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Abstract

Cancer immunotherapy, or the utilization of a patient’s own immune system to treat cancer,

has shifted the paradigm of cancer treatment. Despite meaningful responses being observed

in multiple studies, currently available immunotherapy platforms have only proven effective

to a small subset of patients. To address this, nanoparticles have been utilized as a novel

carrier for immunotherapeutic drugs, achieving robust anti-tumor effects with increased adaptive
and durable responses. Specifically, dendrimer nanoparticles have attracted a great deal of
scientific interest due to their versatility in various therapeutic applications, resulting from

their unique physicochemical properties and chemically well-defined architecture. This review
offers a comprehensive overview of dendrimer-based immunotherapy technologies, including
their formulations, biological functionalities, and therapeutic applications. Common formulations
include: (1) modulators of cytokine secretion of immune cells (adjuvants); (2) facilitators of the
recognition of tumorous antigens (vaccines); (3) stimulators of immune effectors to selectively
attack cells expressing specific antigens (antibodies); and (4) inhibitors of immune-suppressive
responses (immune checkpoint inhibitors). On-going works and prospects of dendrimer-based
immunotherapies are also discussed. Overall, this review provides a critical overview on rapidly
growing dendrimer-based immunotherapy technologies and serves as a guideline for researchers
and clinicians who are interested in this field.
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Dendrimers for cancer immunotherapy technologies. Dendrimers are applied in various
immunotherapy applications as (1) modulators of cytokine secretion of immune cells; (2)
facilitators of the recognition of tumorous antigens; (3) stimulators of immune effectors to
selectively attack cells expressing specific antigens; and (4) inhibitors of immune-suppressive

responses.

1. INTRODUCTION

The human immune system has developed complex and dynamic mechanisms to defend
the body against cancer. These mechanisms play a pivotal role in both recognizing and
eliminating malignant cells; however, failure of the self-defense system allows tumor
progression. (Kennedy & Salama, 2020; Zeng et al., 2016) Cancer immunoediting, or

the dual role by which the immune system protects against while also promoting tumor
growth, consists of three phases: elimination, equilibrium, and escape (Dunn et al., 2004).
In the elimination phase, both the innate and adaptive immune systems recognize and
respond to the early formation of tumors. The tumor cells which survive the elimination
phase enter the equilibrium phase where the adaptive immune system holds the tumor in

a functionally dormant state. Due to the constant immune pressure, some of the tumor

cells undergo genetic and epigenetic changes and develop resistance to the anti-tumor
immune response, thereby entering the escape phase. During the escape phase, the immune
system fails to prevent tumor progression, resulting in immune evasion, suppression of
anti-tumor immune activity, and secretion of cytokines that enhance angiogenesis. (Kennedy
& Salama, 2020; Mittal et al., 2014) The mainstream approach of cancer immunotherapy is
based on tackling tumor escape mechanisms, and much research is focused on reactivating
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the immune system to prevent tumor progression (Kennedy & Salama, 2020; Vesely &
Schreiber, 2013). A variety of therapeutic approaches to stimulate the immune system
have thus been investigated, including cytokines, cancer vaccines, monoclonal antibodies
(mAbs), and immune checkpoint inhibitors (ICI) (Ragoonanan et al., 2021). A number of
studies using these treatments have demonstrated significant clinical benefits in patients
with various tumor types, including melanoma, ovarian cancer, bladder cancer, renal cell
carcinoma, hepatocellular carcinoma, and lung cancer (Lesterhuis et al., 2011).

Although research over the past several decades has brought significant breakthroughs in
the field of immunotherapy, many of the currently available cancer immunotherapies have
shown drastic inconsistencies among patients. For example, antibody-based antagonists that
target immune checkpoint molecules, such as programmed death-1 (PD-1) or its ligand
(PD-L1), are only effective for a small subset of patients, whereas the majority of the
patients experience minimal benefits. This was consistently observed in patients with various
types of tumor, including non-small cell lung cancer (NSCLC) (Brahmer et al., 2015),
Hodgkin’s lymphoma (Ansell et al., 2015), and triple-negative breast cancer (Dirix et

al., 2018). Furthermore, these pharmaceuticals have the potential to induce rapid clinical
deterioration due to self-destructive autoimmunity and toxicity effects. (Caminade et al.,
2011) In fact, repetitive injections of free antibodies were found to be severely toxic,
causing fatal xenogeneic hypersensitivity reactions in a murine model (Mall et al., 2015). To
address this, nanoparticles have been utilized as carriers for immunotherapeutic agents and
demonstrated significant anti-tumor effects with increased adaptive and durable responses
compared to conventional immunotherapeutics (e.g., free antibodies). (Moon et al., 2012;
X. Zhou et al., 2020) This can be attributed to the fact that nanoparticles enable selective
delivery of their payloads and elongate the blood circulation time, thereby allowing for the
use of lower doses to achieve a given response with enhanced pharmacokinetic properties.
(Goldberg, 2015; Poellmann et al., 2018) Among these nanoparticles, emerging interest is
focused on leveraging hyperbranched dendrimers for immunotherapies due to their unique
physicochemical properties, including their well-defined structure, multivalency, chemical
modularity for multifunctionalization, biocompatibility, and structural versatility (Abbasi et
al., 2014; H.-J. Hsu et al., 2017; Palmerston Mendes et al., 2017; Svenson & Tomalia, 2005;
Teunissen et al., 2021). Furthermore, the dendrimers’ flexible and deformable branches
facilitate simultaneous binding of ligands conjugated with dendrimers to multiple receptors
on a cell surface, inducing a strong avidity binding via the multivalent binding effect

(Hong et al., 2007; Myung et al., 2011). For example, the conjugation of dendrimers to
multiple ligands allows for the integration of each ligand-receptor interaction (affinity) to
significantly increase the total binding strength (avidity) of the dendrimer-ligand conjugates
towards specific molecules (i.e., cells). These properties have allowed dendrimers to be a
promising immunotherapy platform, resulting in significantly enhanced therapeutic indices
(Deci et al., 2018; Santos et al., 2019). Thus, these unique physiological properties allow
dendrimers to serve as a novel drug delivery platform for immunotherapy which can
overcome the multitude of challenges associated with conventional approaches.

In the following chapters, we summarize recent advances in dendrimers and their use
in cancer immunotherapy. Specifically, we discuss dendrimer synthesis and properties,
followed by a detailed discussion on dendrimer-based immunotherapies to treat cancer,
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categorized by the type of immunotherapeutic agent. First, we summarize the use of
dendrimers combined with cytokines that promote the expansion of immune cells and
enhance their cytolytic activity. Second, dendrimer-based cancer vaccines are discussed,
which utilize well-defined and reproducible scaffolds to form highly immune-active and
efficient constructs for delivery. Third, dendrimer-mAb conjugates, which take advantage of
the multivalent binding effect of dendrimers to increase the interaction between antibodies
and target proteins, are described. Fourth, dendrimers conjugated with various ICls are
discussed, which are designed to enhance the binding avidity towards checkpoint molecules
on target cells and inhibit the redistribution of these molecules. Note that the dendrimer-
antibody conjugates targeting the immune checkpoint pathways are also included in this
section. Finally, this review concludes with our opinions and prospects for the overall
dendrimer-based cancer immunotherapeutics.

2. DENDRIMERS

Dendrimers are hyperbranched globular nanopolymeric architectures with distinct,
homogeneous, and close-to-monodisperse structures (Abbasi et al., 2014; Kesharwani et

al., 2014; Tomalia & Fréchet, 2002). They are composed of a central core, extended
“branch-like” at repeating junctions, and peripheral reactive functional groups, typically
ranging from 1 to 10 nm (Bugno et al., 2015b; Cheng & Burda, 2011; Hodge, 1993;
Pearson et al., 2012). The two most commonly used synthetic routes for dendrimers are
divergent and convergent methods (Hodge, 1993). For divergent dendrimer synthesis, a
dendrimer is assembled outward as branches are attached to a multifunctional core in

a stepwise manner (Bugno et al., 2015b; Gupta & Nayak, 2015; Tomalia & Fréchet,

2002). The multifunctional core reacts with surrounding monomer molecules, resulting

in a homologous first-generation dendrimer (G1; 4 surface end groups). As the periphery

is activated with additional monomers, the number of reactive terminal functional groups
doubles with the generational growth of dendrimers. (Abbasi et al., 2014; Gupta & Nayak,
2015) For convergent dendrimer synthesis, in contrast, dendrimer branches, called dendrons,
are first generated and then coupled to a multifunctional core moiety after activation of
their focal point to form a complete dendrimer. Increasing generations of convergently
grown dendrimers require the activation of internal end groups as the dendrons build inward
to the dendrimer’s core. (Hawker & Frechet, 1990; Malkoch & Garcia-Gallego, 2020)
Additionally, dendrimers can also be classified based on their monomers. Examples of
dendrimers synthesized from the various monomers include polyamidoamine (PAMAM),
arborols, polypropyleneimine (PPI), liquid crystalline (LC), core-shell (tecto), and chiral
dendrimers (Figure 1). (Berg & Meijer, 1993; Nanjwade et al., 2009; Newkome et al., 1985;
Tomalia et al., 1985)

The physiological and chemical properties of dendrimers are largely determined by their
generations (size), terminal groups, synthetic routes, and monomers, and these factors can be
tailored to endow dendrimers with specific properties for different biomedical applications.
(K. Jain, 2017) Although their properties may vary, dendrimers have several characteristics
that make them unique from other drug carriers. Specifically, their high degree of branching,
polyvalency, biocompatibility, and water solubility make dendrimers an ideal carrier for
various therapeutic agents. (Bu, Nair, Kubiatowicz, et al., 2020; Bugno et al., 2015a; W.
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Jeong et al., 2018; Santos et al., 2019; Tekade et al., 2009) For example, the multiple
terminal functional groups of dendrimers enable them to be conjugated or complexed with
a myriad of biologically active moieties, including chemotherapeutic drugs, nucleic acids,
and targeting agents. By integrating multiple therapeutic agents into a single nanostructure,
dendrimers can also facilitate the simultaneous binding of these agents to their respective
target molecules, which in turn increases the therapeutic efficacy. (K. Jain, 2017; Santos et
al., 2019). Overall, these properties have allowed dendrimers to be a promising platform for
various biologically active moieties, and many efforts are being made to utilize them for
cancer immunotherapy (Santos et al., 2019).

3. DENDRIMER-BASED CANCER IMMUNOTHERAPY
3.1 Cytokines

The tumor microenvironment (TME) is a complex network that includes the tumor and
surrounding blood vessels, immune cells, fibroblasts, signaling molecules, and extracellular
matrix (ECM) (Zemek et al., 2019). The TME is usually immunosuppressive and
metabolically stressed due to the multitude of local alterations which contrast anti-tumor
adaptive immunity and favor the dissemination of tumor cells. Additional research into

the biology of the TME may reveal immunotherapeutic strategies to block tumor growth
and prevent metastasis by targeting specific components of the TME. (Duan et al., 2020;
Scharping & Delgoffe, 2016; Tuccitto et al., 2019) Previous studies have found that the
TME composition can vary greatly between patients with the same cancer type and can
either be characterized as “cold” (non-inflamed) or “hot” (T cell inflamed) depending on the
levels of cytokine production and T cell infiltration. The suppressive TME can help tumors
stay “cold” (T cell exclusion), escape from host immune systems, and develop resistance

to immunotherapies. (Zemek et al., 2019) Consequently, converting cold tumors into hot
tumors represents a promising strategy that may enhance the efficacy of concurrent or
subsequent immunotherapy treatment and result in a more robust anti-tumor response (Duan
et al., 2020; Galon & Bruni, 2019).

Cytokines are secreted polypeptides or glycoproteins with a molecular weight usually
below 30 kDa that have a specific effect on cell interaction and communication. They

are essential signaling molecules and major immunomodulators of the innate and adaptive
immune systems; it is well known that cytokines act on every phase of the cancer immunity
cycle and increase the number and cytolytic activity of effector immune cells in the TME.
(Berraondo et al., 2019; S. Lee & Margolin, 2011) Thus, manipulating cytokine levels can
effectively reshape the TME and enhance the efficacy of immunotherapy. Many cytokines,
including Granulocyte-macrophage colony-stimulating factor (GM-CSF, CSF-2), interleukin
(IL)-2, IL-7, IL-12, IL-15, IL-18, and IL-21, have been investigated in preclinical and
clinical studies for their potential anti-tumor activity, with two cytokine treatments receiving
FDA approval as single agents for cancer treatment; namely, the high-dose, bolus IL-2 for
metastatic melanoma and renal cell carcinoma as well as IFN-a for the adjuvant therapy

of stage 11l melanoma. (S. Lee & Margolin, 2011) However, the use of cytokines as

a monotherapy faces challenges due to their short half-life, limited tumor accumulation,
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narrow therapeutic window, and associated severe toxicities. (Skrombolas & Frelinger,
2014)

To this end, many nanoparticle delivery systems, including dendrimers, have been developed
to improve the efficacy of cytokine-based immunotherapies. Typically, dendrimer-based
cytokine delivery systems utilize plasmid DNA (pDNA) that affects cytokine secretion

of immune cells or antigen-presenting cells, as the direct conjugation of cytokines to
dendrimers is inefficient and can limit their bioactivity. (Bahadoran et al., 2017; S. C.

Lee et al., 2004) For example, IL-2 is a promoter for the expansion of natural killer

(NK) cells and T lymphocytes, which is currently used in the clinic as an effective
immunotherapeutic agent to promote T cell activation and proliferation. However, the
systemic administration of IL-2 is found to be associated with toxicities, thereby limiting

its efficacy. (Berraondo et al., 2019; Waldmann, 2018) To address this issue, Huang et

al. developed tumor-targeting lipid-dendrimer-calcium-phosphate nanoparticles (TT-LDCPs)
with thymine-functionalized dendrimers to deliver IL-2 pDNA (Figure 2). (K.-W. Huang

et al., 2020) The TT-LDCPs were utilized to enhance the endosomal escape of pDNA,

assist their nuclear entry, stimulate interferon genes (STING)-cyclic GMP-AMP synthase
(cGAS) pathway, and promote maturation of dendritic cells (DCs). The nanoparticles also
demonstrated enhanced tumor infiltration and increased CD8+ T cell activities compared to
the nanoparticles without thymine-functionalized dendrimers.

Another target of cytokine manipulation is tumor necrosis factor-related apoptosis-inducing
ligand (TRAIL), a member of the tumor necrosis factor (TNF) superfamily and an innate
immune cytokine broadly expressed by immune cells (Staniek et al., 2019; Wiley et al.,
1995). Although TRAIL proteins were shown to selectively target tumor cells /n vivo with
minimal toxicity (Walczak et al., 1999), they achieved only limited clinical efficacy due

to their short circulation half-life and lack of accumulation at the tumor site. Therefore,

the development of effective carriers for TRAIL-based therapeutics was hypothesized to
improve both their efficacy and clinical potential (Guimaraes et al., 2018). To this end, the
Jiang group has extensively researched the utilization of PAMAM dendrimers (Gao et al.,
2015; Han et al., 2011; K.-W. Huang et al., 2020) and Dendrigraft poly-L-lysine (Li et

al., 2013) as TRAIL pDNA (pTRAIL) delivery vehicles. They found that the nanoparticles
significantly improved the therapeutic potential of pTRAIL, which was attributed to the
advantages brought by the nanoparticles, including high transfection efficiency and pH
buffering capabilities, resulting in enhanced intracellular delivery of the nucleic acid and
efficient endosomal escape (Zhu & Mahato, 2010). In one study, Han et al. demonstrated
tumor-targeted delivery and apoptosis induction in a human liver xenograft mouse model
using a PAMAM/pTRAIL complex conjugated with transferrin receptor-specific peptides.
Furthermore, when combined with doxorubicin (Dox) in a co-delivery system, this platform
exhibited significantly improved anti-tumor effects and pharmacokinetic properties in
comparison to Dox alone. (Han et al., 2011)

In addition to the dendrimers as a delivery vehicle of pDNA, some dendrimers can also
be designed to display immune modulation properties without pDNA. For example, Berzi
et al. found that a mannosylated glycodendrimer (Polyman 26) binds with a DC-SIGN
(CD209) on dendritic cells (DCs) and accelerates the production of B-chemokines and
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pro-inflammatory cytokines, such as including IL-1p, IL-6, IL-12, and TNFa.. (Berzi et al.,
2016) Similarly, Perisé-Barrios et al. developed a carbosilane dendrimer (2G-03NN2) to
re-polarize M2 macrophages to an M1-like state (Perisé-Barrios et al., 2015).

As discussed above, cytokines are complex immune mediators and have demonstrated

the potential to modulate the TME and act as potent anti-tumor therapeutics. However,

the development of effective cytokine-based immunotherapies remains a challenge as it is
difficult to exploit their therapeutic properties while minimizing associated toxicities. To this
end, dendrimer-based cytokine therapeutics have been developed and demonstrated to have
enhanced therapeutic delivery capacity, immune adjuvant properties, and biocompatibility in
comparison to conventional cytokine immunotherapies. Additional research into the design
of novel conjugates and combination therapy of cytokines with other immunotherapy agents
would further enhance the pharmacokinetic properties of cytokine dendrimer bioconjugates,
thereby increasing their clinical significance.

3.2 Vaccines

Conventional vaccines are typically nonpathogenic imitations of infectious agents that act
as prophylactics to stimulate a lasting immune response against the infectious agent when
administered to a host. Thus, if the host is subsequently exposed to the particular infectious
agent, the host’s immune system will remember the previous infectious challenge and
significantly reduce the extent of infection. (Ada, 2003; Heegaard et al., 2010) While
vaccination has proven to be an efficacious method of controlling and even eradicating a
plethora of infectious diseases, many persist around the globe due to inherent difficulties in
targeting complex and evasive pathogens (Kaufmann, 2007). In addition, the development
of therapeutic vaccines designed to evoke cellular immune responses and provide immunity
against diseases such as cancer remains a significant challenge and has only achieved
modest clinical efficacy. (Banchereau & Palucka, 2018) Therefore, there is an obvious need
for additional vaccines capable of targeting these diseases to improve global health. As
such, many recent research efforts have been dedicated to understanding relevant immune
mechanisms and exploiting well-defined chemical methods to develop such vaccines.
(Carreno et al., 2015; Sahin et al., 2017; Xu et al., 2019)

To date, much of the work on cancer vaccines has been focused on tumor-associated
antigens or aberrantly expressed self-antigens, such as human telomerase reverse
transcriptase (hTERT) and human epidermal growth factor receptor-2 (HER2). High-affinity
T cells that recognize self-antigens, however, are typically eliminated during development
due to natural immune responses, and as a result, many cancer vaccines have difficulty
activating any remaining low-affinity T cells. (Hollingsworth & Jansen, 2019; Thommen

& Schumacher, 2018; Zitvogel et al., 2008) Thus, it is essential to consider the choice

of antigen for cancer vaccine design. Several classes of antigens have been employed in
cancer vaccines to date, including: (1) tumor-associated antigens (including cancer/germline
antigens, cell lineage differentiation antigens, and antigens that are overexpressed in cancer
cells); (2) oncogenic viral antigens; and (3) neoantigens. (Hollingsworth & Jansen, 2019)
When utilizing these cancer vaccines, it is also important to consider the cross-presentation
of antigens that determines cellular immunity (Guermonprez et al., 2003; Joffre et al., 2012).
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Therefore, it is critical for the development of efficacious cancer vaccines to utilize carriers
capable of effectively encapsulating the various types of antigens and facilitating antigen
cross-presentation. To this end, dendrimers have emerged as useful multivalent carriers for
vaccine development due to their inherent biological and chemical properties and ease of
coupling antigens and immunostimulators to surface functional groups (Figure 3). (Heegaard
et al., 2010)

Examples of dendrimers currently being used for cancer vaccine development include
PAMAM (Xu et al., 2019), multiple antigen peptide (MAP) (Sadler & Tam, 2002),

and glycopeptide (Niederhafner et al., 2008) dendrimers. Previous studies have found

that cationic dendrimers, such as PAMAM dendrimers, allow for the complexation of
biologically active agents, such as nucleic acids, peptides, and proteins through electrostatic
interactions, thereby protecting the materials from immature enzymatic degradation and
increasing their transfection efficiency. (Hao et al., 2020; Lalani & Misra, 2011; Salameh
et al., 2020; Setaro et al., 2015; Zeng et al., 2016) This feature was exploited in an early
study by Daftarian et al., who conjugated PAMAM dendrimers and universal peptides

to selectively deliver DNA to antigen-presenting cells and increase the efficacy of DNA
vaccines. (Daftarian et al., 2011) Although the group’s vaccine design was promising and
resulted in the generation of high-affinity memory cytotoxic T lymphocytes with a robust
humoral response, their system was not fully optimized and resulted in tumor regression
with a 50% mortality rate. Nevertheless, recent research on PAMAM dendrimer vaccine
platforms has found that the surface functional groups of the dendrimers can be modified
to improve biological responses and enhance the efficacy of vaccine delivery systems
(Zeng et al., 2016). For instance, Xu et al. demonstrated that grafting PAMAM dendrimers
with guanidinobenzoic acid enhanced binding and endosomal disruption, enabling efficient
delivery of various proteins and peptides into the cytosol of living cells (Xu et al., 2019).
Furthermore, a recent study found that modification of PAMAM dendrimers (i.e., by
capping the dendrimers with thymine) can result in several multifunctional immunotherapy
characteristics: (1) synergistic interaction with and protection of genetic cargoes (SiRNA
and pDNA) via electrostatic interaction and hydrogen bonding; (2) enhanced endosomal
escape and intracellular release of genetic cargoes; (3) increased pDNA uptake in the
nucleus and enhanced gene transfection activity; and (4) enhanced stimulation of prominent
immunity-related pathways and promotion of cellular immunity. (K.-W. Huang et al., 2020;
Yan et al., 2015) However, although many of the PAMAM dendrimer-based vaccines have
demonstrated high efficiency and selectivity, their effects are often ephemeral, requiring
additional research to be completed to develop nanovaccines with long-term anti-tumor
immunity.

Similar to PAMAM dendrimers, MAP dendrimers are employed to improve the
immunogenicity of cancer vaccines. Synthetic immunogenic peptides are of interest in
cancer vaccines due to their lack of cross-reactivity with host tissues, induction of site-
specific antibodies, ability to chemically define and modify products, and ease of large-
scale manufacturing and long-term storage. (Fujita & Taguchi, 2011) The MAP systems
take advantage of these benefits, and multiple copies of antigenic peptides are bound to
a non-immunogenic Lys-based dendritic scaffold (Fujita & Taguchi, 2011; Tam, 1988).
This system was shown to be highly effective by Ota et al., who demonstrated that
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MAPs are processed the same way as antigens derived from intracellular pathogens in
antigen-presenting cells, allowing for enhanced molecular recognition by immune cells and
induction of strong immune responses. (Ota et al., 2002) Despite such success, studies
have shown that tumor antigen peptides are weakly immunogenic, and the conjugation

of additional functional components to the dendrimers is necessary for the development

of functional MAP dendrimer-based cancer vaccines (Blankenstein et al., 2012; Fujita &
Taguchi, 2011). Such functional components include helper T cell epitopes (Kumar et al.,
1992) and lipids (Horvath et al., 2002), which have been shown to synergistically enhance
vaccines’ immune responses. Nevertheless, it should be noted that many of the studies
that utilized the MAP dendrimer-based systems explicitly focused on the development of a
vaccine for bacterial and viral infections rather than for a cancer vaccine. (de Oliveira et
al., 2003; X.-J. Huang et al., 2013; Nardin et al., 1995) Therefore, there is much room for
additional research to be completed to utilize MAP dendrimers for cancer vaccines.

Glycodendrimers have also been extensively studied for their use as functional antigens in
cancer vaccines due to their strong immunostimulating and adjuvant properties resulting
from their highly defined multivalent scaffolds (Moffett et al., 2021; Shiao & Roy, 2012).
Conventional glycoconjugate vaccines have been leveraged for cancer immunotherapy

by linking target tumor-associated carbohydrate antigens (TACAS), glycans abundantly
expressed on the surface of various tumors, and carrier proteins. However, such vaccines
have failed in clinical trials due to their inability to elicit T cell-mediated immunity in
cancer patients and short-term immunity effects. (Guo & Wang, 2009; Mettu et al., 2020;
Stone et al., 2021) Thus, efforts have been made to utilize glycodendrimers, or carbohydrate-
bearing dendrimers, for anti-tumor vaccines (Shiao & Roy, 2012). Bay et al. demonstrated
the feasibility and efficacy of eliciting complete immune responses with memory effects
using glycodendrimers conjugated with glycosidic tumor-associated antigens (Bay et al.,
1997). Other studies utilizing glycodendrimers for cancer vaccines have achieved similar
success but noted issues with the sensitivity and specificity of the dendrimers’ targets
(Vichier-guerre et al., 2000). Moreover, these issues can be overcome with improvements in
glycodendrimer synthesis and the incorporation of various functional components (Shiao &
Roy, 2012).

Many types of dendrimers are being used to develop the next generation of vaccines;
however, dendrimers have only been used to a limited extent as delivery vehicles to enhance
the immunogenicity of antigens for vaccine purposes. Nevertheless, dendrimers offer the
possibility of a well-defined and reproducible scaffold capable of forming constructs that
are highly immunoactive and efficient for vaccine delivery. With additional research into the
relevant mechanisms behind induction and control of immunity, explicitly relating to cancer
development and progression, the application potentials of dendrimers for efficient cancer
vaccine delivery would likely lead to the development of a new generation of vaccines with
significantly improved cancer outcomes.

3.3 Monoclonal Antibodies for Targeted Therapy

Antibodies are protective immune proteins produced by B cells in response to the detection
of pathogen-derived antigens. Antibodies play a critical role in the immune system’s
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defense against cancer by activating various immune responses (Figure 4A). These immune
responses are initiated by recognizing cell surface tumor antigens, where the antigen-binding
fragment (Fab) region of the antibodies interacts with the specific tumor antigen through a
high-affinity binding. (Chiu et al., 2019) The fragment crystallizable (Fc) region of mAb
then engages receptors (CD16A) on the surface of immune effector cells, such as NK cells
and macrophages, which induces the antibody-dependent cellular-mediated cytotoxicity
(ADCC) and antibody-dependent phagocytosis (ADPC), respectively. (Gémez Romén et
al., 2014; lgietseme et al., 2014; T. H. Kang & Jung, 2019; Ochoa et al., 2017) Fc regions
of the antibodies can also bind with C1q proteins, which form a membrane attack complex
(MAC) and trigger the lysis of antibody-bound cells (lgietseme et al., 2014). In addition

to activating the immune effectors, the binding of antibodies to specific surface proteins,
such as epidermal growth factor receptors (EGFR) and HER2, halt the growth of a tumor
by modulating the signaling pathways (Seshacharyulu et al., 2012; Tai et al., 2010; Zahavi
& Weiner, 2020). Antibodies are also the major type of ICls and will be discussed in more
detail in the following section.

The antibodies’ anti-cancer effects, including the activation of immune responses and the
direct inhibitory effect, could be affected by the number of antibodies attached to the
surface of target cells (Wines et al., 2017). In this regard, the multivalent binding effect
mediated by dendrimers can be employed to increase the interaction between antibodies
and target proteins by the covalent conjugation of multiple antibodies on the dendrimer
surface (Figure 4B). For example, the Baker group conjugated HER2-targeting mAbs to G5
PAMAM dendrimers. Although this study did not directly measure the antibody-dependent
cytotoxicity, both /n vitroand in vivo studies revealed that the dendrimer-mAb conjugates
target HER2-expressing tumors more effectively than the free mAbs, implying that the
dendrimers recruit antibodies more effectively to the tumor sites and have the potential to
increase ADCC effects. (Shukla et al., 2006)

Although controversial (Patri et al., 2005), the hydrophobic inner cavities of dendrimers
could be utilized to carry chemotherapeutic drugs, combined with the tumor targeting

and signal blockade using dendrimer-mAb conjugates. In a study done by Adams et al.,

G4 PAMAM dendrimers were conjugated with Trastuzumab (Tz), an FDA-approved mAb
drug that binds to HER2 receptors on cancer cells and blocks their downstream signaling
Kulhari et al., 2016). The group utilized the dendrimer-Tz conjugates as a vector for the
delivery of docetaxel (DTX) and showed enhanced tumor specificity, DTX uptake, and
cytotoxicity effects compared to DTX-loaded dendrimers (without Tz) and free DTX. The
conjugates between dendrimers and HER2-targeting antibodies have also been applied for
the delivery of methotrexate (MTX) (Shukla et al., 2008), neratinib (Aleanizy et al., 2020),
and paclitaxel (PTX) (Marcinkowska et al., 2019). These drugs were either conjugated on
the dendrimer surface along with the antibodies or physically entrapped inside the inner
cavity of the dendrimers (Aleanizy et al., 2020). Regardless of the method, the dendrimer-
mADb conjugates selectively delivered their chemotherapeutic agents to HER2-positive cells
and demonstrated enhanced cytotoxicity compared to the free chemotherapeutic agents,
except for the methotrexate-conjugated dendrimers, which showed lower cytotoxicity due to
their prolonged retention in the lysosome as a result of the abnormally slow release of MTX
from the dendrimer conjugates. These studies also suggest that the ADCC effect of Tz would

Wiley Interdiscip Rev Nanomed Nanobiotechnol. Author manuscript; available in PMC 2023 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rawding et al.

Page 11

have contributed to the enhanced cytotoxicity of the drug-loaded dendrimer-mAb conjugates
(Marcinkowska et al., 2019).

EGFR is another commonly used therapeutic target for mAb drugs. Including the FDA-
approved mADb drug, Cetuximab, EGFR inhibitors have demonstrated clinical benefits in
multiple types of cancer with wild-type KRAS (Petrelli et al., 2011). In the study by

Barth and colleagues, heavily boronated G5 PAMAM dendrimers were conjugated with
Cetuximab for site-specific neutron capture therapy (NCT) of brain tumors (G. Wu et

al., 2004). An /n vivo study using rats bearing F98 glioma cells transfected with the

gene encoding EGFR (F98ggrr) demonstrated significantly enhanced accumulation and
localization of the boronated dendrimers on F98ggrr compared to the boronated dendrimers
without the mAb (92.3 £ 23.3 vs. 6.7 £ 3.6 g B/g tumor). In a subsequent study, the
boronated dendrimers were conjugated with antibody mixtures composed of Cetuximab

and anti-EGFRvIII mAb (Yang et al., 2008). The mixture of the two mAb demonstrated ~2-
fold enhanced boron accumulation in brain tumors compared to the boronated dendrimers
conjugated with either of the mAbs alone. In addition to boronated dendrimers for NCT, the
dendrimer-aEGFR Ab conjugates have been utilized in combination with DOTA moieties
for radioimmunotherapy and adenovirus for gene therapy. (Wangler et al., 2008, p.)
Furthermore, dendrimer-mAb conjugates have been investigated as therapeutic agents and
carriers for different target molecules, including osteogenic sarcoma-associated antigens and
mesothelin protein (N. K. Jain et al., 2015; Yoon et al., 2016).

This section described the use of mAbs that has emerged as effective targeting agents

for many cancer types. They have found significant clinical relevance and are among the
largest classes of new therapeutics approved for use in oncology. (Beck et al., 2017; Giill &
Egmond, 2015; Weiner et al., 2009) Their efficacy, however, is limited by the number of
antibodies bound to the surface of target cells (Wines et al., 2017). Therefore, dendrimers
have been extensively utilized as mAb carriers to increase the interaction between antibodies
and target proteins through the covalent conjugation of multiple antibodies on a dendrimer
surface, resulting in significantly improved therapeutic effects by enhancing selective drug
delivery to tumor cells. Although most of the dendrimer-mAb conjugates developed so

far have been utilized as a vehicle for the targeted drug delivery, the ADCC effect of

the dendrimer-conjugated antibodies can synergize the cytotoxicity of their payload drug
(Marcinkowska et al., 2019). For this reason, the use of dendrimers has the potential to
increase antibody-dependent cytotoxic effects due to an increased number of antibodies
bound to the tumor surface, representing a class of promising carriers for the targeted
treatment of multiple cancer types.

3.4 Immune Checkpoint Inhibitors

Tumor cells often escape from the host immune system by activating the immune
checkpoint pathways that suppress immune cells’ anti-tumor functions (Whiteside, 2006).
For example, the upregulation of PD-L1 allows cancer cells to evade immune surveillance
by binding to PD-1 expressed on T cells (Pardoll, 2012; Ribas & Wolchok, 2018).

The PD-1/PD-L1 interaction delivers immune-suppressive signals to T cells, suppressing
cytokine production and inducing T cell apoptosis (Y. Wang et al., 2018, p. 1). ICIs

Wiley Interdiscip Rev Nanomed Nanobiotechnol. Author manuscript; available in PMC 2023 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rawding et al.

Page 12

are a type of therapeutic agent that blocks these immune-suppressive interactions by

binding to checkpoint proteins on the surface of cancer cells or immune cells. To this

end, various immune checkpoint proteins have been targeted (Figure 5A), including PD-1
(Aietal., 2020), PD-L1 (Antonia et al., 2018), PD-L2 (Ahmad et al., 2018), cytotoxic
T-lymphocyte-associated protein 4 (CTLA-4) (Hodi et al., 2010), T cell immunoreceptor
with immunoglobulin and immunoreceptor tyrosine-based inhibitory motif (ITIM) domains
(TIGIT) (Solomon & Garrido-Laguna, 2018), and T cell immunoglobulin and mucin-domain
containing-3 (TIM-3) (He et al., 2018). Most of these drugs are in the form of mAbs,
including 7 FDA-approved mAb drugs, Ipilimumab (Yervoy®), Nivolumab (Opdivo®),
Pembrolizumab (Keytruda®), cemiplimab (LIBTAYO®), Atezolizumab (Tecentriq®),
Avelumab (Bavencio®), and Durvalumab (Imfinzi®) (Vaddepally et al., 2020). These drugs
have been proven effective against a wide variety of tumor types by enhancing the anti-
tumor activity of the immune cells. However, only a small subset of patients within a

large cohort receiving the ICI treatment have shown durable responses (10-40%). (Borghaei
et al., 2015; Ferris et al., 2016; Kowanetz et al., 2018) While various factors affect the
sensitivity of ICIs, the redistribution of immune checkpoint molecules and insufficient target
binding efficacy to mAb drugs are primarily attributed to the significant reduction in the ICI
efficacies (Bu, Nair, lida, et al., 2020; Kosmides et al., 2017; Ventola, 2017).

To this notion, the conjugation of ICIs to dendrimers could enhance the binding avidity
towards checkpoint molecules on target cells and inhibit the redistribution of these
molecules, which can increase the overall ICI efficacy. Our group has proven the utility

and efficiency of this concept by conjugating ~3.8 anti-PD-L1 antibodies (aPD-L1) on the
surface of a G7 PAMAM dendrimer (G7-aPD-L1) (Figure 5B). Surface plasmon resonance
(SPR), biolayer interferometry (BLI), and atomic force spectroscopy (AFS) all demonstrated
significantly decreased off-rate kinetics (thereby increasing binding strength) of the G7-
aPD-L1 conjugates compared to the free aPD-L1, which was 1-2 order of magnitude
stronger. The enhanced binding kinetics of the G7-aPD-L1 conjugates were successfully
translated into /n vitro efficiencies, demonstrating ~10-fold stronger adhesion as measured
using a cell detachment assay, 1.35-fold increased T cell IL-2 secretion from a cancer cell/T
cell co-culture assay, and 1.14-fold increased Doxorubicin (Dox) sensitivity in a chemo-
cytotoxicity assay, compared to the free aPD-L1. /n vivo experiments further indicated

the high binding sensitivity and specificity of the G7-aPD-L1 conjugates as significantly
more inhibitors were accumulated on the tumor regions than free aPD-L1. These results all
support that the dendrimer-mediated multivalent binding effect could improve the inhibition
of checkpoint molecules. (Bu, Lee, Jeong, et al., 2020)

The enhanced ICI efficacy due to the dendrimer-mediated multivalent binding effect is not
limited to mAb drugs. As an alternative to mAbs, peptides have obtained great clinical
interest due to their small size, protein (or antibody)-like functions, and high modularity.
(Kosmides et al., 2017) The structural and biochemical analysis of the checkpoint proteins
and their counter antibodies allowed the discovery and synthesis of peptides that can

be utilized as IClIs (Maute et al., 2015; Pascolutti et al., 2016; X. Zhou et al., 2020).
However, the therapeutic application of peptides has been hindered by their weak binding
affinity toward their target checkpoint molecules compared to their whole mAb counterparts
(Muguruma et al., 2013; X. Zhou et al., 2020). In this regard, incorporating peptides into
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dendrimers may increase their inhibitory effect and help avoid rapid renal clearance. Our
group has incorporated ~30 B-hairpin peptides (pPD-1) isolated from a PD-1 protein for the
blockade of PD-L1 on cancer cells (W.-J. Jeong et al., 2020) (Figure 5C). The dendrimer-
peptide conjugates demonstrated 5 orders of magnitude increased binding avidity to PD-L1
compared to the free peptides, which is at the same order of magnitude in dissociation
constants (Kp) with their whole antibody counterparts (aPD-L1). This resulted in an
enhanced PD-1/PD-L1 inhibitory effect /n vitro by increasing the T cell cytokine production
compared to the free pPD-1. In another study, Huang et al. designed a multifunctional
nanoparticle that consists of sSiRNA-loaded, self-assembled dendrimers conjugated with
TIGIT-targeting peptides (°P°TBP-3) on the dendrimer surface. The delivery of siRNA of the
conjugates was confirmed by successful suppression of the target RNA, while inhibition of
TIGIT using the dendrimer-conjugated PTBP-3 was observed by the increased number of
CD54+/CD69+ NK cells and CD4+/CD8+ T cells in vivo. These findings demonstrated that
dendrimers’ unique molecular structure allows for the delivery of siRNA and checkpoint
inhibition simultaneously, synergizing the therapeutic effect of immunotherapy. (Roy & Li,
2016; T. Wang et al., 2021)

Given that tumors use immune checkpoint pathways to escape anti-tumor responses, the
development of effective ICls has been of great clinical interest. A number of clinical studies
have demonstrated that ICIs can significantly enhance anti-tumor immunity. However, the
effectiveness of ICls is quite varied, as the redistribution of immune checkpoint molecules
and insufficient target binding of ICls to checkpoint molecules can decrease their efficacy.
(Bu, Nair, lida, et al., 2020; Kosmides et al., 2017; Ventola, 2017) Thus, the conjugation of
ICls to dendrimers has been explored in an effort to overcome these challenges and inhibit
the immune checkpoint regulatory pathways more efficiently. The dendrimer-1CI conjugates
have exhibited higher binding avidity and specificity towards the target molecules than

free ICls, which was translated into improved /n vitro/in vivo efficiencies. These results
suggest that the dendrimer-ICI conjugates have the potential to outperform conventional
ICIs in human trials and find clinical success with the improvements in their designs and
functionalities.

4. LIMITATIONS

While the use of dendrimers for therapeutic and biomedical applications is indeed
promising, there are limitations regarding their usage in immunotherapies. As the dendrimer
generation increases, so does its overall three-dimensional shape, which results in sizes
comparable to bio-macromolecules, including proteins and DNA. As such, the kidneys
will readily eliminate PAMAM dendrimers below G5 through renal filtration; however,
for G5 and above, the dendrimers’ elimination rate will depend on hepatic clearance.
(Moura et al., 2019) In addition, although cationic dendrimers—such as PAMAM and
PP1—uwill more readily interact with the negatively charged surface of cell membranes

in comparison to anionic or neutral dendrimers (Duncan & 1zzo, 2005), they typically
display a cytotoxic effect as the cationic dendrimers disrupt the cell membranes through
various mechanisms including the formation of nanoscale holes (Hong et al., 2004, 2006).
Furthermore, recent studies have suggested that the observed /n-vivo toxicity may arise
from induced mitochondrial dysfunction (Leiro et al., 2015), changes in endogenous gene
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expression (Leiro et al., 2015), and inflammatory response, (Breslow, 1977; Czarnomysy et
al., 2019; Monteiller et al., 2007; Naha et al., 2010) which ultimately leads to non-specific
cell death. Nevertheless, it has been reported that these cytotoxicity effects can be overcome
by functionalizing bioactive molecules to the surface of the cationic dendrimers to negate
their surface charge. Examples of such functionalization include surface PEGylation and
the introduction of hydroxyl, carboxyl, and acetyl groups. (L. Wu et al., 2015; P. Zhou

et al., 2021) The development and utilization of inert dendrimers that can be excreted or
eliminated under natural physiologic conditions may also overcome these cytotoxic effects
and be utilized as an effective drug delivery system (Leiro et al., 2015; McNerny et al.,
2010).

Specifically for the dendrimer-based vaccine systems, many of the systems developed so
far have not yet been optimized for introduction into clinical settings. Several studies have
shown that the tested systems were not sufficient to protect individuals from subsequent
challenges and only induced ephemeral immunity effects. (Daftarian et al., 2011; K.-W.
Huang et al., 2020; Yan et al., 2015) Also, regardless of the type of dendrimer, the scaffolds
had to undergo additional conjugation with functional groups or be paired with checkpoint
inhibitors to ensure successful cancer inhibition (Blankenstein et al., 2012; Horvath et al.,
2002; Kumar et al., 1992; Vichier-guerre et al., 2000; Xu et al., 2019). Finally, there are
some concerns with the translatability of the dendrimer-based vaccine systems. Multiple
studies which looked at the design and development of dendrimer-based vaccine systems
have only been performed using /n vitro or animal models, and as a result, it is impossible
to extrapolate these results to humans. (Santos et al., 2019) Therefore, additional research is
needed to understand further the biological mechanisms that underlie cancer immunity and
the biocompatibility and functionalized design of the dendrimers themselves.

Similarly, dendrimer-mAb conjugates (or dendrimer-1CI conjugates) have drawbacks,
mainly stemming from binding strength and selectivity issues, limiting their applications

in cancer immunotherapy. Several factors are known to affect the binding behaviors

of the dendrimer-conjugated mADbs, including orientation issues, chemical modifications

on receptor binding sites, back-folding of intermediate linkers, and steric hindrance.
Accumulating evidence suggests that mAbs immobilized on a solid surface exhibit lower
binding avidity than those in solution due to their random orientation on the surface and
chemical modification on Fab regions. In addition, when using a long intermediate linker
(e.g., PEGy chains) to control the hydrophobicity, size, cytotoxicity, and surface charge

of dendrimers, there tends to be a reduction in the number of mAb binding sites on the
PEGylated dendrimers due to the back-folding of the linker. (H.-J. Hsu et al., 2018; Pearson
et al., 2016; Somani et al., 2018) The reactive peripheral amino groups may be concealed
inside the dendrimer core, hindering the conjugation between dendrimer and mAb (H. Hsu
et al., 2014). Furthermore, steric hindrance between the mAbs on a dendrimer may limit

the binding of mADs to a target protein. When neighboring mAbs on dendrimer surfaces

are too close to each other, the receptor binding sites on Fab regions do not have sufficient
space to interact with their target receptor, which reduces the overall binding efficiency

of the dendrimer-mAb conjugates. Different strategies have been developed to conjugate
antibodies to solid surfaces to ameliorate these limitations, and a majority of these strategies
are applicable to the dendrimer-mAb conjugates. The orientation of mAbs can be controlled,
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and Fab regions can be protected by utilizing intermediate proteins (i.e., Protein A) between
the dendrimer and mAbs (Snopok et al., 2006), chemically modifying specific part of

the Fc region (Cho et al., 2007; J. H. Kang et al., 2007), and reducing the heavy chain
disulfide bonds to use as a conjugation site for the dendrimers (Poellmann et al., 2020).
Furthermore, utilizing an appropriate intermediate linker and optimizing the ratio between
the targeting moieties per dendrimer are known to reduce the steric hindrance and increase
the accessibility of the ligands while preventing the folding of a polymer (Chen et al., 2019;
de Gennes, 2003; Steinmetz & Manchester, 2009). Overall, these strategies allow for the
enhancement of the design of selective conjugates and have the potential to be successfully
used in the clinic for targeted cancer therapy.

5. FUTURE PROSPECTS

The currently available FDA-approved mono-immunotherapies are paradigm-shifting
innovations but have been shown to be effective only for a small subset of cancer patients.
For example, PD-1/PD-L1 antagonists have been reported to be only effective for 10-20%
of patients with advanced-stage non-small-cell lung carcinoma (NSCLC). (Kerr, 2018;
Kowanetz et al., 2018) One of the strategies that have been utilized to improve the efficacy
of currently available treatments is to combine immunotherapies with other treatment
modalities such as chemotherapy, gene therapy, and other immunotherapeutic agents (Drake,
2012; M. Liu et al., 2021). West et al. reported that Atezolizumab, an aPD-L1 antibody
utilized as an immunotherapeutic for various types of cancer, exhibited an objective response
rate (ORR) of up to 68% when combined with carboplatin and paclitaxel, pemetrexed, or
nab-paclitaxel (S. V. Liu et al., 2018). Likewise, combination treatment with IL-2 and gp100
peptide vaccine improved the response rate of stage I11/1VV melanoma patients compared to
IL-2 monotherapy.(Schwartzentruber et al., 2011)

To this notion, there are significant opportunities for the improvement of current dendrimer-
based immunotherapeutics, which include the delivery of multiple therapeutic agents to

the cancer cells and/or immune cells by integrating different therapeutic modalities into a
single nano-drug system. Taking advantage of the multivalent binding effect, dendrimers can
be utilized as a scaffold to deliver different therapeutic agents by simultaneously targeting
multiple cancer signaling pathways. For example, dendrimer-1CI conjugates, which can
target multiple immune checkpoint molecules on T cells (i.e., dendrimer-CTLA-4/PD-1
conjugates), cancer cells (i.e., dendrimer-PD-L1/PD-L2), or both T and cancer cells (i.e.,
dendrimer-PD-1/PD-L1), can be synergized to enhance anti-tumor immunity. In addition,
the formulation of immune checkpoint blocking siRNA or mRNA/peptide vaccines with the
inclusion of ICls on a dendrimer surface may enable the targeting of specific immune cells,
thereby providing a robust anti-cancer response. Chemo-drugs can also be co-conjugated,
further improving anti-tumor cytotoxicity. These technologies may significantly impact the
current standard of immunotherapy and contribute to personalized cancer treatment with
improved therapeutic efficacy.
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6. CONCLUSION

For the past several decades, dendrimers have been utilized as a nanocarrier for the
delivery of immunotherapeutic agents in order to better modulate the immune system and
improve upon current therapeutics. A large number of binding sites on their peripheries
allow for the surface conjugation of various therapeutic agents, including mAbs, peptides,
plasmids, and other adjuvants. Furthermore, the hydrophobic inner shells of dendrimers
enable the loading of various chemo-drugs and imaging agents, which can bolster the
therapeutic effect of dendrimer-based immunotherapy. Based on these properties, various
dendrimer-based immunotherapy formulations have been developed which can modulate
cytokine secretion (adjuvants), activate the immune system to recognize the tumor antigens
(therapeutic vaccines), stimulate immune effectors to lysis cancer cells expressing specific
antigens (mAbs), and block ICls. Recent advances in dendrimer research and the growing
need for combination immunotherapy are now driving the development of multifunctional
nanoparticles which integrate multiple therapeutic modalities.

Including these new applications, the expansion of dendrimer-based immunotherapy
platforms can significantly improve the therapeutic index of current cancer immunotherapies
and, eventually, clinical outcomes. The in-depth observations of dendrimer characteristics
and /n vitroand in vivo validation of their therapeutic efficacies have allowed for dendrimers
to be employed as successful immunotherapeutic nanomedicine excipients. Although
dendrimer-based nanomedicines are not yet realized in the clinic, additional improvements
in their formulation and design will enable them to overcome translational obstacles and
advance to clinical trials. Thus, the utilization of dendrimer-based technologies has the
potential to overcome the current challenges associated with cancer immunotherapies and
shift the paradigm of current cancer immunotherapy.
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- Arborols
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Figure 1.
Schematic illustration of a dendrimer structure with examples of common types utilized for

various applications.
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Figure2:
Schematic representation of the mechanism of immunogene therapy by lipid-dendrimer

NPs containing siRNA against the immune checkpoint PD-L1 and pDNA encoding the
immunostimulating cytokine IL-2. Reprint from Huang et al. 2020.
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Figure 3:
Components of dendrimer-based vaccines. Vaccine platforms can be paired with several

types of dendrimers, including PAMAM, MAP, and glycodendrimers, which can target
multiple antigens. These systems offer the possibility of improving the bioavailability and
pharmacokinetic properties of immunotherapeutic vaccines.
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Schematic illustration of the dendrimer-mAb conjugates. (a) mAb-mediated immune cell
functional assays. (b) Design and formulation of the dendrimer-mAb conjugates.
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Figure5:
Schematic illustration of the dendrimer-ICI conjugates. (a) Immune checkpoint molecules

for cancer immunotherapy. The thickness of arrows is proportional to the reported binding
affinities between the molecules. (b) Enhanced PD-1/PD-L1 blockade due to the integration
of aPD-L1 antibodies to dendrimers. Reprint from Bu et al., 2020. (c) The conjugation of
PD-1 derived peptide to dendrimers for PD-L1 blockade. Reprint from Jeong et al., 2020.
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Table 1:

Cytokine-based immunotherapy via dendrimer nanoparticles

Cytokine-

Dendrimer groﬁl:)r/fLe}Zan Irﬁ(n%ggll Cytokine Ref.
PAMAM-NH, G5 IL-3 - IL-31 Lee 2004
PAMAM-NH, G5 pTRAIL - TRAIL? Han 2011; Huang 2011; Gao 2015

Dendrigraft poly-L-lysine G3 pTRAIL - TRAIL?T Li 2013
PAMAM-NH, G4 plL-2 - IL-21 Huang 2020
Polyman26 mannose DC B-chemokine?,_:_l?\l-ég;, IL-6, IL-121, Berzi 2016
carbosilane (2G-03NN24) - macrophage M1 polarization?, M2 polarizationy Perisé-Barrios 2015

MDDC: monocytes-derived dendritic cells; TAM: tumor-associated macrophages; PBMC: peripheral blood mononuclear cells; MDM:
monocytederived macrophages; DC: dendritic cells.
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