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Abstract
Cell-based therapies to the brain are promising for the treatment of multiple brain disorders including neurodegeneration and 
cancers. In order to access the brain parenchyma, there are multiple physiological barriers that must be overcome depending 
on the route of delivery. Specifically, the blood–brain barrier has been a major difficulty in drug delivery for decades, and it 
still presents a challenge for the delivery of therapeutic cells. Other barriers, including the blood-cerebrospinal fluid barrier 
and lymphatic-brain barrier, are less explored, but may offer specific challenges or opportunities for therapeutic delivery. 
Here we discuss the barriers to the brain and the strategies currently in place to deliver cell-based therapies, including engi-
neered T cells, dendritic cells, and stem cells, to treat diseases. With a particular focus on cancers, we also highlight the 
current ongoing clinical trials that use cell-based therapies to treat disease, many of which show promise at treating some 
of the deadliest illnesses.
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Introduction to cell‑based therapies

Cell-based therapy involves the delivery of cells to circula-
tion or tissues for the treatment of a multitude of diseases. 
In the brain, cell-based therapies have been developed to 
treat disorders including cancers, Parkinson’s, Alzheimer’s, 
traumatic brain injury, and other neurodegenerative diseases. 
Stem cells can be applied to replace damaged neural cells, 
immune cells can be engineered to fight disease, or other 
types of cells with unique homing properties may act as ther-
apeutic carriers. Regardless of the disease and the purpose 
of the cellular delivery, cells face similar challenges at the 
barriers that exist between and within the brain and the rest 

of the body. Here, we discuss cells as therapeutics and dis-
cuss barriers in the brain and strategies for bypassing them.

Types of cell‑based therapies

Immune cells

Immune cell delivery is a growing option in the battle 
against brain cancers. These cells can be reprogrammed or 
engineered to target antigens present on tumor cells. Since 
the central nervous system (CNS) tightly controls the entry 
of immune cells into the brain, delivery of these cells often 
requires novel strategies. Despite this, T cells, dendritic 
cells, natural killer T cells, and others have been imple-
mented clinically [1]. Engineered T cells with a chimeric 
antigen receptor (CAR T cells) have been created against a 
number of tumors found in the brain. Though immune cells 
have primarily been applied in cancer, there are potential 
applications across a range of neurological disorders [2]. 
Brain tumors pose unique obstacles for CAR T cell homing 
due to the selective properties of the blood–brain barrier 
(BBB) and the blood-cerebrospinal fluid barrier. These bar-
riers regulate extravasation limiting immune entry in the 
brain or CSF due to the presence of endothelial cell layers 
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with tight junctions and the glia limitans. From circulation, 
CAR T cells must first adhere to vascular endothelium via a 
multitude of integrins, adhesion molecules, and chemokines 
[3]. CAR macrophages leverage the enhanced extracellu-
lar matrix degradation ability of the macrophage to better 
migrate into and infiltrate dense tumors. Macrophages are an 
important source of matrix metalloproteases and can signifi-
cantly alter the tumor environment. CAR macrophages are 
also able to promote the ability of antigen presentation and 
enhance the cytotoxic effects of T cells. Compared to CAR-
T, CAR macrophages have a limited time in circulation and 
less non-tumor toxicity. Although CAR macrophages have 
great potential to become an efficient cancer immunother-
apy, many obstacles need to be overcome including reduced 
proliferation compared to CAR T, their accumulation in the 
liver, potential patient toxicity at high numbers delivered, 
and, like CAR T cells, insufficient antigen expression on 
tumor cells [4].

Another option in addition to CAR T cell therapy is 
CAR natural killer cell (NK-cell) therapy. Compared to 
the CAR-T cells, the risk of on-target/off-tumor toxicity to 
normal tissues is relatively low due to a limited lifespan 
of CAR-NK cells in the circulation. Besides killing tumor 
target cells in the CAR-dependent manner, CAR-NK cells 
can potentially eliminate cancer cells in a CAR-independent 
manner. CAR-NK cells still possess their natural cytotoxic 
activity against tumor cells and can be activated through 
CAR-independent mechanisms, such as NCRs, NKG2D, co-
stimulatory receptor DNAM-1 (CD226), and certain acti-
vating KIRs. Moreover, NK cells can eliminate tumor cells 
through CD16-mediated antibody-dependent cellular cyto-
toxicity (ADCC). Because of this, CAR-modified NK cells 
may be able to efficiently eradicate a heterogeneous tumor, 
in which some tumor cells do not express CAR-targeted 
antigen, via both CAR-dependent and NK cell receptor-
dependent mechanisms.

There are challenges regarding the potential for use of 
dendritic cells to treat tumors as well. Immature dendritic 
cells are not functionally ideal for the loading of antigens 
because they are unable to activate lymphocytes until an 
inflammatory signal or pathogen induces their maturation 
[5]. Some argue that ex vivo maturation of DCs through 
CD40L or interferon (IFN)-γ is necessary prior to vaccine 
administration to ensure proper antigen presentation and T 
cell activation [6–9]. Others argue that maturation occurs 
naturally, and that no prior stimulus is required [10]. In the 
process of maturation, DCs lose their ability to uptake and 
process antigens. They also exchange their immature molec-
ular signature for a mature CD83 + phenotype, increasing 
expression of MHC-antigen complexes, lymphocyte costim-
ulatory molecules, TNF and TNF-receptor molecules, and 
many chemokines and chemokine receptors to aid in T-cell 
recruitment and DC navigation to lymphoid tissues [5].

Stem cells

Stem cells are promising for neurodegeneration to poten-
tially replace damaged neurons within critical brain regions. 
These therapies involve the use of induced pluripotent 
stem cells (iPSCs) and neural stem cells (NSCs) and can 
be injected directly into damaged regions of the brain. For 
therapeutic application utilizing NSCs, it is important to be 
cognizant of the molecular processing required once cell-
mediated delivery of a therapeutic has reached the target 
site. For example, an antibody–drug conjugate would be 
endocytosed into cells and sequestered within endosomes 
in the cytoplasm. A curative amount of active drug must 
then traffic from the endosome to the intracellular organelle 
that is sensitive to the cytotoxic effect of the drug. INSCs 
as delivery vehicles, however, may not be subject to endo-
somal compartmentalization, but other characteristics must 
be considered, such as how efficiently the prodrugs or acti-
vated forms of these drugs cross cell membranes and how 
the permeability characteristics of each form of the drug 
might affect overall antitumor efficacy [11].

Barriers in the brain

The blood–brain barrier

The blood–brain barrier (BBB; Fig.  1A) impedes the 
entrance of substances from the blood to the brain to main-
tain brain homeostasis [12–14] and is comprised of multiple 
cell types with unique features. Brain capillary endothelial 
cells (ECs) lack fenestrations, thus limiting the diffusion 
of small molecules and proteins across the capillary wall. 
Efflux transporters located in brain capillary ECs further 
limit substances entering the brain. Interendothelial junc-
tions, such as adherens junctions, tight junctions, and 
gap junctions, link these ECs to a continuous barrier that 
severely restrict the penetration of water-soluble substances 
[12, 15]. Adherens junctions primarily regulate the permea-
bility of the BBB. Tight junctions play a vital role in sustain-
ing the BBB by controlling tissue homeostasis [12, 16]. Gap 
junctions, composed of six connexin molecules, direct elec-
trical and chemical communication between ECs. The ECs 
are further surrounded by pericytes, astrocytes, and their 
associated basal membrane, creating physically tight brain 
capillaries and which form the impermeable BBB [12–14].

While preclinical work on treatments and their ability 
to bypass the BBB is conducted on rodents, there are key 
differences between the BBB of humans and other species 
that can affect translatability. The activity of P-gp, a pro-
tein that is responsible for the efflux of many compounds 
from BECs to the blood. Proteomic studies in different spe-
cies have shown that with regard to the expression of P-gp 
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protein, the human BBB is closer to cynomolagus monkey 
and marmoset BBBs than to rodent BBBs. PET studies have 
shown that the penetration efficiencies of P-gp substrates, 
[18F]-altanserin, and [11C] -R205171 were 4.5- and 8.6-
fold greater in humans than in rodents, respectively. These 
results can be explained by lower P-gp function in the human 
BBB than in rodent BBBs [17]. Similarly, other proteins 
affiliated with BBB access, including multidrug resistance-
associated protein 4 (MRP4), monocarboxylate trans-
porter 1 (MCT1/SLC16A1), L-type amino acid transporter 
(LAT1/SLC7A5), and organic anion transporter 3 (OAT3/
SLC22A8), are expressed at higher levels in the mouse/rat 
BBB than in the human BBB, whereas glucose transporter 
1 (SLC2A1/GLUT-1) and insulin receptor (INSR) were less 
expressed. The lower expression of the organic anion trans-
porters MRP4 and OAT3 in the human BBB indicates that 
humans might efflux/transport some drugs less efficiently. 
The lower expression of LAT1 in humans than in rodents 
suggests that the transport of amino acids and drugs, such as 
levodopa and melphalan, from the blood to the brain is lower 
in humans than in rodents [17]. There are similar effects with 
many other transporters implicated in BBB crossing, and 
thus, it is important that when developing targeting moieties 
and cells to understand these differences when scaling up 
therapeutics. For a fuller accounting of these inter-species 
differences, please see Aday et al. [17].

The blood‑cerebrospinal fluid barrier

The blood-cerebrospinal fluid barrier (Fig. 1B) is formed by 
modified epithelial cells which line specific locations around 
the brain. The choroid plexus is located within the ventricu-
lar system and is composed, in part, of a cuboidal epithelial 
barrier with fenestrated vasculature. It is responsible for the 
secretion and movement of CSF that is driven by specialized 

ependymal cells that have cilia that beat in unison to move 
CSF through the vast ventricular system. The CSF occupies 
the ventricular systems and the subarachnoid space, having 
extensive two-way communication with the CNS interstitial 
fluid. The choroid plexus is involved in CNS homeostasis by 
aiding in controlling the production and composition of CSF 
and brain interstitial fluid. This is important because most 
waste products from the interstitial fluid are transported to 
the CSF and exchange between blood and CSF at the choroid 
plexus is affected by local blood flow, fenestrated capillaries, 
and the substantial surface area created by membrane folding 
and microvilli [18, 19].

Following immune activation, adhesion molecules and 
chemokines are activated in the choroid plexus to support 
homing of CD4 T cells [20]. In the CSF, resting T cells are 
activated in response to brain-draining antigens and migration 
of naïve T cells to the brain parenchyma, which is mediated by 
blood-born inflammatory cytokines (CXCL12, IL6, CXCL10, 
INFγ) and activation of adhesion molecules (ICAM-1, 
VCAM-1) expressed on apical site of choroid plexus [20]. 
Furthermore, T cells undergo stimulation and proliferation 
in the choroid plexus, facilitating leukocyte recruitment and 
antigen presentation modulating cell-mediated immunity in 
the CNS. It was demonstrated that migration of effector T 
cells (Th1) through the choroid plexus was more efficient 
than naïve CD4 T cells [21]. Thus, the choroid plexus is a 
CNS compartment which is rapidly responds to inflammation/
injury and triggers immune signaling offering an important 
interface for cellular interactions [20].

The blood‑tumor barrier

Abnormal angiogenesis in tumors occurs due to an overpro-
duction of proangiogenic factors [22, 23]. This leads to the 
formation of blood vessels that lack a normal physiological 

Fig. 1   Barriers in the brain. A The blood–brain barrier (BBB) is 
a diffusion barrier that impedes the entrance of substances from 
the blood to the brain to maintain brain homeostasis. B The blood-
cerebrospinal fluid barrier is formed by modified epithelial cells. It 
is located between the choroid plexus and the arachnoid membrane. 

C Abnormal angiogenesis in tumors occurs due to an overproduction 
of proangiogenic factors. This leads to the formation of blood vessels 
that lack a normal physiological structure. Combined with heightened 
intratumoral pressure, this barrier is a unique impediment to drug 
delivery
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structure. The abnormal structure of these blood vessels 
results in a compromised BBB, otherwise known as the 
blood-tumor barrier (BTB; Fig. 1C). Because of the leaky 
structure of the BTB, larger molecules can pass through it 
[22, 24–26]. However, because of increased intratumoral 
pressure, there are limits to what can move freely into and 
around the space. BTB permeability and transport vary 
between brain sites in multifocal disease and within single 
lesions [22, 27].

Lymphatic‑brain barrier

The development of vascular catastrophes is accompanied 
by activation of brain clearance from toxic blood products 
via the cervical lymphatics [28, 29]. Re-discovered in 2015, 
the lymphatics that line the meninges surrounding the brain 
tissue drain biomolecules and allow cellular trafficking from 
the brain to the deep cervical lymph nodes. The blockade 
of this lymphatic pathway aggravates the severity of brain 
edema and contributes to an elevation of intracranial pres-
sure after stroke [28–30]. Further, modulation of the menin-
geal lymphatics can affect immunotherapeutic outcomes, 
with increased lymphangiogenesis generally enhancing the 
efficacy of immunotherapies such as checkpoint inhibitors 
hinting at the role of this barrier in immune trafficking and 
delivery to the brain [31]. 

Cell delivery strategies

There are a number of injection strategies for cell-based 
therapies in the context of the brain. Brain tumors offer 
the bulk of the studies for therapeutic injection and thus 
will be the primary focus. Direct injection encompasses 
the injection of cells into the body using a needle and a 
syringe or through a delivery device such as a port or cath-
eter/reservoir system. The various ways to administer cells 
locoregionally in brain cancers via direct injection to the 
brain include intracerebroatumoral injection (ICT) wherein 
cells are infused directly into the tumor or resection cav-
ity and/or intracerebroventricular injection (ICV), whereby 
cells are delivered to the CSF via the lateral ventricle. The 
CSF circulates throughout the brain from the ventricles and 
around the outer cortex. As such, this fluid bathes the brain 
and interacts with all cells and tissues within the space, 
eventually exiting through numerous routes. Strategies to 
deliver drugs or therapies into the CSF can benefit from this 
enhanced circulation. Treatments delivered in this manner 
are injected into the spinal canal or the subarachnoid space 
so it reaches the cerebrospinal fluid. We demonstrated that 
NSCs administered via ICV routes can migrate efficiently 
toward single or multiple tumor foci. ICV delivery has been 
used to enable repeat administrations for patients through an 

Ommaya reservoir, potentially resulting in improved thera-
peutic outcomes [32].

Intravenous injection is the most easily accessible route 
of injection for patients, with infusion into the bloodstream. 
With the BBB and blood CSF barrier offering significant 
impediments to CNS entry, this route is seemingly the least 
efficient method for cell-based deliveries. However, it is the 
least invasive administration method and can be enhanced 
with the addition of targeting methods or potential other 
approaches discussed later in this article.

Implications of CAR T cell delivery Strategies

Locoregional delivery strategies can bypass some of the 
anatomical barriers of the BBB to improve the trafficking 
of therapeutic cells to brain tumors. One method of locore-
gional delivery for CAR T cell therapies is intracerebrotu-
moral (ICT) administration where CAR T cells are deliv-
ered into a tumor bed or resection cavity [3]. ICT delivery 
requires implantation of a reservoir or catheter delivery 
device that is typically placed during surgical resection or 
biopsy, with the reservoir accessible under the scalp and the 
catheter placed to drain into the tumor bed or cavity [33]. 
These devices need to be monitored closely due to the risk 
of infection; however, they are generally well tolerated by 
patients [3].

Studies comparing routes of delivery for preclinical mod-
els of glioblastoma (GBM) and primary brain tumors have 
shown that local ICT outperforms intravenous delivery of 
CAR T cells [34, 35]. Brown et al. engineered IL13BBζ 
CAR T cells in an in vivo xenograft brain tumor model with 
IL13Rα2 + PBT030-2 cells. The multifocal model involved 
injection of PBT030-2 cells to both the right and left fore-
brains of NSG mice. Mice were then treated intratumorally 
via ICT delivery with CAR T cells with five days of engraft-
ment. ICT-administered IL13Rα2-CAR T cells resulted in 
long-term survival in orthotopic GBM models [36]. In pre-
clinical studies where CAR T cells were labeled with the 
radionuclide 89Zr and followed by PET imaging in mice, it 
was shown that CAR T cells delivered into the brain paren-
chyma remain localized in the brain [37]. Locoregional CNS 
delivery of CAR T cells may also reduce the risk of systemic 
toxicities associated with CAR T cells. In clinical human 
vaccine trials of EGFRvIII- and HER2-CAR T cells, IV 
infusion increased the risk of serious pulmonary toxicities, 
and in the most severe cases resulted in death [38, 39]. With 
these results, it can be assumed that locoregional delivery 
may limit intravenous first-pass pulmonary toxicity and off-
tumor targeting of other systemic tissues [3]. Together these 
studies suggest that locoregional delivery may improve traf-
ficking, infiltration, and safety of CAR T cells for the treat-
ment of brain tumors [3, 33, 38].
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Intracerebroventricular (ICV) administration of CAR T 
cells into the CSF via the ventricular system bypasses all 
but the glia limitans in delivery to the brain parenchyma  
[3]. For ICV delivery, the reservoir or catheter delivery 
device drains into the CSF and circulates with the natural 
fluid circulation driven by blood pressure and ependymal 
beating [33]. In Priceman et al., BBM1 tumor cells were 
prepared in HBSS − / − and injected orthotopically in the 
brain parenchyma of female NSG mice via stereotactic injec-
tion. Once flux signals reached desired levels, HER2-CAR 
T cells were prepared in PBS and mice were treated by ICV 
injection. A single dose of HER2-CAR T cells delivered 
ICV was more effective than a tenfold higher dose deliv-
ered IV in orthotopic models of brain metastatic breast can-
cer [40]. When comparing locoregional delivery routes in 
a multifocal GBM model where tumors were implanted in 
contralateral hemispheres, ICV exhibited improved target-
ing of this multifocal disease [36]. In preclinical studies in 
which CAR T cells were labeled with the radionuclide 89Zr 
and followed by PET imaging in mice, ICV-delivered cells 
distributed throughout the CNS over 6 days of monitoring 
by PET imaging. Direct infusion into the CSF via intraven-
tricular delivery achieved a complete clinical response in 
one patient with multifocal disease, including a distal lesion 
in the spine, illustrating the surveillance of CAR T cells 
throughout the CNS [3].

For CAR T cell administration, IV delivery is the most 
common approach to date for hematological and solid can-
cers. Melanoma-targeted and CD19-CAR T cells delivered 
intravenously into humans have been shown to traffic to the 
brain and eliminate malignant disease [41–43]. Despite this, 
as mentioned earlier, locoregional delivery, including ICT 
and ICV delivery, outperforms intravenous delivery of CAR 
T cells. There is also a higher chance of systemic toxicities 
associated with CAR T cells for IV delivery compared to 
locoregional delivery [3]. In clinical human vaccine trials of 
EGFRvIII- and HER2-CAR T cells, IV infusion increased 
the risk of serious pulmonary toxicities, and in the most 
severe cases, resulted in death [38, 39]. Therefore, from the  
current data we have, the use of locoregional delivery offers 
a number of benefits compared to IV injection for brain 
disorders.

Dendritic cell injection strategies

Dendritic cells have been delivered via multiple routes for 
malignancies within and outside of the CNS. Intradermal 
[44], intralymphatic [44], intracranial [45], intranodal [46], 
and subcutaneous injections [47] of DCs all drain to lymph 
nodes and induce greater T cell-mediated immunity against 
tumor antigens compared to intravenous injections in pre-
clinical models [5]. Fong et al. demonstrated in human clini-
cal trials that intradermal and intralymphatic administrations 

of DCs induce Th1 immunity with greater frequency than 
intravenous administration in prostate cancer. The advan-
tages of intradermal administration are its simplicity, lack of 
transfusion reactions, and the frequency of IFN-ɣ responses, 
especially where induction of Th1 immunity is desired. 
However, intradermally injected DCs migrate out of the skin 
very inefficiently [44].

Microinjection of cognate antigens into the brain leads to 
accumulation of DCs in the CNS [45]. In Karman et al., DCs 
differentiated from mouse bone marrow were injected via 
ICT. These cognate antigen-loaded DCs were able to migrate 
to cervical lymph nodes, transport cognate antigens out of 
the CNS, induce a primary immune response in the periph-
ery, and instruct cognate antigen-specific T cells to home 
to the brain. This peripheral migration resulted in CD8 + T 
cells homing to the brain [45]. Thus, the administration of 
intracerebral DCs can lead to more systemic immune activa-
tion and affect disease outcomes in the brain.

Outside of the CNS, much attention has been given to 
the intranodal or perinodal administration of DCs, as lymph 
nodes are major processing centers responsible for antigen 
presentation and T cell activation [48]. Intranodal application 
of immature or mature DCs leads to substantial migration of 
DCs to distant lymph nodes, as soon as  one hour after vac-
cination into humans [46]. Only mature DCs reach the T cell 
areas of the lymph nodes; however, little or no difference is 
observed between the migrations to lymph nodes. Intranodal 
injection resulted in a rather variable migration in both cell 
populations. This may be due to the partial destruction of 
the lymph node architecture caused by the direct injection of 
the DCs into the lymph node, causing the migration of DCs 
to distant lymph nodes through the lymphatic vessels [46]. 
Nonetheless, intranodal vaccination has a major advantage 
over intradermal vaccination due to an increased number of 
DCs getting to the lymph nodes [49]. In a phase I/II clinical 
trial, twenty-four patients with recurrent malignant glioma 
were resistant to the standard maximum therapy. Dendritic 
cells were injected intradermally, or both intratumorally and 
intradermally. With the combined intratumoral-intradermal 
treatment, there was an increased percentage of NK cells and 
increased T cell-mediated antitumor activity [7]. This type 
of strategy may show promise in targeting the deep cervical 
lymph nodes, known to drain the brain, and thus warrants 
further exploration.

Intradermal, intralymphatic, intracranial, intranodal, 
and subcutaneous injections of DCs induce greater T cell-
mediated immunity against tumor antigens than intravenous 
injections in pre-clinical models [44–47]. Radioisotope trac-
ing studies have shown that intravenously delivered DCs 
accumulate within the spleen and liver. This method results 
in the greatest humoral anti-tumor response as indicated 
by increased tumor antigen specific antibodies [5]. Despite 
this, as mentioned earlier, intradermal and intralymphatic 
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administrations of DCs induce Th1 immunity with greater 
frequency than intravenous administration in humans. Also, 
the capacity of DCs to immunize have demonstrated supe-
riority of subcutaneous injection over intravenous injection 
in humans for the induction of cytotoxic T cells [44]. The 
efficiency of DCs administered subcutaneously to induce 
an immune response is higher when compared with intra-
venously. injected DCs and correlates with the preferential 
accumulation of DCs in lymph nodes after subcutaneous 
injection [47]. Though these cells have been examined via 
multiple delivery routes, more work is needed to under-
stand the translatability of these injection strategies to brain 
malignancies.

Neural stem cell injection strategies

Direct injection via ICT into established GBM has been 
the mainstay of cytotoxic NSC delivery for treatment as it 
leads to efficient NSC transplant and robust tumor killing 
[11, 50, 51]. NSCs injected into the resection cavity in a 
xenograft model of GBM [52] cleared in 7 days, and the 
remaining cells only extended survival of tumor-bearing 
mice by one week [53].  In contrast, directly injecting 
NSCs into the immunosuppressive tumor niche improves 
the survival of human NSC transplants and neglects their 
defining ability to scavenge distant tumor foci [54]. This 
behavior can be mimicked by implanting therapeutic NSCs 
outside the established GBM [55, 56]. This slows tumor 
progression, but this method is not as pronounced as when 
therapeutic NSCs are entirely co-localized with the GBM 
cells. Transplanting NSCs encapsulated in hydrogel scaf-
folds increased the intracavity persistence of therapeutic 
NSCs, improved tumor killing, and extended the survival 
of tumor-bearing mice to over 63 days post-transplant. The 
mechanisms driving the loss of directly injected NSCs 
from the resection cavity and the resultant effects on effi-
cacy are unclear; therefore, it is important to continue to 
study and find new strategies to effectively transplant cyto-
toxic NSCs into GBM patients [57].

We and others have previously demonstrated in a 
mouse glioma model that therapeutic NSCs will home 
to sites of brain tumors and injury following intracra-
nial and intravenous injection, and can exert a thera-
peutic effect, as detected by a decrease in tumor burden 
[58]. Notwithstanding our previous success with these 
approaches, each presents some challenges. Intravenous 
administration has obvious clinical advantages because 
of the ease of administration of one or more rounds of 
NSCs, and because NSCs can reach multiple tumor sites 
from the bloodstream. However, the number of injected 
cells that are able to traffic to the lesion is relatively small 
(0.5–1.0%) when compared to intracranially injected 
NSCs. Intracerebral injection is associated with higher 

rates of engraftment (1–10% or more), but this procedure 
is more complex and more invasive. As an alternative 
to IV and IC administration, we have begun to explore 
the feasibility of intranasal (IN) administration of NSCs 
and MSCs for targeting of brain tumors and injury [59]. 
The IN route of administration has been shown to be 
efficient for delivery of polypeptides such as insulin for 
treatment of Alzheimer’s disease [60]. More recently, IN-
administered mesenchymal stem cells have been shown 
to successfully migrate to the brain in a rat model of Par-
kinson’s disease [61]. Use of IN delivery to target and 
treat brain tumors could overcome the complications of 
IC and IV injections by eliminating the need for inva-
sive neurosurgical implantation of cells and avoiding the 
dispersal of cells throughout the body that can result in 
unwanted systemic exposure. Thus, IN delivery of thera-
peutic NSCs represents a promising, non-invasive method 
for treatment of malignant brain tumors and brain injury 
that has substantial advantages over current methods of 
administration [61].

Novel strategies for overcoming barriers 
to increase delivery

In addition to injection strategies, there are novel approaches 
to overcome the difficulties in delivering cell-based therapies 
to the brain. Clinical and preclinical application of these 
techniques offer promise though can often be difficult to 
implement. Here we analyze a few strategies for better cell-
based therapy delivery.

Convection enhanced delivery

A form of direct injection that avoids the many barriers of 
delivery to brain interstitial space while increasing distribu-
tion of therapies, is convection-enhanced delivery (CED; 
Fig. 2). In this method, the therapeutic of interest is deliv-
ered via intracranial catheter, surgically inserted through 
the skull, with placement directly within the site of interest 
(i.e., disease location, or resection cavity). The catheter is 
then connected to a syringe pump, and a pressure gradient is 
applied (thereby supplying convection) to deliver the thera-
peutic at a relatively constant rate and high local doses and 
can overcome the high pressures of the BTB. As the agent 
is not delivered through the bloodstream, the recipient is 
therefore at lower risk for off-target toxicities [62].

While CED directly bypasses the vast majority of bar-
riers outlined in this paper, it is still known to have several 
limitations, preventing it from being widely applied in the 
clinic. Catheter placement for CED is notoriously diffi-
cult, requiring both precise mathematical fluid dynamical 



Drug Delivery and Translational Research	

1 3

modeling and veteran neurosurgical experience [63]. The 
bolus of therapeutic, while carried by a convection front 
supplied by a syringe pump, is still only capable of cov-
ering a region of roughly 2.3 times the volume infused 
[64]. This coverage volume is often much smaller than 
aggressive primary and secondary brain tumor volumes, 
and higher tumor coverage is then left to passive diffu-
sion, resting-state CSF flow, and in the case of cell-based 
therapies, cell motility. In order to achieve higher tumor 
coverage, a larger pressure gradient (and therefore larger 
convection front) may be applied, but with the additional 
risks of tissue rupture and backflow along the catheter, 
and increased hydrostatic stresses on therapeutic cells to 
be delivered. For molecular therapeutics, flow rates of up 
to 50 μL/min may be achieved without backflow. How-
ever, the risk of rupture and leakage into subarachnoid 
and ventricular space is significant above rates of 3 μL/
min [63]. Some trials utilize multiple catheters to achieve 
higher tumor coverage, while others pick a single linear 
catheter trajectory and deliver cell boli as the catheter is 
slowly inserted or removed [62, 65]. Cell-based therapy 
is unique, in that the therapeutic particle (i.e., the cell) 
is many orders of magnitude larger than the single mol-
ecule drugs typically delivered with CED. This means that 

a cell carried on an advection-front would more easily 
become trapped in the brain parenchyma than a molecular- 
or nano-scale therapeutic [66]. Thus, the success of cell-
based therapies hinges on the assumption of immune cell 
motility. In this case, a wider distribution of cells could 
provide significant benefit by allowing a region of interest 
to be more evenly seeded by therapeutic cells [62]. While 
the risk of tissue rupture and backflow are significant at 
high infusion rates, Atik et al. have successfully delivered 
CAR T cells to the mouse brain at a rate greater than 8 μL/
min utilizing a hyaluronic acid gel as a cell media [67]. 
Cell motility may be able to overcome the limited infusion 
rates, and compensate for limited coverage due to convec-
tion alone [67].

Catheter design for convection enhanced delivery

A serious risk in CED is reflux, or solute backflow, along 
the catheter. This risk increases with increasing particle 
size (i.e., cells), as more pressure is required to achieve the 
same coverage volume due to increased flow resistance [68]. 
Additionally, the risk of reflux increases with larger cath-
eter diameter [69]. To mitigate these risks, many catheter 

Fig. 2   Convection enhanced delivery of therapeutic cells. Briefly, 
a catheter is surgically placed in the cranium to delivery therapeutic 
cells via convection supplied by a pressure source. Cells travel along 
the convection front, seeding the tumor. CED allows for directly 
bypassing the BBB, allowing for minimal systemic exposure to 
potentially toxic therapy, and increasing therapeutic exposure. How-

ever, CED is limited in that the small distribution volume is often 
not sufficient to cover the entire tumor, and comes with surgical risks 
including backflow along the catheter and tissue rupture. In order 
to maximize tumor coverage and therapeutic effect of this delivery 
modality, mathematical modeling may be employed to predict both 
coverage volume and the therapeutic mechanism of the cells
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manufacturers utilize a stepped design, providing a physical 
barrier to reflux.

Tumor coverage is a difficult challenge to overcome in 
convection enhanced delivery, especially so for large par-
ticles such as cells, which require great advective transport 
to not only carry, but also push through the small pores of 
the brain parenchyma. To more distribute cells throughout 
the tumor, surgical strategies such as usage of multiple cath-
eters, or multiple smaller cell infusions performed along the 
catheter trajectory may be implemented [62]. Some cath-
eter designs take these methods for inspiration. One exam-
ple is a multi-directional or arborizing catheter, which once 
implanted, extends one or multiple smaller catheters from 
the tip at varying angles in order to achieve a larger and 
more uniform coverage [70, 71]. Porous catheter designs 
have a semipermeable segment near the catheter tip, allow-
ing for multidirectional seeding of cells at positions along 
the catheter without the need for multiple infusions along 
the same catheter trajectory [72]. Instead of large cell clus-
ters at a single focal point, arborizing, branched, or porous 
catheters allow for a large number of foci spread throughout 
the target tissue, and may prove useful for delivery of cell-
based therapies.

Mathematical modeling

In a review of clinical trials involving the use of drug deliv-
ery via convection enhancement, Jagangiri et al. state that a 
lack of mathematical modeling in surgical planning could be 
one of several reasons why the use of convection enhance-
ment has been limited to clinical trials [63]. Since the pub-
lication of this review, a number of models of fluid trans-
port due to convection enhancement have been published 
[73–76]. Raghavan and others have published a number of  
research articles on the development of a model of convection- 
based delivery of drugs [73, 74]. There are numerous mod-
eling niches to explore, including modeling of bulk-fluid 
transport derived from CED, backflow along the catheter 
trajectory, molecular targeting, and medical image-derived 
fluid dynamical material property determination. We direct 
the mathematically inclined reader to Vendel et al. for those 
interested in further details [77]. In the present work, we 
primarily discuss methods of mathematical modeling which 
apply primarily to the sub-field of cell therapy.

The mathematical challenges of modeling cell therapy are 
unique, as the particle size is large in comparison to those 
typically modeled in the field. Models developed by Ther-
ataxis, are explicitly designed for the delivery of small mole-
cules [73, 74]. Even models written for nano-scale particles, 
including a drag factor to account for slow transport through 
the parenchyma [66, 75], could be insufficient to model the 
transport of cells upon delivery. Convection-driven transport 
of large particles in the CNS (relative to pore size) remains 

largely understudied in the biological sciences, although 
future endeavors into this field may take their inspiration 
from particle transport theory used in petroleum and geo-
logical engineering [68, 78].

With cell-based therapy, two unique modeling aspects 
present themselves; first is modeling the interaction of the 
therapeutic cell with that of the target cell. Sahoo et al. 
have demonstrated that a predator–prey model of immune 
cells and tumor cells is able to describe the tumor volume 
dynamics in patients receiving CAR-T cells therapy in the 
brain [79]. This model is not only capable of describing  
the dynamics, but is also able to provide mathematical 
insight into the differences between responding and non-
responding populations. In particular, they develop a modi-
fied predator–prey system to describe in vitro and in vivo 
cell dynamics, wherein the CAR-T cells act as predators 
and cancer cells act as prey [79]. The model consists of 
logistic tumor growth, CAR-T-mediated tumor death, 
stimulation of CAR-T growth (or death) by tumor cells, 
and natural CAR-T cell death. This model was applied to 
multiple primary glioma lines in an in vitro setting, as well 
as three lesions from a patient enrolled in a CAR-T clinical 
trial. Using phase field analysis, the authors describe three 
primary regimes of CAR-T response to therapy: treatment 
success, treatment failure, and pseudo-response. Under this 
model, treatment success occurs when the CAR-T death 
rate is significantly lower than the tumor cell proliferation 
rate, and CAR-T cells are stimulated to reproduce upon 
killing tumor cells. Treatment failure occurs in the model 
when CAR-T death rate surpasses the CAR-T prolifera-
tion rate, which is hypothesized to be mediated by CAR-T 
action on tumor cells. Finally, the pseudo-response regime 
occurs when the CAR-T cell proliferation is stimulated by 
cancer cell death, but cancer cell death exceeds the rate of 
CAR-T cell proliferation. In this final regime, the popu-
lation of CAR-T and tumor cells oscillate and approach 
a stable equilibrium. The authors demonstrate that CAR-
T-mediated tumor killing rate is positively related to the 
density of CAR-T antigen expression by the tumor. In a 
single patient, the predator–prey model accurately predicts 
treatment success in two lesions, and failure in a third [79].

The second aspect of mathematical modeling unique to 
cell therapy is cell motility. Munson et al. hypothesize that 
tumor cell invasion could be made worse by providing strong 
chemical gradients stemming from the convection front used 
to deliver therapies [80, 81]. By this same logic, therapeutic 
cell motility could also migrate along a chemical gradient 
created through CED, enabling therapeutic immune cells to 
infiltrate the tumor along the same convection streamlines 
the tumor would use to invade healthy tissue. As such, mod-
els of interstitial fluid flow (IFF) are needed for predicting 
the direction of chemical gradients. Raghavan and others 
have developed advection–diffusion models of fluid flow 
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during CED administration [73, 74]. These models utilized 
patient-specific material properties, derived from diffusion-
weighted MR imaging [82]. These models first estimate an 
IFF field during active infusion, and then predict the dis-
tribution of a therapeutic agent within the parenchyma. In 
one study, researchers were able to predict the distribution 
volume of a drug in pig brains with distribution volume con-
cordance percentage ranging from 75 to 95% at the final 
time point [74]. To apply these results to cell delivery, the 
underlying model would have to be adjusted to reflect the 
size of the therapeutic cells, and the potential for therapeutic 
cells to block interstitial pores.

The distribution of therapeutic cells in the tumor is also 
affected by the IFF field at resting pressure (after the infusion 
is completed). Kingsmore et al. have developed a model to 
determine the resting-state IFF field from contrast-enhanced 
dynamic MR imaging, which is validated by phantoms in vitro 
and in silico [80]. The authors were capable of determining 
the IFF field of maximum likelihood by inverting a finite-
difference implementation of the advection diffusion equa-
tion to fit the concentration of contrast agent measured via 
DCE-MRI. The authors determine both the IFF and apparent 
diffusivity fields in a murine brain glioma stem cell xeno-
graft model. When compared to the distribution of Evans 
Blue in vivo, regions of dye pooling corresponded to the 
regions predicted from IFF mapping. The resulting IFF fields 
were heterogeneous, indicating that movement of tumor cells 
along concentration gradients would be non-trivial to predict 
from tumor geometry alone both in preclinical models and in 
patients [80, 83]. Applying these models to delivery of CAR-T 
cells would allow for modeling of bulk-fluid transport of cells 
upon delivery and inform chemotaxis models of both tumor 
and immune cell motility.

The combination of immune and tumor cell dynamics, 
along with cell motility, provide the foundation for future 
development of mathematically optimized delivery. If a 
treatment objective function can be derived, the forward 
models of active and resting-state IFF, as well as immune/
tumor cell dynamics, will constrain the optimization of 
this objective function for individual patients. Jarrett et al. 
describe the development of clinical objective functions, 
wherein the authors investigate the control parameters clini-
cally available, and realistic outcomes that can be achieved 
[84]. In the case of cell therapy, the control variables include 
the method and location(s) of cell delivery, cell dosage, and 
scheduling. Through the use of optimal control theory [85, 
86], these variables may be used to determine the course 
of treatment under the constraints of the procedure. In the 
case of immunotherapy, these constraints would be the num-
ber of cells available, the risk and cost to the patient, and 
enforcement of the patient’s extended survival. By adjusting 
the mathematical importance of each of these constraints, 
various mathematically optimal treatment schedules may be 

developed and investigated for an individual, allowing phy-
sicians to select a treatment strategy which would be most 
effective for each individual [84].

Focused ultrasound and BBB opening

Focused ultrasound coupled with microbubbles is a method 
that can be used to temporarily open the blood–brain barrier 
in an image-guided manner while limiting unwanted inflam-
mation (Fig. 3). This can result in transient delivery of oth-
erwise impassable biomolecules, particles, and other thera-
pies to increase total delivery load, and has shown success at 
increasing drug delivery to the brain [87]. A few successful 
examples of FUS coupled with cellular therapy delivery show 
promise for diseases in the brain. Natural killer-92 (NK-92) 
cells were delivered to mouse brain after FUS-mediated BBB 
opening [88]. These cells accumulated near sites of BBB 
opening with success, and in subsequent studies increased 
survival in a murine model of metastatic breast cancer [89]. 
Neural stem cells have also been successfully delivered 
via FUS-mediated BBB opening to the hippocampus of 
rats using MR-guided imaging [90]. Subsequent work has 
loaded neural progenitor cells with magnetic nanoparticles 
prior to delivery. This enables magnetic localization of the 
stem cells and increases retention within the brains of rats 
at the site of delivery compared to non-magnetic cells over-
coming one of the primary limitations of delivery of NSCs 
to brain [91]. Optimization of FUS-mediated BBB open-
ing is a multifaceted engineering problem. Tight junction 
integrity may be disrupted both by thermal and vibrational 
effects, though thermal BBB disruption (and its associated 
frequency range) has potential for permanent BBB disruption 
and tissue damage [92]. As such, vibrational disruption of 
tight junctions via vibration and cavitation of microbubbles 
is preferred (frequencies 0.2–1.5 MHz), as normal BBB func-
tion typically returns within hours [92, 93]. FUS-mediated 
BBB opening offers the option to specifically deliver cells 
to locations within the brain, offering potential for targeted 
delivery across multiple brain disorders.

Targeting cells

There are different methods for the targeting of cell-based 
therapies to glioma cells. One of those methods was 
researched by Punganuru et al. where they inhibited the 
MDM2 oncogene for targeted brain tumor therapy. A com-
mon feature of glioblastomas and lower-grade gliomas is a 
disruption of the p53 pathway, leading to the emergence of 
oncogenic genomes. Under normal conditions, the MDM2 
feedback loop regulates the level of p53 activity and the dura-
tion of p53 activation in response to DNA damage and vari-
ous metabolic and pathological stresses by targeting p53 for 
degradation through its intrinsic E3 ubiquitin ligase activity. 
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Since MDM2 is an important hub for cell survival, growth, 
invasion, and DNA repair, it is an optimal therapeutic target 
for GBM. MDM2 inhibition has emerged as a prime thera-
peutic strategy to reactivate the p53 pathway, leading to cell 
cycle arrest, increased apoptosis, and decreased tumor growth. 
Punganuru et al. discovered a new class of MDM2 inhibitor, 
SP-141, a first-in-class MDM2 inhibitor that directly binds to 
the MDM2 protein, inhibits MDM2 expression, and induces 
its autoubiquitination and proteasomal degradation. SP-141 
can also cross the blood–brain barrier fairly well and inhibit 
MDM2 in the presence or absence of wild-type p53, The pos-
tive results of Punganuru et al.’s study support the further 
development of SP-141 as MDM2-targeted therapeutic strate-
gies for combating brain tumors [94].

Chlorotoxin (CLTX), a 36-amino acid peptide isolated 
from the venom of the death stalker scorpion, was used by 
Wang et al. to target CAR T cells to GBMs. Results from 
this study showed that CLTX binds to a broad variety of 
GBM cells. First, CLTX binding to freshly dissociated 
tumor cells from surgical resection specimens was evaluated. 

Primary brain tumor (PBT) cells were examined by flow 
cytometry for binding of Cy5.5-conjugated CLTX peptide 
(CLTX-Cy5.5) and compared with expression of IL13Rα2, 
HER2, and EGFR, three targets being clinically evalu-
ated in CAR T cell therapies for GBMs. Of 22 tumor sam-
ples, greater than 80% of cells bound CLTX. CLTX-Cy5.5 
binding appeared independent of other antigens, and was 
observed on tumors with both high and low expression of 
IL13Rα2, HER2, and EGFR. CLTX-Cy5.5 binding to low-
passage patient-derived GBM tumor sphere (PBT-TS) lines 
expanded under conditions favoring a cancer stem cell-like 
phenotype was also examined. Eighteen out of 19 PBT-TS 
lines showed greater than 80% CLTX-Cy5.5 binding. Within 
GBM tumors, stem-like cells (GSCs) display self-renewal 
and tumor-initiation capacity, so Wang et al. examined the 
effectiveness of CLTX binding with respect to this stem cell-
like population. In freshly dissociated primary PBTs, GSCs 
were distinguished from other GBM cells by expression of 
surface markers CD133 or CD44. CLTX-Cy5.5 binding 
was somewhat higher in CD133 + GSCs, but also evident in 

Fig. 3   Focused ultrasound disruption of the blood–brain barrier. 
Briefly, ultrasound microbubbles are injected into the blood stream, 
and are locally excited in the desired region of delivery by an external 
ultrasound transducer. Vibrational disturbances temporarily disrupt 
tight junctions forming the blood–brain barrier, allowing for thera-

peutic cells to enter the brain parenchyma. As the BBB disruption is 
only temporary, the number of cells delivered may be smaller com-
pared to direct delivery methods (e.g., CED), and may require repeti-
tion to achieve the desired therapeutic effect
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more differentiated CD133 − cells. No significant difference 
was observed between CD44 + and CD44 − GBM cells. In 
another approach, Wang et al. used PBT-TS lines and varied 
culture conditions to favor GSCs or alternatively to promote 
differentiation. Differentiation led to reduced expression of 
CD133; however, CLTX-Cy5.5 binding was not affected in 
comparison to GSCs. Combined, these studies demonstrated 
that CLTX binding, while showing some preference for 
CD133 + GSCs in freshly dispersed tumor samples, remains 
robust on both stem-like and more differentiated GBM cells. 
These results demonstrated the broad GBM binding poten-
tial of CLTX, showing promise in investigating its use to 
redirect CAR T cell immunotherapy [95].

Nonaka et al. identified a peptide they designated as IF7 
that binds to annexin A1 (Anxa1), a specific endothelial 
cell-surface marker of malignant tumors. Upon intravenous 
injection into tumor-bearing mice, IF7-conjugated antican-
cer drugs suppressed growth of tumors in mouse models, 
suggesting that after binding to Anxa1 on tumor vasculature 
surface, IF7 is transported across endothelial cells from the 
luminal surface to the basal membrane via transcytosis and 
released to the tumor stroma. The Anxa1 N-terminal domain 
was shown to be on the surface of tumor vasculature sur-
face in the mouse; however, this domain is not expressed 
as a full-length Anxa1 but exist as peptide fragment. Data 
reported in this study suggest that IF7 and IF7-conjugated 
chemicals are transported across endothelial cells by tran-
scytosis from the luminal surface to basal stroma. We con-
clude that IF7 binding to some, if not all, Anxa1 fragments 
containing MC16 domain mediates transcytosis. Appearance 
of IF7 fluorescence in brain tumor stroma is evidence that 
IF7 crossed the BBB. The presence of fluorescent signals 
in tumor cells also suggests that IF7 is actively taken up 
by cancer cells, further suggesting that the IF7 receptor is 
expressed on the surface of brain tumor cells. The bind-
ing properties of IF7 to Anxa1 show promise as a targeting 
method for immunotherapies to treat GBMs [96]. Thus, tar-
geting of cell-based therapies can both enhance their efficacy 
towards final target cells as well as enhance their localization 
and ability to cross the brain barriers.

State of the field/clinical trials

Across the country, cell-based therapies have been imple-
mented in clinical trials to treat a number of diseases with 
varying success. The state of the field is promising, and here 
we outline a few of the clinical applications of these thera-
pies. A summary can be found in Table 1.

CAR therapy

Of five CAR T clinical trials performed at the City of Hope 
National Medical Center, two were focused on recurrent 

GBM targeting IL13Rα2 and three trials were focused in 
either IL13Rα2 + , HER2 + GBM, or HER2 + breast metas-
tases in the brain. Patients with malignant brain tumors were 
enrolled following confirmation of the expression of IL13Rα2 
or HER2 followed by leukapheresis to collect peripheral blood 
mononuclear cells in order to create an autologous CAR T cell 
product. Patients then underwent surgery for placement of a 
reservoir or catheter delivery device for intraventricular, intra-
tumoral, or intracavitary use. During the treatment that often 
consisted of 3–4 weekly cycles of infusions, immunologic 
correlative studies were performed to assess the persistence 
of the CAR T cells in the CSF and peripheral blood, monitor 
for evidence of activation of the endogenous immune sys-
tem, and describe changes in cytokine levels in the CSF and 
peripheral blood. Repetitive dosing affords a larger total dose 
of cells, introduction of functional CAR T cells in a way that 
extends the therapeutic window in the immunosuppressive 
tumor microenvironment, while limiting unintended toxicities 
of larger bolus dosing [3].

It is unknown whether concomitant medicines, such as 
temozolomide (TMZ), dexamethasone, and bevacizumab, 
which are commonly used for brain tumor management, 
may impact CAR T cell activity. In a syngeneic mouse 
model of GBM, lymphodepleting preconditioning with a 
dose-intensified regimen of TMZ (TMZ-DI), but not stand-
ard TMZ dose regimens prompted enhanced EGFRvIII-
CAR expansion and persistence in circulation, and tumor 
eradication [97]. Based on these findings, an ongoing 
EGFRvIII-CAR T cell clinical trial at Duke University 
(NCT02664363) is utilizing TMZ-DI. While it is reasonable 
to assume that lymphodepletion will also augment CAR 
T cell clinical responses for brain tumors, its therapeutic 
benefit requires further clinical validation [3]. Dexametha-
sone (Dex) is known to inhibit priming of T cell immune 
response by dendritic cells and was shown to be deleterious 
to vaccine trials for GBM at very low levels. In preclinical 
mouse models, intratumorally delivered CAR T cells were 
strongly suppressed by levels above 5 mg/kg. Bevacizumab 
is FDA approved for the treatment of recurrent GBM and 
acts as a ligand-sink against the vascular endothelial growth 
factor receptor (VEGF). Bevacizumab may augment CAR 
T cell therapy by inhibiting the immune suppressive effects 
of VEGF, as well as promote tumor lymphocyte traffick-
ing [3]. Preclinical models in neuroblastoma have dem-
onstrated enhanced efficacy of combination bevacizumab 
and GD2 CAR T cells. Combination treatment resulted 
in high infiltration of GD2-CAR T cells which resulted in 
increased IFNγ production. Bevacizumab’s role in enhanc-
ing lymphocyte trafficking and blocking VEGF immunosup-
pressive effects may be a promising combination therapy 
with CARs for treatment of solid tumors. Whether there is 
enhanced clinical efficacy in GBM and other brain tumors 
still requires validation [3].
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An advantage of CAR-NK cells is their use as an “off-
the-shelf” product, eliminating the need for a personalized 
and patient-specific product which is necessary for current 
CAR-T cell therapies. As such, as of June 2020, there are 
nineteen studies registered on clinicaltrials.gov evaluating 
the safety and efficacy of CAR-NK cells in cancer patients 
including twelve phase I/II trials under active patient recruit-
ment and two completed phase I/II trials. The clinical results 
from most of these trials are currently pending, with only 
three studies published, in non-CNS disease [98–104]. These 
initial studies demonstrate feasibility, initial efficacy, and 
very attractive safety profile of the cord blood CAR-NK cell 
immunotherapy, but no data exists clinically yet for address-
ing brain neoplasms [98].

Neural stem cell therapy

The tumor-homing capacity of tumoricidal NSCs creates a 
powerful drug delivery platform that provides access to inva-
sive cancer foci which traditional surgery, chemotherapy,  
and radiotherapy cannot typically access. NSCs can be engi-
neered with a wide range of therapeutic agents, and typically 
achieve tumor reductions of 70–90% in preclinical models. As 
of January 2021, according to clinicaltrials.gov, there has been 
one completed and one ongoing clinical trial involving NSC 
therapies to treat brain tumors. The completed trial in high-
grade glioma focused on the use of genetically modified NSCs 
that convert 5-fluorocytosine into the chemotherapy agent, 
fluorouracil, at sites of tumor in the brain may be an effective 
treatment for glioma. Currently, the results of this trial have 
not been published [105]. The ongoing trial focuses on study-
ing the delivery of a novel oncolytic adenovirus via a neural 
stem cell line in combination with radiation and chemotherapy 
is well suited for evaluation in newly diagnosed malignant 
gliomas [106]. A clinical trial studying the use of NSCs to 
treat ischemic stroke is also currently ongoing and involves 
intracerebral injection of CTX0E03 neural stem cells into 
patients with persistent disability 6–24 months following an 
ischemic stroke [107]. NSCs are injected in an area adjacent 
to the lesion and patients are followed for recovery in addition 
to standard physical therapy. While NSCs are a growing area 
of clinical exploration, we have yet to see whether delivery 
of these cells to the brain is efficient at ameliorating disease.

Dendritic cell therapy

With the various methods of administration for DCs in the 
treatment of brain tumors, there are numerous completed 
and ongoing clinical trials. There are two phase III clini-
cal trials involving the usage of DCs for therapeutic usage 
against brain tumors. Autologous dendritic cell tumor anti-
gen (ADCTA) is an individualized cell immunotherapy 

generated by co-culturing autologous dendritic cells derived 
from peripheral blood mononuclear cells with autologous 
tumor cells to evoke tumor-specific immune response. The 
focus of phase III of this trial is to test the efficacy and safety 
of ADCTA immunotherapy plus standard of care therapy 
versus standard of care alone in patients with recurrent GBM 
[108]. In the second trial, PBMCs are harvested via autolo-
gous leukapheresis for enrichment of PBMCs followed by 
ex vivo generation and preservation of DCs. To generate 
tumor-specific DCs, tumor biopsies mRNA are harvested 
from cultured glioma stem cells from patient biopsies. 
Patients receive three intradermal injections of DCs trans-
fected with mRNA from autologous tumor stem cells, sur-
viving, and hTERT at a time. Vaccination will continue for 
as long as there are vaccines available. This experimental 
therapy is coupled with standard of care therapies, and the 
results of this trial could result in a treatment for GBM that 
is more efficient than the current standard treatment [109].

Sipuleucel-T (Provenge) is a cell-based, immunostimu-
lant, cancer immunotherapy for metastatic, asymptomatic, 
hormone-refractory prostate cancer (HRPC) developed by 
Dendreon Pharmaceuticals, LLC [110, 111]. Provenge was 
approved by the US Food and Drug Administration (FDA), 
on April 29, 2010, to treat asymptomatic or minimally symp-
tomatic metastatic HRPC including those cancers which 
have metastasized to the brain [112–114]. Shortly afterward, 
sipuleucel-T was added to the compendium of cancer treat-
ments published by the National Comprehensive Cancer 
Network (NCCN) as a “category 1” treatment for HRPC, 
the NCCN’s highest recommendation level. The NCCN 
Compendium is used by Medicare and major health care 
insurance providers to decide whether a treatment should 
be reimbursed [115]. During the course of treatment using 
Provenge, the patient’s white blood cells, primarily dendritic 
cells, are extracted in a leukapheresis procedure. The blood 
product is sent to a production facility and incubated with 
the fusion protein, PA2024, which consists of the antigen, 
prostatic acid phosphatase (PAP), and the immune signal-
ing factor, granulocyte–macrophage colony stimulating fac-
tor (GM-CSF), which helps APCs to mature. The activated 
blood product, APC8015, is returned from the production 
facility to the infusion center and reinfused into the patient 
[116, 117]. Sipuleucel-T showed overall survival benefit to 
patients in three double-blind randomized phase III clini-
cal trials, D9901 [117], D9902a [118, 119], and IMPACT 
[116]. There are ongoing clinical trials combining this ther-
apy with other therapies for better efficacy; however, the 
benefit of such a therapy against brain cancers is still limited 
[120, 121]. Thus, dendritic cell therapies are by far the most 
advanced against cancers, though there is still limited data 
for their use in the brain. As clinical trials conclude, we may 
be able to better understand how to implement these and 
other cell-based therapies more regularly.
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Summary

The brain has been a formidable target for drug delivery for 
decades, and cell-based therapies are subject to many of the 
same limitations. However, there are a number strategies that 
are showing promise in the clinic against multiple diseases, 
yet the research on optimization of delivery strategies is still 
relatively young. Interestingly, by leveraging methods to 
enhance drug delivery that have previously been developed, 
cells can be better delivered into the brain and bypass the 
multiple complex barriers. These strategies include bypass-
ing the barriers through locoregional infusions or barrier 
opening. However, the more exciting prospects for these 
therapeutics are to exploit their natural biological proper-
ties to better their delivery, efficacy, and targeting capacity 
as well as combining mathematical approaches to provide 
patient-specific information and outcomes. Lastly, though 
the BBB is the primary barrier that has been targeted to 
overcome, the (re)discovery of the meningeal lymphatics 
offers a potential novel entry point into the brain, that is par-
ticularly suited to immune cell recruitment and trafficking. 
Thus, though the use of cell-based therapies is relatively new 
and the brain still presents a difficult delivery challenge, the 
existing and potential strategies for bypassing these barriers 
are promising as is evident from the early clinical successes.
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