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Adoptive T-cell therapies (ACTs) including tumor-infiltrating lymphocytes and engineered T cells (transgenic T-cell
receptor and chimeric antigen receptor T cells), have made an important impact in the field of cancer treatment
over the past years. Most of these therapies are typically administered systemically in approaches that facilitate the
elimination of hematologic malignancies. Therapeutical efficacy against solid tumors, however, with the exception of
tumor-infiltrating lymphocytes against melanoma, remains limited due to several barriers preventing lymphocyte
access to the tumor bed. Building upon the experience of regional administration in other immunotherapies, the
regional administration of adoptive cell therapies is being assessed to overcome this challenge, granting a first
round of access of the transferred T cells to the tumor niche and thereby ensuring their activation and expansion.
Intralesional and intracavitary routes of delivery have been tested with promising antitumor objective responses in
preclinical and clinical studies. Additionally, several strategies are being developed to further improve T-cell activity
after reinfusing them back to the patient such as combinations with other immunotherapy agents or direct
engineering of the transferred T cells, achieving long-term immune memory. Clinical trials testing different regional
adoptive T-cell therapies are ongoing but some issues related to methodology of administration and correct
selection of the target antigen to avoid on-target/off-tumor side-effects need to be further evaluated and improved.
Herein, we discuss the current preclinical and clinical landscape of intratumoral and locoregional delivery of

adoptive T-cell therapies.
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ADOPTIVE T-CELL THERAPIES IN THE CLINIC

The main current cancer immunotherapy strategies involve
(i) empowering pre-existing antitumor T-cell responses
through immune checkpoint blockade (ICB), (ii) generating
de novo T-cell responses via vaccination, and (iii) intro-
ducing ex-vivo cultured tumor-specific T cells as an adop-
tive cell therapy. ICBs such as programmed cell death
protein 1 (PD-1)/programmed death-ligand 1 (PD-L1) and
cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4) in-
hibitors, have shown unprecedented clinical benefit
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against multiple tumor types and are now a standard
treatment option for a broad spectrum of malignant
diseases.” Low response rates and progression after
remission, however, represent unmet major challenges for
ICB-based immunotherapies.” Vaccination strategies as
well as ICBs, despite the presence of tumor-specific T cells
in the patients’ peripheral blood and tumor microenvi-
ronment,® are restricted by the T-cell fold expansion
required to induce meaningful and long-lasting clinical
activity.? This limitation is conditioned by the differentia-
tion status of the tumor-specific T cells® under the
influence of an immune-suppressive tumor microenviron-
ment.® These limiting variables may in principle be over-
come using adoptive T-cell transfer.

Adoptive T-cell therapies (ACTs) consist of the infusion of
ex vivo expanded lymphocytes enabled with anticancer
activity. The two main ACT modalities are based on the
infusion in large numbers of naturally occurring autologous
tumor-infiltrating lymphocytes (TILs)® and on the infusion of
engineered T cells to specifically recognize tumor-associated
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antigens (TAAs) by the genetic supply of an exogenous T-cell
receptor (TCR) or a chimeric antigen receptor (CAR).”*

Clinical trials testing the infusion of autologous TILs to
treat metastatic melanoma patients have shown durable
objective response rates.”*! The efficacy of TIL transfer in
the treatment of other solid tumors, however, has been
more limited. Different strategies are being evaluated to
improve TIL therapeutic activity.11 Advances in sequencing
techniques have enabled the possibility of retrieving TCR
sequences from TILs or peripheral blood lymphocytes with
specificity to TAAs.>*®> The low abundance of tumor-
specific T cells within patient T-cell repertoires and the
patient-specific nature of the epitopes expressed by tumors
are the main limiting factors for the isolation and clinical
scalability of therapeutic TCRs. Based on the phenotypic,
functional or transcriptomic profile of tumor specific T-cell
clones, multiple strategies are under development to
identify and isolate tumor-specific TCRs from TILs, patient
circulating T cells or healthy donor-derived T cells.* High-
throughput functional tools to screen patient-derived TCR
libraries are being implemented to identify and validate
tumor-reactive T-cell receptors.*>*® Additionally, single-cell
transcriptomic signatures from TIL samples can be used to
identify tumor-reactive TCR clonotypes. These tumor-
specific T-cell subsets can be found in transcriptional clus-
ters with up-regulated expression of chemokines'’ and
exhaustion-related genes.*®*°

The therapeutic potential of TCR-engineered T-cell ther-
apies able to recognize neoantigens was shown in a case
report study, showing strong antitumor responses in a pa-
tient with lung cancer treated with TILs enriched with T cells
expressing a high-affinity TCR for KRAS G12D mutation.?® All
seven lung metastases regressed after treatment, but the
tumor eventually progressed from a tumor lesion that lost
the antigen-presenting HLA-C allele. Resistance mechanisms
to TIL therapy include the loss of expression of the targeted
antigens or antigen-presentation molecules due to immu-
nological pressure,”’ the exhausted phenotype of TILs or
the scanty T-cell recovery.”? In order to overcome these
challenges, T cells engineered with transgenic TAA-specific
TCRs are being developed. For instance, autologous T cells
collected from peripheral blood transduced with transgenic
TCR targeting KRAS G12D induced regression of visceral
metastasis in a patient with a metastatic pancreatic can-
cer.”®> Another proof-of-concept study demonstrated that
p53 NeoAg-specific TCR-engineered T cells from peripheral
blood had a less exhausted phenotype and a prolonged
persistence compared with TILs naturally reactive to p53
mutations in human solid tumors.?* In this study, a patient
with chemorefractory breast cancer treated with these p53-
TCR-transduced T cells had an objective tumor regression
that lasted 6 months.”* The generation of libraries of TCRs
targeting shared neoantigens derived from common onco-
genic driver mutations and screenings matching the antigen
mutations with HLA alleles in cancer patients constitute an
opportunity for personalized ACTs for each tumor type.?

Regarding CAR-based ACTs, their antitumor activity has
been extensively demonstrated in hematological cancers.
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BCMA re-directed CAR-T cells for multiple myeloma and
CD19-CAR-T cells for the treatment of acute B-cell
lymphoblastic leukemia, and B-cell lymphomas are the only
ACT-based treatments currently approved by the Food and
Drug Administration (FDA) due to the remarkable clinical
success.’® However, toxicities associated with the CAR-T cell
infusion such as cytokine release syndrome (CRS) and im-
mune effector cell-associated neurotoxicity syndrome
(ICANS) are frequently observed.”” Beyond hematologic
malignancies, CAR-T application for solid tumors has so far
been unsuccessful. A phase I/Il clinical trial using human
epidermal growth factor receptor 2 (HER2)-CAR-T cells in
patients with HER2-positive sarcoma reported complete
responses only in 3 out of 16 treated patients.”® A signifi-
cant challenge in developing CAR-T cells for solid tumors is
that many potential target antigens are also expressed on
healthy tissues, resulting in a high risk of on-target, off-tu-
mor toxicities.

A major limitation in the clinical development and ther-
apeutic success of many of the immunotherapeutic ap-
proaches for solid tumors is the fact that tumors are
shielded behind an immunosuppressive environment
impeding efficient antitumor T-cell infiltration as well as
local, expansion and persistence.® As an alternative to sys-
temic delivery, growing data support that the regional/
intratumoral administration of ACT may help overcome the
spatiotemporal obstacles of the tumor microenvironment,
minimize toxicity, and lead to a long-lasting systemic im-
munity. In this review, we provide an overview of the op-
portunities and challenges pertaining to the regional/
intratumoral delivery of ACTs (Figure 1).

PRECLINICAL AND CLINICAL VALUE OF INTRATUMORAL
AND LOCOREGIONAL ADMINISTRATION OF CANCER
IMMUNOTHERAPIES

Most of the current immunotherapy approaches are infused
systemically. Intravenous (i.v.) administration has several
advantages such as easy access in all patients and the sys-
temic bioavailability of the agent. However, while hemato-
logical malignancies stay within the peripheral
compartment, solid tumors are commonly surrounded by
physical barriers that avoid efficient delivery of those
immunotherapy agents to the tumor lesion. In addition, i.v.
delivery usually results in immune-related adverse events
(irAEs) associated with systemic inflammation due to on-
target/off tumor effects.””>* To overcome these limita-
tions, intratumoral or locoregional administrations of
several cancer immunotherapy agents are being evaluated
in multiple preclinical and clinical studies involving ICB
agents, oncolytic viruses, toll-like receptor (TLR) agonists or
ACTs.

The clinical applicability of some ICB agents is limited due
to irAEs.>°>? Intratumor administration of immune check-
point inhibitors has been evaluated as an alternative to i.v.
delivery in order to mitigate toxicity and improve the dose/
efficacy ratio. Preclinical data in mouse models demonstrate
that intratumoral delivery of anti-CTLA-4 induces tumor
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Adoptive T-cell therapies

TiLs Routes of administration

Intracranial

Intratumoral

IL-13Ra2-CARTT cells; HER2-CAR T cells;
GD2-CART cells; and B7-H3-CAR T cells

Engineered autologous T cells

LA Intrapleural

MSLN-CART cells

Intravenous

engineered autologous T cells

TCR-T Intra-arterial

CD19-CART cells; BCMA-CART cells;
HER2-CART cells; GD2-CAR T cells;

CEA-CART cells

Intra-peritoneal

T cells

MSLN-CART cells; MUC16-CAR T cells;
CEA-CART cells; engineered autologous

Figure 1. Routes of administration of adoptive T-cell therapies used for cancer treatment. A list of engineered T-cell therapies or TIL is provided along with their

specific routes of administration, either systemically or locoregionally.

CAR, chimeric antigen receptor; CEA, carcinoembryonic antigen; HER2, human epidermal growth factor receptor 2; IL-13-Ra2, interleukin-13 receptor subunit alpha-2;

MSLN, mesothelin; TCR, T-cell receptor; TILs, tumor-infiltrating lymphocytes.

eradication in a CD8- and cDC1-dependent manner while
limiting the irAEs.** Following this rationale, intratumoral
administration of TLR9 agonists to promote dendritic cell
activation together with ipilimumab is being evaluated in
patients with anti-PD-1 refractory cancer (NCT03445533).
Additionally, a phase | clinical trial tested the perioperative
intracranial administrations of ipilimumab and nivolumab
plus i.v. administration of nivolumab in patients with
recurrent glioblastoma (NCT03233152).>* Another phase Ib
study compared intratumoral versus i.v. ipilimumab with
nivolumab in untreated metastatic melanoma patients
(NCT02857569). Results showed reduced toxicity at 6
months with intratumoral (30%) compared with i.v. (57.1%)
administration. Importantly, response rates were similar
(50% in the intratumoral group and 65% in the i.v. group).
Previously, the combination of intratumoral ipilimumab
with interleukin 2 (IL-2) was also tested in clinical trials for
patients with advanced melanoma. In this case, the re-
ported overall response was 40% and it correlated with an
enhanced immune response. In addition, the efficacy of
regional delivery of other ICBs is also being tested such as
anti-CD137 alone in combination with nivolumab
(NCT03792724).

Oncolytic viruses are designed to selectively replicate in
cancer cells and trigger immunogenic cell death that boosts
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an immune response against the tumor lesion. Intratumoral
injection of T-VEC, a form of herpes simplex virus-1 modified
to express granulocyte—macrophage colony-stimulating fac-
tor (GM-CSF), is already approved by the FDA and the Eu-
ropean Medicines Agency for the treatment of superficial
melanoma metastasis. In the phase Ill trial, T-VEC resulted in
47% of complete responses in the injected lesions and 22% in
the non-injected lesions, indicating that intratumoral delivery
can also induce systemic antitumor immunity.*”

Additionally, stereotactic infusion of other strains of
oncolytic viruses into brain tumors is being tested alone or
in combination with ICB-based immunotherapies. Intra-
tumor virotherapy for brain tumors was pioneered by a
study using a poliovirus—rhinovirus chimeric vector in 60
patients with recurrent glioblastoma, reaching a plateau at
24 months of 21% at the cost of side-effects of local
inflammation that could be mitigated with steroids.>® The
oncolytic adenovirus DNX-2401 alone induced a reduction
of the tumor size in 9 out of 12 pediatric patients with
diffuse pontine glioma.?” In recurrent glioblastoma, 56.2%
of patients who received DNX-2401 plus pembrolizumab
exhibited an objective clinical response.*®

To mimic the presence of microbial pathogens in the
tumor tissue, TLR3, TLR7, TLR9, and STING agonists are
being tested following intratumoral delivery. Evidence for
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additive or synergistic effects with checkpoint inhibitors is
often reported in mouse models and in some patients with
a variety of solid tumors in early-phase clinical trials.*
Regional administration of other immunotherapy ap-
proaches has been reviewed by others.*°

PRECLINICAL EXPERIENCE OF INTRATUMORAL AND
LOCOREGIONAL ADOPTIVE T-CELL TRANSFER

Stromal barriers and a poor vascular access together with
an immunosuppressive tumor microenvironment are a
hurdle for T-cell infiltration and activation, which are crucial
for the antitumor efficiency of ACTs. The main rationale for
regional delivery of ACT is granting access of the infused T
cells to the tumor niche not only to eliminate the tumor,
but also to ensure early activation and expansion as a result
of immediate antigen encounter. In contrast to systemically
administered T cells, which may face limitations regarding
tumor migration and infiltration due to the absence of an
attractive tumor chemokine gradient, regionally delivered T
cells encounter cognate antigens and become activated and
proliferate. This leads to increased local chemokine
expression and enhanced circulation for effective infiltration
of distant tumor sites. Indeed, cytokines and chemokines
produced by T cells in the tumor microenvironment can
positively influence the immunogenicity of local tumor im-
mune environment, boosting the activation of native non-
infused immune cells. The benefits of the intratumor T-cell
delivery have been demonstrated in multiple orthotopic
solid tumor models. In a pleural mesothelioma tumor
model, while intravenously administered CAR-T got retained
in the lungs, regional intrapleural injection enhanced
penetration into the tumors, activation and expansion of T
cells. As a result, tumor eradication occurred even with low
doses of CAR-T cells.** Moreover, a rapid acquisition of an
effector phenotype of T cells induces the release of several
soluble mediators to the tumor microenvironment,*>*?
facilitating tumor elimination and the reprogramming of
the endogenous immune compartment.43 Systemic immune
responses in non-treated lesions were also observed in
several preclinical studies after intratumor T-cell delivery.**
“® Interestingly, rechallenged cured mice were also able to
control both antigen-positive tumor growth and antigen-
negative tumors after locoregional adoptive transfer of
B7-H3-specific CAR-T cells,*’ suggesting that regional ACT
may induce antigen-spreading and long-term systemic im-
mune responses against cancer recurrence.

A limiting factor in the clinical development of ACT is the
toxicity associated with on-target/off-tumor expression of
the targeted Ag. In the case of CAR-T cells, the main and
most common side-effects are the generation of CRS and
ICANS caused by a strong overactivation of T cells, resulting
in the expression of high amounts of cytokines including IL-
6, IL-1b, GM-CSF or tumor necrosis factor- o, (TNF-al) among
others.” Despite the existence of therapeutic interventions
to treat ICANS and CRS in the clinic, locoregional delivery of
ACTs has been shown to reduce systemic levels of several
proinflammatory cytokines.*’
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Regional approaches to deliver ACTs for treatment of
several tumor types are under preclinical evaluation. These
strategies include intraventricular delivery for brain tumors,
intraperitoneal administration for peritoneal carcinomatosis
or intratumoral for other solid tumors such as melanoma
lesions. Intratumoral administration of mouse and human
TILs delayed tumor growth in different syngeneic and
xenografted tumor mouse models.*>*® Interestingly,
such results were improved after T-cell engineering with
messenger RNA (mRNA) encoding different proin-
flammatory cytokines such as IL-12, CD137L,% and IL-18,%°
showing excellent antitumor responses even in distant
non-treated tumor lesions. These data were confirmed with
TILs, transgenic TCR, and CAR-T cells. Therapeutic efficacy
and safety of the locoregional administration of autologous
tumor-reactive T cells is under evaluation in clinical trials in
patients with cervical cancer (NCT03362619), but the effi-
cacy seems to be limited to tumors with high mutational
burdens.

Regarding brain tumors, high intracranial pressure and
the presence of the blood brain barrier limit the infiltration
of T cells within the tumor bed*® which means that regional
delivery of ACTs makes special sense for treatment of brain
tumors.

B7-H3 (CD276) is member of the B7 family with immu-
noregulatory roles that is highly expressed in high-grade
glioma, medulloblastoma, atypical teratoid/rhabdoid tu-
mor, and diffuse intrinsic pontine glioma.*® Preclinical re-
sults showed that B7-H3 CAR-T cells delivered
intratumorally or alternatively, as sometimes intratumoral
administration in the brain is not possible, intra-
cerebroventricular delivery, effectively eradicated the tumor
lesions and limited the systemic release of proinflammatory
cytokines, whereas intravenously injected CAR-T cells did
not,”’ suggesting at least in this case the advantages of
locoregional administration of ACT for treatment of brain
tumors compared with the systemic route.

Epidermal growth factor receptor (EGFR) variant |l
(EGFRvIII) is the most common variant of EGFR, expressed in
~30% of glioblastoma patients and involved in the
tumorigenic phenotype.50 IV. injection of EGFRvIIl CAR-T
cells showed limited efficacy, although antigen decrease
was observed in the majority of patients. An increase in
regulatory T cells (Tregs) and antigen escape may explain
this clinical outcome. Preclinical studies involving intra-
cerebroventricular infusion of EGFRvIII-CAR-T cells showed
a potent antitumor response in mouse models of glioblas-
toma without detectable toxicities.”® This approach was
even able to circumvent antigen loss® and redirect T cells>?
by means of the paracrine secretion of a bispecific T-cell
engager (BiTE) against wild-type EGFR, thereby explaining
the improvement in therapeutic effects.

Other studies tested intracavitary adoptive transfer of
T cells for the treatment of peritoneal malignancies such
as ovarian cancer and mesothelioma. The pattern of
spread of these types of cancers over a serosa surface
may lend them to regional delivery. Intracavitary delivery
of engineered TCR—transgenic53 and CAR-T cells*

Volume 24 m Issue C m 2024


https://doi.org/10.1016/j.iotech.2024.100715
https://doi.org/10.1016/j.iotech.2024.100715
https://doi.org/10.1016/j.iotech.2024.100715
https://doi.org/10.1016/j.iotech.2024.100715
https://doi.org/10.1016/j.iotech.2024.100715
https://doi.org/10.1016/j.iotech.2024.100715
https://doi.org/10.1016/j.iotech.2024.100715
https://doi.org/10.1016/j.iotech.2024.100715
https://doi.org/10.1016/j.iotech.2024.100715

. Olivera et al.

Table 1. Clinical trials conducted or ongoing using regional/intratumoral administration of adoptive T-cell therapies for cancer treatment
Delivery route ACT type Phase Cancer Status Trial number (ref.)
Intratumoral, intraperitoneal or Engineered autologous T /11 Cervical cancer Unknown NCT03362619
intravenous lymphocytes reactive to human
papillomavirus antigens
Intracranial IL-13Ra2-CAR T + aldesleukin | Recurrent glioblastoma (rGBM) Completed NCT01082926°*
Intracranial IL13Ra2-CAR T +/— ipilimumab | rGBM Recruiting NCT04003649
and nivolumab
Intracavitary/intratumoral and HER2-CAR T + truncated CD19 | Recurrent or refractory grade Ill-  Active, not recruiting NCT03389230°’
intracerebroventricular IV glioma
Repeated intracerebroventricular  B7-H3 CAR-T cells | Recurrent brain tumors and Recruiting NCT04185038°°
diffuse intrinsic pontine glioma
(DIPG)
Intracerebroventricular EGFRvIII CAR-T cells secreting | Recurrent glioblastoma Recruiting NCT05660369°°
BiTE against EGFR
Intravenous + GD2-CAR-T cells | DIPG and spinal diffuse midline Recruiting NCT04196413°°
intracerebroventricular glioma
Intracranial HER2-CAR with truncated EGFR | HER2-positive recurrent/ Active, not recruiting NCT03500991°”
refractory pediatric CNS tumors
Intrapleural Mesothelin (MSLN)-CAR T /1 Malignant pleural disease Active, not recruiting NCT02414269
Intrapleural MSLN-CAR-T cells + PD-1 | Malignant pleural disease Recruiting NCT04577326
dominant negative
Intraperitoneal MCY-M11 (MSLN-CAR-T cells) I Advanced ovarian cancer and Terminated NCT03608618%
peritoneal mesothelioma
Intraperitoneal CEA-CAR-T cells | CEA-positive adenocarcinoma Withdrawn NCT03682744
peritoneal metastases or
malignant ascites
Intravenous and intraperitoneal IL-12-secreting MUC16ecto-CAR- | Recurrent Mucl6ecto-positive Active, not recruiting NCT02498912°
T cells solid tumors
Intraperitoneal MUC16-CAR T 4+ membrane- 1/1b Platinum-resistant ovarian cancer  Recruiting NCT039075277%
bound IL-15
Intra-arterial CEA-CAR-T cells | CEA-positive liver metastases Completed NCT01373047°
Intra-arterial CEA-CAR-T cells + selective b CEA-positive liver metastases Completed NCT02416466%°
internal radiation therapy
Intra-arterial CEA-CAR-T cells + chemotherapy Ilb CEA-positive pancreatic cancer Withdrawn NCT04037241
versus chemotherapy alone and liver metastases

ACT, adoptive T-cell therapy; BiTE, bispecific T-cell engager; CEA, carcinoembryonic antigen; CAR, chimeric antigen receptor; CNS, central nervous system; DIPG, diffuse intrinsic
pontine glioma; EGFRVIII, epidermal growth factor receptor variant Ill; HER2, human epidermal growth factor receptor 2; IL, interleukin; IL-13-Ra2, interleukin-13 receptor subunit
alpha-2; MSLN, mesothelin; PD-1, programmed cell death protein 1; rGBM, recurrent glioblastoma.

promoted eradication of peritoneal metastases in
ovarian tumor mouse models. An enhanced T-cell
persistence after intracavitary delivery compared with
the i.v. counterpart may explain the improvement of the
antitumor responses.

CLINICAL STUDIES INCORPORATING LOCAL AND REGIONAL
T-CELL TRANSFER FOR GLIOBLASTOMA HEPATOCELLULAR
CARCINOMA AND MESOTHELIOMA

As therapeutic efficacy of TILs is generally limited to tu-
mors with a high mutational burden such as melanoma,
main clinical efforts to apply regional T-cell transfer in the
clinic are currently focused on CAR-T cell therapies
(Table 1). IL13Ra2 is a high-affinity IL-13 receptor, over-
expressed on >60% of glioblastoma tumors but not in
healthy brain tissue. In fact, high expression of IL13Ra.2
has been associated with a mesenchymal subtype of
glioblastoma with poor patient prognosis.”®> These data
provided the rationale for generating IL13Ra2-specific
CAR-T cells. The safety and preliminary efficacy of intra-
cranial infusion of IL13Ra2-CAR-T cells in combination
with IL-2 (aldesleukin) was tested in a phase | clinical trial
for treatment of recurrent glioblastoma. These CAR-T cells

Volume 24 m Issue C m 2024

were genetically engineered to maintain their effector
functions even in the presence of dexamethasone that is
commonly used to both mitigate tumor-associated neuro-
edema and avoid the rejection of allogeneic cells. Pre-
liminary evidence of antitumor responses was observed in
four out of the six treated patients together with a
good tolerability profile.”® Currently, the combination of
IL13Ra2-CAR-T cells with ipilimumab and nivolumab is
under clinical evaluation (NCT04003649) to further
improve the therapeutic efficacy. The intratumoral and
intracavitary delivery of memory HER2-specific CAR-T cells
for treatment of refractory glioma is also being tested in
clinical trials (NCT03389230).

The bioactivity and safety of repeated intraventricular
administration of B7-H3 CAR-T cells was tested in a phase |
clinical trial for treatment of recurrent brain tumors and
diffuse intrinsic pontine glioma (NCT04185038).°° Three
patients were treated with 40 repeated injections of CAR-T
cells with no dose-limiting toxicities. Despite the small
treated cohort, a promising clinical response was observed
in one patient after 12 months. Importantly, this patient
showed evidence of local immune activation. Similar results
were previously reported with HER2-specific CAR-T cells in
the BrainChild-01 trial (NCT03500991).°’
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Increased infiltration of Tregs and antigen loss after i.v.
injection of CAR-T cells seems to mediate adaptive resis-
tance in patients, thereby limiting the efficacy of ACTs.”® In
this regard, preclinical studies developed EGFRvIII-CAR-T
cells engineered to secrete a BIiTE against wild-type EGFR
to both redirect Tregs> that are EGFR+, and circumvent
antigen escape.’” A single intracerebroventricular injection
of these EGFRvIll CAR-T cells demonstrated rapid radio-
graphic tumor regressions in three patients with recurrent
glioblastoma without the observation of any dose-limiting
toxicities. Nevertheless, the clinical responses were tran-
sient in two out of the three patients.”® Intra-
cerebroventricular infusion of GD2-CAR-T cells was also
tested in four patients with H3K27M-mutated diffuse
intrinsic pontine glioma following i.v. administration of the
same CAR (NCT04196413). This first-in-human phase | clin-
ical trial reported objective clinical and radiographic re-
sponses in three out of four pediatric patients. The results
correlated with higher cytokine concentration, better CAR-T
cell persistence, and lower infiltration of Tregs in the ce-
rebrospinal fluid after intracerebroventricular administra-
tion compared with the iv. route,®® suggesting the
advantages of locoregional administration of ACTs for
treatment of brain tumors compared with the systemic
route.

Intraperitoneal and intrapleural delivery of ACTs are be-
ing tested for treatment of malignant pleural diseases and
intracavitary malignancies such as ovarian cancer, perito-
neal mesothelioma, pancreatic cancer, and peritoneal
metastasis. Mesothelin (MSLN) is a TAA highly expressed in
64%-90% of the epithelioid subtype of malignant meso-
thelioma®® whereas there is almost no expression in healthy
tissues. Intrapleural injection of MSLN-specific CAR-T cells
induced partial responses in 8 out of 20 treated patients
that remained up to 6 months (NCT02414269).°” Addi-
tionally, an ongoing clinical trial is evaluating the intraper-
itoneal administration of transiently engineered T cells with
an anti-MSLN CAR (MCY-M11) for the treatment of ovarian
cancer and peritoneal mesothelioma (NCT03608618). Pre-
liminary data presented in ASCO 2020 showed that MCY-
M11 CAR therapy was safe, and three patients achieved
stable disease for at least 2 months.®® Other trials exploring
locoregional infusion of ACTs include carcinoembryonic
antigen (CEA)-specific CAR-T cells for adenocarcinoma
peritoneal metastases (NCT03682744) or MUC16-CAR T for
ovarian cancer (NCT02498912).*

Intra-arterial administration is another route of, to some
extent, regional delivery that is being used for the treat-
ment of hepatocellular carcinoma or liver metastasis. He-
patic artery infusion via a catheter has been previously
tested for chemotherapy and it is feasible.®” This route of
delivery preferentially targets liver cancer because these
tumor lesions are normally perfused by the hepatic artery
while the healthy hepatocytes are normally perfused by the
portal circulation.®® Although no improvement of intra-
arterial infusion was observed in preclinical studies
compared with i.v. administration,®’ the safety and efficacy
of intra-arterial delivery is being evaluated in the clinical
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setting. A phase | trial demonstrated that repeated intra-
arterial infusion of CEA-specific CAR-T cells for the treat-
ment of CEA-positive liver metastasis is safe, but only stable
disease in one out of six patients was the best response.®®
In order to improve efficacy, intra-arterial administration of
CEA CAR-T cells was tested in combination with selective
internal radiation therapy. With this setting, one out of six
patients achieved a complete liver metabolic response
assessed by positron emission tomography (PET) along with
a concomitant reduction of serum CEA level. However, the
responding patient eventually died due to a pancreatic tu-
mor progression.®®

THERAPEUTIC APPROACHES TO FURTHER ENHANCE
EFFICACY

After T-cell reinfusion to the patient, transferred T cells have
to overcome a number of obstacles in the tumor bed such
as the presence of co-inhibitory signals or poor co-
stimulation signaling that induce T-cell dysfunction. Im-
mune checkpoint inhibitors in combination with ACTs have
the potential to avoid T-cell exhaustion, improving their
antitumor efficacy. For instance, a phase | clinical trial
tested whether the blockade of PD-1/PD-L1 axis was able to
augment the therapeutic efficacy of the regional adminis-
tration of MSLN-CAR-T cell efficacy in a phase | clinical trial
(NCT02414269). The median overall survival from CAR-T cell
infusion was 23.9 months (1-year overall survival, 83%) and
8 out of 18 patients exhibited stable disease, with a com-
plete metabolic response on PET scan in 2 of them.® The
finding that CAR-T cells were detected, persisting in pe-
ripheral blood after 100 days in ~40% of patients, high-
lights the potential to attain long-term antitumor immunity.
Another strategy to modulate the co-stimulation signal is to
directly engineer the T cells. For instance, Dr Marcela Maus’
group knocked down PD-1, the endogenous TCR and beta-2
microglobulin with CRISPR-Cas9 to create ‘universal’ EGFR-
vill CAR-T cells for a preclinical model of glioblastoma.
Interestingly, the PD-1 knockout (KO)-engineered EGFRuvIII
CAR-T cells exerted an improved antitumor response that
prolonged the survival of mice after intraventricular injec-
tion in the brain, but not following i.v. administration.”®
Safety of i.v. infusion of PD-1 KO engineered CAR-T cells
was demonstrated in patients with non-small-cell lung
cancer,”* MSLN-positive solid tumors’? and esophageal
cancer (NCT03706326),”° but the therapeutic efficacy of the
regional infusion of these modified CAR-T cells remains
unknown. Moreover, the safety of intrapleural administra-
tion of MSLN-CAR-T cells engineered with a PD-1 dominant
negative receptor is under clinical evaluation for malignant
pleural mesothelioma (NCT04577326).

Another limitation for the activation and expansion of the
transferred T cells is the poor immune-stimulatory cytokine
support within the tumor microenvironment. To overcome
this limitation, genetic engineering of T cells to express
different proinflammatory cytokines is being evaluated in
preclinical and clinical studies. IL-18 and IL-12 are immune-
stimulatory cytokines mainly secreted by myeloid cells that
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lead to IFN-y secretion by T cells and direct control of the
tumor growth by reshaping all the immune compartment
within the tumor microenvironment. Constitutive secretion
of IL-18 by CAR-T cells improved T-cell expansion, leading to
superior antitumor responses in mouse models of small-cell
lung cancer,”* acute lymphoblastic leukemia, and mela-
noma.”” Indeed, these results led to conducting a phase |
clinical trial in patients with CD19-positive relapsed/re-
fractory non-Hodgkin’s lymphoma or chronic lymphocytic
leukemia who had received at least two lines of therapy.
Preliminary data presented in ASCO 2022 by Dr Carl June is
promising, with four out of seven complete responses and
three partial responses (NCT04684563).”°

Regarding IL-12, despite its potent antitumor effects in
preclinical studies, constitutive secretion is not an option
due to the appearance of toxic side-effects.”” To limit IL-12
secretion to the tumor bed, several approaches have been
developed to confine IL-12 expression to tumor-specific T
cells. For instance, locoregional administration of engi-
neered CAR-T cells with a membrane-bound IL-12 effec-
tively exerted a superior tumor growth in several preclinical
mouse models of peritoneal metastasis.*” Alternatively,
electroporation of T cells with IL-12 mRNA confers the
possibility to transiently express the cytokine, limiting the
associated toxicities. This approach induced rejection of
both treated and distant non-injected tumors after repeti-
tive intratumoral delivery of TILs and TCR-transgenic T cells
in melanoma mouse models.””> Similar antitumor effects
were reported with intracavitary infusion of IL-12-
engineered OT-I T cells to treat peritoneal metastasis.”®> A
phase | clinical trial evaluated the feasibility and efficacy of
intraperitoneal administration of IL-12-engineered MUC16-
CAR-T cells in patients with recurrent high-grade serous
ovarian cancer (NCT02498912). Although this therapeutic
approach was well tolerated, the best response was stable
disease.®” Another clinical trial is testing MUC16-CAR-T cells
with a membrane bound IL-15 for treatment of platinum-
resistant ovarian cancer (NCT03907527), reporting a pre-
liminary response rate of 20%.”® The clinical benefit was
limited, indicating that combining adoptive T-cell transfer
with other immunotherapy approaches such as ICBs is
needed to foster T-cell functions against solid tumors.

In order to improve the efficacy of ACTs with mRNA encoding
IL-12 in mouse models, T cells were electroporated with either
IL-12 or a decoy-resistant mutant form of IL-18 mRNA. The
rationale for generating this variant of IL-18 is that it fails to bind
to a decoy receptor called IL-18 binding protein (IL-18BP),
which strongly limits the therapeutic potential of IL-18. Mixed
populations of T cells engineered with either the non-
repressive form of IL-18 or IL-12 exert a superior antitumor
response, depending on changes in the glycosylation of T-cell
surface proteins, miR-155 expression, and improvements in T-
cell metabolism.”® Interestingly, the therapeutic efficacy of this
new approach was tested in cultures of mouse TiLs, TCR-
transgenic and gp75-specific CAR-T cells in melanoma and
colon carcinoma mouse models. Whether these combinations
will improve the therapeutic activity of intratumoral ACT in
cancer patients remains unknown.
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CONCLUDING REMARKS

Intratumoral or regional administration presents an op-
portunity to enhance the therapeutic activity of ACTs while
mitigating the occurrence of systemic adverse events. Local
T-cell therapy is becoming more accessible due to ad-
vancements in interventional radiology, enabling accurate
delivery and improved outcomes. Standardized approaches,
image-guided interventions, and novel biomaterials for
sustained release can enhance intratumoral immuno-
therapy. The standardization of the methodology, such as
the material of injection or the injection technique, is
crucial to ensure large-scale extrapolation of clinical trials.”®

Compiling preclinical and clinical evidence supports that
locally transferred T cells can establish systemic immunity
while reducing toxicity. Locally delivered T cells gain direct
access to the tumor microenvironment, promoting their acti-
vation and proliferation. This is crucial since cognate antigen is
immediately met while this is not the case upon i.v. delivery. In
a way, this mechanism is expected to circumvent the obstacle
of poor tissue penetration. Engineering T cells with transient
expression of IL-12 and IL-18 induced long-term immune re-
sponses as a result of activating the endogenous immune
system*>*® and favoring epitope spreading in tumor mouse
models.*> Additionally, the safety of intra-arterial infusion of
CEA-specific CAR-T cells plus selective internal radiation ther-
apy was confirmed in a phase Ib clinical trial for CEA-positive
liver metastases.®® Evaluation of the efficacy of different
combinations of ACTs with other immunotherapy approaches
or traditional cancer treatments needs to be carried out in
future preclinical and clinical studies. In summary, delivering
ACTs locally or regionally will be particularly beneficial for
treating localized tumors, leading to improved clinical out-
comes and tolerability. Importantly, regional ACT can be
combined with other immunotherapeutic approaches to
ensure optimal long-term immune responses. By analogy, this
is like deploying paratroopers behind enemy lines. So perhaps
strategies with part of the ACT dose given locally and part
systemically may be the best option.
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