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Abstract

Dendrimers possess discrete highly compact nanostructures constituted of successive branched
layers. Soon after the inception of dendrimers, recognition of their tunable structures and
biologically favorable properties provoked a great enthusiasm in delving deeply into the utility of
dendrimers for biomedical and pharmaceutical applications. One of the most important
nanotechnology applications is the development of nanomedicines for targeted cancer therapies.
Tremendous success in targeted therapies has been achieved with the use of dendrimer-based
nanomedicines. This article provides a concise review on latest advances in the utility of
dendrimers in immunotherapies and hormone therapies.
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Introduction

Dendrimers possess discrete highly compact nanostructures constituted of successive
branched layers, which are commonly referred to as generations.: 2 Accompanying
dendrimer generation increase, the number of branches and surface groups increases
exponentially along with a stepwise increase in size. Soon after the inception of dendrimers,
recognition of their tunable structures and biologically favorable properties provoked a great
enthusiasm in delving deeply into the utility of dendrimers for biomedical and
pharmaceutical applications.3 4 Dendrimers offer a high degree of flexibility in drug
loading. Drugs can be either covalently conjugated to the dendrimer surface®10 or
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physically encapsulated into the inner core.11-13 Gene plasmids and nucleic acids can be
complexed with dendrimers through electrostatic interaction.14-21 Burgeoning evidence
shows that dendrimers empower development of effective theranostic platforms as
supported by numerous in vitro and pre-clinical studies. Intense efforts have been invested
in developing dendrimer-based nanomedicines and translating them into clinical
applications.2 A few dendrimer-based nanomedicine products such as VivaGel®-a new
antimicrobial agent— have been successfully commercialized. Those with encouraging
preclinical results, for example, Starpharma'’s dendrimer-enhanced docetaxel (commonly
known as DEP™ docetaxel), have moved to clinical trials or are in the pipeline for FDA
regulatory approval reviews.

There is a widespread interest in diverse topics ranging from synthesis and functionalization
of dendrimers, design principles and considerations for the utility of dendrimer features, to
dendrimer-based drug delivery systems for treatment of various diseases.?2-24 One of the
most important nanotechnology applications is the development of nanomedicines for
targeted cancer therapies. Different from conventional chemotherapy acting on rapidly
dividing normal and cancerous cells, targeted therapies interfere with specific molecular
targets that are involved in cancer growth, progression, and spread. Tremendous success in
targeted therapies has been achieved with the use of dendrimer-based nanomedicines.
Targeted therapies have been grouped to different categories including hormone therapies,
signal transduction inhibitors, gene therapy, apoptosis inducer, angiogenesis inhibitor,
immunotherapies, and toxin delivery molecules. This article provides a concise review on
latest advances in the utility of dendrimers in immunotherapies and hormone therapies.

Dendrimer nanomedicine design considerations: critical nanoscale design

parameters (CNDPs)

Critical nanoscale design parameters (CNDPs), namely size, shape, surface chemistry,
flexibility/rigidity, elemental composition, and architecture, have been applied to establish a
nanoperiodic framework to understand nanoparticle structure control and atom-like
combining properties of dendrimers.2 25 It is gaining increasing recognition that
pharmacokinetics, pharmacodynamics, and toxicokinetics of nanomedicines in preclinical
and clinical are also influenced by the CNDPs mentioned above. Uniquely, dendrimers offer
defined nanostructures that can be engineered through any one of the six CNDPs (Figure 1).
Therefore, CNDP-directed design strategies can be implemented to develop dendrimer-
based nanomedicines and offer a powerful tool for elucidation of structure-property-function
relationships and optimization of the nanomedicines in the context of intended clinical
applications (Figure 1).2

It is worth noting that clearance pathway of PAMAM dendrimers shows clear size (or
generation)- and charge-dependence. 26 PAMAM dendrimers of generation 5 or lower can
be sufficiently eliminated via glomerular filtration in the pathway of renal excretion.
However, when size of dendrimers is close to the filtration size threshold, charge plays a
significant role. The highly negatively charged glomerular basement membrane makes it
more difficult for anionic dendrimers to filtrate. As dendrimers become larger in size, their
elimination relies on hepatic clearance. Dendrimer surface functionalization often leads to
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size increase and charge changes. Such design parameters will help predict in vivo
biodistribution and clearance patterns of dendrimer nanomedicine and create more effective
delivery systems.

Dendrimer-ligand conjugates for tumor cell targeting

Immunotherapies may harness the immune system to attack cancer cells with the aid of
dendrimers. One strategy is to prepare immunodendrimers by surface functionalizing
dendrimers with monoclonal antibodies (mAbs) that bind to the surface of cancer cells. The
multivalency and hydrophobic inner core of dendrimers can then be utilized to deliver toxic
molecules through covalent conjugation and encapsulation, respectively, to kill cancer cells
precisely with guidance of the conjugated mAbs.

Over 70% of ovarian adenocarcinoma overly express mesothelin, a glycosyl-phosphatidyl
inositol (GPI)-linked membrane protein, which can be recognized by monoclonal antibody
K1 (mAbK1). Immunodendrimers were made towards ovarian cancer treatment by
conjugating mAbK1 to half-generation poly (propylene imine) (PPI) dendrimers (Figure 2).
Paclitaxel (PTX) was encapsulated into the hydrophobic nanodomains of PPI dendrimers.
Nearly 30% of the drug was entrapped in dendrimers at a drug to dendrimer ratio of 4:1. The
resulting mAbK1-PPI-PTX was tested in an ovarian cancer model, and it was found to
reduce tumor volume and extend animal survival more significantly through enhanced drug
uptake in the tumor.2”

In most cases, cancer cells express much higher levels of receptors on the cell surface, such
as folate receptor, EGFR. In addition to mAbs, ligands that bind to those receptors can be
conjugated to the dendrimer to make targeted dendrimers. It has been widely accepted that
multivalent conjugation of folic acid to the dendrimers makes the conjugates have high
avidity to folate binding protein. In one of our latest publications, we reported
functionalization of dendrimers with EGF peptide ligands for EGFR-mediated gene
delivery.17 In this particular system, the dendrimer surface was uniformly coated with
triglycine (GGG) spacer for improving cytocompatibility while maintaining positive charges
for complexation with nucleic acids (Figure 3). Quantum dots were conjugated to the
dendrimer via a polyethylene glycol (PEG) spacer for imaging purpose. Vimentin ShRNA
(shVIM) and yellow fluorescent protein (YFP) siRNA can be delivered to head and neck
cancer cells HN12 cells more efficiently to exert knockdown effects. Selectivity of the EGF-
conjugated dendrimers against tumor cells was also demonstrated.

Most recently, van Dongen et al. creatively synthesized a monovalent folic acid-dendrimer
conjugate using click chemistry.28 They used the synthesized monovalent folic acid-
dendrimer conjugate to study how the folic acid-polymer conjugate binds to a folate binding
protein surface. Their seminal work showed that monovalent folic acid-dendrimer conjugate
also has increased avidity, and they argued that the increased avidity results from a two-
phase folate-keyed interaction: an initial, reversible, FA concentration dependent key—
lock/van der Waals binding between the conjugate and protein, and then an irreversible
interaction between the dendrimer and protein surfaces (Figure 4, model C). Their findings
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provide new insight into rational design of targeted dendrimers based upon the utility of
multivalency of dendrimers.

Dendrimer-antigen conjugates for immune response stimulation

Dendritic cells (DCs) are antigen presenting cells of the immune system. DCs present
antigens to T cells and initiate the immune response as illustrated in Figure 5.2% In
recognition of the importance of DCs in immunotherapy, tumor-associated antigens (TAAS)
and adjuvants can be simultaneously or respectively loaded onto nanoparticles and taken up
by the same DC to initiate the immune response through coordinated activation. In
particular, TAAs presented via major histocompatibilitycomplex (MHC) class I and class Il
molecules can be recognized by CD8+ and CD4+ naive T cells through T-cell receptors
(TCRs). Activated CD8+ T cells differentiate into memory T cells and cytotoxic T
lymphocytes (CTLs) that are responsible for killing tumor cells. In the meantime, CD4+ T
cells differentiate in type 1 T helper (Th1) cells, which help potentiate the action of CTLs
and activate those cells of the innate immune system, such as natural killer (NK) cells,
granulocytes and macrophages to strengthen tumor destruction process.

As discussed above, delivery of antigens to DCs is a critical step for successfully triggering
immune response but antigen delivery efficiency is rather limited. Dendrimers were recently
biofunctionalized to enhance efficiency of antigen delivery to dendritic cells.3? DC-SIGN
(dendritic cell-specific ICAM-3-grabbing non-integrin) is a C-type lectin receptor present on
the surface of DCs and can be targeted for antigen delivery to DCs. Lewis? (LeP)
glycopeptides are natural ligands that bind to DC-SIGN. In this work, LeP was conjugated to
the dendrimer surface (Figure 6). Interestingly, an increase in DC-SIGN ligand multivalency
directly results in linearly enhanced binding.

Dendrimer-cell hybrids

The ability of anticancer drugs to precisely attack cancer cells influences cancer treatment
effectiveness. Although nanostructured materials and cells have been actively researched as
carriers for drug delivery, each type has its distinct advantages as well as apparent
limitations in terms of anticancer drug delivery. Heterogeneities of vascular permeability
and the complex microenvironment of cancer biology are barriers for effective delivery of
drug-carrying nanoparticles including those decorated with tumor-specific ligand relies
heavily on passive mechanisms such as the enhanced permeability and retention (EPR)
effect. Only a small percentage of the injected drug can finally accumulate in the tumor with
the aid of nanoparticles, in large part, due to rapid clearance by immune cells in the liver and
spleen. Using cells to deliver drugs has also attracted considerable attention. Immune cells
including T cells and macrophages have built-in cancer-targeting or-attacking abilities and
seem suitable for anticancer drug delivery because they respond to tumor invasion,
recurrence, and metastasis or tumor hypoxia and actively infiltrate in the tumor.31-38 Such
cellular vehicles with have a great potential to deliver therapeutic compounds. Nonetheless,
none of the approaches mentioned above is applicable to cell-based anticancer drug delivery.
Anticancer drugs cannot be directly loaded into the cellular vehicle or loosely encapsulated
on the cell surface because of the detrimental impact of their inherent toxicity on cell
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viability and functions. Resolution of this issue is critical to the realization of the potential of
this therapeutic approach.

Yang's team developed a delivery platform by hybridizing immune cell and dendrimers via
highly efficient highly selective bioorthogonal reaction on the cell surface (Figure 7).3° The
resulting hybrids remained good viability and motility, indicating the mildness of the
chemistry and noninvasiveness to the cellular vehicle. This hybrid system takes advantage of
multivalency of PAMAM dendrimers for delivery of compounds of interest such as drugs
and imaging agents. This approach provides a new way to utilize dendrimers and immune
cells and make it possible to develop personalized immunotherapy.

Dendrimer-based hormone therapy

Hormone therapies exert therapeutic effectiveness by preventing production of hormones or
impeding hormone activities.? Similar to other cancer types, receptors that are
overexpressed can be utilized to develop targeted therapy. For instance, elevated expression
of follicle stimulating hormone receptor (FSHR) in ovarian cancers has been

confirmed.#1- 42 Thus, targeted ovarian cancer therapy can be achieved by designing drug
delivery systems carrying FSH ligand. Recently, Modi et al. designed a dendrimer-based
platform to target FSHR. The platform was constructed by coupling the binding peptide
domain of FSH (FSH33) to PAMAM dendrimer G5.0 (Figure 8).43 The high selectivity of
FSH33-dendrimer conjugates was confirmed. Furthermore, the conjugates displayed
receptor antagonistic effect by downregulating surviving, an anti-apoptotic protein.

Conclusions and outlook

High-quality dendrimer products in high quantities have been made available for
fundamental research and translational studies owing to commercialization of PAMAM
dendrimers by several companies such as Dendritech (Midland, Michigan) and
NanoSynthons (Mt. Pleasant, Michigan). The commercially available dendrimers serve as a
reliable source of building blocks for development of dendrimer nanomedicine products on a
large scale. Nonetheless, manufacturing of functionalized dendrimers with uniform loading
of drugs, ligands, and other moieties on the dendrimer surface is challenging and remains to
be solved for consistent therapeutic effects.*4 Efficient and robust dendrimer surface
chemistries such as click chemistry#> must be developed to tackle the heterogeneity of
dendrimer surface functionalization and enable scaling up of dendrimer nanomedicine
products. Factors

Cancer therapy strategies have diversified considerably. Mechanisms for cancer therapies
also include blockage of signal transduction inhibitor activities, modulation of gene
expression, induction of apoptosis, inhibition of angiogenesis and utility of cancer vaccines.
Nanostructured carriers including dendrimers are expected to continue to play an important
role in delivering payload to the right target at the tissue, cellular, or subcellular levels.
Interesting and astonishing biological activities of dendrimers, particularly PAMAM
dendrimers, have been revealed lately. In particular, PAMAM dendrimers show anti-
inflammatory activities via different mechanisms determined by surface groups.*6: 47
Neutral dendrimers have been found to target inflammatory cells within the brain. They can
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localize in activated microglia and astrocytes in the presence of neuroinflammation.48
Activated (i.e., SuperFect) and non-activated (i.e., Polyfect) PAMAM dendrimers can
differentially modulate EGFR signaling pathway.*9 Such intrinsic therapeutic functions

en

dowed by dendrimers themselves may be integrated into drug delivery system design and

offer additional therapeutic benefits for cancer therapy.
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engineering for optimizing prototypes suitable for various nanomedical applications. (i) Size
control (approximately 1 nm per generation) with mathematically defined polyvalent surface
functionality; (ii) polyvalent dendrimer surface chemistry can be chemically partitioned into
imaging groups (A), therapy with cleavable linkers (B), targeting groups (C) and

biocompatible or circulatory enhancement groups (Z). Cited from reference? with
permission.
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Figure 2.
(A) Pictorial presentation. (B) Molecular model of PTX loaded immunodendrimer

(representation—red circle for oxygen; blue for nitrogen; white for hydrogen, and gray for
carbon atom). Cited from reference?” with permission.
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(A) EGF-triglycine (GGG)-dendrimer conjugates, (B) EGF-triglycine-dendrimer conjugates
labeled with Qdots which were coated with amine-derivatized PEG. Cited from referencel’

with permission.
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Figure 4.
Proposed models for enhanced G5-FA binding to FBP. (a) Multivalent binding increases

avidity with increasing valency. (b) Any multivalent binding (2 or more interactions) is
irreversible, and monovalent binding is reversible. (c) FA “keys” the initial interaction
between conjugate and FBP, which is followed by strong nonspecific interaction between
the dendrimer and protein. C represents G5-FA, conjugate, P is FBP, CP a complex
between a conjugate and n=> 1 FBP. CP* is a tight complex formed by a conformation
change in the polymer and the resulting polymer—protein interaction. C represents G5—Fan
conjugate, P is FBP, CP a complex between a conjugate and n > 1 FBP. CP* is a tight
complex formed by a conformation change in the polymer and the resulting polymer—protein
interaction. Cited from reference2® with permission.
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Figure 5.
Nanoparticle-based cancer vaccines can be targeted to DCs in vivo and after their

internalization induce the maturation of these cells. Cited from reference?® with permission.
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Figure 6.
Multivalency enhances avidity of DC-SIGN for its ligands. Glycopeptide dendrimers are

synthesized sequentially over PAMAM dendrimers functionalized with primary amines. A
maleimide linker is used to attach the C-terminal Cys of the CKOTI/II peptide to the
dendrimer. At the other end a glycan is attached to the N-terminus via reductive amination
to the side chain of a Lys. Adapted from reference30 with permission.

Nanomedicine. Author manuscript; available in PMC 2017 February 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Yang

eg., T cells, "\ D,
monocytes/macrophages, R R= l
| dendritic cells &

Autologous immune cells Clickable dendrimers
Metabolic l Dendrimer
engineering engineering

‘ INs Py [ ) .
i cell T % Q
s <
" N i
NG~
i cell Moieties on the

dendrimer

~drugs

-imaging probes
-ligands

-nucleotides

-linear polymers

-cell anchoring
groups (e.g., strained
alkyne)

Figure 7.
Click hybridization of immune cells and polyamidoamine dendrimers. Cited from

reference3® with permission.
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FSH33-targeted G5 PAMAM dendrimer conjugates. Cited from reference®3 with

permission.
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