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Abstract
Glioblastoma is one of the deadliest forms of primary adult tumors, with median survival of 14.6 months post-diagnosis 
despite aggressive standard of care treatment. This grim prognosis for glioblastoma patients has changed little in the past 
two decades, necessitating novel treatment modalities. One potential treatment modality is cancer immunotherapy, which 
has shown remarkable progress in slowing disease progression or even potentially curing certain solid tumors. However, 
the transport barriers posed by the blood–brain barrier and the immune privileged status of the central nervous system pose 
drug delivery obstacles that are unique to brain tumors. In this review, we provide an overview of the various physiological, 
immunological, and drug delivery barriers that must be overcome for effective glioblastoma treatment. We discuss chemical 
modification strategies to enable nanomedicines to bypass the blood–brain barrier and reach intracranial tumors. Finally, 
we highlight recent advances in biomaterial-based strategies for cancer immunotherapy that can be adapted to glioblastoma 
treatment.
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Introduction

Glioblastoma (GBM) is the most common primary adult 
tumor in adults, with 2–3 cases per 100,000 people [1]. 
Despite aggressive standard of care treatment, which 
includes surgical resection and radio- or chemo-therapy, 
median survival is 14.6 months [2]. Unlike many other solid 
tumors, GBM metastasis outside of the central nervous sys-
tem (CNS) is infrequent and not the primary cause of mor-
bidity and mortality [3]. Despite the ability to achieve gross 

total resection of the primary tumor, neoplastic infiltration 
leads to inevitable recurrence [4]. This makes immuno-
therapy an attractive option for GBM treatment as immune 
cells primed to attack infiltrative GBM cells left behind after 
tumor resection could prevent tumor recurrence and disease 
progression.

Indeed, there is great interest in harnessing immuno-
therapy for GBM treatment after recent successes in using 
immunotherapy to treat other forms of solid tumors. For 
example, the antigen-specific cell therapy sipuleucel-T was 
approved by the FDA in 2010 to treat prostate cancer [5] 
while the immune checkpoint inhibitor ipilimumab was 
approved in 2011 to treat metastatic melanoma [6]. To date, 
these treatment strategies have not been effective for GBM, 
however, as GBM expresses few known tumor-restricted 
antigens and is considered a largely non-immunogenic tumor 
type [7]. Furthermore, the brain is an immune privileged 
space [8], is edema-intolerant [9], and intracranial drug 
transport is restricted by the blood–brain barrier (BBB) [10]. 
These challenges necessitate the development of new thera-
peutics as well as drug delivery systems in order to realize 
the promise of immunotherapy for GBM treatment.

In this review, we discuss the transport barriers associ-
ated with treatment of CNS malignancies and immunologi-
cal barriers associated with immunotherapy against GBM. 
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We highlight recent advances in drug delivery technology, 
including chemical modifications of drug delivery vehi-
cles as well as innovative drug administration techniques 
to facilitate BBB crossing and tumor targeting. Finally, we 
report recent advances in biomaterial-based cancer immu-
notherapy strategies. Taken together, these innovations in 
immunotherapy approaches and drug delivery technologies 
present promising new treatment modalities for GBM.

Barriers in immunotherapy delivery to GBM

Physical transport barriers: BBB and beyond

The BBB is composed primarily of CNS endothelial cells 
connected by continuous complex tight junctions with lim-
ited vesicular transport [11], and passive transport across the 
BBB can only be achieved by a small number of low molec-
ular weight (< 400 Da) or lipid-soluble molecules [12]. The 
BBB is further regulated by interactions with the extracel-
lular matrix, astrocytes, and pericytes [13], which together 
significantly limit the permeability for most small molecule 
drugs and nanoparticle drug delivery vehicles. Clinical data 
have shown that all GBM patients have tumor regions with 
an intact BBB [14], and a cure for GBM will require drug 
delivery with effective BBB penetration to target the tumor 
in these regions and/or stimulation of an endogenous cellular 
immune response that can reach these regions.

Beyond the BBB, drug delivery to GBM is further lim-
ited by transport barriers associated with solid tumors. 
Historically, design of nanoparticles for drug delivery to 
solid tumors has been guided by the enhanced permeation 
and retention (EPR) effect [15], which hypothesized that 
inter-endothelial gaps form in tumor vasculature as a result 
of rapid angiogenesis [16]. These gaps could theoretically 
allow nanoparticles under 1 μm to passively enter the tumor, 
and poor lymphatic drainage enable them to accumulate in 
the tumor [17]. There is considerable debate regarding how 
consistently the EPR effect is recapitulated in human tumors 
as recent studies have demonstrated that the architecture of 
tumor vasculature varies greatly in larger species compared 
to rodents [18, 19]. In addition, a recent study by Sindhwani 
et al. demonstrated that up to 97% of nanoparticles enter 
tumors through active transcytosis through endothelial cells, 
rather than passive extravasation through inter-endothelial 
gaps in leaky tumor vasculature [20]. Even in tumor regions 
with leaky vasculature, abnormal blood vessels create high 
interstitial fluid pressure that hinder convective transport of 
therapeutics from the blood stream into the tumor tissue; 
this phenomenon has been dubbed the blood–tumor barrier 
[21, 22] and presents a further transport challenge. Taken 
together, these findings challenge our understanding of 
delivery paradigms in cancer nanomedicine and illustrate 

the need for more targeted design of therapeutic nanocarriers 
to solid tumors such as GBM.

Biological challenges associated with GBM 
immunotherapy

Beyond transport limitations to brain tumors, physiological 
features of the CNS pose further challenges to GBM immu-
notherapy. As allografts to the CNS do not elicit typical 
inflammatory responses, the CNS is generally classified as 
an immune privileged space [23, 24]. Our understanding of 
this immune privileged space is evolving as recent studies 
suggest that immune surveillance of the CNS takes place in 
meningeal vasculature largely lacking in endothelial tight 
junctions [25]. Nevertheless, tumor-infiltrating lymphocytes 
are largely absent from major classes of GBM, making them 
an immunologically “cold” tumor [26]. HLA class I down-
regulation [27] and low CD4 T cell counts [28] have been 
shown to correspond with poor prognosis and shorter sur-
vival in GBM patients. This indicates that despite the immu-
nologically distinct status of the CNS, GBM occurs at least 
partially as a result of immune dysregulation and that invok-
ing a T cell response could modulate GBM outcome. A high 
degree of heterogeneity in the GBM tumor cell population 
poses further challenges in GBM treatment. GBM cancer 
stem cells have been identified as the main drivers behind 
chemotherapeutic resistance [29] and tumor recurrence [30], 
and effective therapeutics must be able to target these cell 
populations in addition to more differentiated cells in the 
tumor bulk. Finally, the cranial space is inherently edema-
intolerant. This poses further limitations for flow rates and 
pressures associated with bulk transport of therapeutics as 
well as potential immunotoxicities that could result from 
immunotherapy-induced cytokine release [9, 31].

Drug Delivery to Intracranial GBM

CED

Direct intracranial administration of therapeutics efficiently 
bypasses the BBB but requires surgical application and is 
inherently invasive. Because surgical resection of the tumor 
is part of the standard of care for GBM, this approach works 
well for GBM treatment and is the delivery method for Glia-
del, a drug-loaded polymer wafer that is one of only two 
therapeutics to be approved for GBM treatment by the FDA 
in the past 30 years [32, 33]. Conventional intracranial drug 
administration methods like placement of Gliadel wafers and 
direct injection into the tumor rely mostly on diffusion for 
drug molecules to transport through the tumor bulk. This 
results in poor penetration even with drugs with ideal char-
acteristics for diffusion, and only a small volume of tissue 
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surrounding the drug source is treated [34, 35]. To address 
these transport limitations, Bobo et al. developed convec-
tion-enhanced delivery (CED), which relies on a pressure 
gradient generated at the tip of an intracranial infusion cath-
eter to drive bulk flow of the drug through the brain intersti-
tial space (Fig. 1) [36, 37]. Our lab has explored the use of 
CED and related techniques for the intracranial delivery of 
a range of biodegradable polymeric nanoparticles carrying 
nucleic acid drugs to treat brain cancer. We demonstrated 
that repeat intracranial infusions of nanoparticles encapsu-
lating antitumor microRNAs for epigenetic modulation of 
GBM stem cells [38] or plasmid DNA encoding an HSV-tk 
suicide gene [39] significantly extended survival in several 
orthotopic mouse models of human brain cancer. To improve 
the clinical translatability of these therapeutics, CED can 
be performed by implanting an osmotic pump containing a 
drug depot. Yu et al. have shown that lipopolymeric nano-
particles encapsulating multiple siRNAs infused using such 
implantable pumps resulted in significant survival benefits 
in mice without necessitating repeated invasive intracranial 
procedures [40].

Intracranial CED has begun to make its way into the 
clinic. The chemotherapeutic agent paclitaxel [41] and lipo-
somal vectors bearing the HSV-tk suicide gene [42] have 
been administered via CED in phase I/II clinical trials and 
generally demonstrated significant reduction in tumor vol-
ume in patients with recurrent GBM. However, drug deliv-
ery complications including chemical meningitis, peritu-
moral edema, and inhomogeneity in drug distribution have 
been reported, suggesting that while CED is a promising 
route of administration for GBM therapeutics, substantial 
optimization of delivery vehicles and transport parameters 
is still needed. A recent study using a skull-mounted transcu-
taneous port to administer drugs for Parkinson’s disease via 
CED, while failing to provide clinical benefit, demonstrated 
putamen-wide delivery and was generally well-tolerated 
[43]. This study demonstrates the potential for CED meth-
ods to safely distribute drugs to a large portion of the brain.

MRI‑guided focused ultrasound

Focused ultrasound techniques concentrate acoustic energy 
on a focal spot in the brain measuring a few millimeters in 
diameter and, combined with magnetic resonance imaging 
(MRI), have been used in the clinic for thermal coagula-
tion of tumors in human patients with real-time monitor-
ing [44, 45]. MRI-guided focused ultrasound (MRgFUS) 
used to induce cavitation of intravenously (IV) administered 
microbubbles has been reported to reliably cause temporary 
physical disruption of the BBB in small animal models and 
has been used for delivery of BBB-impermeably compounds 
such as antibody drugs [46, 47]. Airan et al. delivered nanoe-
mulsions encapsulating a BBB-permeable small molecule 
anesthetic using MRgFUS to enable potent intracranial 
drug delivery with high spatiotemporal control in an acute 
rate seizure model without brain parenchymal damage [48], 
demonstrating the fine level of control that can be exerted 
with this neuromodulatory technique. Curley et al. showed 
that MRgFUS-mediated transient BBB opening doubled 
interstitial flow velocity and increased dispersion of gene 
delivery nanoparticles through brain tumor tissue by > 100%, 
resulting in a fourfold increase in transfection of orthotopic 
U87 and B16F1-ova brain tumors compared to nanoparti-
cle administration alone (Fig. 2) [49]. A first-in-human trial 
using MRgFUS to induce BBB opening in four amyotrophic 
lateral sclerosis patients showed successful BBB opening 
immediately after sonication which normalized after 24 h 
and reported no serious adverse events [50]. These studies 
demonstrate that MRgFUS is a viable approach to temporar-
ily permeabilize the BBB with high spatiotemporal control 
and enable GBM therapeutics to reach the brain.

Despite numerous preclinical studies demonstrating the 
feasibility of using MRgFUS for drug delivery to the brain, 
the adoption of this technique for clinical utilization has 

Fig. 1  Routes of administration for therapeutic delivery to intracra-
nial GBM. Routes of administration enabling drug delivery across 
the BBB to the tumor site include (1) direct intratumoral injection 
or convection enhanced delivery (CED); (2) MRI-guided focused 
ultrasound to cause transient disruptions in the BBB (MRgFUS); (3) 
intrathecal injection into the CSF; and (4) intravenous (IV) injection 
of tumor-homing cell therapies, nanocarriers conjugated with BBB-
penetrating ligands, or microbubbles designed to cavitate upon MRg-
FUS application and allow co-injected drugs to cross the BBB
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been slow. While an intact BBB is undoubtedly necessary 
for proper functioning of the brain, numerous studies have 
shown that temporary opening of the BBB by MRgFUS is 
not accompanied by adverse side effects such as neuronal 
damage, inflammation, or infection in the healthy brain [51]. 
In fact, several studies have shown that using MRgFUS to 
open the BBB in the absence of drug delivery has actually 
led to improvements in pathology in rodent models of CNS 
diseases [52, 53]. However, the complex nature of this tech-
nique may be a major obstacle to its clinical translation as 
parameters such as the frequency of the transmitted ultra-
sound, duration of ultrasound pulse, and microbubble size 
and dose all affect the degree of MRgFUS-mediated BBB 
opening and need to be optimized for each case [51, 54]. 
Questions also remain regarding the repeatability of the FUS 
procedure and potential impacts on off-target brain tissue.

Intrathecal administration

Intrathecal administration involves directly injecting ther-
apeutics into the cerebrospinal fluid (CSF) via the spinal 
canal. Drugs administered using this route have 100% bio-
availability in the CSF, allowing significantly lower drug 
doses to be used compared to other administration routes, 
and is widely used for applications such as pain management 
[55]. Intrathecal administration has been successfully used 

in the clinic to administer BBB-impermeable drugs such as 
splice-modulating oligonucleotides for the treatment of neu-
rodegenerative diseases [56], including the FDA-approved 
drug Nusinersen for treatment of spinal muscular atrophy 
[57]. This method of administration has also been shown 
to successfully deliver therapeutics to the brain. Gray et al. 
demonstrated that broad transduction of the brain and spinal 
cord parenchyma (approximately 2% of the entire brain and 
spinal cord) could be achieved by injecting adeno-associated 
viruses (AAV) into the CSF of non-human primates [58]. 
Furthermore, intrathecal administration had the added ben-
efits of reduced peripheral organ biodistribution and pro-
tection from circulating antibodies against AAV, suggesting 
that this strategy could protect viral delivery vehicles from 
immune neutralization and allow repeat administrations. 
Although intrathecal administration has traditionally been 
used for drug delivery to the spinal cord, several recent stud-
ies have highlighted delivery parameters that can be modu-
lated to bias delivery to the brain. Li et al. demonstrated that 
fast injection of AAV (0.25 μL/s) increased gene expression 
in the cortex by fourfold compared to a slow injection speed 
(0.02 μL/s), but this method also led to stronger transduction 
in peripheral lymph nodes and muscles [59]. Castle et al. 
reported that placing animals in an inverted or continuously 
rotating position immediately after intrathecal AAV injec-
tion countered the effect of gravitational settling of the CSF 

Fig. 2  MRgFUS-mediated 
transient BBB opening enabled 
gene delivery NPs to accumu-
late in and transfect intracranial 
tumors. A Fluorescence images 
of whole brains with U87 GBM 
tumors after MRgFUS delivery 
of intravenously administered 
nanoparticles encapsulating 
Cy5-labeled plasmid DNA. 
BPN, brain-penetrating nano-
particles. B Total fluorescence 
radiant efficiency in excised 
U87 tumors. C, D Luciferase 
expression in intracranial 
B16F1ova melanoma (C) and 
U87 (D) tumors 3 days after 
treatment. Reproduced with per-
mission from Curley et al. [49]
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and resulted in 15-fold increase in the number of transduced 
neurons and higher gene expression consistence from animal 
to animal [60].

Cell‑based targeting strategies

IV injected mesenchymal stem cells (MSCs) have been 
reported to home to sites of traumatic brain injury [61] or 
brain lesions [62] and have been shown to transmigrate 
across in vitro models of the BBB through transient inter-
endothelial gaps [63]. Jiang et al. exploited the tumor-homing 
capabilities of MSCs for cell-based therapies against brain 
cancer by employing ex vivo genetic modification techniques 
to induce MSCs to express TNF-related apoptosis-inducing 
ligand (TRAIL) for cancer-specific cell killing. Upon admin-
istration in the brain hemisphere contralateral to the tumor, 
these genetically engineered cells migrated across the cor-
pus collosum to the tumor site, killing infiltrative tumor 
cells and significantly prolonging animal survival [64]. 
Mangraviti et al. further demonstrated that human MSCs 
engineered ex vivo to secrete bone morphogenic protein 4 
using non-viral polymeric nanoparticles exhibited brain tro-
pism, crossed the BBB, and significantly improved survival 
upon IV or intranasal administration [65]. Zhao et al. recently 
reported a cell-based delivery platform which facilitated the 
assembly of biologically active nanocomplexes on cell sur-
faces via a metal-phenolic coordination-mediated interfacial 
interaction [66]. This strategy can be readily applied to con-
jugate protein and small molecule drugs onto the surface of 
MSCs for immunotherapeutic delivery to GBM.

Ongoing exciting immunotherapy research has focused 
on the use of engineered immune cells for cancer treatment, 
including for GBM. Chimeric antigen receptor (CAR) T 
cells are genetically engineered to steer T cells, including 
CD8 + cytotoxic T lymphocytes, specifically to their target 
cancer cells. Studies on ex vivo engineered CAR T cells 
to treat GBM in the clinic are still nascent but have thus 
far indicated the potential for safety and efficacy [67]. In 
other complementary pre-clinical studies, macrophages are 
being genetically engineered in situ with mRNA-containing 
nanoparticles to become converted from an M2-like pheno-
type to an M1-like phenotype, and this therapeutic approach 
shows increased survival in a transgenic mouse model of 
PDGFβ-driven glioma [68]. Thus, cell therapy with geneti-
cally engineered cells, via mesenchymal stem cells, T cells, 
or macrophages, is a promising future approach to overcome 
certain delivery challenges in the treatment of brain cancer.

Ligand‑mediated strategies for BBB crossing

Conjugating ligands whose receptors are highly expressed 
on BBB endothelial cells onto drug delivery vehicles is a 
widely explored strategy to enable therapeutics to transport 

across the BBB. In this section, we provide an overview of 
the main active targeting ligands and their use in modifying 
nanocarriers for drug delivery to GBM (see Table 1 for sum-
mary of commonly used BBB-penetrating ligands).

The transferrin receptor (TfR) is highly expressed by brain 
capillary endothelial cells (BCECs) forming the BBB, and 
monoclonal antibodies binding to TfR have been well docu-
mented to be internalized by BCECs in vivo [69] as well as 
enhance brain tissue accumulation when conjugated to nano-
carriers [70]. Lam et al. reported that transferrin-functionalized 
liposomes loaded with the drugs temozolomide (TMZ) and 
JQ1 traversed intact BBB in orthotopic murine GBM models 
and led to improved survival compared to equivalent doses 
of free drug [71]. Studies have reported that ligands with 
ultra-high affinity to TfR facilitate lysosomal sequestration in 
BCECs and reduce transcytosis to the brain [72]. To address 
this problem, Yu et al. used protein engineering approaches 
to reduce the TfR-binding affinity of anti-TfR antibodies by 
creating a bispecific antibody with low affinity for TfR and 
high affinity for the enzyme β-secretase (BACE1), an Alzhei-
mer’s disease drug target (Fig. 3). They demonstrated fivefold 
greater brain accumulation of the lower TfR affinity bispe-
cific antibody compared to the control antibody and signifi-
cant reduction in brain amyloid-β peptide levels after a single 
administration [73]. Kariolis et al. used directed evolution 
to engineer Fc fragments to bind the apical domain of TfR. 
When conjugated onto Fabs, these engineered Fc fragments 
enabled nearly 40-fold higher brain uptake than native anti-
bodies upon IV administration in mice [74]. Clark and Davis 
utilized a materials engineering approach to design acid-labile 
linkages between a transferrin ligand and gold nanoparticles 
(NPs) to allow NP release upon endocytosis into acidic vesi-
cles and showed significantly increased NP accumulation in 
brain parenchyma following transcytosis across BCECs [75]. 
Interestingly, these linkers did not enable NP trafficking to the 
brain when high affinity TfR antibodies were used, demon-
strating the importance of modulating binding affinity at the 
ligand-TfR interface.

The angiopep-2 peptide is another widely used ligand and 
binds to low-density lipoprotein receptor-related protein-1 
(LRP1) expressed on BCECs. NPs coated with angiopep-2 
peptide have been shown to bind to LRP1 expressed on 
BCECs lining the BBB and move across in vitro models of 
the BBB via an energy-dependent, caveolae- and clathrin-
mediated mode of transcytosis [76]. As LRP1 is also over-
expressed in GBM and brain metastases from lung and skin 
cancers, angiopep-2 targeting provides the dual advantage 
of BBB transcytosis and tumor cell targeting [77]. Qiao 
et al. designed an angiopep-2-functionalized lipopolymeric 
NP system encapsulating superparamagnetic iron oxide 
nanocubes (SPIONs), TMZ, and TGF-β siRNA for immu-
nomodulation of orthotopic GBM tumors. They demon-
strated that this theranostic system enabled SPION-mediated 
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MRI tumor imaging and facilitated GBM immunotherapy 
through TGF-β knockdown and TMZ therapy, resulting 
in 80% long-term survivors in a GL261 orthotopic mouse 
glioma model [78]. Similarly, Zheng et al. used angiopep-2 
to modify polymeric NPs for combinatorial siRNA therapy 
and showed significant tumor burden decreases in mice 
bearing orthotopic U87 human GBM tumors [79]. Joseph 
et al. conjugated angopep-2 onto the surface of autonomous 
nano-swimmers to enable transport across the BBB. Using 
enzymatic reactions encapsulated inside polymersomes with 
asymmetric surface permeabilities to generate a local gradi-
ent, these nano-swimmers demonstrated rapid self-propelled 
diffusion throughout the parenchyma over mm length scales 
in rats following intra-arterial perfusion [80].

The brain’s high demand for sugar molecules has also 
been explored for enabling transport across the BBB. Glu-
cose transporter proteins (GLUT) deliver glucose from 
circulation to neurons, with GLUT1 being abundantly pre-
sent in BCECs [81]. Anraku et al. demonstrated that BBB 
crossing and brain accumulation of a PEG-poly(aspartic 
acid) decorated with glucose molecules on the surface 
were boosted by rapid glycemic intake following fasting as 
GLUT1 in BCECs migrated from the luminal to basal mem-
brane [82]. Fasting for 24 h prior to NP injection followed 
by intraperitoneal administration of a concentrated glucose 
solution boosted brain accumulation of NPs by 56-fold com-
pared to the free-feeding group, while the optimal glucose 
density (25% for this system) resulted in threefold higher 

Fig. 3  Strategies to reduce binding affinity with transferrin receptors 
on BBB endothelial cells increased delivery to the brain. A Yu et al. 
engineered a series of anti-TfR antibodies with varying TfR binding 
affinities. B Decreasing TfR binding affinity increased drug delivery 
to the brain especially at 24 h after IV administration of nanoparti-
cles. Reproduced with permission from Yu et  al. [73]. C Proposed 
mechanism for BBB transcytosis of NPs conjugated to holo-transfer-
rin (holo-Tf) ligand via an acid-labile linkage. D Chemical structure 
of the acid-labile linker used by Clark and Davis to conjugate holo-Tf 
to NPs; holo-Tf in red, acid-labile linkage in blue. E NPs decorated 

with holo-Tf via acid cleavable bonds (Tf-C) induced significantly 
higher levels of NP accumulation in brain parenchyma compared to 
NPs modified with non-cleavable bonds (Tf-N) at high modification 
densities (*P < 0.0001). Histology images showed that NPs modi-
fied with Tf-N or mPEG were mostly entrapped in blood vessels, but 
NPs modified with Tf-C dispersed within brain parenchyma (dashed 
arrows indicate NPs within blood vessels; solid arrows indicate NPs 
in brain parenchyma). Reproduced with permission from Clark and 
Davis [75]
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brain accumulation than formulations with either higher or 
lower surface glucose density. PEG-(poly-L-lysine) NPs 
encapsulating oligonucleotides and decorated with surface 
glucose molecules were reported to enable nearly 7% accu-
mulation in the whole brain following IV administration 
with glycemic control [83]. The optimized NP formulation 
in this study enabled 30% gene knockdown in the whole 
brain, with nearly 50% knockdown in the cerebral cortex and 
approximately 30% knockdown in areas such as the midbrain 
and thalamus/hypothalamus, respectively. Galactose, another 
sugar molecule shown to bind to GLUT1, has likewise been 
used to modify polymers for trans-BBB delivery of siRNA 
targeting BACE1 in a proof-of-concept study for Alzhei-
mer’s disease treatment [84].

One of the main challenges associated with ligand-mediated 
BBB crossing methods is displaying ligands on NP surfaces in 
a functional manner. Covalent ligand conjugation is problem-
atic for NPs formed via self-assembly such as polymeric NPs; 
this is because high molecular weight ligands such as antibod-
ies could result in charge or steric interference that prevents NP 
formation [85]. This problem could be mitigated by modify-
ing ligands with a charged molecule to enable incorporation 
into NPs through electrostatic interactions. This strategy was 
utilized by Smith et al., who modified T cell-targeting anti-
bodies with a negatively charged poly-glutamic acid molecule 
to enable incorporation into cationic polymeric NPs, which 
they showed were capable of in situ T cell reprogramming 
with plasmid DNA encoding chimeric antigen receptor genes 
[86]. Another challenge is that serum protein coronas have 
been shown to form rapidly on NPs injected into the blood-
stream, which significantly affect NP pathophysiology as well 
as mask the ability of targeting ligands to interact with cell 
receptors [87, 88]. This problem can be addressed by add-
ing a hydrophilic stealth molecule such as polyethylene glycol 
(PEG) onto NP surfaces. PEG molecules incorporated in the 
form of a PEG linker for ligand conjugation [89] or as a coat-
ing molecule to completely saturate the NP surface [90] have 
been shown to prevent serum protein adsorption and improve 
NP cell targeting.

Other considerations for intracranial drug delivery

Beyond transport across the BBB, there are several further 
considerations for effective therapeutic delivery to GBM. 
This includes design strategies to enable transport through 
the brain ECM, which has long been believed to require 
sub-64 nm sizes due to imaging and modeling data show-
ing that brain ECM contains “pores” 38–64 nm in diam-
eter [91]. Nance et al. demonstrated that NPs 114 nm in 
diameter could diffuse through fresh human and rat brain 
tissue by using a dense PEG surface coating [92]. The selec-
tion of animal models for studying drug delivery to brain 
tumors has also been shown to be critical. Korangath et al. 

reported that intratumoral retention of antibody-labeled NPs 
depended on interactions with innate immune cells and not 
on antigen–antibody interactions [93]. The observed antitu-
mor effects depended on activation of CD8 + T cells rather 
than the therapeutic activity of the loaded antibody drugs, 
highlighting the advantage of tumor models that can be 
established in immunocompetent animals. More specific to 
studies on GBM therapy, the method used to inoculate ani-
mals with intracranial tumors may be critical to accurately 
assessing cross-BBB transport and brain accumulation of 
therapeutic molecules. Wyatt and Davis reported that brain 
tumors established by intracranial injection of GBM cells 
enabled free drug and non-targeted NPs to accumulate in 
tumors and retard tumor growth more significantly com-
pared to brain tumors established via intracardiac or IV 
administered cells in a model of breast cancer brain metas-
tasis [94]. Thus, a robust test of the transport properties 
of drug delivery vehicles to GBM should utilize animal 
models that best preserve the architecture of the BBB, the 
architecture of the brain ECM, and the completeness of the 
immune system.

Biomaterials for cancer immunotherapy

Recent advances in therapeutic cancer vaccines

Cancer vaccines are designed to educate the immune sys-
tem to recognize and eliminate cancer cells and are broken 
down into two groups, prophylactic and therapeutic. Prophy-
lactic cancer vaccines induce protective immunity against 
viral pathogens known to cause cancer, such as the human 
papillomavirus (HPV) [95] and hepatitis B virus (HBV) 
[96]. Therapeutic vaccines activate immune cells in cancer 
patients to treat their current disease, and include sipuleu-
cel-T, which uses patient-derived dendritic cells engineered 
ex vivo to recognize antigens overexpressed by prostate 
cancer cells [97] and the Bacillus Calmette–Guérin (BCG) 
vaccine, which is a vaccine against tuberculosis but also acts 
as a powerful general adjuvant for treatment of early-stage 
bladder cancer [98].

More recent studies on therapeutic vaccines have focused 
on stimulating immune responses against tumor neoanti-
gens, which are expressed exclusively by tumor cells and 
can reduce possible side effects against healthy cells. To 
this end, Lynn et al. engineered a vaccine delivery system 
consisting of a single peptide containing the tumor neoan-
tigen, adjuvants, and charge-modifying motifs. These pep-
tides were shown to self-assemble into 20–30 nm nanopar-
ticles regardless of the charge and hydrophobicity of the 
neoantigen peptide and enabled dose-dependent CD8 T cell 
responses in non-human primates [99]. Keskin et al. recently 
reported the use of a multi-epitope personalized neoantigen 
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vaccine in eight patients as part of a phase I/Ib clinical trial 
of newly diagnosed GBM patients [100]. In the two patients 
that did not receive dexamethasone during vaccine prim-
ing, circulating neoantigen-specific CD4 + and CD8 + T cell 
responses were observed and an increase in the number of 
tumor-infiltrating T cells were detected, demonstrating the 
potential of tumor neoantigen-based cancer vaccines for 
GBM treatment [100].

One disadvantage to using vaccines based on patient-
specific tumor neoantigens is that genetic sequencing of each 
tumor and synthesis of neoantigen peptides from identified 
mutations are required for each patient, which can be time con-
suming, expensive, and can reduce patient accessibility to the 
treatment. To avoid these problems, Tzeng et al. employed an 
alternative cancer vaccine approach by using synthetic poly-
meric nanoparticles encapsulating plasmid DNA encoding a 
costimulatory molecule (4-1BBL) and an immunostimulatory 
cytokine (IL-12) to reprogram tumor cells to act as tumor-
associated antigen-presenting cells in situ [101]. When used 
in combination with anti-PD-1 checkpoint blockade, these 
reprogramming nanoparticles significantly reduced tumor 
growth and led to long-term survivors with immunological 
memory against tumor rechallenge in mice bearing synge-
neic B16-F10 melanoma tumors and MC38 colorectal carci-
noma tumors. Hewitt et al. took a similar approach by using 
lipid nanoparticles to deliver mRNA encoding the cytokines 
IL-36γ and IL-23 and the costimulatory molecule OX40L 
and showed > 90% long-term survival in MC38 colon cancer 
models and > 40% long-term survival in B16-F10 melanoma 
models when administered in combination with immune 
checkpoint blockade [102]. Crucially, these approaches do 
not require prior knowledge of the neoantigens in a particular 
patient’s tumor and could be used as an off-the-shelf platform 
to combat many different solid tumors.

Immunostimulatory effects of biomaterial scaffolds

In addition to acting as delivery vehicles for antigenic 
cargo, biomaterials have also been used to stimulate the 
immune system on their own. Recent studies on implant-
able biomaterial scaffolds to promote wound healing have 
established that engineered biomaterials can effectively 
modulate the immune system. Sadtler et al. reported that 
biomaterial scaffolds induced  TH2 guided macrophage 
polarization to facilitate a local pro-regenerative immune 
response to facilitate healing of traumatic muscle wounds 
[103]. Wolf et al. reported that decellularized urinary blad-
der matrix scaffolds induced a type 2 immune response 
consisting of IL4-producing  TH2 cells,  CD206+ mac-
rophages, and eosinophil accumulation which inhibited 
tumor formation in several murine cancer cell lines [104]. 
Shah et al. reported that a microporous alginate-based scaf-
fold capable of delivering adjuvants and antigens against 

acute myeloid leukemia (AML) was able to eradicate 
established AML even in the absence of a defined vaccine 
antigen [105]. While the mechanism for this biomaterial-
mediated anti-cancer effect is yet to be elucidated, this 
study provides further evidence that macroscopic materials 
can provide a unique local immunostimulatory niche with 
systemic cancer killing effects.

Strategies to overcome GBM immune privilege

Immune privilege in the CNS is believed to be due to mul-
tiple chemical and physical factors including the presence 
of the BBB and other physical barriers, little to no MHC 
class II-expressing antigen-presenting cells in normal human 
brain, the lack of traditional lymphatics, the presence of 
immunomodulatory proteins, and CNS metabolic needs 
[24]. To bypass this CNS immune privilege, Song et al. 
administered nanoparticles containing mRNA encoding for 
the VEGF-C gene to the CSF to enhance lymphangiogenesis 
in the brain and increase T cell recruitment to GBM tumors 
(Fig. 4). The authors demonstrated > 80% long-term sur-
vival in mice with orthotopic GL261 tumors when VEGF-
C nanoparticle treatment was used in combination with 
immune checkpoint blockade [106], which was attributed 
to brain lymphatic remodeling (treated mice showed nearly 
100% increase in dural confluence of sinuses), allowing for 
increased T cell recruitment and drainage of tumor antigens 
to deep cervical lymph nodes.

An alternative strategy to overcome the immunologically 
“cold” GBM tumor microenvironment is to employ viral 
induction of cytokine expression by tumor cells to promote 
dendritic cell differentiation and expansion. Specifically, this 
strategy has involved injecting adenoviral vectors encoding 
the herpes simplex virus-1 thymidine kinase (HSV-tk) and 
fms-like tyrosine kinase ligand (Flt3L) directly into intrac-
ranial murine glioma tumors. HSV-tk expression sensitizes 
tumor cells to the drug ganciclovir, causing apoptotic cell 
death [107]; Flt3l regulates dendritic cell development and 
mobilizes dendritic cell and T cell responses during inflam-
mation and infection [108]. In a study by Ali et al., HSV-tk/
GCV suicide gene therapy was used to kill tumor cells and 
release tumor antigens, which were subsequently taken up 
by dendritic cells that were recruited by Flt3L expression. 
The authors found that administration of either therapeu-
tic modality alone caused tumor expression only in micro-
scopic tumor models (e.g., ≤ 0.3  mm3), but co-expression of 
both genes prolonged the survival of animals bearing large 
tumors by over 80% in a macrophage- and CD4 + T cell-
dependent manner [109]. A follow-up study showed that this 
combination gene therapy mediated regression in a second-
ary untreated tumor growing at a distal site in addition to 
inducing regression of the primary treated tumor, resulting 
in 70% long-term survival of animals bearing a single tumor 
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and 50% long-term survival of animals bearing a primary 
and distal secondary tumor [110].

Finally, recent studies have found that the location of 
administration of combination therapies is another important 
consideration specific to GBM immunotherapy. The chemo-
therapeutic temozolomide that is administered systemically 
with radiation in standard therapy for newly diagnosed GBM 
has been shown to cause severe myelotoxicity [111]. This is 
problematic as the immunosuppressive effects of standard 
chemotherapy could antagonize the effects of immunothera-
pies. One strategy to attenuate the adverse effects of systemi-
cally administered chemotherapeutics is to load drugs into 
targeted nanoparticles for accumulation in tumors, which has 
been shown to be effective for sensitizing tumors to immune 
checkpoint blockade in combination therapies [112]. Wang 
et al. took the alternative approach of local chemotherapeu-
tic delivery by synthesizing injectable scaffolds that gelled 
in situ and released encapsulated gemcitabine as well as anti-
PD-L1 blocking antibodies for immune checkpoint blockade 
[113]. Mathios et al. studied this effect in GBM tumors and 

demonstrated that systemic administration of the chemo-
therapeutic Carmustine is immunosuppressive and abrogated 
anti-PD-1 antitumor effects while local chemotherapy left 
immune cell populations intact and enhanced the effects of 
immune checkpoint blockade [114].

Conclusions

The lack of new GBM therapies approved in the past two 
decades and grim prognosis for GBM patients highlight the 
need for new treatment strategies. The physiological loca-
tion of GBM tumors within the CNS pose several formidable 
transport barriers for GBM therapeutics, including bypassing 
the BBB and trafficking through brain tissue and ECM to the 
tumor site. Immunotherapies for GBM face further obstacles 
of overcoming aspects of CNS immune privilege such as 
increased metabolism, abnormal lymphatics, and reduced 
expression of MHC class II by antigen-presenting cells com-
pared to other tissues. Despite these daunting challenges, 

Fig. 4  Upregulation of VEFG-C expression increased lymphatic vas-
culature confluency and conferred protection against GBM in a drain-
ing lymph node-dependent manner. A The dura of mice 6–8  weeks 
after injection of AAV carrying a control (CTRL) or VEGF-C gene 
into the CSF; LYVE1 was stained to visualize lymphatic vasculature. 
B Mice injected with AAV-VEGF-C showed remodeling of lymphatic 
vasculature and significantly increased confluence compared to the 

AAV-CTRL group (n ≥ 7; ***P = 0.0007). C Mice injected with 
AAV-VEGF-C 2 months prior to intracranial implantation of GL261 
murine brain cancer cells exhibited significantly prolonged survival 
(n ≥ 4; ***P = 0.0004). D Ligation of the deep cervical lymph nodes 
1  week prior to tumor inoculation abrogated anti-tumor effects of 
AAV-VEGF-C injection (n ≥ 4; **P = 0.007; ***P < 0.0001). Repro-
duced with permission from Song et al. [106]
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immunotherapies for GBM are making steady progress from 
bench to bedside. Physical strategies to enable trans-BBB 
drug delivery such as CED and MRgFUS have already been 
used in the clinic to treat other CNS malignancies and are 
excellent candidates for delivery of GBM immunotherapy. 
These methods could be first used to deliver FDA-approved 
small molecule drugs such as TMZ or immune checkpoint 
inhibitors to establish feasibility of GBM immunotherapy 
before being used in conjunction with more novel biomate-
rial-based GBM immunotherapies presented in this review. 
The recent successful use of lipid NPs to deliver mRNA in 
COVID-19 vaccines [115] demonstrated the safety and effi-
cacy of using biomaterials to stimulate the immune system. 
A similar biomaterial system for cancer gene therapy is an 
exciting candidate for GBM immunotherapy. Currently, many 
clinical trials using immune checkpoint blockade [116] or 
monoclonal antibodies [117] are underway. Continued devel-
opments in both elucidating cancer biology mechanisms and 
innovating engineered drug delivery solutions are promising 
for future immunotherapy treatments for GBM.
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