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Nanomedicine-based immunotherapy for central nervous
system disorders
Sumaira Hanif1, Pir Muhammad1, Rose Chesworth2, Fawad Ur Rehman1, Rong-jun Qian3, Meng Zheng1 and Bing-yang Shi1,4

Central nervous system (CNS) disorders represent a broad spectrum of brain ailments with short- and long-term disabilities, and
nanomedicine-based approaches provide a new therapeutic approach to treating CNS disorders. A variety of potential drugs have
been discovered to treat several neuronal disorders; however, their therapeutic success can be limited by the presence of the
blood-brain barrier (BBB). Furthermore, unique immune functions within the CNS provide novel target mechanisms for the
amelioration of CNS diseases. Recently, various therapeutic approaches have been applied to fight brain-related disorders, with
moderate outcomes. Among the various therapeutic strategies, nanomedicine-based immunotherapeutic systems represent a new
era that can deliver useful cargo with promising pharmacokinetics. These approaches exploit the molecular and cellular targeting of
CNS disorders for enhanced safety, efficacy, and specificity. In this review, we focus on the efficacy of nanomedicines that utilize
immunotherapy to combat CNS disorders. Furthermore, we detailed summarize nanomedicine-based pathways for CNS ailments
that aim to deliver drugs across the BBB by mimicking innate immune actions.
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INTRODUCTION
Central nervous system (CNS) diseases comprise a diverse range
of severe neurological conditions, which mostly lack effective
treatments [1]. Gliomas and glioblastoma are inherent brain
tumors that originate from neuroglial ancestor cells [2]. The
most common primary tumor within the CNS in adults is
glioblastoma, which accounts for 50% of all gliomas and 15% of
primary brain tumors. In recent decades, the US Food and Drug
Administration (FDA) has approved only two drugs, namely,
temozolomide (TMZ) and the antiangiogenic drug bevacizumab,
after successful clinical trials for glioma therapy [3, 4]. Despite
these therapeutic advances, individuals with glioblastoma have
a median survival rate of less than 2 years [5, 6]. Alzheimer’s
disease (AD) and Parkinson’s disease (PD) are more common
neurodegenerative disorders that affect millions of people
worldwide [7, 8]. FDA-approved medicines for AD include
cholinesterase inhibitors (e.g., donepezil and rivastigmine) and
N-methyl-D-aspartate (NMDA) receptor antagonists (e.g., mem-
antine); however, these have limited effects on severe cognitive
impairment and are unable to stop disease progression [9, 10].
Only one type of drug is approved for PD [i.e., Xadago
(safinamide)]; however, this drug improves motor symptoms
but does not address the underlying PD pathology [11]. The
significant hurdles in this field are halting disease progression
and addressing symptoms and pathology following late-stage
diagnosis. These obstacles have led to the development of a
new generation of therapeutic approaches.

Currently, methods to treat CNS disorders include radiotherapy,
chemotherapy, gene therapy, immunotherapy, and surgery, with
each therapeutic strategy having its benefits and limitations [12, 13].
Immunotherapy harnesses the host’s immune system by either
enhancing or suppressing innate immune responses to target
disease cells [14, 15]. Immunotherapeutic methods are classified as
either active or passive immunotherapy [16]. Active immunother-
apeutic strategies are designed to induce an immune response
through nanomedicines, tumor vaccines, and nonspecific immune
stimulants [17]. Passive immunotherapy acts as a promoter of
antitumor effects by introducing antibodies or lymphocytes from
immune cells into patients [18]. However, the unique immune
microenvironment of the CNS needs to be considered when
engaging in immunotherapeutic strategies [19–22]. The CNS immune
system can be activated, distinct, and adaptive, as evidenced by the
existence of microglia, astrocytes, and pericytes as antigen-
presenting cells (APCs), the complement components, and the
expression of Toll-like receptors (TLRs) [23–25]. Despite the dynamic
and adaptive nature of the immune system, some infiltrating tumors
contain nonenhancing regions, even with a disturbed blood–brain
barrier (BBB), which limits therapeutic drug contact [26]. Furthermore,
the powerful adaptive capabilities of glioblastoma, as well as its
relative lack of immunogenicity, its production of a suppressive
tumor microenvironment (TME), and intratumoral heterogeneity,
make the delivery of drugs across the BBB a significant challenge.
Indeed, some researchers have suggested that the CNS may be
considered an “immunologically inactive” site, with a different and
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well-balanced environment employing the prime expression of
immunosuppressive mediators [27].
Engaging surrogate immunosuppression via multiple mechanisms

by brain tumors is a major obstacle that limits the efficacy of
immunotherapies. In the diseased state, highly expressed markers
(CD4+, CD25+, and FOXP3+) in regulatory T cells (Tregs) modulate
the immunologically cold TME [28]. Glioblastomas are usually
considered “cold TMEs” and are associated with either immune-
desert tumors or only peripheral invasion of immune cells, which
make them uniquely immunoprivileged tumors. Moreover, immune-
inhibitory cytokines (interleukin 6, IL-6 and interleukin 10, IL-10) and
secreted factors such as transforming growth factor-beta (TGF-β)
also contribute to a cold TME [29]. In addition, inactive Tregs trigger
the overexpression of programmed cell death protein-1 (PD-1),
which helps tumors escape CNS immune responses and contributes
to a cold TME [30–32]. Thus, brain immunity is maintained by a
series of highly regulated checkpoints. Instructing the immune
system to recognize disease sites has transformed immunotherapy
in several ways [33]. One is immune checkpoint inhibition, whereby
drugs (mostly antibodies) interrupt overexpressed immune check-
points that have been co-opted by tumors, thus exposing cancer
cells and, ultimately, activating immune-cell responses against the
tumors (e.g., melanoma) [34]. Alternatively, genomically mutated
targeted agents (i.e., chimeric antigen receptor T cells (CAR T cells)),
which have been modified to recognize better and treat the
patient’s cancer, can initiate immune responses [35]. Despite
decades of scientific research, the treatment of CNS disorders with
immunotherapy remains a major clinical challenge. For instance,
nonresponsive tumors with fewer mutations and neoantigens
exhibit a lower response to immune checkpoints and CAR T-cell
therapy [36–39]. Indeed, the localization and morphologic resem-
blance of nonmalignant cells with neuroglial cells can make
immunotherapy extremely challenging [40–44]. In addition, the
inability to deliver therapeutically relevant doses to the disease
location is a major hurdle in achieving an improved outcome for
CNS diseases.
Other obstacles in the delivery of therapeutics to the CNS

include penetration of the BBB and the blood–brain tumor barrier
(BBTB), the short circulation time of medications in the blood, and
clearance of drugs by the kidneys [45–48]. Occasionally, the
payload to the CNS can be limited by a natural defense system of
efflux pumps, such as multidrug-resistant protein [49] and
convection-enhanced diffusion [50]. In response to these chal-
lenges, an active and functionally targeted nanomedicine-based
approach is being widely examined in developing CNS therapeu-
tics [51, 52]. Nanomedicine is an emerging field that utilizes
nanoscale materials for a diverse range of applications in
diagnosis and disease therapeutics [53–55]. Effective nanomedi-
cines for CNS diseases need to cross the BBB efficiently, and
various parameters need to be optimized (e.g., shape, size,
functional surface chemistry, circulating half-life, structural stabi-
lity, permeability, and extravasation) [56]. In addition, the surface
conjugation chemistry and associated targeting capability need to
be kept at a high level via multiple receptor-facilitated interac-
tions. The main pathways that facilitate BBB penetration include
receptor-mediated transcytosis (RMT) [57], adsorption-mediated
transcytosis [58], and cell-mediated transport (stem cells and
immune cells, macrophages, and monocytes) [47, 59].
To date, several nanoscale materials have been employed as

nanomedicines, ranging from organic, inorganic, polymeric, and
carbon-based materials to extracellular vesicles, liposomes, red
blood cell membranes [60, 61], and metal nanostructures
[28, 52, 62–66]. Drug-carrying nanomaterials substantially improve
the pharmacokinetics and biodistribution relative to free drugs
within the CNS [67–69]. In this review, we detail the efficacy of
nanomedicine-based immunotherapies for CNS-associated dis-
eases such as brain cancers and other neurodegenerative
disorders, such as AD and PD. We have evaluated data from

preclinical experimental models that target pathology associated
with glioma, AD (tauopathies or amyloid-β), and PD (α-synucleino-
pathy or Lewy bodies). Here, we outline the current knowledge of
immunology, which contributes to disease progression, describes
recent breakthroughs in this field, and highlights unanswered
questions. Finally, with this knowledge, we speculate on the
potential future applications of immune-based nanomedicine
approaches for CNS disorders.

THE BBB
The brain is considered the most protected organ within the body.
The brain has many defensive shields, including the skull,
meninges, cerebrospinal fluid, BBB, and BBTB [45]. All of these
factors can play a role in protecting the brain from external and
internal injuries and in preventing disease. Nevertheless, in a
disease state, these protective shields also decrease the accessi-
bility of therapeutic agents to the brain. The BBB is a physiological
barrier composed of tightly restricted cerebral capillary endothe-
lium, pericytes, astrocytes, and basal membranes, with infrequent
endocytosis and transcytosis [46]. Because of the highly expressed
P glycoproteins on cerebral endothelial cells, it actively effluxes
most therapeutics [70]. Owing to the very tight and small opening
in these connective cells, the BBB prevents almost all types of
macromolecules and large proportions of small molecules
(including anticancer drugs) from entering the CNS, particularly
into the brain [71, 72]. Therefore, the BBB is considered
responsible for the failure of most current therapies [61]. Being
of a lipid-like nature, epithelial cells and membrane systems such
as abluminal and luminal membranes have the potential to
transport substrates into the brain [47, 56, 73]. For instance, the
transcellular lipophilic pathway is responsible for crossing
numerous lipophilic molecules (≤400 Da), and oxygen, carbon
dioxide, nicotine, steroid hormones, and alcohol can quickly
diffuse and penetrate the BBB [47].
Various types of BBB models have been established, from

simpler monolayers of brain endothelial cells (BECs) to more
sophisticated spheroid and chip style models, as shown in Fig. 1.
The simplest BBB models can be established by isolation of BECs
that are grown to make a single monolayer at the abluminal side
of transwell inserts [74]. Transwell systems build vertical side-by-
side diffusion systems and are the most common and widely
used cell-based in vitro models of the BBB [49]. Another type of
BBB model utilizes astrocytes and pericytes that are guided to
develop co-culture transwell systems of gel matrices containing
extracellular matrix proteins [75]. This type of model provides
higher transepithelial resistance, greater barrier strength, and
lower permeability than single BEC models. However, it is also
associated with several limitations of the implementation of
shear stress and requires more expensive and difficult proce-
dures. Recent BBB models use a combination of three different
types of cells developing from either porcine, bovine, or rodent
origin [76]. More complicated types of 3D-designed models have
also been developed, which are made of spheroid or micro-
fluidic models and are a closer representation of the in vivo
environment [77]. Pericytes, astrocytes, and BECs can freely self-
assemble into ball-shaped cellular aggregates when deprived of
any framework materials. The microfluidic systems afford
physiologic shear stress to BECs that further create a laminar
flow via a computer-controlled pumping mechanism [78]. These
types of models are beneficial because they better resemble the
in vivo environment but require a difficult and expensive setup
to establish [79].

METHODS FOR MODELING CNS DISORDERS
Experimental models of diseases are critical for a better under-
standing of pathogenesis and to assess the potential efficacy of
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novel therapeutic approaches. Tumor cells are sourced from either
in vitro tumor tissue or tumor cell populations, which are usually
collected from rodent models, or are patient-derived [80, 81].
Cultured tumor cells are then implanted directly into the brain of
the host animal model by intracranial or subcutaneous injection to
develop glioblastoma models [82]. The most widely implemented
method in animal models is the subcutaneous or intracranial
injection of tumor cells into rodents. Subcutaneously injected
patient-derived xenograft models grow quickly but are not very
confined within the subcutaneous space, making this model
relatively different from the TME [83]. Intracranial injection for
tumor implantation is superior because of the direct implantation
of tumor cells into the brain rather than the degradation of some
tumor cells via subcutaneous injection [84]. Models can also be
established by other means, such as plasmid-based and viral
vector (viral delivery of genetic material)-based mutated genetic
material delivery [85, 86]. Breeding animals that carry germline
mutations that cause the development of brain tumors are also
preestablished in vivo rodent models.
Until now, most experimental animal models developed for AD

are transgenic mice that overexpress human genes associated
with the establishment of amyloid plaques and/or neurofibrillary
tangles of hyperphosphorylated Tau protein [87]. Physiological
models are developed via the action of neurotoxins, which are
used to induce the accumulation of amyloid plaques in AD
models. Similarly, PD models are classified as induced via
neurotoxic or genetic means and involve the degeneration of
dopaminergic neurons in the substantia nigra [88]. Neurotoxin
models generally produce a rapid and robust cell loss in the
substantia nigra and provoke motor symptoms as well as
behavioral changes. In contrast, genetic-based models exhibit
variable α-synuclein pathology along with some physical symp-
toms, such as cell loss and motor symptoms. α-Synuclein is the
major constituent causing PD and related dementia with Lewy
bodies [89]. The aggregation of α-synuclein occurs in physically
linked neurons throughout the brain, along with loss of DA.

Genetic mutations can be demonstrated by employing transgenic
animals or be induced by viral transfection. Some examples of
commonly used animal models for CNS disorders are mentioned
in Table 1.

NANOMEDICINE-BASED IMMUNOTHERAPY FOR
GLIOBLASTOMA
The cargo-based delivery of therapeutic agents, which induce an
immune response, is a topic of high interest in glioma treatment,
as highlighted in a recent article, “glioblastoma is ‘hot’ for
personalized vaccines” [90]. A detailed schematic illustration of the
immune response in glioblastoma is shown in Fig. 2.
Immunotherapy for glioblastoma relies on the dendritic cell

(DC)-mediated presentation of tumor-associated peptides, anti-
gens, or epitopes (used in vaccination therapy) [91]. These tumor
lysate-derived constituents are administered directly or through
CAR T cells for adaptive immune organization. Then, cytotoxic T
lymphocytes (CTLs) are activated after interacting with DCs via the
major histocompatibility complex (MHC) class II–T-cell receptor
(TCR) (signal 1) and CD80/CD86-CD28 (signal 2). Upon activation,
CTLs interrogate glioblastoma-associated antigens expressed on
MHC class I molecules and destroy tumor cells [92, 93]. However,
glioblastoma cells frequently avoid obliteration through enhanced
expression of immune checkpoint ligands, such as programmed
death-ligand 1 (PD-L1) receptors. These ligand receptors bind with
complementary receptors on CTLs via PD-1 and cause the
suppression of CTL activation. Immune checkpoint blockade
therapy with monoclonal antibodies can disrupt this communica-
tion [94, 95]. Moreover, the inhibitory immune checkpoint
blockade of cytotoxic T lymphocyte protein 4 (CTLA-4) also
stimulates the interaction of CD28 with CD80 and CD86 on DCs
and promotes T-cell priming. Glioblastoma-associated antigens,
containing IL-13 receptor subunit-α2 and epidermal growth factor
receptor (EGFR) variant III, are also expressed on the tumor cell
surface and can self-regulate MHC class I [96]. These tumor-

Fig. 1 Representation of the common in vitro BBB cellular models for CNS diseases. Reproduced with permission from [79]. Copyright 2015
Wolters Kluwer—Medknow
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associated antigens are exploited as specific targets of genetically
modified CAR T-cell therapies [97]. A summary of the advantages
and disadvantages of various immunotherapy-based strategies for
the treatment of glioblastoma is presented in Table 2.
Current obstacles in glioma therapy, such as lack of specificity,

poor BBB penetrance, low circulation life, and limited targeting
ability, can be easily addressed by nanomedicine-based immu-
notherapy [98]. The major disadvantages of the current research
frontier using simple nanocarrier systems for therapeutic agents
and cancer vaccines (various antigens and immunomodulatory
agents isolated from astrocyte lysates) are that they are incapable
of inducing cytotoxic antitumor T-cell responses and merely
deliver the drug to the tumor [99]. Designing more precise and
effective targeting cancer vaccine carriers can be achieved by
incorporating a combination of various immunomodulatory
agents and antigens. Cancer vaccines have the potential to target
and modify the operation of T cells directly. This approach could
also provide cargo for biological compounds and molecules such
as immune checkpoint inhibitors, modulators of the suppressive
TME, nucleic acids, RNAi, and other adjuvants [100–102]. In
addition, DC-based vaccines in immunotherapy can be employed
to increase the production of interferon γ (IFN-γ) and tumor
necrosis factor α (TNF-α) to alter the immune response in
glioblastoma [103]. Herein, we will describe the various targeting
steps used in nanomedicines to activate the immune cascade in
cell-mediated immunity to treat glioblastoma and CNS tumors.
Kateb et al. [104] developed multiwalled carbon nanotubes that
simultaneously deliver DNA and short interfering RNA (siRNA) to
specific cell types via biomolecular interactions with brain cells
such as BV2 microglia and GL261 glioma. The siRNA-modified
multiwalled carbon nanotubes (pMWCNTs-siRNA) may provide a
nanovector for specifically targeting, stimulating, and improving

the antitumor response of GL261 glioma. Antigen-modified
nanoparticles are easily internalized by APCs to stimulate a robust
immunostimulatory cascade against brain cancer cells [105]. Due
to their inert nature, nanoplatforms are considered biodegradable
and nontoxic, making these particles advantageous for immuno-
genetic therapy of brain tumors.
The upregulation of low accruement antigen expression in

glioma APCs can be used for active glioma immunotherapy. For
this purpose, a hybrid “clusterbomb” nanovaccine was developed
with high antigen loading capacity on the surface of zinc oxide
(ZnO) and triblock-copolymer nanoparticles (MPSDP–ZnO/Ag)
[106]. The MPSDP–ZnO/Ag with a 180 nm hydrodynamic size
has a spherical shape and is positively charged (+12.0 mV). The
targeting nanosystems entered the DCs via receptor-mediated
endocytosis. As shown in Fig. 3a, the presence of ZnO (3–5 nm)
nanoparticles as the adjuvant in a multifunctional nanovaccine
further promotes cellular and humoral immunity. MPSDP–ZnO/Ag
enhanced both Ag-specific CD8+ and CD4+ T-cell responses,
which brought on vigorous cellular and humoral immune
responses in both in vitro and in vivo glioma therapy. The
triplex-reduction-responsive nanovaccines allow the cluster to
“bomb” within the APCs by stimulating CD8+ CTLs and the
secretion of specific antibodies in response to cytokines. This
multifunctional nanoplatform enhances drug accumulation and
increases the survival rate of tumor-bearing mice [106]. Similarly,
Liu et al. [107] used C6 glioma tumor-derived exosomes combined
with natural killer T-cell activators such as α-galactosylceramide (α-
GalCer) for treating glioblastoma-bearing rat models. The small
size (30–50 nm) of tumor-derived exosomes with α-GalCer on a
DC-based vaccine exhibited potent effects in glioblastoma
immunotherapy, with a prolonged survival rate from 15 days
(control) to 35 days.

Table 1. Summary of established animal models for glioblastoma, Alzheimer’s Disease, and Parkinson’s Disease

Disease Model Characteristics Refs.

GBM Xenograft/HT1080 (human cell line) IDH1 mutant (MGG152) [210]

Xenograft/LNT-229 and LN-308 (human cell line) IDH1 R132C mutant (HT1080) [211]

Xenograft/BT111 (TIC), BT116 (TIC) Unmethylated MGMT (BT111) and (BT116) [212]

Xenograft and allograf/LN-319 (human cell line)
GL261 (mouse cell line)

(LN-319) ErbB2 Expression (GL261) [213]

Xenograft/U251 (human cell line) N/A [214]

Allograf GL261-Luc (mouse cell line) N/A [215]

AD PDAPP Plaque-associated reactive astrocytes, general microgliosis [216]

Tg2576 Plaque-associated astrocytes and microgliosis [217]

APP23 Fibrillar plaque-associated astrocytes and microgliosis and general
astrocytosis

[218]

J20 General astrogliosis and microgliosis [219]

TgSwDI CAA-associated astrocytes and microgliosis [220]

PD MPTP Neurotoxin: inhibition of complex I No α-synuclein aggregates, rapid and strong dopaminergic
neurodegeneration, strong motor deficit

[221]

6-OHDA Neurotoxin: inhibition of complex I and
oxidative stress

No α-synuclein aggregates, rapid and strong dopaminergic
neurodegeneration, strong asymmetric motor deficits

[222]

SNCA transgenic rodents point mutations (A53T,
A30P, and E46K) and overexpression of α-
synuclein (ASO)

Mice and rats: widespread α-synuclein aggregation, no dopaminergic
neurodegeneration, and some motor deficits

[223, 224]

α-synuclein preformed fibrils seeding of α-synuclein
aggregates

Mice, rats, and NHP: widespread α-synuclein aggregation, mild
dopaminergic neurodegeneration, and lack of motor deficits in rats
and NHP, some in mice

[225, 226]

UCH-L1 I93M mutation Mice: no α-synuclein aggregates, dopaminergic neurodegeneration,
and mild motor deficits

[227]

IDH isocitrate dehydrogenase, MGMT methylguanine-DNA methyltransferase, ErbB2 erythroblastic oncogene B2, NHP non-human primates, MPTP 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine, 6-OHDA 6-hydroxydopamine, UCH-L1 ubiquitin carboxy-terminal hydrolase
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Recently, several therapeutic approaches have been designed
to promote synergistic effects with immune checkpoint inhibition
for the treatment of glioma. For instance, Qiao et al. [108]
fabricated reactive oxygen species (ROS)-responsive polymer
nanoparticles coloaded with small iron oxide nanoparticles, a
TMZ drug, and siRNA against TGF-β, which is an immunosuppres-
sive cytokine. Collectively, this was named ALBTA, angiopep-2
LipoPCB (TMZ+ BAP/siTGF-β) with an average size of
135.9–51.3 nm, and the zeta potentials were changed from 3.18
to 51.3 mV after siRNA modification. Angiopep-2 was modified
through thiol linkage on the surface of the nanoparticles to allow
the nanoparticles to cross the BBB. This polymer nanoparticle
facilitated the development of the immunosuppressive micro-
environment and significantly enhanced the overall survival of
tumor-bearing mice. Sun et al. [109] targeted the expression of
tumor vascular laminin-411 (α4β1γ1), which is correlated with
some cancer stem cell markers (e.g., Notch, CD133, Nestin, c-Myc)
that are associated with a shorter survival time of glioblastoma
patients. Sun et al. [109] developed a nanobioconjugate which
inhibits laminin-411, allowing it to cross the BBB and target the
TME. The inhibition of cancer stem cell markers leads to prolonged
animal survival in mice carrying intracranial glioblastoma [109].
Furthermore, another study used a folate-targeted polymeric

micelle that delivered the antiglioma drug TMZ as well as siRNA
targeting B-cell lymphoma 2 (BCL2) into orthotopic glioma-
bearing rat models [110]. Intracranial injection of this therapeutic
nanocarrier carrying combined TMZ and anti-BCL2 cargo inhibited
tumor growth and extended the survival time in tumor-bearing
rats [110]. Recently, Galstyan et al. [111] demonstrated the
application of nanoscale immunoconjugates (NICs), which are
natural biopolymer scaffolds made of poly(β-L-malic acid, PMLA),
covalently attached to an anti-CTLA-4 or anti-PD-1 targeting
moiety (Fig. 3b-d). These NICs are capable of crossing the BBB via
RMT by modification with transferrin or Angiopep-2 peptide. NICs

were applied to intracranial GL261 glioblastoma-bearing moieties,
causing an increase in CD8+ T cells, NK cells, and macrophages as
well as a decrease in Tregs in the TME of the brain. Hence, the NICs
activated the local immune system and sustained the survival of
intracranial GBM GL261-bearing mice. This suggests that tumor-
targeted polymer-conjugated NICs serve as checkpoint inhibitors
for potential glioblastoma treatment and activate systemic and
local brain tumor immune responses, prolonging survival in
mouse models.
Nanotechnology, in combination with stimulated CAR T-cell

therapy, represents a new frontier for treating solid tumor
oncology. For instance, Zhang et al. [112] developed TME-
facilitated iRGD-lipid nanoparticles that increased the function
and perseverance of transferred CAR T cells into glioma cell lines
and mouse models. These lipid nanocarriers deliver a combination
of immune-modulatory agents, which (1) remove protumor cell
populations (“releasing the brakes”) and (2) stimulate essential
antitumor effector cells (“stepping on the gas”). Recently, Shi et al.
[113] developed polymersomes decorated with angiopep-2
cargoes of anti-PLK1 siRNA. These carriers increased BBB perme-
ability but were also targeted to glioblastoma in mouse models,
which significantly enhanced their antiglioblastoma activity [113].

NANOMEDICINE-BASED COMBINATION THERAPIES FOR
GLIOBLASTOMA
The complexity of glioblastoma incites researchers to develop
many therapeutic strategies for treatments. Conventional single-
glioblastoma therapy is often hampered by reoccurrences, short-
term survival, and other regularity issues. In addition, drug-
resistant glioblastoma therapy is also a major concern because of
severe side effects, which demands suitable drug combinations
and delivery systems. Therefore, an appealing alternative solution
is combination therapy, which boosts the immune response in

Fig. 2 Optimal design of nanoparticle-based delivery of drugs, cargoes/or adjuvants, and immunotherapy of glioblastoma. Diverse types
of nanoscale materials can serve as vehicles for targeted delivery of tumor-cytotoxic nanomedicines
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addition to the delivery of conventional therapies. Currently,
combinations of therapeutic approaches in addition to immu-
notherapy are considered; these include chemotherapy, photo-
dynamic therapy (PDT), and gene therapy. Herein, various
combination strategies with immunotherapy are presented, and
we discuss the advantages and disadvantages of these
approaches.

Chemoimmunotherapy (CIT)
Glioblastoma and glioma exist as a complex immunosuppressive
TME that overwhelms endogenic antitumor immune activity and
results in upregulated immune tolerance [114]. Chemotherapy
and radiotherapy are commonly used treatment alternatives for
glioblastoma, which involve the delivery of chemotherapeutic
agents. Though the intention of chemotherapy is to destroy
tumorous cells, this approach can also damage noncancerous cells
and cause severe side effects [92]. To combat this problem,
immune-stimulating nonmethylated oligonucleotides (such as
CpG), which can enhance long-term immunity, have recently
been synthesized [115]. Lollo et al. have combined chemotherapy
with immune-stimulating CpG-mediated immunotherapy to
achieve the maximum therapeutic index against glioblastoma
and reduce long-term relapse [116]. They developed a multi-
functional lipid nanocapsule cargo system that systematically
codelivered the chemotherapy drug paclitaxel (PTX) and the
immunostimulant CpG agent to glioma tumors. The survival rate
of orthotopic GL261 glioma mice was significantly prolonged
following administration of PTX/CpG coloaded lipid nanocapsules
compared with single-loaded PTX in the same system without
CpG. This suggests that a combined chemo/immune therapy
approach may be more effective than single chemotherapy for
glioma treatment.
Recent studies have shown that specific tumor cells can

escape immune system elimination via immune checkpoint
pathways [117]. Indoleamine 2,3-dioxygenase (IDO) is consid-
ered an essential immune checkpoint receptor that is highly
expressed in brain tumors. It is an attractive and important
immune-therapeutic target for many researchers working on
brain cancers [118, 119]. Importantly, 1-methyltryptophan (1MT),
a specific competitive IDO inhibitor, slows tumor cell growth
[120]. 1MT activates effector CD8+ T cells, and antigen-

presenting DCs also inhibit immunosuppressive regulatory
CD4+ T cells [121]. However, 1MT alone cannot be considered
an efficient targeting agent to prevent progression, as it is only
capable of retarding tumor cell growth [122]. Therefore, some
research groups have combined 1MT with other drugs (e.g.,
doxorubicin, DOX) to increase the targeting efficiency [123]. For
instance, Kuang et al. [124] developed a nanostrategy that
codeliveres 1MT with the chemotherapeutic agent DOX on
mesoporous silica nanoparticles. These nanoparticles were
modified with the tumor-targeting/penetrating peptide
CRGDK/RGPD/EC (iRGD) to improve the therapeutic application
in orthotopic glioma [124]. With the help of peptide modifica-
tion, DOX@MSN-SS-iRGD&1MT (DOX/1MT) was able to penetrate
the BBB and deliver DOX/1MT precisely to tumor sites [124].
DOX/1MT treatment increased the number of cytotoxic CD3+

and CD8+ T cells and decreased the number of CD4+ T cells
[124]. In addition, it also enhanced the expression levels of
antitumor cytokines (e.g., IFNα/β, IFN-γ, TNF, and IL-17) and
reduced the levels of the protumor proteins p-STAT3 and IL-10
in the brain tumor area, leading to a significant prolongation of
the overall survival rate [124]. These results indicate that
combination chemo/immunotherapy promotes local antiglioma
cells as well as systemic antitumor immune responses.
Kadiyala et al. [125] developed nanodiscs modified with high-

density lipoprotein-mimicking nanoformulations (i.e., sHDL nano-
discs) that not only deliver glioma tumor-specific antigens but also
carry adjuvants and bioactive compounds. The sHDL nanodiscs
are designed as CIT delivery vehicles for CpG deoxynucleotides, a
TLR9 agonist, in combination with a chemotherapeutic, i.e.,
docetaxel (DTX), to target gliomas, as shown in Fig. 4. The
nanodiscs were self-assembled by the synthetic apolipoprotein-I
peptide that helps to target the tumor in the GL26 syngeneic
mouse glioma model. The DTX-sHDL-CpG nanodiscs (a discoidal
shape with an average size of 10− 12 nm) not only carry drugs to
the tumor site but also activate antitumor immune responses
[125]. Thus, tumor relapse is restricted by enhancing the delivery
of bioactive compounds to immune cells linked with glioma. The
transport of cargo in DTX-sHDL-CpG nanodiscs into the
tumor mass promotes tumor regression and enhances antitumor
CD8+ T-cell responses in the brain immunosuppressive TME [125].
The combination of DTX-sHDL-CpG treatme7nt with radiation

Table 2. Comparison of multiple nanomedicine-based immunotherapies for glioblastoma

Immunotherapy Advantages Disadvantages

Immune checkpoint inhibition Enhanced PD-L expression in glioblastoma
Can overcome glioblastoma immune evasion
Development of novel immune checkpoints
The slow occurrence of side effects
Combination of immunotherapy with radiotherapy or
chemotherapy is more effective

Complex immune evasion strategies
Responsive evaluations
Immune-related side events
The balance between self-tolerance and autoimmunity

Vaccination therapy Multitude characterized
Elicits potent, robust, and specific immune responses
Available for most patients
Ability to combine multiple targets into a cocktail vaccine
Lowered risk of immune escape
Safe, multivalent, and patient-specific
Fully defined composition

Reduced immune response due to central tolerance if
expressed by normal tissues
Available for a subset of patients
Possible immune evasion (growth of tumor cells that
lack antigen expression)
Instability of peptides in vivo being rapidly degraded by
peptidases
High production costs

CAR T-cell therapy MHC-independent
Overcomes tumor MHC molecule downregulation
Potent in recognizing any cell-surface antigen (protein,
carbohydrate, or glycolipid)
Applicable to a broad range of patients and T-cell
populations
Production of large numbers of tumor-specific cells in a
moderately short period

Capable of targeting only cell-surface antigens
Lethal toxicity due to cytokine storm reported
Difficulties of target selection
Most mutations occur in intracellular proteins

Immunotherapy for CNS disorders
S Hanif et al.

941

Acta Pharmacologica Sinica (2020) 41:936 – 953



therapy, which is the standard treatment for glioblastoma, leads to
tumor deterioration and enhanced median survival by up to 80%
in glioma-bearing animals [125].
Targeting Galectin-1 in addition to chemotherapy can also

improve outcomes in glioma models. Gal-1 is a 14 kDa lectin
present in the TME [126] and is responsible for the enhanced
migration of glioma cells and their resistance against che-
motherapy (i.e., TMZ) [127]. Radiotherapy leads to the upregula-
tion of Gal-1, which can cause a suppressed immune response
[128]. Thus, Gal-1 is a crucial molecule in shaping the TME in
glioma. Intranasal siRNA targeting Gal-1 transport (i.e., siGal-1)
encourages a remarkable change in the TME, for example,
reduced myeloid suppressor cells and Tregs, and increases CD4+

and CD8+ T cells during glioblastoma progression. Galectin-1
targeting siRNA (siGal-1) loaded in an intranasal chitosan
nanoparticle can also improve the efficiency and reliability of
chemotherapy combined with immune checkpoint inhibition to
improve life expectancy in tumor-bearing mice [129]. Intranasal
siGal-1 delivery changes in the TME of GL261 tumor-bearing
mice by reducing myeloid suppressor cells and Tregs, along with
enlarged CD4+ and CD8+ T cells. siGal-1 can silence Gal-1
expression in the TME and exhibits the synergistic effect of
combination therapy, increasing the median survival rate from
32 days (single chemotherapy used in TMZ-treated mice) to
53 days.

The CIT approaches provide several advantages, such as
reduced drug resistance, multiple mechanisms, reduced metas-
tasis, and recurrence. However, due to the limitation of
nonspecificity to tumor cells, along with the lack of unique
antigens and the unavailability of suitable timing for immunother-
apy, such treatment is extremely dangerous in clinical practice.

Photoimmunotherapy (PIT)
PIT is a newly reported glioblastoma therapy that takes
advantage of a photosensitizer conjugated with targeted
monoclonal antibodies. Under the photoactivation effect in
PDT, enhanced generation of ROS [130] and inflammatory
factors (TNF-α and IFN-γ) is combined to boost antitumor
immunity in glioblastoma [131]. PIT involves antibody-targeted
delivery with a nontoxic photosensitizer and light sources to
activate a cytotoxic state for glioblastoma therapy [132].
Recently, the light-based near-infrared photoimmunotherapy
(NIR-PIT) procedure has emerged as a new class of therapy for
brain cancers, which permits the specific, image-guided, and
spatiotemporally controlled elimination of tumor cells [133]. A
near-infrared photosensitizer and target-specific antibody con-
jugates are used to selectively induce cell death in cancer cells
and activate the host antitumor immune response [134, 135].
NIR-PIT has shown promising results in preclinical research
[136, 137] and has recently entered clinical trials for inoperable

Fig. 3 Nanomedicines based immunotherapies of glioma tumors. a Schematic illustration of the hybrid ‘clusterbomb’ nanovaccines
MPSDP–ZnO/Ag, which activates the cytotoxicity of regulatory T cells (Tregs) in the brain with F98npEGFRvIII-bearing rats. Reproduced with
permission from [106]. Copyright 2019 Royal Society of Chemistry. b The schematic diagram of the synthesis and characterization of NICs.
c The ELISA method used for validation of concurrent conjugation and activity of anti-msTfR and anti-CTLA-4/anti-PD-1 expression within a
single platform and combined P/anti-CTLA-4 d and P/anti-PD-1, respectively. d The anticipated mechanism of local brain immune activation
by NIC therapy, which utilizes synergistic treatment with anti-CTLA-4 and anti-PD-1 mAbs when the nanoimmune drug crosses the BBB. 1, 2,
and 3 are different pathways and immune checkpoints that are activated or suppressed via NIC. Reproduced with permission from [111].
Copyright 2019 Nature Publishing Group
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head and neck cancer. Jing et al. formulated a conjugate of the
photosensitizer IR700 with an AC133 monoclonal antibody for
glioblastoma treatment [138]. The AC133 antibody recognizes
CD133 specifically on human cancer stem cells, which enhances
targeting specificity to orthotopic AC133+ brain tumors [138].
Treatment with AC133-targeted NIR-PIT induces strong shrink-
age of both subcutaneous and invasively growing brain
tumors and extends the median survival time by more than
18 days [138].
Glioblastomas can be differentially driven by alterations

(amplification, deletion, or missense mutations) in the EGFR, and

genetic mutations in glioblastoma can be induced by altering
EGFR expression on tumor surfaces [139]. Burley et al. conjugated
the photosensitizer IR700DX with an EGFR-specific affibody
(ZEGFR-03115) for glioblastoma treatment [132]. Compared with
the control group (ZTaq-IR700DX), the EGFR-specific antibody
ZEGFR-03115-IR700DX showed a sixfold higher tumor specificity,
which significantly reduced tumor growth in U87-MGvII, I bearing
mice over 18 days [132]. However, because of the limited
fabrication ratio of the photosensitizer-to-antibody, a sufficient
amount of photo-immunoconjugates (PIC) was not delivered to
the tumor cells to eradicate glioblastoma [132]. Huang et al.

Fig. 4 The immune-mediated antiglioma mechanism utilized in docetaxel-loaded CpG-sHDL (high-density lipoprotein) nanodiscs, CpG
oligodeoxynucleotide expressed by TRL9 ligand of immune cells. a DTX-sHDL-CpG is formulated by incubating lipid-DTX (docetaxel) with
CpG and preformed sHDL. b Intratumoral delivery of DTX-sHDL-CpG nanodiscs in combination with radiation results in Chemo-immuno-
antiglioma activity. HDL-mimicking nanodiscs deliver the DTX payload to tumor cells in the TME, to suppress their microtubule
depolymerization, resulting in mitotic cell cycle arrest in the G2/M phase (cell differentiation phases) and tumor cell death. In addition,
radiation induces double-stranded DNA breaks, also leading to tumor cell death. Dying tumor cells express regulatory T cells (CRT) on their
surface and are engulfed by antigen-presenting DCs and macrophages. Reprinted with permission from [125]. Copyright 2019, American
Chemical Society
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employed a poly(lactic-co-glycolic acid) (PLGA) system to over-
come the insufficient delivery of PIC to tumor cells [140]. The
photo-immunoconjugate benzoporphyrin derivative-cetuximab
was bound to PLGA nanoparticles through click coupling (Fig. 5)
[140]. The photo-immunoconjugate nanoparticle (PIC-NP) of
100 nm in diameter (PDI ≤ 0.11) and slightly negative (−4mV)
surface charge significantly increased the intratumoral accumula-
tion of PIC, resulting in enhanced PIT-mediated tumor volume
reduction compared with “standard” immunoconjugates [140].
PIC-NPs also increased light-activated cytotoxicity in EGFR-
overexpressing U87 cells [140]. Importantly, the implementation
of nanotechnology improved overall treatment outcomes com-
pared with conventional PIC.
Overall, PIT has demonstrated improved tumor cell targeting

compared with classic PDT due to the specificity of the antibodies
conjugated to the surface of the nanoparticles. PIT can also
enhance the delivery of photosensitizers into tumors, increasing
light-activated cytotoxicity and tumor reduction. Studies have also
reported negligible damage to noncancerous cells, which
increases the safety of this approach. However, to date, the
minimum ratio of photosensitizer to antibody that efficiently
delivers the photosensitizer by PIC still requires improvement [141],
and this approach for glioblastoma is still in its infancy.
Photoactivated nanoformulations exhibit very enhanced target-

ing ability and reduced tumor metastasis and recurrence; however,
they are also associated with a restricted ratio of photosensitizers
to antibodies, which makes them difficult in clinical use.

Gene immunotherapy (GIT)
Gene therapy has emerged as a novel cancer treatment by
explicitly regulating oncogenes [142–145]. Immunomodulatory
gene therapy is designed to restore the function of defective or
absent genes for the treatment of glioblastoma. A combination
of immunomodulatory and gene therapy is designed to produce
a tumor environment optimized for the induction of an effective
antitumor immune response [146]. In glioblastoma GIT, targeted
delivery of cytokines into the TME can achieve higher local
concentrations of immunostimulatory molecules, such as IL-2, IL-
4, IL-12, IFN-γ, and IFN-β, without creating side effects [147]. In
patients with newly diagnosed resectable glioblastoma, admin-
istration of adenovirus-mediated gene therapy containing the
prodrug converting enzyme sitimagene ceradenovec followed
by intravenous administration of the antiviral drug ganciclovir
increases the mortality rate in patients, but does not increase

overall survival [148]. Interestingly, gene therapy is being
proposed as a valuable adjuvant for current glioblastoma
treatment [149–151]. Supporting this approach, Speranza et al.
utilized a nonreplicating adenovirus containing the HSV TK
gene (AdV-tk) to enhance anti-PD-1 efficacy in syngeneic
glioblastoma-bearing mouse models [152]. AdV-tk upregulated
IFN signaling and enhanced PD-L1 levels, while cytotoxic CD8+

T cells were allowed to accumulate in tumors. The combination
of gene therapy with immunotherapy significantly increased
the percentage of long-term survival in glioblastoma-
bearing animals from 30%–50% (treatment with single agents)
to 88% [152].
Despite the promise of gene combination therapy for

glioblastoma, this approach is still hindered by an inefficient
delivery system to tumor sites [153, 154]. Recently, nanoparticles
have overcome these shortfalls to deliver gene-mediated immu-
notherapeutic agents to brain tumors [155]. Erel-Akbaba et al.
[156] developed a solid lipid nanoparticle (SLN) decorated with
the cyclic peptide iRGD (CCRGDKGPDC) to deliver siRNAs against
both EGFR and PD-L1 (Fig. 6). When the cyclic peptide iRGD is
conjugated to nanoparticles, this enables the nanoparticles to
cross the BBB and enhances the targeting ability of this therapy in
glioblastoma-bearing mice. Moreover, the SLN possesses a strong
degree of lipophilicity and a positive charge that facilitates BBB
penetration. After binding with siRNA, the hydrodynamic size of
the f(SLN)–iRGD:siRNA complex was measured to be 24.1 nm with
a positive charge around the complex. Nanoparticle f(SLN)–iRGD:
siRNA treatment led to the downregulation of PD-L1 and EGFR
expression levels by 8.6% and 54.7%, respectively [156]. Further-
more, the median survival of the mice treated with f(SLN)–iRGD:
siRNA combined with radiation increased to 38 days from 21 days
(control group) [156]. To date, gene therapy has mostly been
applied to enhance systemic therapy for glioma treatment, but it
can also significantly regulate immunosuppressive signals. Some
oncolytic viruses, such as talimogene laherparepvec, are FDA
approved and are already in phase III clinical trials for the
treatment of melanoma patients [157], facilitating their imple-
mentation in glioma combination treatment approaches. Indeed,
synergistic use of these approaches can dramatically improve
immune responses induced by immunotherapy. However, this
approach requires more research to optimize combinations of
therapies due to the lack of specific genes and antigens as
treatment targets, and the route of delivery still represents a
barrier for glioma treatment.

Fig. 5 Synthetic diagram of photo-immunoconjugate nanoparticles (PIC-NPs). a The illustration of PIC synthesis by conjugation of BPD
derivative photosensitizers to PEGylated cetuximab via carbodiimide crosslinker chemistry. b showing the various stoichiometry of BPD
reacted with cetuximab species. c Transmission electron microscopy (TEM) image of poly (ethylene glycol)-poly(lactic-co-glycolic acid) (PEG-
PLGA) polymeric nanoparticles prepared via nanoprecipitation method. Scale bar 100 nm. d Schematic representation of PIC-NP synthesis via
copper-free click chemistry. Azide-containing FKR560 dye-loaded PLGA nanoparticles were reacted with the dibenzocyclooctyne (DBCO)-
containing PICs to form PIC-NPs. e Covalent conjugation of PICs onto 80 nm PEG-PLGA NPs resulted in the formation of monodispersed PIC-
NPs around 100 nm in diameter. Adapted with permission from [140]. Copyright 2018 WILEY‐VCH Verlag GmbH & Co
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The GIT approach provides several outermost advantages of
indirect antitumor effects and reduced drug resistance in
glioblastoma patients, but it is also associated with a lack of
suitable and specific genes and antigens for glioblastoma.

NANOMEDICINE-BASED IMMUNOTHERAPY FOR
NEURODEGENERATIVE DISORDERS
Neurodegenerative disorders are characterized by the tenacious
and progressive loss of neuronal subtypes. Common neurode-
generative disorders include AD and PD. Herein, we summarize
nanomedicine-based immunotherapeutic approaches for AD
and PD.

Alzheimer’s disease (AD)
AD is characterized by the accumulation of amyloid-beta (Aβ)
peptide within extracellular senile plaques and the presence of
neurofibrillary tangles of hyperphosphorylated tau protein as
insoluble aggregates inside neurons of the CNS [158, 159].
Individuals with AD suffer from progressive memory loss,
executive function impairment, and language deterioration and
eventually die from AD due to significant neuronal loss [160].
Approved drugs for AD include acetyl-cholinesterase inhibitors
(e.g., donepezil and rivastigmine), nicotinic acetylcholine receptor
allosteric modulators (e.g., galantamine), and NMDA receptor
antagonists (e.g., memantine); however, these drugs do not stop
disease progression or death in AD patients [161]. The Aβ peptide

is generated by sequential cleavage of amyloid precursor protein
(APP) by β secretase 1 (BACE1) and γ-secretase (APP) [162, 163].
The exact origin of Aβ, how it accumulates in the brain, and its role
in AD is not understood [164]. The deposition of Aβ is
hypothesized to trigger a pathological and distinctive immune
response in AD [165]. Interestingly, microglial cells possess innate
mechanisms for removing protein aggregates and debris from
the brain, and this process can be utilized in immune-based
approaches for AD [166]. Immunization strategies for AD can be
classified into two main forms: active and passive immunization-
based therapy [167]. Active immunization induces a humoral
immune response and is long-lasting, as it influences immunolo-
gical memory in patients [168]. While active vaccines have several
benefits (e.g., fewer administrations are needed to be compared
with passive immunotherapy and can induce a polyclonal
response against multiple epitopes, thus increasing the efficacy
of the drug), the production of these vaccines is not cost-effective,
and these vaccines rely on the patient’s own immune response,
which varies among individuals [168, 169].
On the other hand, passive immunization comprises the direct

injection of monoclonal antibodies antiamyloid-β antibodies) or
fragments deprived of necessitating the immune system to
generate an antibody response against amyloid-β or improve
memory deficits in AD mouse models [170]. Passive immunization
has been shown to have beneficial effects on neuronal and
synaptic plasticity function [171]. However, due to the difficulty in
selecting appropriate antigen targets, the expense of requiring

Fig. 6 a Schematic route for the delivery of gene combination therapy using siRNA loaded nanoparticles for brain tumor treatment. b The
chemical structure of the DSPE-PEG (2000)-DBCO, Esterquat, and iRGD peptide, and the construction of the nanoparticles SLN, f(SLN),
f(SLN)–iRGD, and f(SLN)–iRGD:siRNA. Adapted with permission from [156]. Copyright 2019 American Chemical Society
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repeated injections, BBB penetration, and triggering of the
immune response to the antibodies that are injected make it
complicated for AD patients [172].
Both active and passive immunization may cause the activation

of microglial cells and subsequent clearance of Aβ, similar to that
observed after stroke or injection of Aβ into the brain [173].
Indeed, a reduction in Aβ deposits is associated with higher
microglial cell activity in AD mouse models [174–176]. The
clearance of Aβ by resident microglial cells can occur via several
routes (Fig. 7) [170]. The upper section of Fig. 7 shows the inducers
of microglial activation. The binding of various ligands to many
cell-surface immune receptors, such as CD14, adheres lipopoly-
saccharide and protollin-like components, which can activate
microglial cells. Some TLRs (e.g., TLR2 and TLR4) also attach to
Protollin components. TCRs interact with MHC class II molecules,
and CD40 binds to a CD40 ligand on the surface of T cells and
astrocytes, whereas complement receptors bind to components
such as C1q and Fc receptors. These activated microglial cells can
then attack Aβ-specific antibodies. The lower section in Fig. 7
indicates the activated microglial cells that carry numerous
scavenging receptors (SRs), e.g., integrin-αβ, CD36, CD47, SR-A,
and SR-BI, which are responsible for the phagocytosis of Aβ
oligomers and fibrils. These phagocytic ligations bind to cell-
surface expression receptors such as heparan sulfate proteogly-
cans [177], proteinase inhibitor (serpin)–enzyme complex recep-
tors (SEC-R) [178] and insulin receptors that are also expressed on
activated microglial cells, leading to their complete dissolution. In
addition, various Aβ-degrading enzymes, such as metallopro-
teases, insulin-degrading enzyme, and gelatinase A, are also
expressed by activated microglia and are responsible for
degrading Aβ [179, 180].
Active and passive immunotherapies have been considered the

most acceptable approaches used to clear toxic Aβ aggregates in
AD owing to the amyloid hypothesis. Another approach to remove
solubilized Aβ aggregates is immune modulation, but this is still in
earlier stages of an investigation. Three possible mechanisms of
immune-mediated Aβ removal are proposed: Aβ solubilization by
antibody binding; Aβ phagocytosis by microglia; and Aβ

extraction from the brain via plasma antibodies, also named the
“sink” hypothesis. To date, most research has focused on a
reduction in Aβ, and relatively few reports have targeted Tau
conformers. Importantly, histological analyses in AD brains
demonstrate synergism between these pathologies [181–184].
One issue that needs to be addressed in this field is the potential
toxicity associated with Aβ and Tau immunotherapy following the
binding of Aβ and Tau owing to the cellular uptake of antibodies,
which destabilizes the microtubules, resulting in cytoskeletal
integrity and high intervention with axonal transport [184].
Nanoparticle-based AD treatment has been explored recently in

the literature. Liu et al. reported on AD treatment application by
zwitterionic poly(carboxybetaine) (PCB)-based nanoparticles
coloaded with fingolimod, siSTAT3, and zinc oxide, henceforth
named MCPZFS nanoparticles or MCPZFS NPs [185]. The diameter
of the MCPZF NPs was between 84.0 and 89.4 nm. A mannose
analog 4-aminophenyl α-d-mannopyranoside (Man) was added to
the nanoparticles to facilitate BBB penetration and improve the
targeting of microglia [185]. MCPZFS nanoparticles significantly
improve microglial priming by reducing the level of proinflamma-
tory mediators and promoting the secretion of brain-derived
neurotrophic factor (Fig. 8) [185]. Importantly, MCPZFS nanopar-
ticles increase Aβ recruitment into microglia, which substantially
enhances Aβ phagocytosis, and Aβ degradation is changed from
the conventional lysosomal/autophagy pathway to the proteaso-
mal pathway in the presence of MCPZFS nanoparticles [185]. This
system elevated numerous key proinflammatory cytokines, such
as interleukin 1-β (IL-1β), IFN-γ, IL-6, and interleukin 17A, in the
brains of APP or presenilin 1-transgenic mice. A reduction in Aβ
burden, neuron damage, memory deficits, and neuroinflammation
in the brain was observed following MCPZFS NP administration. In
addition, immunization can be used to produce the polyclonal
response in which multiple epitopes on the target protein surface
are recognized and accessed through affinity antibodies [186].
However, the immune response depends on the host immune
system; thus, the antibody-based responses in various patients
may vary from individual to individual [187].

Parkinson’s disease (PD)
Neuropathological hallmarks of PD include the accumulation of α-
synuclein protein aggregates and intracellular inclusions known as
Lewy bodies [188]. Significant dopamine cell loss in the substantia
nigra is also a hallmark of PD [189, 190]. Recent advances in our
understanding of immune system function in PD suggest that
using nanomedicine-based immunotherapies could provide a
novel mechanism to boost the immune response against α-
synucleinopathies and Lewy body accumulation [191]. In PD, the
accumulation of α-synuclein leads to the activation of microglia
and fosters neuroinflammation, which can facilitate the progres-
sive degeneration of dopaminergic neurons [192]. It has been
hypothesized that inflammation-induced changes in microglia
impair both their efficacy in taking up extracellular α-synuclein
and their ability to degrade it [192]. Microglial activation increases
the release of proinflammatory cytokines, such as IL-1β, IL-6, INF-γ,
and TNF-α [193]. Proinflammatory cytokines can increase the
production of oxidative stress proinflammatory markers (i.e., ROS
and nitric oxide, NO) in astrocytes. Numerous neuroinflammatory
measures, including microgliosis, astrocytosis, and infiltration of T-
leukocytes, are evident in the midbrain of PD patients and are also
observed in PD rodent models [194].
Current treatments for PD (e.g., pharmacotherapy, deep brain

stimulation) do not halt disease progression and often have
significant side effects [195]. There is considerable interest in the
increased clearance of α-synuclein with drugs that promote
autophagy and prevent the seeding and prion-like spreading of α-
synuclein [196, 197]. Recent preclinical research suggests that new
immunotherapy-based approaches that are packaged into nano-
particles can show promise for PD. Alternatively, a decrease in

Fig. 7 Clearance mechanisms of amyloid-β based on immunother-
apeutic approaches for AD pathology
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α-synuclein aggregation can be achieved via small molecules
[198]. Clearance of α-synuclein can also be induced with drugs
(e.g., potentially neuroprotective agents such as isradipine,
caffeine, and nicotine; antioxidants such as glutathione and N-
acetylcysteine), peptides (e.g., PD01A and PD03A), antibodies (e.g.,
PRX002 and BIIB054), and conformational stabilizers (NPT200-11)
[196, 197]. Some immunotherapy studies demonstrate that
vaccination against α-synuclein reduces α-synuclein accumulation
by activating autophagy [199] or microglial pathways [200].
Passive or active immunization strategies with monoclonal
antibodies that bind the C-terminus epitopes of α-synuclein can
reverse behavioral deficits in PD rodent models, as well as inhibit
α-synuclein accumulation within neurons [201] and microglial cells
[202]. TLRs can also stimulate innate immune responses through
mitogen-activated protein kinase and nuclear factor-kappa B
signaling pathways. After internalizing α-synuclein, microglial cells
can additionally release the proinflammatory cytokines TNFα and
IL-6 and eventually activate innate immune checkpoints, which
can further induce TLR stimulation responses (e.g., TLR2/1- and
TLR7-mediated responses) [203]. Therefore, the TLR-mediated
immune response induced by microglia has a significant impact
on activating the assault of sporadic α-synuclein-related neuro-
pathologies and microglia-mediated neuroinflammation.
Several studies have utilized fluorescent quantum dots

(graphene quantum dots, GQDs) to inhibit α-synuclein patho-
genesis and amyloidosis [204, 205]. Fig. 9 shows the BBB
permeability of GQDs due to their small size (~5–20 nm) and
antibody-modified surfaces. Seven days of treatment with GQDs
in a PD mouse model rescued neuronal death and synaptic loss
reduced Lewy body and Lewy neurite formation, ameliorated
mitochondrial dysfunction, and prevented the neuron-to-
neuron transmission of α-synuclein pathology provoked by
α-synuclein preformed fibrils [205]. Interestingly, it seems that
GQDs interact with α-synuclein fibrils, stopping their

development and even promoting their disaggregation. There-
fore, proper amendments in the biosafety of such nanomedi-
cines might be a valuable addition to the treatment of PD and
other neurogenerative diseases.

OUTLOOK AND CONCLUSION
Recent advances in multidisciplinary sciences, including medicine,
biochemistry, protein engineering, and materials science, have
given rise to innovative nanoscale targeting techniques. These
techniques have the potential to revolutionize immunotherapy for
CNS disorders. Indeed, in the glioblastoma treatment field,
researchers have recently focused on new developmental
therapeutic strategies that specifically target tumor resistance to
improve clinical outcomes. Novel approaches in nanobiotechnol-
ogy can also enhance the delivery of immune therapies for CNS-
related diseases (e.g., antibodies, cytotoxic drugs, vaccine
antigens, siRNAs, etc.). These nanomedicines are capable of
dynamically targeting immune cells and releasing their cargo
within the TME. Recently developed nanotechnologies can
transport synergistic drug combinations that improve the patient’s
innate and adaptive immunity to combat glioblastoma. The
efficacy of these approaches is further improved by the use of
biodegradable (water-soluble hydrogels and matrices) and stimuli-
sensitive nanomaterial (i.e., pH and temperature)-based nanopar-
ticles. In addition, some nanoimmunomodulators are designed to
be taken up by macrophages and DCs to activate the immune
response. Surface modification of nanocarrier systems has been
designed to include selective targeting ligands (e.g., proteins,
peptides, and aptamers) or cell membrane-derived vesicles to
facilitate barrier crossing and improve targeting efficiency.
Consideration needs to be given to the use of immunotherapy
in cancer patients, as engaging a compromised immune system
can increase the risk of adverse side effects. Further research will

Fig. 8 The immune-modulating effect of a zwitterionic poly(carboxybetaine) (PCB)-based nanoparticles (Man-PCBPB/ZnO/fingolimod/
siSTAT3 NPs: MCPZFS) for AD therapy. a Structural composition and preparation of the MCPZFS for AD therapy. b The mechanism of
MCPZFS BBB permeability and binding with Aβ for endocytosed into microglia cells. Reproduced with permission from [185]. Copyright 2019,
WILEY‐VCH Verlag GmbH & Co
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investigate how nanodelivery strategies can activate innate and
adaptive cellular immune responses for the treatment of
glioblastoma [206, 207].
AD is another area in which nanobased medicines could

significantly improve treatment efficacy by precise regulation of
AD-specific pathological pathways in targeted locations. The
combination of immunotherapy for AD with nanomedicines or
vaccines is also an exciting and burgeoning field. While current
nanomedicines or vaccine strategies can have issues of toxicity,
tolerance, and efficacy, the development of more biocompatible
nanoscale materials is an area of increasing research interest
[208, 209].
Because of the unavailability of representative biomarkers on

PD brains, nanomedicines that can target-specific PD pathology
are lacking. Recently, the discovery of a novel nanocarrier system
for the delivery of immunotherapeutics for PD may also help to
improve PD pathology. However, because α-synuclein can adopt
various conformational changes (e.g., due to environmental
influences or interpatient variability), this can make it exception-
ally challenging to develop nanomedicine-based immunotherapy
targeting α-synuclein [196]. The development of highly regulated

pharmacokinetic and biocompatible nanoscale materials could
bring PD immunotherapy from bench to bedside.
The challenges that must be overcome by immunotherapy

include differential mechanisms of action owing to the
interindividual variable immune response and cold serological
response to the antigen in older patients with weakened
immune systems. Moreover, metal-based therapeutics (titanium
oxides, GQDs, ZnO, silver, and gold nanoparticles), despite their
advantageous benefits, can induce oxidative damage in the
brain. In addition, the dose, adjuvants, administration route, and
clinical protocols need to be precisely monitored to bring the
immunotherapy into clinical practice. Even though neurode-
generative ailments share a distinctive malfunctioning of the
immune response that could help as a therapeutic target,
the finetuning of appropriate surface modifications should be
carefully considered for individual diseases to exploit
the effectiveness of immunotherapies and decrease the risk of
side effects. Finally, such therapies need to be employed at the
earliest stage of the disease to increase their potential
therapeutic value, which represents a challenge in the handling
of CNS disorders.

Fig. 9 GQDs as nanomedicine for α-synuclein fibrillization and their disaggregation process. a Schematic representation of α-synuclein
fibrillization (5 mg/mL α-synuclein monomers) and disaggregation (5mg/mL α-synuclein fibrils) before and after the addition of GQDs
(5mg/mL). b Transmission electron microscopy images show α-synuclein fibrillization before and after the addition of GQDs. c In vitro
quantification of the effect of GQDs on α-synuclein preformed fibrils (PFF)-induced neuronal death via phosphorylated α-synuclein
(p-α-synuclein) immunofluorescence. d Illustration of the microfluidic device component for the transmission of pathologic α-synuclein.
e, f Kinetics measurements of α-synuclein fibrils after incubation with GQDs via thioflavin T (ThT)-based fluorescence and turbidity assays,
respectively. g, h Kinetics measurement and turbidity assays for α-synuclein fibrillization via ThT-based fluorescence, respectively. Reproduced
with permission from [205]. Copyright 2018 Nature Publishing group
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