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Abstract

Glioblastoma (GBM) is the most common primary brain tumor in adults and is universally lethal with a median survival
of less than two years with standard therapy. RNA-based immunotherapies have significant potential to establish a durable
treatment response for malignant brain tumors including GBM. RNA offers clear advantages over antigen-focused approaches
but cannot often be directly administered due to biological instability. This review will focus on utilization of RNA dendritic
cell vaccines and RNA nanoparticle therapies in the treatment of GBM. RNA-pulsed dendritic cell vaccines have been shown
to be safe in a small phase I clinical trial and RNA-loaded nanoparticle vaccines will soon be underway in GBM patients

(NCT04573140).
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Introduction

Despite maximal standard therapy of surgery, radiation,
and adjuvant chemotherapy with temozolomide, malig-
nant primary brain tumors such as glioblastoma (GBM)
carry a poor prognosis (Stupp et al., 2005). In the setting
of resounding success for other tumors, investigations into
using immunotherapy to target these tumors has been ongo-
ing for decades. Yet, a durable cure for malignant primary
brain tumors remains evasive. There are multiple features of
primary brain tumors that present challenges for these thera-
pies including the heterogeneity of tumor cell populations,
poor penetration of therapies across the blood brain barrier,
relative immunosuppressed state of the affected host, and
rapid development of tumoral resistance (Chongsathidkiet
et al., 2018; Learn et al., 2006).

Ribonucleic acid (RNA) centered immunotherapeutic
strategies for targeting refractory tumors have significant
advantages over other therapeutic modalities. Messen-
ger RNA (mRNA) offers flexibility of targeting multiple
tumor-specific epitopes without risk of genomic integration
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(DNA vaccines) and without complexity of HLA restricted
epitopes which is often limiting in many peptide vaccine
trials (Bonehill et al., 2004). A strength of mRNA is that it
can be used across all human leukocyte antigen (HLA) geno-
types for presentation by major histocompatibility complex
(MHC) class I and II proteins (Bonehill et al., 2004). Fur-
thermore, RNA vaccines have garnered recent interest with
the FDA approval of mRNA-based vaccines against COVID-
19 (Anderson et al., 2020; Sahin et al., 2020). There are two
major considerations when developing an mRNA vaccine.
Firstly, which mRNA should be used and secondly, how
should the mRNA be delivered. The basic premise of this
technique is to first isolate/identify and manufacture mRNA
specific to tumor cells that encodes for tumor-specific anti-
gens. When presented to the host, the mRNA is translated
and the resulting protein will be presented to lymphocytes
via antigen-presenting cells. This triggers an antigen-specific
immunologic response against the mRNA presented endog-
enously as peptides allowing the host’s immune system to
begin identifying and attacking a patient-specific cancer.
Understanding these strengths and potential pitfalls are
imperative for ongoing research development. The primary
limitation of mRNA is its bioactive instability and inabil-
ity to efficiently enter cells. Therefore, the mRNA must be
protected, and this can be done through ex vivo loading into
cells, or packaged into a virus-like capsid, or a nanoparticle
capable of facilitating cell entry. These delivery strategies
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ensure protection of mRNA to allow eventual translation and
antigen presentation.

This review provides a brief overview of RNA-based
strategies for immunotherapy against GBM including RNA-
pulsed dendritic cells and RNA-loaded lipid nanoparticles.
The concepts behind development of these therapeutics will
be explained and current preclinical and clinical data will
be evaluated.

RNA-Pulsed Dendritic Cells
Development

Dendritic cells are professional antigen-presenting cells
that are imperative to activating T cell mediated immune
responses. These cells are of hematopoietic origin and pre-
sent antigens on MHC I and II complexes for activation of
CD8+ and CD4+T lymphocytes, respectively. This activa-
tion results in significant downstream activation and prolif-
eration of lymphocytes capable of targeting tumor-specific
antigens to elicit a robust immune response. Dendritic cells
can be harvested from peripheral blood; however, they are in
very low concentration and peripheral blood monocytes may
not be inherently capable of eliciting a robust anti-tumoral
immune response. Therefore, DCs are typically matured,
activated and expanded ex vivo prior to host vaccination.
Loading of dendritic cells can be achieved with whole
tumor lysate, tumor-specific proteins or mRNA encoding
tumor-specific proteins. Techniques for introducing mRNA
to dendritic cells include viral transduction, electroporation
or liposome transfection. For generation of mRNA pulsed
dendritic cell vaccines, electroporation is often utilized to
facilitate nucleic acid entry ex vivo whereas liposomes are
primarily used for lipid nanoparticle mRNA delivery to den-
dritic cells in vivo.

Clinical Data

One of the first studies describing the use of dendritic cells
pulsed with unfractionated tumor mRNA against glioma was
published in 2002 (Insug et al., 2002). This vaccine demon-
strated robust CD4 and CDS intratumoral immune response
in a murine model and the effect was enhanced by admin-
istration of interleukin (IL)-12. This finding was replicated
in humans; however, the authors noted that tumor-specific
tolerance was a barrier to effective therapy in some patients
(Kobayashi et al., 2003).

It has been known for over a decade that the cellular
matrix protein in human cytomegalovirus phosphoprotein 65
(pp65) is an antigen that is highly sensitive and specific for
GBM (Mitchell et al., 2008). Although expressed in only low
levels, this protein is found in a large proportion of GBM

tumors but not in surrounding normal tissue. Host dendritic
cells can be isolated from whole blood and transfected with
pp65 mRNA ex vivo. Following transfection, the dendritic
cells begin to present pp65 restricted epitopes which can
be administered as a cell therapy vaccine to all patients
(Fig. 1). The immune response generated by these vaccines
can be increased by pre-conditioning the vaccine site with
tetanus toxoid. This strategy elicits enhanced DC migration
to draining lymph nodes and was found to correlate with
survival outcomes in a small phase I clinical trial (Mitchell
et al., 2015). It is thought that the tetanus toxoid improved
efficacy of the vaccine due to a memory recall response to
the toxoid resulting in release of chemokines that facilitate
trafficking of dendritic cells to lymph nodes (Mitchell et al.,
2015). In this small study, the group treated with the teta-
nus toxoid and pp65 mRNA pulsed dendritic cell vaccines
had improved median overall survival (>36.6 months vs
18.5 months). ATTAC-II is an ongoing follow-up phase II
clinical trial to further investigate the efficacy of this vaccine
strategy in patients with newly diagnosed GBM (clinicaltri-
als.gov NCT02465268) (Rahman et al., 2019).
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Fig.1 RNA-pulsed dendritic cell vaccines for GBM
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For patients with recurrent GBM, there is another ongo-
ing trial with RNA-pulsed dendritic cell vaccines (Dunn-
Pirio et al., 2017). In this study, RNA is obtained from brain-
tumor stem cells and pulsed into dendritic cells (Dunn-Pirio
et al., 2017). This strategy has been investigated in a phase
I trial and appears to be safe with a median overall sur-
vival of 11 months (Dunn-Pirio et al., 2017). Other antigen
targeting strategies for GBM include EGFRVIII, IL13Ra,
Wilms’ Tumor 1, HER-2, gp100, and MAGE-1. Some of
these are tumor specific (i.e., EGFRVIII) while others can
be expressed in normal tissue.

In any immunotherapy strategy, one must consider the
potential of excessive autoimmunity induced by the ther-
apy. Although RNA-pulsed DC vaccine therapy appear well
tolerated, anaphylactoid reactions have occurred including
one patient who had a severe immune reaction including
hives, visual changes and headache (Mitchell et al., 2015).
However, dendritic vaccines in this context were adminis-
tered with GM-CSF and further investigation suggested it
was this cytokine that precipitated a type I hypersensitivity
reaction. Overall, autologous mRNA pulsed DC immuno-
therapy appears very well tolerated in GBM trials. While
mRNA offers flexibility, the process of DC isolation, educa-
tion and expansion remains tedious. This has led our group
to investigate more expedient approaches such as nanopar-
ticle vaccines.

RNA-Loaded Nanoparticles
Development

Broadly speaking, nanoparticles are sub-cellular parti-
cles that are of organic or inorganic composition. Organic
nanoparticles include liposomes, micelles and dendrimers.
Inorganic nanoparticles can be made of silica, gold, or iron
oxide. Liposomes or lipid nanoparticles have been the most
widely employed in delivery of nucleic acids in drug, gene
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Fig. 2 Illustration of RNA nanoparticle immunotherapy
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and cancer therapy. A liposome is a lipid bilayer that can
be loaded with hydrophilic organic material. The type of
RNA loaded into nanoparticles can be mRNA, microRNAs
(miRNAs) or small interfering RNAs (siRNAs). mRNA
has been extensively studied and in this paradigm, nano-
particles deliver the mRNA to in vivo host dendritic cells
which prompts an antigen-specific immune response against
tumor expressed epitopes (Fig. 2). A major advantage of
the nanoparticle approach is that production of the vaccine
is less labor-intensive allowing it to be quicker and cheaper
than cell-based approaches. Additionally, RNA is a toll-like
receptor agonist which can mediate potent innate response
against cancer and synergize with the adaptive response
being generated (Sayour et al., 2016, 2018). After local
administration (intramuscular) mRNA loaded liposomes
mediate a local inflammatory response that brings myeloid
cells (i.e., DCs) to site of injection to pick up mRNA loaded
particles. Activated DCs can then traffic to regional lymph
nodes to educate an adaptive T cell response. Alternatively,
mRNA loaded lipid particles can be injected systemically
(i.v.) where they can be naturally filtered by lymphoid organs
for myeloid/DC transfection and induction of adaptive T cell
immunity.

Clinical Data

In a murine model, an intravenously administered liposome
made from the cationic lipid 1,2-dioleoyl-3-trimethylam-
monium-propane (DOTAP) was loaded with whole tumor
RNA that effectively activated dendritic cells and resulted
in expansion of activated T cells with improved survival
(Sayour et al., 2016, 2018). This effect could be enhanced
by addition of immune checkpoint inhibitors such as PD-L1
monoclonal antibodies (Sayour et al., 2016, 2018). Addi-
tionally, utilizing RNA nanoparticles as systemic therapy
was safe in a spontaneous canine glioma model (Sayour
et al., 2018). Modifying liposomes by loading them with
iron oxide allows tracking of dendritic cell transfection with
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MRI. Specifically, in a murine model, MRI signal intensity
in host lymph nodes was shown to be an early predictor
of anti-tumoral immune response and improved survival
(Grippin et al., 2019). This approach may allow early for
early recognition of non-responders so that therapy could
be rapidly modified. Moreover, nanoparticles may also be
loaded with mRNAs encoding the transcription factors such
as interferon regulatory factor 5 (IRF5) and its activating
kinase IKKp (Zhang et al., 2019). These transcription factors
result in a shift of tumor associated macrophage cell func-
tions (e.g., M2 to M1 conversion) leading to increased tumor
cell immunity and tumor size reduction (Zhang et al., 2019).

A different technique for RNA nanoparticle therapy is to
administer microRNAs (miRNAs) or small interfering RNAs
(siRNAs). In one design, lipid nanoparticles were utilized
to deliver miR-124 which is a microRNA that regulates the
signal transducer and activator of transcription 3 (STAT3)
pathway thus decreasing inherent tumor immunosuppres-
sion (Yaghi et al., 2017). The miR-124 loaded nanoparti-
cle resulted in improved survival in a murine model (Yaghi
et al., 2017). Similarly, a solid lipid nanoparticle constructed
from components of low-density lipoprotein was linked
to PEGylated c-Met siRNA and lead to decreased c-Met
expression in tumors with reduced growth (Jin et al., 2011).

A nanoparticle-based approach provides flexibility in
nucleic acid delivery and this capacity can be leveraged to
administer combination therapies. We have shown that tumor
mRNA can be delivered with GM-CSF encoding mRNA for
enhanced anti-tumor immunity in preclinical models (Say-
our et al., 2016). These foundational studies can be used to
develop next-generation approaches for theranostic appli-
cations. These applications may be developed with iron-
oxide reporters for longitudinal reporting and correlation of
outcomes with directed particle localization (Grippin et al.,
2019). Another potential application under the umbrella of
nanotechnology, includes use of hydrogels for immunother-
apeutic delivery. A hydrogel is a crosslinked hydrophilic
polymer that can suspend organic material including pro-
teins or nucleic acids (Ding et al., 2020). While RNA-loaded
hydrogels are still in development for GBM, this therapy has
been efficacious in vitro against triple negative breast cancer
(Ding et al., 2020). These hydrogels may be leveraged as a
scaffold to embed and deliver therapeutics to outcompete the
rapid evolution and heterogeneity of GBM.

Conclusion

In summary, RNA-based immunotherapies for GBM
offer numerous advantages over protein-centric therapies.
However, due to the biological instability of RNA, these
therapies require protection in either a cell or nanocarrier
to trigger a robust immune response. Messenger RNA has

been used to develop a promising dendritic cell vaccine in
a phase I GBM clinical trial with ongoing phase II studies.
RNA nanoparticles can be utilized to activate DCs in vivo
with robust immune responses in murine and large animal
canine models, and human trials will soon be underway
(NCT04573140). The flexibility of nanomaterials may offer
a unique opportunity to deliver combinatorial therapies that
address GBM evolution and heterogenicity in a more facile
and commercial formulation.
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