganglioside (GD2), and the hepatocyte growth factor receptor
(HGFR) (153, 154).

EGFR CAR-T cells have been evaluated in vitro and in vivo.
In cocultures with EGFRT NSCLC cell lines, EGFR CAR-T cells
exerted a cytotoxic effect after 3 h-incubation and produced elevated
levels of IL-2, IL-4, IL-10, tumor necrosis factor (TNF-a), and
IFN-y (155). In vivo, EGFR CAR-T cells also showed activity
after infusion into animals bearing human lung cancer xenografts;
specifically, they induced tumor regression at 25 days, as evidenced
by bioluminescence imaging that showed a reduction in tumor size
(155). EGFR CAR-T cells have been used in patients with refractory
NSCLC at escalating doses. In this case, tumor biopsies showed the
elimination of EGFR™ tumor cells and EGFR CAR-T cell infiltration.
Furthermore, no severe side effects were observed (156). EGFR CAR-
T cells also have shown activity against TNBC. In vitro and in vivo,
they exhibit cytotoxic effects, produce high levels of cytokines, and
inhibit tumor growth. Moreover, EGFR CAR-T cells persist, infiltrate
tumors, and activate apoptosis pathways with minimal side effects
(157-159).

Considering that EGFR is overexpressed in 40-89% of NSCLC
(160) and 5-30% of breast cancer tumors (161, 162), the described
scenario places EGFR as a candidate for therapeutic strategies that
combine EGFR and ROR1 CAR-T cells. CAR-T cell therapy against
two different antigens could improve the clinical outcome in patients
with these solid tumors.

In conclusion, the CAR-T cell approach for treating patients with
solid tumors remains challenging, given tumor heterogeneity and
inhibitory signals derived from the TME. However, some advances
in the treatment of solid tumors are currently employing the ROR1
antigen as a critical target due to its high expression in tumor cells
and relatively scarcity in normal tissues, as well as its presence in
CSCs responsible for relapses and treatment resistance. In addition,
anti-ROR1 mAbs are available, and new methods to produce ROR1
CAR-T cells promise to be less harmful to patients. In addition,
some strategies developed for other tumor therapeutic targets could
help improve the functionality of different ROR1 CAR-T cells and,
consequently, the clinical outcomes of this cancer immunotherapy.
These approaches include combining scFv of different affinities,
using hinge segments of different lengths, and incorporating various
costimulatory domains into the CAR gene to increase the tuning
and potency of CAR-T cells. Moreover, given the broad expression
of some TAAs in different normal tissues, new CAR designs should
include strategies to guarantee treatment safety. In this regard, a
better selection of tumor-specific antigens will allow focus treatment
on tumor cells. Another alternative to overcome the problems
associated with widely expressed TAAs is to combine two low- or
moderate-affinity scFvs in a single CAR-T cell to achieve a more

frontiersin.org


https://doi.org/10.3389/fmed.2023.1121020
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/

Osorio-Rodriguez et al.

specific target tuning. Finally, combining CAR-T cells with other
therapies, such as blocking TME inhibitory signals, could improve
clinical outcomes.

Author contributions

DO-R and CR-S drafted and edited the manuscript. All
authors reviewed, contributed to intellectually, and approved the
submitted version.

Funding

DO-R was funded by Call 891 of the Ministry of Science,
Technology, and Innovation. BC received funding from the IDCBIS
institute. CR-S was financed through resources transferred from the
District Health Financial Fund (FFDS, by its abbreviation in Spanish)
to IDCBIS, according to Resolution 639 of march 30, 2022, issued by
the District Health Secretariat.

Acknowledgments

We thank the Ministry of Science, Technology, and Innovation
(Call 891 for the strengthening vocations and training in CTel for
economic reactivation within the framework of post-pandemic 2020)
and Martha Mesa for the revision and correction of the English
language. Figures were created with BioRender (BioRender.com),
whose license we own.

References

1. World Health Organization [WHO]. Cancer. (2022). Available online at: https://
www.who.int/news-room/fact-sheets/detail/cancer (Accessed October 21, 2022).

2. Sung H, Ferlay J, Siegel R, Laversanne M, Soerjomataram I, Jemal A, et al. Global
cancer statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for
36 cancers in 185 countries. CA Cancer ] Clin. (2021) 71:209-49. doi: 10.3322/caac.21660

3. Waks A, Winer E. Breast cancer treatment: a review. JAMA. (2019) 321:288. doi:
10.1001/jama.2018.19323

4. Swami U, McFarland T, Nussenzveig R, Agarwal N. Advanced prostate cancer:
treatment advances and future directions. Trends Cancer. (2020) 6:702-15. doi: 10.1016/
j.trecan.2020.04.010

5. Zhang L, Zhou W, Velculescu V, Kern S, Hruban R, Hamilton S, et al. Gene expression
profiles in normal and cancer cells. Science. (1997) 276:1268-72. doi: 10.1126/science.
276.5316.1268

6. Karan D, Kelly D, Rizzino A, Lin M, Batra S. Expression profile of differentially-
regulated genes during progression of androgen-independent growth in human prostate
cancer cells. Carcinogenesis. (2002) 23:967-76. doi: 10.1093/carcin/23.6.967

7.Zhang S, Cui B, Lai H, Liu G, Ghia E, Widhopf G, et al. Ovarian cancer
stem cells express RORI1, which can be targeted for anti-cancer-stem-cell
therapy. Proc Natl Acad Sci USA. (2014) 111:17266-71. doi: 10.1073/pnas.141959
9111

8.Fan Q, Cheng C, Gustafson W, Charron E, Zipper P, Wong R, et al
EGFR phosphorylates tumor-derived EGFRVIII driving STAT3/5 and progression in
glioblastoma. Cancer Cell. (2013) 24:438-49. doi: 10.1016/j.ccr.2013.09.004

9. Zhang S, Chen L, Cui B, Chuang H, Yu J, Wang-Rodriguez J, et al. ROR1 is expressed
in human breast cancer and associated with enhanced tumor-cell growth. PLoS One.
(2012) 7:€31127. doi: 10.1371/journal.pone.0031127

Frontiers in Medicine

10.3389/fmed.2023.1121020

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the reviewers.
Any product that may be evaluated in this article, or claim that may
be made by its manufacturer, is not guaranteed or endorsed by the
publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmed.2023.1121020/
full#supplementary- material

SUPPLEMENTARY FIGURE 1

Sequence comparison of human vs. mouse ROR1 (A) and alignment of
different human ROR1 isoform sequences (B). Signal peptide (M1-A29) —
extracellular (Q20-Y406) - transmembrane (1407-C427) and — cytoplasmic
domains (V428-L/V937).

SUPPLEMENTARY FIGURE 2

RORI1 RNA expression in normal tissues. The summary shows the consensus
data bases on normalized expression (nTPM) values from two different
sources, the human protein atlas RNA-seq data and RNA-seq data from the
genotype-tissue expression project
(https://www.proteinatlas.org/ENSG00000185483-ROR1/tissue) (62).

10. Zhang S, Chen L, Wang-Rodriguez J, Zhang L, Cui B, Frankel W, et al. The onco-
embryonic antigen ROR1 is expressed by a variety of human cancers. Am J Pathol. (2012)
181:1903-10. doi: 10.1016/j.ajpath.2012.08.024

11. Zhang Y, Yuan J, Wang K, Fu X, Han X, Threapleton D, et al. The prevalence of
EGFR mutation in patients with non-small cell lung cancer: a systematic review and
meta-analysis. Oncotarget. (2016) 7:78985-93. doi: 10.18632/oncotarget.12587

12. Zhou Q, Zhou S, Wang H, Li Y, Xiao X, Yang J. Stable silencing of ROR1 regulates
cell cycle, apoptosis, and autophagy in a lung adenocarcinoma cell line. Int J Clin Exp
Pathol. (2020) 13:13.

13. Zhou J. The role of the tumor microenvironment in hematological malignancies and
implication for therapy. Front Biosci. (2005) 10:1581. doi: 10.2741/1642

14. Li Z, Dalton W. Tumor microenvironment and drug resistance in hematologic
malignancies. Blood Rev. (2006) 20:333-42. doi: 10.1016/j.blre.2005.08.003

15. Belli C, Trapani D, Viale G, D’Amico P, Duso B, Della Vigna P, et al. Targeting the
microenvironment in solid tumors. Cancer Treat Rev. (2018) 65:22-32. doi: 10.1016/j.
ctrv.2018.02.004

16. Pricceman S, Forman S, Brown C. Smart CARs engineered for cancer
immunotherapy. Curr Opin Oncol. (2015) 27:466-74. doi: 10.1097/CCO.
0000000000000232

17. Yuki K, Cheng N, Nakano M, Kuo C. Organoid models of tumor immunology.
Trends Immunol. (2020) 41:652-64. doi: 10.1016/}.it.2020.06.010

18. Boucherit N, Gorvel L, Olive D. 3D Tumor models and their use for the testing of
immunotherapies. Front Immunol. (2020) 11:603640. doi: 10.3389/fimmu.2020.603640

19. Kosti P, Maher J, Arnold J. Perspectives on chimeric antigen receptor T-cell
immunotherapy for solid tumors. Front Immunol. (2018) 9:1104. doi: 10.3389/fimmu.
2018.01104

frontiersin.org


https://doi.org/10.3389/fmed.2023.1121020
http://BioRender.com
https://www.frontiersin.org/articles/10.3389/fmed.2023.1121020/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmed.2023.1121020/full#supplementary-material
https://www.proteinatlas.org/ENSG00000185483-ROR1/tissue
https://www.who.int/news-room/fact-sheets/detail/cancer
https://www.who.int/news-room/fact-sheets/detail/cancer
https://doi.org/10.3322/caac.21660
https://doi.org/10.1001/jama.2018.19323
https://doi.org/10.1001/jama.2018.19323
https://doi.org/10.1016/j.trecan.2020.04.010
https://doi.org/10.1016/j.trecan.2020.04.010
https://doi.org/10.1126/science.276.5316.1268
https://doi.org/10.1126/science.276.5316.1268
https://doi.org/10.1093/carcin/23.6.967
https://doi.org/10.1073/pnas.1419599111
https://doi.org/10.1073/pnas.1419599111
https://doi.org/10.1016/j.ccr.2013.09.004
https://doi.org/10.1371/journal.pone.0031127
https://doi.org/10.1016/j.ajpath.2012.08.024
https://doi.org/10.18632/oncotarget.12587
https://doi.org/10.2741/1642
https://doi.org/10.1016/j.blre.2005.08.003
https://doi.org/10.1016/j.ctrv.2018.02.004
https://doi.org/10.1016/j.ctrv.2018.02.004
https://doi.org/10.1097/CCO.0000000000000232
https://doi.org/10.1097/CCO.0000000000000232
https://doi.org/10.1016/j.it.2020.06.010
https://doi.org/10.3389/fimmu.2020.603640
https://doi.org/10.3389/fimmu.2018.01104
https://doi.org/10.3389/fimmu.2018.01104
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/

Osorio-Rodriguez et al.

20. Kaplanov I, Carmi Y, Kornetsky R, Shemesh A, Shurin G, Shurin M, et al. Blocking
IL-1p reverses the immunosuppression in mouse breast cancer and synergizes with anti-
PD-1 for tumor abrogation. Proc Natl Acad Sci USA. (2019) 116:1361-9. doi: 10.1073/
pnas.1812266115

21. Markham A. Dostarlimab: first approval. Drugs. (2021) 81:1213-9. doi: 10.1007/
540265-021-01539-5

22. Cercek A, Lumish M, Sinopoli J, Weiss ], Shia J, Lamendola-Essel M, et al. PD-1
blockade in mismatch repair-deficient, locally advanced rectal cancer. N Engl ] Med.
(2022) 386:2363-76. doi: 10.1056/NEJMoa2201445

23. Buchbinder E, Desai A. CTLA-4 and PD-1 pathways: similarities, differences, and
implications of their inhibition. Am J Clin Oncol. (2016) 39:98-106. doi: 10.1097/COC.
0000000000000239

24. Stuber T, Monjezi R, Wallstabe L, Kuhnemundt ], Nietzer S, Dandekar G, et al.
Inhibition of TGF-beta-receptor signaling augments the antitumor function of ROR1-
specific CAR T-cells against triple-negative breast cancer. ] Immunother Cancer. (2020)
8:000676. doi: 10.1136/jitc-2020- 000676

25. Huang J, Zhang L, Wan D, Zhou L, Zheng S, Lin S, et al. Extracellular matrix and its
therapeutic potential for cancer treatment. Signal Transduct Target Ther. (2021) 6:153.
doi: 10.1038/541392-021-00544-0

26. Lu P, Weaver V, Werb Z. The extracellular matrix: a dynamic niche in cancer
progression. J Cell Biol. (2012) 196:395-406. doi: 10.1083/jcb.201102147

27. Caruana I, Savoldo B, Hoyos V, Weber G, Liu H, Kim E, et al. Heparanase promotes
tumor infiltration and antitumor activity of CAR-redirected T lymphocytes. Nat Med.
(2015) 21:524-9. doi: 10.1038/nm.3833

28. Martin-Otal C, Lasarte-Cia A, Serrano D, Casares N, Conde E, Navarro E et al.
Targeting the extra domain A of fibronectin for cancer therapy with CAR-T cells. J
Immunother Cancer. (2022) 10:e004479. doi: 10.1136/jitc-2021-004479

29. Brown C, Badie B, Barish M, Weng L, Ostberg J, Chang W, et al. Bioactivity and
safety of IL13Ra2-redirected chimeric antigen receptor CD8+ T cells in patients with
recurrent glioblastoma. Clin Cancer Res. (2015) 21:4062-72. doi: 10.1158/1078-0432.
CCR-15-0428

30. Carpenito C, Milone M, Hassan R, Simonet J, Lakhal M, Suhoski M, et al. Control of
large, established tumor xenografts with genetically retargeted human T cells containing
CD28 and CD137 domains. Proc Natl Acad Sci USA. (2009) 106:3360-5. doi: 10.1073/
pnas.0813101106

31. Song D, Ye Q, Carpenito C, Poussin M, Wang L, Ji C, et al. In Vivo persistence,
tumor localization, and antitumor activity of CAR-engineered T cells is enhanced by
costimulatory signaling through CD137 (4-1BB). Cancer Res. (2011) 71:4617-27. doi:
10.1158/0008-5472.CAN-11-0422

32. Shitara K, Iwata H, Takahashi S, Tamura K, Park H, Modi S, et al. Trastuzumab
deruxtecan (DS-8201a) in patients with advanced HER2-positive gastric cancer: a dose-
expansion, phase 1 study. Lancet Oncol. (2019) 20:827-36. doi: 10.1016/S1470-2045(19)
30088-9

33. Syed Y. Sacituzumab govitecan: first approval. Drugs. (2020) 80:1019-25. doi: 10.
1007/540265-020-01337-5

34. Coiffier B, Lepretre S, Pedersen L, Gadeberg O, Fredriksen H, van Oers M, et al.
Safety and efficacy of ofatumumab, a fully human monoclonal anti-CD20 antibody, in
patients with relapsed or refractory B-cell chronic lymphocytic leukemia: a phase 1-2
study. Blood. (2008) 111:1094-100. doi: 10.1182/blood-2007-09-111781

35. Patel D, Bassi R, Hooper A, Prewett M, Hicklin D, Kang X. Anti-epidermal
growth factor receptor monoclonal antibody cetuximab inhibits EGFR/HER-2
heterodimerization and activation. Int ] Oncol. (2009) 34:25-32.

36. Patel D, Lahiji A, Patel S, Franklin M, Jimenez X, Hicklin D, et al. Monoclonal
antibody cetuximab binds to and down-regulates constitutively activated epidermal
growth factor receptor vIII on the cell surface. Anticancer Res. (2007) 27:3355-66.

37. Bayat A, Sadeghi N, Fatemi R, Nowroozi M, Moghadam S, Borzuee M, et al.
Monoclonal antibody against ROR1 induces apoptosis in human bladder carcinoma
cells. Avicenna ] Med Biotechnol. (2020) 12:165-71.

38. Labrijn A, Janmaat M, Reichert ], Parren P. Bispecific antibodies: a mechanistic
review of the pipeline. Nat Rev Drug Discov. (2019) 18:585-608. doi: 10.1038/s41573-
019-0028-1

39. Franquiz M, Short N. Blinatumomab for the treatment of adult B-cell acute
lymphoblastic leukemia: toward a new era of targeted immunotherapy. Biol Targets Ther.
(2020) 14:23-34. doi: 10.2147/BTT.S202746

40. Gohil S, Paredes-Moscosso S, Harrasser M, Vezzalini M, Scarpa A, Morris E, et al.
An RORI bi-specific T-cell engager provides effective targeting and cytotoxicity against
a range of solid tumors. Oncoimmunology. (2017) 6:e1326437. doi: 10.1080/2162402X.
2017.1326437

41. Hemminki O, dos Santos J, Hemminki A. Oncolytic viruses for cancer
immunotherapy. ] Hematol Oncol] Hematol Oncol. (2020) 13:84. doi: 10.1186/s13045-
020-00922-1

42. Frampton J. Teserpaturev/G47A: first approval. BioDrugs. (2022) 36:667-72. doi:
10.1007/s40259-022-00553-7

43. Mollaei H, Safaralizadeh R, Rostami Z. MicroRNA replacement therapy in cancer. ]
Cell Physiol. (2019) 234:12369-84. doi: 10.1002/jcp.28058

44. Kara G, Arun B, Calin G, Ozpolat B. miRacle of microRNA-driven cancer
nanotherapeutics. Cancers. (2022) 14:3818. doi: 10.3390/cancers14153818

Frontiers in Medicine

10.3389/fmed.2023.1121020

45. Reda El Sayed S, Cristante ], Guyon L, Denis ], Chabre O, Cherradi N. MicroRNA
therapeutics in cancer: current advances and challenges. Cancers. (2021) 13:2680. doi:
10.3390/cancers13112680

46. Chakraborty C, Sharma A, Sharma G, Lee S. Therapeutic advances of miRNAs: a
preclinical and clinical update. ] Adv Res. (2021) 28:127-38. doi: 10.1016/j.jare.2020.08.
012

47. Sarnaik A, Hamid O, Khushalani N, Lewis K, Medina T, Kluger H, et al. Lifileucel,
a tumor-infiltrating lymphocyte therapy, in metastatic melanoma. J Clin Oncol. (2021)
39:2656-66. doi: 10.1200/JCO.21.00612

48. Nelson M, Ngamcherdtrakul W, Luoh S, Yantasee W. Prognostic and therapeutic
role of tumor-infiltrating lymphocyte subtypes in breast cancer. Cancer Metastasis Rev.
(2021) 40:519-36. doi: 10.1007/s10555-021-09968-0

49. Nowroozi A, Khalili N, Razi S, Keshavarz-Fathi M, Rezaei N. Tumor-infiltrating
lymphocyte therapy for lung cancer and its future paradigms. Expert Opin Biol Ther.
(2022) 22:735-45. doi: 10.1080/14712598.2022.2072206

50. Wallstabe L, Géttlich C, Nelke L, Kithnemundt ], Schwarz T, Nerreter T, et al. ROR1-
CART cells are effective against lung and breast cancer in advanced microphysiologic 3D
tumor models. JCI Insight. (2019) 4:¢126345. doi: 10.1172/jci.insight.126345

51. Berger C, Sommermeyer D, Hudecek M, Berger M, Balakrishnan A, Paszkiewicz P,
et al. Safety of targeting RORI in primates with chimeric antigen receptor-modified T
cells. Cancer Immunol Res. (2015) 3:206-16. doi: 10.1158/2326-6066.CIR-14-0163

52. Boccalatte F, Mina R, Aroldi A, Leone S, Suryadevara C, Placantonakis D, et al.
Advances and hurdles in CAR T cell immune therapy for solid tumors. Cancers. (2022)
14:5108. doi: 10.3390/cancers14205108

53. Hudecek M, Lupo-Stanghellini M, Kosasih P, Sommermeyer D, Jensen M, Rader C,
et al. Receptor affinity and extracellular domain modifications affect tumor recognition
by RORI-Specific chimeric antigen receptor T cells. Clin Cancer Res. (2013) 19:3153-64.
doi: 10.1158/1078-0432.CCR-13-0330

54. Porter D, Levine B, Kalos M, Bagg A, June C. Chimeric antigen receptor-modified
T cells in chronic lymphoid leukemia. N Engl ] Med. (2011) 365:725-33. doi: 10.1056/
NEJMoal103849

55. Maude S, Laetsch T, Buechner ], Rives S, Boyer M, Bittencourt H, et al.
Tisagenlecleucel in children and young adults with B-cell lymphoblastic leukemia. N Engl
J Med. (2018) 378:439-48. doi: 10.1056/NEJMoal709866

56. Neelapu S, Locke F, Bartlett N, Lekakis L, Miklos D, Jacobson C, et al. Axicabtagene
ciloleucel CAR T-cell therapy in refractory large B-cell lymphoma. N Engl ] Med. (2017)
377:2531-44. doi: 10.1056/NEJMoal707447

57. Oriol A, Abril L, Torrent A, Ibarra G, Ribera J. The role of idecabtagene vicleucel in
patients with heavily pretreated refractory multiple myeloma. Ther Adv Hematol. (2021)
12:204062072110196. doi: 10.1177/20406207211019622

58. Martin T, Usmani S, Berdeja J, Agha M, Cohen A, Hari P, et al. Ciltacabtagene
autoleucel, an anti-B-cell maturation antigen chimeric antigen receptor T-cell therapy,
for relapsed/refractory multiple myeloma: CARTITUDE-1 2-year follow-up. J Clin
Oncol. (2022). [Epub ahead of print]. doi: 10.1200/JCO.22.00842

59. Lopez-Cantillo G, Uruena C, Camacho B, Ramirez-Segura C. CAR-T cell
performance: how to improve their persistence?. Front Immunol. (2022) 13:878209.
doi: 10.3389/fimmu.2022.878209

60. Kankeu Fonkoua L, Sirpilla O, Sakemura R, Siegler E, Kenderian SS. CAR T cell
therapy and the tumor microenvironment: current challenges and opportunities. Mol
Ther Oncolytics. (2022) 25:69-77. doi: 10.1016/j.0mt0.2022.03.009

61. Marofi E, Motavalli R, Safonov V, Thangavelu L, Yumashev A, Alexander M, et al.
CAR T cells in solid tumors: challenges and opportunities. Stem Cell Res Ther. (2021)
12:81. doi: 10.1186/s13287-020-02128-1

62. Margiotta A. All good things must end: termination of receptor tyrosine kinase
signal. Int ] Mol Sci. (2021) 22:6342. doi: 10.3390/ijms22126342

63. Green J, Kuntz S, Sternberg P. Ror receptor tyrosine kinases: orphans no more.
Trends Cell Biol. (2008) 18:536-44. doi: 10.1016/j.tcb.2008.08.006

64. Paganoni S, Ferreira A. Neurite extension in central neurons: a novel role for the
receptor tyrosine kinases Rorl and Ror2. J Cell Sci. (2005) 118:433-46. doi: 10.1242/jcs.
01622

65. Matsuda T, Nomi M, Ikeya M, Kani S, Oishi I, Terashima T, et al. Expression of the

receptor tyrosine kinase genes, Rorl and Ror2, during mouse development. Mech Dev.
(2001) 105:153-6. doi: 10.1016/50925-4773(01)00383-5

66. Oishi I, Takeuchi S, Hashimoto R, Nagabukuro A, Ueda T, Liu Z, et al. Spatio-
temporally regulated expression of receptor tyrosine kinases, mRorl, mRor2, during
mouse development: implications in development and function of the nervous system.
Genes Cells. (1999) 4:41-56. doi: 10.1046/j.1365-2443.1999.00234.x

67. Masiakowski P, Carroll RD. A novel family of cell surface receptors with tyrosine
kinase-like domain. J Biol Chem. (1992) 267:26181-90. doi: 10.1016/S0021-9258(18)
35733-8

68. Forrester W. The Ror receptor tyrosine kinase family. Cell Mol Life Sci. (2002)
59:83-96. doi: 10.1007/s00018-002-8407-9

69. UniProt. UniProt. (2022). Available online at: https://www.uniprot.org/uniprotkb/
Q01973/entry#sequences (Accessed October 22, 2022).

70. Aghebati-Maleki L, Shabani M, Baradaran B, Motallebnezhad M, Majidi J, Yousefi
M. Receptor tyrosine kinase-like orphan receptor 1 (ROR-1): an emerging target for

frontiersin.org


https://doi.org/10.3389/fmed.2023.1121020
https://doi.org/10.1073/pnas.1812266115
https://doi.org/10.1073/pnas.1812266115
https://doi.org/10.1007/s40265-021-01539-5
https://doi.org/10.1007/s40265-021-01539-5
https://doi.org/10.1056/NEJMoa2201445
https://doi.org/10.1097/COC.0000000000000239
https://doi.org/10.1097/COC.0000000000000239
https://doi.org/10.1136/jitc-2020-000676
https://doi.org/10.1038/s41392-021-00544-0
https://doi.org/10.1083/jcb.201102147
https://doi.org/10.1038/nm.3833
https://doi.org/10.1136/jitc-2021-004479
https://doi.org/10.1158/1078-0432.CCR-15-0428
https://doi.org/10.1158/1078-0432.CCR-15-0428
https://doi.org/10.1073/pnas.0813101106
https://doi.org/10.1073/pnas.0813101106
https://doi.org/10.1158/0008-5472.CAN-11-0422
https://doi.org/10.1158/0008-5472.CAN-11-0422
https://doi.org/10.1016/S1470-2045(19)30088-9
https://doi.org/10.1016/S1470-2045(19)30088-9
https://doi.org/10.1007/s40265-020-01337-5
https://doi.org/10.1007/s40265-020-01337-5
https://doi.org/10.1182/blood-2007-09-111781
https://doi.org/10.1038/s41573-019-0028-1
https://doi.org/10.1038/s41573-019-0028-1
https://doi.org/10.2147/BTT.S202746
https://doi.org/10.1080/2162402X.2017.1326437
https://doi.org/10.1080/2162402X.2017.1326437
https://doi.org/10.1186/s13045-020-00922-1
https://doi.org/10.1186/s13045-020-00922-1
https://doi.org/10.1007/s40259-022-00553-7
https://doi.org/10.1007/s40259-022-00553-7
https://doi.org/10.1002/jcp.28058
https://doi.org/10.3390/cancers14153818
https://doi.org/10.3390/cancers13112680
https://doi.org/10.3390/cancers13112680
https://doi.org/10.1016/j.jare.2020.08.012
https://doi.org/10.1016/j.jare.2020.08.012
https://doi.org/10.1200/JCO.21.00612
https://doi.org/10.1007/s10555-021-09968-0
https://doi.org/10.1080/14712598.2022.2072206
https://doi.org/10.1172/jci.insight.126345
https://doi.org/10.1158/2326-6066.CIR-14-0163
https://doi.org/10.3390/cancers14205108
https://doi.org/10.1158/1078-0432.CCR-13-0330
https://doi.org/10.1056/NEJMoa1103849
https://doi.org/10.1056/NEJMoa1103849
https://doi.org/10.1056/NEJMoa1709866
https://doi.org/10.1056/NEJMoa1707447
https://doi.org/10.1177/20406207211019622
https://doi.org/10.1200/JCO.22.00842
https://doi.org/10.3389/fimmu.2022.878209
https://doi.org/10.1016/j.omto.2022.03.009
https://doi.org/10.1186/s13287-020-02128-1
https://doi.org/10.3390/ijms22126342
https://doi.org/10.1016/j.tcb.2008.08.006
https://doi.org/10.1242/jcs.01622
https://doi.org/10.1242/jcs.01622
https://doi.org/10.1016/S0925-4773(01)00383-5
https://doi.org/10.1046/j.1365-2443.1999.00234.x
https://doi.org/10.1016/S0021-9258(18)35733-8
https://doi.org/10.1016/S0021-9258(18)35733-8
https://doi.org/10.1007/s00018-002-8407-9
https://www.uniprot.org/uniprotkb/Q01973/entry#sequences
https://www.uniprot.org/uniprotkb/Q01973/entry#sequences
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/

Osorio-Rodriguez et al.

diagnosis and therapy of chronic lymphocytic leukemia. Biomed Pharmacother. (2017)
88:814-22. doi: 10.1016/j.biopha.2017.01.070

71. Reddy U, Phatak S, Pleasure D. Human neural tissues express a truncated Rorl
receptor tyrosine kinase, lacking both extracellular and transmembrane domains.
Oncogene. (1996) 13:1555-9.

72. Kamizaki K, Endo M, Minami Y, Kobayashi Y. Role of noncanonical Wnt
ligands and Ror-family receptor tyrosine kinases in the development, regeneration,
and diseases of the musculoskeletal system. Dev Dyn. (2021) 250:27-38. doi: 10.1002/d
vdy.151

73. Kaucka M, Krejci P, Plevova K, Pavlova S, Prochazkova J, Janovska P, et al. Post-
translational modifications regulate signalling by Ror1. Acta Physiol. (2011) 203:351-62.
doi: 10.1111/j.1748-1716.2011.02306.x

74. Balakrishnan A, Goodpaster T, Randolph-Habecker J, Hoffstrom B, Jalikis F, Koch
L, et al. Analysis of RORI protein expression in human cancer and normal tissues. Clin
Cancer Res. (2017) 23:3061-71. doi: 10.1158/1078-0432.CCR-16-2083

75. The Human Protein Atlas. Tissue expression of RORI - summary. (2022). Available
online at: https://www.proteinatlas.org/ENSG00000185483-ROR1/tissue  (Accessed
October 22, 2022).

76. DeChiara T, Kimble R, Poueymirou W, Rojas J, Masiakowski P, Valenzuela D, et al.
Ror2, encoding a receptor-like tyrosine kinase, is required for cartilage and growth plate
development. Nat Genet. (2000) 24:271-4. doi: 10.1038/73488

77. Oldridge M, M Fortuna A, Maringa M, Propping P, Mansour S, Pollitt C, et al.
Dominant mutations in ROR2, encoding an orphan receptor tyrosine kinase, cause
brachydactyly type B. Nat Genet. (2000) 24:275-8. doi: 10.1038/73495

78. Nomi M, Oishi I, Kani S, Suzuki H, Matsuda T, Yoda A, et al. Loss of mRorl
enhances the heart and skeletal abnormalities in mRor2 -deficient mice: redundant and
pleiotropic functions of mRorl and mRor2 receptor tyrosine kinases. Mol Cell Biol.
(2001) 21:8329-35. doi: 10.1128/MCB.21.24.8329-8335.2001

79. Rebagay G, Yan S, Liu C, Cheung N. RORI and ROR2 in human malignancies:
potentials for targeted therapy. Front Oncol. (2012) 2:34. doi: 10.3389/fonc.2012.00034

80. Zheng Y, Ma R, Zhou J, Guo C, Wang Y, Li Z, et al. ROR1 is a novel prognostic
biomarker in patients with lung adenocarcinoma. Sci Rep. (2016) 6:36447. doi: 10.1038/
srep36447

81. Zhang H, Qiu J, Ye C, Yang D, Gao L, Su Y, et al. RORI expression correlated with
poor clinical outcome in human ovarian cancer. Sci Rep. (2015) 4:5811. doi: 10.1038/
srep05811

82. Hasan M, Widhopf G, Zhang S, Lam S, Shen Z, Briggs S, et al. Wnt5a induces
RORI to recruit cortactin to promote breast-cancer migration and metastasis. Npj Breast
Cancer. (2019) 5:35. doi: 10.1038/s41523-019-0131-9

83. Zhang S, Zhang H, Ghia E, Huang J, Wu L, Zhang]J, et al. Inhibition of chemotherapy
resistant breast cancer stem cells by a RORI specific antibody. Proc Natl Acad Sci USA.
(2019) 116:1370-7. doi: 10.1073/pnas.1816262116

84. Liu D, Kaufmann G, Breitmeyer J, Dickson K, Marsh D, Ford C. The anti-ROR1
monoclonal antibody zilovertamab inhibits the proliferation of ovarian and endometrial
cancer cells. Pharmaceutics. (2022) 14:837. doi: 10.3390/pharmaceutics14040837

85. Henry C, Llamosas E, Knipprath-Meszaros A, Schoetzau A, Obermann E,
Fuenfschilling M, et al. Targeting the ROR1 and ROR2 receptors in epithelial ovarian
cancer inhibits cell migration and invasion. Oncotarget. (2015) 6:40310-26. doi: 10.
18632/oncotarget.5643

86. Wu D, Yu X, Wang J, Hui X, Zhang Y, Cai Y, et al. Ovarian cancer stem cells with
high RORI expression serve as a new prophylactic vaccine for ovarian cancer. ] Immunol
Res. (2019) 2019:9394615. doi: 10.1155/2019/9394615

87. LiuY, Yang H, Chen T, Luo Y, Xu Z, Li Y, et al. Silencing of receptor tyrosine kinase
RORI inhibits tumor-cell proliferation via PI3K/AKT/mTOR signaling pathway in lung
adenocarcinoma. PLoS One. (2015) 10:¢0127092. doi: 10.1371/journal.pone.0127092

88. Cetin M, Odabas G, Douglas L, Duriez P, Balcik-Ercin P, Yalim-Camci I, et al. ROR1
expression and its functional significance in hepatocellular carcinoma cells. Cells. (2019)
8:210. doi: 10.3390/cells8030210

89. Chang H, Jung W, Kang Y, Lee H, Kim A, Kim B. Expression of ROR1, pAkt, and
pCREB in gastric adenocarcinoma. Ann Diagn Pathol. (2015) 19:330-4. doi: 10.1016/j.
anndiagpath.2015.06.010

90. Illendula A, Fultang N, Peethambaran B. Retinoic acid induces differentiation in
neuroblastoma via ROR1 by modulating retinoic acid response elements. Oncol Rep.
(2020) 44:1013-24. doi: 10.3892/0r.2020.7681

91. Fernandez N, Lorenzo D, Picco M, Barbero G, Dergan-Dylon L, Marks M, et al.
RORI contributes to melanoma cell growth and migration by regulating N-cadherin
expression via the PI3K/Akt pathway: RORI increases melanoma cell growth and
migration. Mol Carcinog. (2016) 55:1772-85. doi: 10.1002/mc.22426

92. Fultang N, Illendula A, Chen B, Wu C, Jonnalagadda S, Baird N, et al. Strictinin, a
novel ROR1-inhibitor, represses triple negative breast cancer survival and migration via
modulation of PI3K/AKT/GSK38 activity. PLoS One. (2019) 14:¢0217789. doi: 10.1371/
journal.pone.0217789

93. Ghaderi A, Daneshmanesh A, Moshfegh A, Kokhaei P, Vigberg ], Schultz J, et al.
RORI is expressed in diffuse large B-cell lymphoma (DLBCL) and a small molecule
inhibitor of ROR1 (KAN0441571C) induced apoptosis of lymphoma cells. Biomedicines.
(2020) 8:170. doi: 10.3390/biomedicines8060170

Frontiers in Medicine

10.3389/fmed.2023.1121020

94. Cui B, Zhang S, Chen L, Yu ], Widhopf G, Fecteau J, et al. Targeting ROR1 inhibits
epithelial-mesenchymal transition and metastasis. Cancer Res. (2013) 73:3649-60. doi:
10.1158/0008-5472.CAN-12-3832

95. Loh C, Chai ], Tang T, Wong W, Sethi G, Shanmugam M, et al. The E-cadherin
and N-cadherin switch in epithelial-to-mesenchymal transition: signaling, therapeutic
implications, and challenges. Cells. (2019) 8:1118. doi: 10.3390/cells8101118

96. Xu G, Shen J, Xu Y, Wang W, Ni C. RORI is highly expressed in circulating tumor
cells and promotes invasion of pancreatic cancer. Mol Med Rep. (2018) 18:5087-94.
doi: 10.3892/mmr.2018.9500

97. Dave H, Anver M, Butcher D, Brown P, Khan J, Wayne A, et al. Restricted cell surface
expression of receptor tyrosine kinase RORI1 in pediatric B-lineage acute lymphoblastic
leukemia suggests targetability with therapeutic monoclonal antibodies. PLoS One.
(2012) 7:€52655. doi: 10.1371/journal.pone.0052655

98. Hojjat-Farsangi M, Khan A, Daneshmanesh A, Moshfegh A, Sandin A, Mansouri
L, et al. The Tyrosine kinase receptor rorl is constitutively phosphorylated in chronic
lymphocytic leukemia (CLL) cells. PLoS One. (2013) 8:¢78339. doi: 10.1371/journal.pone.
0078339

99. Hu E, Do P, Goswami S, Nunes J, Chiang C, Elgamal S, et al. The RORI1 antibody-
drug conjugate huXBR1-402-G5-PNU effectively targets ROR1+ leukemia. Blood Adv.
(2021) 5:3152-62. doi: 10.1182/bloodadvances.2020003276

100. Yu J, Chen L, Cui B, Widhopf G, Shen Z, Wu R, et al. Wnt5a induces ROR1/ROR2
heterooligomerization to enhance leukemia chemotaxis and proliferation. J Clin Invest.
(2015) 126:585-98. doi: 10.1172/JCI83535

101. Labanieh L, Majzner R, Mackall C. Programming CAR-T cells to kill cancer. Nat
Biomed Eng. (2018) 2:377-91. doi: 10.1038/s41551-018-0235-9

102. Orentas R, Sindiri S, Duris C, Wen X, He J, Wei ], et al. Paired expression analysis
of tumor cell surface antigens. Front Oncol. (2017) 7:173. doi: 10.3389/fonc.2017.00173

103. Hudecek M, Schmitt T, Baskar S, Lupo-Stanghellini M, Nishida T, Yamamoto T,
et al. The B-cell tumor-associated antigen ROR1 can be targeted with T cells modified
to express a ROR1-specific chimeric antigen receptor. Blood. (2010) 116:4532-41. doi:
10.1182/blood-2010-05-283309

104. Peng H, Nerreter T, Chang J, Qi J, Li X, Karunadharma P, et al. Mining naive rabbit
antibody repertoires by phage display for monoclonal antibodies of therapeutic utility. J
Mol Biol. (2017) 429:2954-73. doi: 10.1016/j.jmb.2017.08.003

105. Labanieh L, Majzner R, Klysz D, Sotillo E, Fisher C, Vilches-Moure J, et al.
Enhanced safety and efficacy of protease-regulated CAR-T cell receptors. Cell. (2022)
185:1745-63.€22. doi: 10.1016/j.cell.2022.03.041

106. Lee BK, Wan Y, Chin ZL, Deng L, Deng M, Leung T, et al. Developing ROR1
targeting CAR-T cells against solid tumors in preclinical studies. Cancers. (2022) 14:3618.
doi: 10.3390/cancers14153618

107. Deniger D, Yu J, Huls M, Figliola M, Mi T, Maiti S, et al. Sleeping beauty
transposition of chimeric antigen receptors targeting receptor tyrosine kinase-like
orphan receptor-1 (ROR1) into diverse memory T-cell populations. PLoS One (2015)
10:¢0128151. doi: 10.1371/journal.pone.0128151

108. Srivastava S, Salter A, Liggitt D, Yechan-Gunja S, Sarvothama M, Cooper K,
et al. Logic-gated ROR1 chimeric antigen receptor expression rescues T cell-mediated
toxicity to normal tissues and enables selective tumor targeting. Cancer Cell. (2019)
35:489-503.e8. doi: 10.1016/j.ccell.2019.02.003

109. Baskar S, Wiestner A, Wilson W, Pastan I, Rader C. Targeting malignant B cells
with an immunotoxin against ROR1. MAbs. (2012) 4:349-61. doi: 10.4161/mabs.19870

110. Yang ], Baskar S, Kwong K, Kennedy M, Wiestner A, Rader C. Therapeutic
potential and challenges of targeting receptor tyrosine kinase ROR1 with monoclonal
antibodies in B-cell malignancies. PLoS One. (2011) 6:¢21018. doi: 10.1371/journal.pone.
0021018

111. Morgan R, Yang J, Kitano M, Dudley M, Laurencot C, Rosenberg S. Case report of a
serious adverse event following the administration of T cells transduced with a chimeric
antigen receptor recognizing ERBB2. Mol Ther. (2010) 18:843-51. doi: 10.1038/mt.2010.
24

112. Bonifant C, Jackson H, Brentjens R, Curran K. Toxicity and management in CAR
T-cell therapy. Mol Ther Oncolytics. (2016) 3:16011. doi: 10.1038/mt0.2016.11

113. Caruso H, Hurton L, Najjar A, Rushworth D, Ang S, Olivares S, et al. Tuning
sensitivity of CAR to EGFR density limits recognition of normal tissue while maintaining
potent antitumor activity. Cancer Res. (2015) 75:3505-18. doi: 10.1158/0008-5472.CAN-
15-0139

114. Roybal K, Rupp L, Morsut L, Walker W, McNally K, Park J, et al. Precision
tumor recognition by T cells with combinatorial antigen-sensing circuits. Cell. (2016)
164:770-9. doi: 10.1016/j.cell.2016.01.011

115. Nathwani A, Gohil S, Della Peruta M. Rorl car T-cells. (2019). Available online
at: https://patentscope.wipo.int/search/en/detail.jsf?docld=W02019008378 (Accessed
October 25, 2022).

116. Tomais H, Rodrigues FA, Alves P, Coroadinha A. Lentiviral gene therapy vectors:
challenges and future directions. In: Martin F editor. Gene therapy - tools and potential
applications. London: InTech (2013). doi: 10.5772/52534

117. Singh H, Huls H, Kebriaei P, Cooper LJN. A new approach to gene therapy using
sleeping beauty to genetically modify clinical-grade T cells to target CD19. Immunol Rev.
(2014) 257:181-90. doi: 10.1111/imr.12137

frontiersin.org


https://doi.org/10.3389/fmed.2023.1121020
https://doi.org/10.1016/j.biopha.2017.01.070
https://doi.org/10.1002/dvdy.151
https://doi.org/10.1002/dvdy.151
https://doi.org/10.1111/j.1748-1716.2011.02306.x
https://doi.org/10.1158/1078-0432.CCR-16-2083
https://www.proteinatlas.org/ENSG00000185483-ROR1/tissue
https://doi.org/10.1038/73488
https://doi.org/10.1038/73495
https://doi.org/10.1128/MCB.21.24.8329-8335.2001
https://doi.org/10.3389/fonc.2012.00034
https://doi.org/10.1038/srep36447
https://doi.org/10.1038/srep36447
https://doi.org/10.1038/srep05811
https://doi.org/10.1038/srep05811
https://doi.org/10.1038/s41523-019-0131-9
https://doi.org/10.1073/pnas.1816262116
https://doi.org/10.3390/pharmaceutics14040837
https://doi.org/10.18632/oncotarget.5643
https://doi.org/10.18632/oncotarget.5643
https://doi.org/10.1155/2019/9394615
https://doi.org/10.1371/journal.pone.0127092
https://doi.org/10.3390/cells8030210
https://doi.org/10.1016/j.anndiagpath.2015.06.010
https://doi.org/10.1016/j.anndiagpath.2015.06.010
https://doi.org/10.3892/or.2020.7681
https://doi.org/10.1002/mc.22426
https://doi.org/10.1371/journal.pone.0217789
https://doi.org/10.1371/journal.pone.0217789
https://doi.org/10.3390/biomedicines8060170
https://doi.org/10.1158/0008-5472.CAN-12-3832
https://doi.org/10.1158/0008-5472.CAN-12-3832
https://doi.org/10.3390/cells8101118
https://doi.org/10.3892/mmr.2018.9500
https://doi.org/10.1371/journal.pone.0052655
https://doi.org/10.1371/journal.pone.0078339
https://doi.org/10.1371/journal.pone.0078339
https://doi.org/10.1182/bloodadvances.2020003276
https://doi.org/10.1172/JCI83535
https://doi.org/10.1038/s41551-018-0235-9
https://doi.org/10.3389/fonc.2017.00173
https://doi.org/10.1182/blood-2010-05-283309
https://doi.org/10.1182/blood-2010-05-283309
https://doi.org/10.1016/j.jmb.2017.08.003
https://doi.org/10.1016/j.cell.2022.03.041
https://doi.org/10.3390/cancers14153618
https://doi.org/10.1371/journal.pone.0128151
https://doi.org/10.1016/j.ccell.2019.02.003
https://doi.org/10.4161/mabs.19870
https://doi.org/10.1371/journal.pone.0021018
https://doi.org/10.1371/journal.pone.0021018
https://doi.org/10.1038/mt.2010.24
https://doi.org/10.1038/mt.2010.24
https://doi.org/10.1038/mto.2016.11
https://doi.org/10.1158/0008-5472.CAN-15-0139
https://doi.org/10.1158/0008-5472.CAN-15-0139
https://doi.org/10.1016/j.cell.2016.01.011
https://patentscope.wipo.int/search/en/detail.jsf?docId=WO2019008378
https://doi.org/10.5772/52534
https://doi.org/10.1111/imr.12137
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/

Osorio-Rodriguez et al.

118. Singh H, Manuri P, Olivares S, Dara N, Dawson M, Huls H, et al. Redirecting
specificity of T-cell populations For CD19 using the sleeping beauty system. Cancer Res.
(2008) 68:2961-71. doi: 10.1158/0008-5472.CAN-07-5600

119. Mogo P, de Abreu Neto M, Fantacini D, Picango-Castro V. Optimized production
of lentiviral vectors for CAR-T cell. In: Swiech K, Malmegrim K, Picango-Castro V
editors. Chimeric antigen receptor T cells. Methods in molecular biology. New York, NY:
Springer US (2020). p. 69-76. doi: 10.1007/978-1-0716-0146-4_5

120. Poorebrahim M, Sadeghi S, Fakhr E, Abazari M, Poortahmasebi V, Kheirollahi A,
et al. Production of CAR T-cells by GMP-grade lentiviral vectors: latest advances and
future prospects. Crit Rev Clin Lab Sci. (2019) 56:393-419. doi: 10.1080/10408363.2019.
1633512

121. Singh H, Srour S, Milton D, McCarty ], Dai C, Gaballa M, et al. Sleeping beauty
generated CD19 CAR T-cell therapy for advanced B-Cell hematological malignancies.
Front Immunol. (2022) 13:1032397. doi: 10.3389/fimmu.2022.1032397

122. Huang X, Park H, Greene J, Pao J, Mulvey E, Zhou S, et al. IGF1R- and RORI-
specific CAR T cells as a potential therapy for high risk sarcomas. PLoS One. (2015)
10:¢0133152. doi: 10.1371/journal.pone.0133152

123. Sanctuary C. New synthetic 3D culture systems to unlock the future of organoids
in research and therapy. Pers Med. (2017) 14:555-7. doi: 10.2217/pme-2017-0047

124. Biatkowska K, Komorowski P, Bryszewska M, Mitowska K. Spheroids as a type
of three-dimensional cell cultures—examples of methods of preparation and the most
important application. Int ] Mol Sci. (2020) 21:6225. doi: 10.3390/ijms21176225

125. Ruella M, June C. Chimeric antigen receptor T cells for B cell neoplasms: choose
the right CAR for you. Curr Hematol Malig Rep. (2016) 11:368-84. doi: 10.1007/s11899-
016-0336-z

126. Grupp S, Kalos M, Barrett D, Aplenc R, Porter D, Rheingold S, et al. Chimeric
antigen receptor-modified T cells for acute lymphoid leukemia. N Engl ] Med. (2013)
368:1509-18. doi: 10.1056/NEJMoal215134

127. Schnalzger T, Groot M, Zhang C, Mosa M, Michels B, Réder J, et al. 3D model for
CAR -mediated cytotoxicity using patient-derived colorectal cancer organoids. EMBO J.
(2019) 38:€100928. doi: 10.15252/embj.2018100928

128. Englisch A, Altvater B, Kailayangiri S, Hartmann W, Rossig C. VEGFR2 as a target
for CAR T cell therapy of Ewing sarcoma. Pediatr Blood Cancer. (2020) 67:¢28313.
doi: 10.1002/pbc.28313

129. Ando Y, Siegler E, Ta H, Cinay G, Zhou H, Gorrell K, et al. Evaluating CAR-T
Cell Therapy in a Hypoxic 3D Tumor Model. Adv Healthc Mater. (2019) 8:1900001.
doi: 10.1002/adhm.201900001

130. Srivastava S, Furlan S, Jaeger-Ruckstuhl C, Sarvothama M, Berger C, Smythe K,
et al. Immunogenic chemotherapy enhances recruitment of CAR-T cells to lung tumors
and improves antitumor efficacy when combined with checkpoint blockade. Cancer Cell.
(2021) 39:193-208.e10. doi: 10.1016/j.ccell.2020.11.005

131. ClinicalTrials.gov. Search of: ROR 1 CAR T - list results. (2023). Available
online at: https://clinicaltrials.gov/ct2/results?cond=&term=ROR+1+CAR+T&cntry=
&state=&city=&dist= (Accessed January 16, 2023).

132. Maloney D. Phase I study of adoptive immunotherapy for advanced RORI+
malignancies with defined subsets of autologous T cells engineered to express a RORI-
specific chimeric antigen receptor. [Clinical trial registration]. (2022). Available online at:
https://clinicaltrials.gov/ct2/show/study/NCT02706392 (Accessed October 20, 2022).

133. Specht ], Lee S, Turtle C, Berger C, Balakrishnan A, Srivastava S, et al. Abstract P2-
09-13: a phase I study of adoptive immunotherapy for ROR1+ advanced triple negative
breast cancer (TNBC) with defined subsets of autologous T cells expressing a ROR1-
specific chimeric antigen receptor (ROR1-CAR). Cancer Res. (2019) 79:P2-09-13. doi:
10.1158/1538-7445.SABCS18-P2-09-13

134. Lyell Immunopharma, Inc. A phase 1 study to assess the safety and efficacy of
LYL797, RORI-targeting CAR T cells, in adults with relapsed and)/or refractory solid-tumor
malignancies. [Clinical trial registration]. (2022). Available online at: https://clinicaltrials.
gov/ct2/show/NCT05274451 (Accessed October 20, 2022).

135. Park S, Simianer C, Spadinger S, Wang X, Sundar P, Potluri S, et al. Abstract 2754:
LYL797, a ROR1 CAR T-cell therapy with genetic and epigenetic reprogramming for
solid tumors. Cancer Res. (2022) 82:2754. doi: 10.1158/1538-7445.AM2022-2754

136. M.D. Anderson Cancer Center. A study to infuse RORI-specific autologous T cells
for patients with chronic lymphocytic leukemia (CLL) / small lymphocytic lymphoma
(SLL). [Clinical trial registration]. (2017). Available online at: https://clinicaltrials.gov/
ct2/show/NCT02194374 (Accessed October 20, 2022).

137. Lin S. A study of RD14-01 in patients with advanced solid tumors. [Clinical
trial registration]. (2022). Available online at: https://clinicaltrials.gov/ct2/show/
NCT05638828 (Accessed January 11, 2023).

138. Oncternal Therapeutics, Inc. Phase 1/2 multi-center study to evaluate the safety
and efficacy of ONCT-808 in adult subjects with relapsed or refractory aggressive B-cell
malignancies. [Clinical trial registration]. (2022). Available online at: https://clinicaltrials.
gov/ct2/show/NCT05588440 (Accessed January 11, 2023).

139. Chocarro L, Arasanz H, Fernandez-Rubio L, Blanco E, Echaide M, Bocanegra A,
et al. CAR-T cells for the treatment of lung cancer. Life. (2022) 12:561. doi: 10.3390/
life12040561

Frontiers in Medicine

10.3389/fmed.2023.1121020

140. Kalos M, Levine B, Porter D, Katz S, Grupp S, Bagg A, et al. T cells with chimeric
antigen receptors have potent antitumor effects and can establish memory in patients
with advanced leukemia. Sci Transl Med. (2011) 3:95ra73. doi: 10.1126/scitranslmed.
3002842

141. Cronk R, Zurko J, Shah N. Bispecific chimeric antigen receptor T cell therapy
for B cell malignancies and multiple myeloma. Cancers. (2020) 12:2523. doi: 10.3390/
cancers12092523

142. Majzner R, Mackall C. Tumor antigen escape from CAR T-cell therapy. Cancer
Discov. (2018) 8:1219-26. doi: 10.1158/2159-8290.CD- 18-0442

143. Hamieh M, Dobrin A, Cabriolu A, van der Stegen S, Giavridis T, Mansilla-Soto J,
et al. CAR T cell trogocytosis and cooperative killing regulate tumour antigen escape.
Nature. (2019) 568:112-6. doi: 10.1038/s41586-019-1054- 1

144. Lemoine J, Ruella M, Houot R. Born to survive: how cancer cells resist CAR T
cell therapy. J Hematol Oncol] Hematol Oncol. (2021) 14:199. doi: 10.1186/s13045-021-
01209-9

145. Gill S, Vides V, Frey N, Hexner E, Metzger S, O’Brien M, et al. Anti-CD19 CAR T
cells in combination with ibrutinib for the treatment of chronic lymphocytic leukemia.
Blood Adv. (2022) 6:5774-85. doi: 10.1182/bloodadvances.2022007317

146. Rafiq S, Hackett C, Brentjens R. Engineering strategies to overcome the current
roadblocks in CAR T cell therapy. Nat Rev Clin Oncol. (2020) 17:147-67. doi: 10.1038/
s41571-019-0297-y

147. Wang C, Ting Cheung S, Sugimura R. Combating challenges in CAR-T cells with
engineering immunology. Front Cell Dev Biol. (2022) 10:969020. doi: 10.3389/fcell.2022.
969020

148.Qu C, Zou R, Wang P, Zhu Q, Kang L, Ping N, et al. Decitabine-primed
tandem CD19/CD22 CAR-T therapy in relapsed/refractory diffuse large B-cell
lymphoma patients. Front Immunol. (2022) 13:969660. doi: 10.3389/fimmu.2022.96
9660

149. Kang L, Zhang J, Li M, Xu N, Qi W, Tan J, et al. Characterization of novel dual
tandem CD19/BCMA chimeric antigen receptor T cells to potentially treat multiple
myeloma. Biomark Res. (2020) 8:14. doi: 10.1186/540364-020-00192-6

150. Shah N, Johnson B, Schneider D, Zhu E, Szabo A, Keever-Taylor C, et al. Bispecific
anti-CD20, anti-CD19 CAR T cells for relapsed B cell malignancies: a phase 1 dose
escalation and expansion trial. Nat Med. (2020) 26:1569-75. doi: 10.1038/s41591-020-
1081-3

151. Yang M, Tang X, Zhang Z, Gu L, Wei H, Zhao S, et al. Tandem CAR-T cells
targeting CD70 and B7-H3 exhibit potent preclinical activity against multiple solid
tumors. Theranostics. (2020) 10:7622-34. doi: 10.7150/thno.43991

152. Qu J, Mei Q, Chen L, Zhou J. Chimeric antigen receptor (CAR)-T-cell therapy
in non-small-cell lung cancer (NSCLC): current status and future perspectives. Cancer
Immunol Immunother. (2021) 70:619-31. doi: 10.1007/s00262-020-02735-0

153. Yang Y, Liu J, Lu C, Wei J-F. CAR-T cell therapy for breast cancer: from basic
research to clinical application. Int ] Biol Sci. (2022) 18:2609-26. doi: 10.7150/ijbs.70120

154. Xie Y, Hu Y, Zhou N, Yao C, Wu L, Liu L, et al. CAR T-cell therapy for triple-
negative breast cancer: where we are. Cancer Lett. (2020) 491:121-31. doi: 10.1016/j.
canlet.2020.07.044

155. Li H, Huang Y, Jiang D, Cui L, He Z, Wang C, et al. Antitumor activity of EGFR-
specific CAR T cells against non-small-cell lung cancer cells in vitro and in mice. Cell
Death Dis. (2018) 9:177. doi: 10.1038/s41419-017-0238-6

156. Feng K, Guo Y, Dai H, Wang Y, Li X, Jia H, et al. Chimeric antigen receptor-
modified T cells for the immunotherapy of patients with EGFR-expressing advanced
relapsed/refractory non-small cell lung cancer. Sci China Life Sci. (2016) 59:468-79.
doi: 10.1007/s11427-016-5023-8

157. Liu Y, Zhou Y, Huang K, Li Y, Fang X, An L, et al. EGFR-specific CAR-T cells
trigger cell lysis in EGFR-positive TNBC. Aging. (2019) 11:11054-72. doi: 10.18632/
aging.102510

158. Subham S, Jeppson J, Worcester C, Schatmeyer B, Zhao J, Madan R, et al. EGFR
as a potent CAR T target in triple negative breast cancer brain metastases. Breast Cancer
Res Treat. (2022) 197:57-69. doi: 10.1007/s10549-022-06783- 1

159. Xia L, Zheng Z, Liu ], Chen Y, Ding J, Xia N, et al. EGFR-targeted CAR-T cells are
potent and specific in suppressing triple-negative breast cancer both in vitro and in vivo.
Clin Transl Immunol. (2020) 9:e01135. doi: 10.1002/cti2.1135

160. Lynch T, Bell D, Sordella R, Gurubhagavatula S, Okimoto R, Brannigan B, et al.
Activating mutations in the epidermal growth factor receptor underlying responsiveness
of non-small-cell lung cancer to gefitinib. N Engl ] Med. (2004) 350:2129-39. doi:
10.1056/NEJM0a040938

161. Tsutsui S, Ohno S, Murakami S, Hachitanda Y, Oda S. Prognostic value of
epidermal growth factor receptor (EGFR) and its relationship to the estrogen receptor
status in 1029 patients with breast cancer. Breast Cancer Res Treat. (2002) 71:67-75.
doi: 10.1023/A:1013397232011

162. Witton C, Reeves J, Going ], Cooke T, Bartlett J. Expression of the HER1-4 family
of receptor tyrosine kinases in breast cancer. J Pathol. (2003) 200:290-7. doi: 10.1002/
path.1370

frontiersin.org


https://doi.org/10.3389/fmed.2023.1121020
https://doi.org/10.1158/0008-5472.CAN-07-5600
https://doi.org/10.1007/978-1-0716-0146-4_5
https://doi.org/10.1080/10408363.2019.1633512
https://doi.org/10.1080/10408363.2019.1633512
https://doi.org/10.3389/fimmu.2022.1032397
https://doi.org/10.1371/journal.pone.0133152
https://doi.org/10.2217/pme-2017-0047
https://doi.org/10.3390/ijms21176225
https://doi.org/10.1007/s11899-016-0336-z
https://doi.org/10.1007/s11899-016-0336-z
https://doi.org/10.1056/NEJMoa1215134
https://doi.org/10.15252/embj.2018100928
https://doi.org/10.1002/pbc.28313
https://doi.org/10.1002/adhm.201900001
https://doi.org/10.1016/j.ccell.2020.11.005
https://ClinicalTrials.gov
https://clinicaltrials.gov/ct2/results?cond=&term=ROR+1+CAR+T&cntry=&state=&city=&dist=
https://clinicaltrials.gov/ct2/results?cond=&term=ROR+1+CAR+T&cntry=&state=&city=&dist=
https://clinicaltrials.gov/ct2/show/study/NCT02706392
https://doi.org/10.1158/1538-7445.SABCS18-P2-09-13
https://doi.org/10.1158/1538-7445.SABCS18-P2-09-13
https://clinicaltrials.gov/ct2/show/NCT05274451
https://clinicaltrials.gov/ct2/show/NCT05274451
https://doi.org/10.1158/1538-7445.AM2022-2754
https://clinicaltrials.gov/ct2/show/NCT02194374
https://clinicaltrials.gov/ct2/show/NCT02194374
https://clinicaltrials.gov/ct2/show/NCT05638828
https://clinicaltrials.gov/ct2/show/NCT05638828
https://clinicaltrials.gov/ct2/show/NCT05588440
https://clinicaltrials.gov/ct2/show/NCT05588440
https://doi.org/10.3390/life12040561
https://doi.org/10.3390/life12040561
https://doi.org/10.1126/scitranslmed.3002842
https://doi.org/10.1126/scitranslmed.3002842
https://doi.org/10.3390/cancers12092523
https://doi.org/10.3390/cancers12092523
https://doi.org/10.1158/2159-8290.CD-18-0442
https://doi.org/10.1038/s41586-019-1054-1
https://doi.org/10.1186/s13045-021-01209-9
https://doi.org/10.1186/s13045-021-01209-9
https://doi.org/10.1182/bloodadvances.2022007317
https://doi.org/10.1038/s41571-019-0297-y
https://doi.org/10.1038/s41571-019-0297-y
https://doi.org/10.3389/fcell.2022.969020
https://doi.org/10.3389/fcell.2022.969020
https://doi.org/10.3389/fimmu.2022.969660
https://doi.org/10.3389/fimmu.2022.969660
https://doi.org/10.1186/s40364-020-00192-6
https://doi.org/10.1038/s41591-020-1081-3
https://doi.org/10.1038/s41591-020-1081-3
https://doi.org/10.7150/thno.43991
https://doi.org/10.1007/s00262-020-02735-0
https://doi.org/10.7150/ijbs.70120
https://doi.org/10.1016/j.canlet.2020.07.044
https://doi.org/10.1016/j.canlet.2020.07.044
https://doi.org/10.1038/s41419-017-0238-6
https://doi.org/10.1007/s11427-016-5023-8
https://doi.org/10.18632/aging.102510
https://doi.org/10.18632/aging.102510
https://doi.org/10.1007/s10549-022-06783-1
https://doi.org/10.1002/cti2.1135
https://doi.org/10.1056/NEJMoa040938
https://doi.org/10.1056/NEJMoa040938
https://doi.org/10.1023/A:1013397232011
https://doi.org/10.1002/path.1370
https://doi.org/10.1002/path.1370
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/

	Anti-ROR1 CAR-T cells: Architecture and performance
	Introduction
	Discovery and biological function of ROR1
	Relevance of ROR1 as tumor marker
	ROR1 CAR-T cells under investigation
	ROR1 CAR gene delivery using non-replicating LVs
	ROR1 CAR gene delivery using transposable elements

	Methods employed to evaluate ROR1 CAR-T cell function
	ROR1 CAR-T cells employed in clinical trials
	Promising combined therapeutic approaches
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


