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Immunotherapies based on immune checkpoint blockade have shown remarkable clinical outcomes and durable
responses in patients with many tumor types. These therapies lack efficacy in most cancer patients, even causing
severe adverse events in a small subset of patients, such as inflammatory disorders and hyper-progressive
disease. To diminish the risk of developing serious toxicities, intratumor delivery of monoclonal antibodies could be

a solution. Encouraging results have been shown in both preclinical and clinical studies.

monoclonal antibodies (mAbs) intratumoral therapy viral therapy

1. Therapeutic Antibodies: Beyond Conventional Monoclonal
Antibodies (mAbs)

In 1988, Greg Winter and his team pioneered the technique to humanize monoclonal antibodies, and since then
the field of personalized therapy using mAbs has been successfully developed for the treatment of various cancers
. To date, approximately more than 100 mAbs have been approved by the US Food and Drug Administration

(FDA) for the treatment of cancer &,

Monoclonal antibodies are engineered to specifically bind target antigens with high affinity. These antibodies then
have the potential to induce complement-dependent cytotoxicity and promote innate and adaptive immune
responses depending on their target specificities Bl. MAbs are large immunoglobulin molecules, usually in the
range of about 150 kDa. The standard mAb molecule is composed of four polypeptide chains, forming a Y-shaped
macromolecule complex. More specifically, mAbs are made of two identical heavy chains and two identical light
chains connected by interchain disulphide bonds and non-covalent interactions. The light chain and two N-terminal
domains of the heavy chain comprise the antigen-binding fragment (Fab). The variable domains of the heavy (VH)
and light (VL) chains form the antigen recognition domain by adopting a structure with three hypervariable loops in
each domain that comprise the complementary-determining regions (CDRs 1, 2, and 3), flanked by four conserved
framework regions (FRs 1, 2, 3, and 4) (Figure 1A). The immune-mediated functions, such as antibody-dependent
cellular cytotoxicity (ADCC) or complement-dependent cytotoxicity (CDC), are conferred by the C-terminal halves
of the heavy chains, which comprise the crystallizable fragment (Fc). The conserved domains of the heavy chains
differ between distinct antibody classes (isotypes). From these, the immunoglobulin G (IgG) isotypes are the main
ones in human plasma. Hence, IgG-based monoclonal antibodies (mAbs) have become a dominant class of

biotherapeutics in recent decades 4,
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Figure 1. Schematic representation of the structure of conventional and camelid heavy-chain antibodies. (A)
Structure of a conventional 1gG antibody, composed by two heavy and two light chains. Conserved and variable
heavy-chain domains (Ch, Vh) and light domains (Cl, VI) are indicated. (B) Structure of a camelid heavy-chain

antibody, composed by two heavy chains.

In the last decade, mAbs that block immune checkpoint molecules have shown remarkable clinical outcomes and
durable responses in treated cancer patients. These mAbs have been engineered to reactivate antitumor immunity
by blockade of T cell inhibitory molecules (immune checkpoints, IC), such as CTLA-4, PD-1, PD-L1, and LAG-3,
which are the most studied IC. These molecules are expressed in different immune or non-immune cells. PD-L1
can be expressed by cancer cells and myeloid cells /. In addition, antigen-presenting cells (APC) express CTLA-4,
and T cells and NK cells express PD-1, LAG-3, and other molecules, such as TIM-3 and TIGIT [61

Antibodies targeting these latter targets are widely used for the management of cancer EIRILOILLMEZILS] Thege
therapies rely on systemic administration of these mAbs every three to four weeks. Moreover, these mAbs
frequently present poor tissue penetration, intrinsic immunogenicity, and high production costs. All these issues
suggest that there is still room for improvement. In fact, the large and complex structure of these mAbs causes
several disadvantages: (1) high production cost due to their complexity and posttranslational modifications, (2)
limited physicochemical stability, (3) systemic administration, which may cause off-target immune-related toxicities,
(4) low penetration in solid tumors, and (5) poor penetration in the brain [4]I15] |y certain cases, the production and
use of full-length antibodies may be problematic, as mentioned above. Recent advances in antibody engineering
have facilitated the production of a collection of antibody variants for the use in cancer, including other antibody
formats (e.g., antibody fragments, bispecific antibodies (BsAbs), and non-IgG scaffold proteins) and antibody
derivatives (e.g., antibody—drug conjugates (ADCs) and immunocytokines) 28, Right now, the field of antibodies is
revolving around the engineering of the antigen-binding region from heavy single-chain antibodies (HCAbs), such

as those from camelids (dromedaries, camels, llamas, alpacas, guanacos, and vicufias), coined with the term
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“nanobodies” (17, Compared to conventional mAbs, HCAbs are homodimers made of two identical heavy-chain
molecules, lacking both the light chain and the constant domain 1 (CH1) of the heavy chain. These antibodies
possess a significantly smaller molecular mass, of approximately 95 kDa (Figure 1B). The variable antigen-binding
domain of HCAbs (called VHH) retains full antigen-binding potential despite lacking the light chain. Indeed, the

VHH domain is the smallest naturally occurring antigen-binding fragment 18],

The discovery of HCAbs has spurred the development of nanobody production platforms due to their inherent
properties, which make them very attractive tools for cancer treatment: (1) nanoscale dimensions enable deeper
tumor penetration, (2) certain nanobodies can cross the blood—brain barrier (BBB) 12, and (3) high affinity and
specificity for their targets with low off-target accumulation. Structurally, nanobodies are similar to the VH domain of
conventional antibodies, with four FRs and three CDRs. Besides, nanobodies exhibit high homology with the VH
domain of human family 1ll immunoglobulins. In addition, nanobodies present higher hydrophilicity, with increased
solubility and enhanced physicochemical stability compared to the variable fragments from conventional
antibodies. Moreover, the CDR3 maotif tends to be longer, being the main region implicated in antigen binding. The
antigen-binding region is made by CDR3 and CDR2, together with some FR residues. This extended CDR3 loop
allows binding to small cavities or concave epitopes (mainly conformational epitopes), such as catalytic sites of
enzymes. In contrast, conventional antibodies are better at recognizing small chemical groups (haptens), peptides,
or flat epitopes on proteins 2221, Currently, several nanobody-based therapeutics are under clinical trials for the

treatment of a variety of diseases, including cancer, autoimmune diseases, and viral infections (22],

| 2. Routes of mAbs Administration

The success of immune checkpoint blockade immunotherapies has demonstrated significant advances in the
treatment of many cancers. However, current immunotherapies fail in most cancer patients. There are many
reasons for the failure of immunotherapies, which include poor immunogenicity characterized by reduced tumor
infiltration with immune cells, and systemic immune dysfunctionality [£23l241125] The |ack of penetration of mAbs
within the tumor environment adds up to the poor immunogenicity of many cancer types. These problems

contribute to the failure of ICB therapies in many cancer patients.

The systemic parenteral use of therapeutic mAbs has unequivocal advantages, allowing simplicity of administration
and predictable serum pharmacokinetics. However, this mode of delivery presents limitations and disadvantages,
which include poor penetration into solid tumors and systemic toxicities caused by off-target effects, with systemic
inflammation and autoimmune or autoimmune-like reactions 28271 |ndeed, serious immune-related adverse
events (irAEs) are associated with recurrent systemic administration of ICB antibodies [28l29139] These constraints
could be overcome, or at least reduced, by enhancing mAbs availability within the tumor microenvironment (TME).

One way to achieve this would be through intratumor delivery of mAbs and locoregional delivery.

Several routes have been tested for mAbs delivery, for example subcutaneous (SC), intramuscular (IM), oral, and
intratumor (1.T) administration. SC injection would be the most convenient for patients. Thus, various mAbs have

emerged, designed for subcutaneous administration B2l This administration route would be suited for self-
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administration by the patient, although so far, the accuracy and efficacy of mAbs delivered in such a way is hard to
predict. Indeed, this is a major issue for human therapy. In addition, the mAb formulation itself for SC delivery is still
a major challenge for drug development B3l The same arguments can be applied for muscular delivery.
Nevertheless, the clinical application of these type of drugs for these administration routes is hampered by their
complex structure. Oral administration of mAbs has been discarded because of inefficient transport through tissue
barriers such as the intestinal mucosa, while they are quickly degraded by proteases in the gastrointestinal tract. In
contrast to other strategies, intratumor delivery can increase the therapeutic index of mAbs by restricting them to
within the tumor environment, with a reduced risk for off-target toxicities. In addition, repeated intratumor injections

can be administered, leading to much higher local bioactive drug concentrations [E413],

Despite the challenges associated with intratumor delivery, it has substantial potential to improve immunotherapies.

| 3. Intratumor mAbs Delivery in Solid Tumors

Intratumor administration using image-guided injection is achievable for most organs B4, Following administration,
the therapeutic agents first diffuse throughout the injected area, thereby achieving a very high local concentration.
Overtime, drugs will dissipate into systemic circulation. In fact, this gradual absorption into the blood can have
pharmacokinetic advantages that will permit higher local doses with better tolerability, as shown for other protein-
based drugs 28 (NCT02304393). Importantly, intratumor delivery allows the immediate access to tumor-draining
lymph nodes and other lymphoid structures within the tumor tissue, amplifying the immune response [E7138]139],
Importantly, intratumor administration of mAbs and other drugs shows an abscopal effect in distal metastases,
indicating that this administration route can have systemic activities 2941l |njections in multiple tumor lesions
within the same patient can also enhance polyclonal responses, despite the high variability of cancer cells in
metastases 42, In addition, several studies have evaluated intratumoral mAbs and short peptides against

receptors expressed on the blood-brain barrier (BBB) delivery to achieve brain targeting 4311441,

Several drug combinations have been evaluated with success in preclinical studies, for example combinations of
antibodies targeting CTLA4, OX40, PD-1, and CD137 (431 Some formulations also allow a slow intratumor release

of mAbs, which leads to a prolonged and improved therapeutic index 48,

There are two main vector strategies for optimized intratumor mAbs administration: non-viral- and viral-based
vectors. Both strategies present intrinsic advantages and disadvantages (Figure 2). The efficiency of modifying
host cells with mAb-encoding nucleic acids is better with viral vectors, but a major drawback of viral vectors is their
immunogenicity and potential cytotoxicity 4748 Replicative oncolytic viruses are also emerging as promising anti-
cancer treatments, but in this case, these can be regarded as an in-situ treatment that releases antigens and
damage-associated molecules, rather than virus-based vectors for drug delivery. On the other hand, non-viral

vectors possess better safety profiles but less efficient capacities to modify target cells in vivo #2150,
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Figure 2. Considerations of non-viral and viral vectors for mAbs intratumor delivery systems. The figure shows the
main advantages and limitations that distinguish viral and non-viral strategies.

Several preclinical and clinical trials are testing strategies to deliver mAbs locally within the tumor. This research

focuses on the current preclinical and clinical achievements in mAbs intratumoral delivery using non-viral and viral
vectors for the treatment of solid tumors.

| 4. Preclinical Non-Viral Vectors for mAbs Intratumor Delivery

There are a variety of delivery vehicles and scaffolds that have been engineered over time to transport
biomolecules, including mAbs BL[52l Al are designed based on enhancing biodistribution within the tumors, and

some have been adapted to operate within the physicochemical properties of the TME, such as a low pH or high
concentrations of ATP, while sustaining their cargo release.

4.1. Nanoparticles and Lipid Vesicles

The most widely used carriers include polymer nanoparticles (NPs), inorganic NPs, and lipid-based NPs for drug
delivery. The main goal for utilizing NPs is to improve the bioavailability of immunotherapeutic agents while
reducing toxicity. Typically, lipid nanoparticle formulations are composed of pH-responsive lipids or cationic lipids

bearing tertiary or quaternary amines to encapsulate the polyanionic RNA molecules. In addition to this main
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composition, nanoparticles incorporate other neutral helper lipids to constitute a hydrophilic layer over the

nanoparticles to stabilize the lipid bilayer and enhance RNA delivery (331,

MnCaCO3/ICG nanoparticles have been produced loaded with PD-L1-targeted siRNA that can be intravenously
injected. PD-L1 is one of the main T-cell inhibitory molecules expressed by cancer cells, through biding to PD-1
expressed on the T cell surface 453l |n addition, PD-L1 expression also confers cancer cells with resistance to
apoptosis. Hence, PD-L1 silencing combined with photodynamic therapy (PDT) showed powerful antitumor effects
(581, These nanoparticles for the treatment of cancer have been used to treat recurrence after surgical resection. A
fibrin gel was used to encapsulate calcium carbonate nanoparticles pre-loaded with anti-CD47 antibody and
applied locally in the tumor. This treatment achieved polarization of tumor-associated macrophages towards M1-
like phenotypes, leading to tumor control both locally and distally after surgery B2, Another interesting strategy is
based on the use of PD-1-positive tumor-derived vesicles to disrupt PD-1/PD-L1 interactions 28, Recently, it has
been shown that PD-L1 present on tumor cell-derived extracellular vesicles (SEVs) play a key role in
immunosuppression and resistance to immunotherapies. Therefore, counteracting these vesicles could also

improve conventional treatments 29,

Moreover, polyethylenimine (PEI) is a cationic polymer that has been extensively used for intratumoral delivery. PEI
can be modified with cholesterol or other lipoic acids to improve gene delivery. In fact, a potent nanoplexed
formulation with Poly I:C complexed with PEI was recently developed. The powerful antitumoral activity in murine
models led to clinical evaluation (89 (NCT02828098).

4.2. Microneedle Delivery Platforms

Microneedles (MNs) have become a leading delivery strategy for transdermal drug administration and have been
reconverted for immunotherapies. MNs are micron-sized and minimally invasive. These microneedles facilitate
transdermal local delivery of different cargoes, from proteins to small molecules. This procedure achieves
controlled and sustained cargo release 6. Microneedle (MN) patches can also be formulated to modulate the
TME, for example biodegradable and pH-sensitive MNs, or the MN-based GOx/CAT enzymatic system. Wang and
colleagues developed a new procedure to perform localized delivery of anti-PD-1 for melanoma treatment, in which
MN was integrated with pH-sensitive dextran nanoparticles loaded with glucose oxidase (GOx). This mechanism of
delivery is PH-dependent. A decrease in pH promotes self-degradation of the nanoparticles within the MN, allowing
a continuous release of mAb within the tumor environment. This intratumoral strategy showed efficacious tumor

growth inhibition in vivo in a mouse melanoma model 621,

In addition, MN tools allow intratumoral co-delivery of two or more ICB agents to achieve synergistic therapeutic
effects. MNs based on the GOx/CAT enzymatic system facilitated sustained release of ICB therapeutics, for
example to block PD-1 and deliver an indoleamine 2,3-dioxygenase (IDO) inhibitor in a B16F10 mouse melanoma
tumor model. A synergistic anti-tumor activity of IDO inhibition and PD-1 blockade was observed with prolonged
survival 83, Modifications of MN strategies can be performed with other approaches, for example implementation

of MNs implemented with cold atmospheric plasma (CAP) to facilitate transdermal penetration of CAP to tumor
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tissues to induce immunogenic death. In this way, enhanced release of tumor-associated antigens was achieved to

elicit dendritic cell maturation (DC) and T cell responses 64!,

4.3. Hydrogels as Delivery Vehicles

Hydrogels are biomaterials formed by a cross-linked porous network of polymers. Some of these are termed ‘smart
biomaterials’ when they have the property of changing their structural properties to respond to environmental
stimuli (e.g., light, temperature, pressure, electric and/or magnetic fields, pH, solvent composition, and recognition
of ions and specific molecules) 626867 Hydrogels have been proven to be non-toxic and biodegradable,
becoming a potential vehicle for encapsulating therapeutic molecules. It has recently been shown in preclinical
murine melanoma and breast cancer models that a PEG-b-poly(L-alanine) hydrogel permitted encapsulation and
release of tumor lysate cells with granulocyte—macrophage colony stimulating factor (GMCSF), anti-PD-1, and anti-
CTLA-4 simultaneously in the tumor. This co-delivery of a tumor vaccine and dual immune checkpoint inhibitors
showed a significant increase of efficacy 8. Combinatorial local immunotherapy with celecoxib and anti-PD-1 from
a hydrogel system synergistically enhanced activated T cells, and reduced regulatory T cells (Tregs) and myeloid-

derived suppressor cells (MDSCs) within the tumor microenvironment (621,

4.4. HSC-Platelet—-Anti-PD-1 Assembly

Platelet engineering has surfaced as an interesting novel approach due to their unique targeting ability toward
inflammation sites. Natural platelets have been shown to be conjugated with anti-PD-1 antibody for targeted
delivery following tumor resection to inhibit tumor recurrence. A cell-cell combinatorial delivery platform was
constructed based on conjugates of platelets and hematopoietic stem cells (HSCs) for leukemia treatment. With
the homing ability of HSCs to the bone marrow, the HSC—platelet—anti-PD-1 assembly could effectively deliver the

anti-PD-1 antibody in an acute myeloid leukemia mouse model 9,

4.5. Intratumor Plasmid DNA (pDNA) Electroporation

An emerging strategy to be applied in human therapy is electroporation of plasmid DNA. pDNA-based delivery is
cost-efficient, allows for combination therapies, and presents low immune-related toxicity risks by intratumor gene
electrotransfer. This strategy has been used for the combined delivery of plasmids encoding IL-12 and an anti-PD-
1 antibody that induced good anti-tumor responses L. Other studies combined anti-CTLA-4 and anti-PD-1
antibodies to evaluate their pharmacokinetics and pharmacodynamics when delivered via intramuscular or

intratumor electroporation in mice 2,

4.6. Antigen Peptides Conjugated on mAbs

New strategies based on engineered mAbs are appearing. Indeed, antigen/a-PD-L1 conjugate therapy showed a
strong local antitumor immune response 3, In line with similar works, an anti-PD-L1 peptide-conjugated prodrug
nanoparticle (PD-NP) has been developed to avoid severe toxicity and improve antitumor activity of T cells in

cancer immunotherapy 4],
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