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ABSTRACT
Glioblastoma (GBM) is a fatal brain cancer for which new treatment options are sorely needed. Platinum-
based drugs have been investigated extensively for GBM treatment but few have shown significant
efficacy without major central nervous system (CNS) and systemic toxicities. The relative success of
platinum drugs for treatment of non-CNS cancers indicates great therapeutic potential when effectively
delivered to the tumor region(s). New insights into the broad anticancer effects of platinum drugs,
particularly immunomodulatory effects, and innovative delivery strategies that can maximize these multi-
modal effects and minimize toxicities may promote the re-purposing of this chemotherapeutic drug class
for GBM treatment.

Abbreviations: BCNU, bis-chloroethylnitrosourea; BBB, blood–brain barrier; CED, convection enhanced delivery; CIW,
chemotherapy-loaded interstitial wafers; CNS, central nervous system; CTL, cytotoxic T-lymphocyte; CTLA4, cytotoxic
T-lymphocyte-associated protein 4; CTR1, copper influx transporter 1; DCs, dendritic cells; EPR, enhanced permeabil-
ity and retention; FasL, Fas ligand; FGL2, fibrinogen-like protein-2; Fn14, fibroblast growth factor inducible-14; GBM,
glioblastoma; HLA, human leukocyte antigen; HMGB-1, high mobility group protein-1; HNSCC, head and neck squa-
mous cell carcinoma; IFNs, interferons; M6P, mannose-6-phosphate; mAbs, monoclonal antibodies; MDSCs, myeloid
derived suppressor cells; MGMT, methylguanine methyltransferase; MHC, major histocompatibility complex; MMP,
matrix metalloproteinase; MMR, mismatch repair; NER, nucleotide excision repair; NP, nanoparticle; NSCLC, non-
small cell lung cancer; PD, programmed death; PD-L, programmed death ligand; PEG, polyethylene-glycol; PGE,
prostaglandins; PLGA, polylactic-co-glycolic acid; PTEN, phosphatase and tensin homolog; STAT, signal transducers
and activators of transcription; TGF, transforming growth factor; TLR, toll-like receptor; TMZ, temozolomide; Tregs,
regulatory T cells
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Introduction

Glioblastoma

Glioblastoma (GBM) is the most common primary brain can-
cer in adults.1 GBM is characterized by extensive vasculariza-
tion, a high mitotic index, cellular pleomorphism, genetic
instability, tissue necrosis, brain invasion, and immune evasion.
The current standard of care for patients with GBM consists of
surgery for maximal safe resection or biopsy followed by radia-
tion and oral chemotherapy [temozolomide (TMZ)] and/or
implantation of chemotherapy [bis-chloroethylnitrosourea
(BCNU)]-loaded interstitial wafers (CIW) into the surgical
resection cavity. Without treatment, most patients live fewer
than 6 mo. With the most aggressive combination therapies,
the mean survival is still less than 18 mo, often with devastating
neurological consequences. Thus, GBM remains one of the

most lethal tumors and new treatments are needed that will
improve patient survival and quality of life. To date, the use of
platinum drugs for the treatment of GBM has shown minimal
success in large part due to limited delivery to the tumor and
extensive off-target toxicities, as will be described below. How-
ever, new information is emerging that suggests the broad,
multi-faceted therapeutic potential of platinum-based agents,
including new insights related to treatment failure and methods
to improve the therapeutic ratio. Most notably, newly recog-
nized immunomodulatory properties of platinum compounds
have the potential to overcome many of the mechanisms of
GBM immune evasion. A detailed understanding of this drug
class of compounds may allow for the successful adaptation
and re-purposing of these chemotherapeutics for the treatment
of GBM.
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Platinum-based therapeutics as cytotoxic agents

The discovery that platinum compounds could inhibit cell growth
was made after realizing that products from a platinum electrode
inhibited the growth of E. coli cells.2 Shortly thereafter, platinum
compounds were shown to display anticancer properties.2 To
date, three platinum compounds—cisplatin, carboplatin and oxali-
platin—have achieved FDA approval for cancer therapy. Platinum
compounds have become an important class of chemotherapeutics
used clinically for the treatment of a variety of cancers.3

The majority of research efforts devoted to understanding
platinum-based agents have focused on the ability of these com-
pounds to induce cancer cell apoptosis. Platinum compounds
accumulate within cells mainly through the copper influx trans-
porter 1 (CTR1) protein, although other mechanisms have been
shown to play a minor role.3 Once in the cell, platinum com-
pounds exert cytotoxic effects through a variety of mechanisms.
The best-characterized cytotoxic mechanism of platinum drugs
is the formation of DNA adducts. The platinum atoms bond
with purine nucleotide bases forming intrastrand and inter-
strand crosslinks, which prevents both DNA replication and
gene transcription.4 Platinum-induced DNA damage is detected
by the cell, leading to upregulation of nucleotide excision repair
(NER), mismatch repair (MMR), and other mechanisms. If cells
are unable to repair the DNA damage, the cell initiates a cascade
of events culminating in apoptosis.4 The cytotoxic effects of plat-
inum drugs rely on these apoptotic pathways.

Failure considerations for platinum therapy
in glioblastoma—limited efficacy and
dose-related toxicity

Platinum drugs are used successfully to treat a variety of cancers;
however, they have a checkered history in the treatment of GBM
patients, featuring hints of success but mostly dose limiting toxic-
ities when delivered systemically or in regions of sensitive tissues.
This treatment failure may be due to the limited amount of a given
platinum drug dose that crosses the blood–brain barrier (BBB)
and/or major systemic toxicities occurring before effective drug
concentrations are reached within the tumor.5-7 Early clinical trials
with these agents offered great promise, such as a phase II trial
which found either partial responses or stable disease in 20 out of
38 patients treated with chemotherapy supplemented with carbo-
platin and etoposide (a microtubule disruptor).8 However, subse-
quent trials focusing on platinum drugs in combination with
radiation therapy and other chemotherapies showed no significant
survival advantage with the addition of a platinum agent.9-11 Sys-
temic toxicity remains a key limitation with administration of plati-
num chemotherapeutics, including ‘protected’ formulations like
Lipoplatin and less toxic forms such as carboplatin.12,13 Hence, the
most significant hurdle to the successful application of platinum
drugs for advanced brain cancer has been dose-limiting toxicity.6

This is the likely reason why platinum-based therapies for GBM
have not led to the same level of success seen in other cancers.

Repurposing platinum drugs: Non-cytotoxic and
immunomodulatory effects of platinum compounds

The DNA damaging effect noted above as well as other direct
non-cytotoxic platinum drug mechanisms interconnect with

pathways related to cell invasion, angiogenesis, chemo- and
radio-sensitization, and immunomodulation (Fig. 1). These
broad effects may require lower sustained platinum drug doses
over longer times to permit extended cell viability and reorgani-
zation of complex cellular pathways and the tumor microenvi-
ronment. The exploitation of these effects may enable the
repurposing of platinum drugs for GBM therapy. Specifically,
platinum compounds may hinder the ability of GBM cells to
invade the surrounding tissue by downregulating matrix metal-
loproteinase (MMP) expression.14 Evidence in GBM models
also suggests that platinum compounds may have anti-angio-
genic effects.15 Additionally, platinum compounds are capable
of enhancing the efficacy of the current adjuvant therapies for
GBM (TMZ and radiotherapy) by modulating the MGMT
DNA repair enzyme 16 and by enhancing radiation effects pos-
sibly by increasing the formation of transient anionic mole-
cules.17 Lastly, the relatively unknown non-cytotoxic effect of
platinum drugs—immunomodulation (see below)—may hold
great promise for the treatment of GBM, because this offers the
possibility of reversing GBM-mediated immune evasion.

Immune evasion in glioblastoma

Malignant brain tumors, including GBM, develop numerous
mechanisms to evade recognition and elimination by the
immune system.18-20 A complete description of the mechanisms
of glioma-mediated immune evasion is beyond the scope of this
review, for a summary of the subject see refs. 18 and 19. How-
ever, it is known that GBM cells alter the expression of cell sur-
face proteins such as Human Leukocyte Antigens (HLAs)21 and
costimulatory molecules.19 Altered expression of these proteins
hampers immune responses against GBM cells. The loss of HLA
class I, expressed by most nucleated cells, or the downregulation
of tumor antigen expression impairs antigen presentation lead-
ing to defective cytotoxic T-lymphocyte (CTL) responses against
the glioma cell.18,19 In addition, the absence of critical costimula-
tory molecules on glioma cells further limits an effective
immune response by CTLs.18,19 Glioma cells can also increase
the expression of immunosuppressive molecules such as pro-
gram death ligand-1 and 2 (PD-L1 and PD-L2) leading to
diminished T cell responses.18,19 PD-L1, in particular, is highly

Figure 1. Therapeutic effects of platinum drugs: platinum drugs have several
known anticancer effects including: inhibiting cancer cell (brown cells) invasion,
inducing apoptosis, inhibiting angiogenesis, reversing immunosuppression (blue
cell represents a lymphocyte), and enhancing the current GBM therapies, temozo-
lomide (TMZ) and radiation.
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expressed in many GBM patient samples, likely due to increased
PI (3) kinase activity secondary to phosphatase and tensin
homolog (PTEN) loss.22,23 Furthermore, gliomas have been
shown to upregulate PD-L1 expression on tumor-associated
macrophages and circulating monocytes by producing high lev-
els of IL-10.24 In addition to IL-10, glioma cells can produce a
variety of factors including prostaglandins (PGE), transforming
growth factor (TGF)-b2 and fibrinogen-like protein-2 (FGL2),
which can suppress antitumor T cell activity and promote the
development of a variety of immunosuppressive cell types. Simi-
larly, increased expression of Fas ligand (FasL), CD70, and
numerous immunosuppressive cytokines disrupts immune
responses by inducing apoptosis or anergy in lymphocytes.18,19

Major immuno-biochemical signaling hubs controlled by the
Signal Transducer and Activator of Transcription (STAT) family
of transcription factors also play amajor role in regulating immune
function in the GBMmicroenvironment. In particular, STAT3 and
STAT6 are constitutively active in several cell types within the
microenvironment of many GBM tumors 25 and contribute to
inhibition of pro-inflammatory cytokines, induction of regulatory
T cells,25 and reduced antitumor antibodies.26 27 This broad chemi-
cal and cellular reprogramming of the tumor microenvironment
leads to the development of immunosuppressive cells, including
M2 macrophages, regulatory T cells (Tregs), and myeloid derived
suppressor cells (MDSCs), which combine to allow the tumor to
grow and invade the brain.18,19

Recalibrating the balance of immune function for cancer ther-
apy has become a major research focus in recent years leading to
the FDA approval of several immunomodulatory cancer therapies
including ipilimumab, perbrolizumab, and nivolumab—monoclo-
nal antibodies (mAbs) now referred to as ‘immune checkpoint
inhibitors’. Ipilimumab is a cytotoxic T-lymphocyte-associated
protein 4 (CTLA4) mAb 28 while pembrolizumab and nivolumab
recognize PD-1, the cell surface receptor for PDl-L1 and PD-L2.28

Immune checkpoint inhibitors have found remarkable success,
particularly for the treatment of melanoma.29 Specifically, both ipi-
limumab and nivolumab improve overall survival compared to the
first line chemotherapy for metastatic melanoma in a subset of
patients.30 To date, most immune checkpoint inhibitor studies
have focused on treating melanoma; however, emerging evidence
suggests that these therapies can be applied successfully to other
cancers.29 The success of immune checkpoint blockade in various
cancer types highlights the importance and potential of immuno-
modulation for GBM.

Platinum drugs modulate immune function in
non-CNS cancers

Platinum drugs are capable of modulating a variety of the immu-
nosuppressive features associated with numerous cancers,
including colon cancer and head and neck squamous cell carci-
noma (HNSCC).19,31 One of the first studies regarding the
immunomodulatory potential of platinum drugs revealed that
oxaliplatin is more effective in immunocompetent animal mod-
els.31 Since that report, it was realized that platinum drugs have
dose-dependent immunomodulatory effects, generally most evi-
dent at non-cytotoxic, non-lymphotoxic levels.31,32 Treatment
of cancer cells with oxaliplatin increases the expression of major
histocompatibility complex (MHC) class I (the non-human

equivalent of HLA I).33,34 Additionally, treatment of cancer cells
with platinum drugs reduced PD-L2 expression, resulting in
enhanced T cell activation.33 This reduction of PD-L2 expres-
sion may be mediated by STAT6 inhibition as PD-L2 is known
to be regulated by STAT6 signaling and platinum drugs have
been shown to reduce STAT6 phosphorylation (activation).33

Importantly, patients with HNSCC that overexpressed STAT6
had a better response to treatment with cisplatin and radiother-
apy compared to patients whose tumors did not exhibit activated
STAT6 signaling.31 In addition to the modulation of STAT6,
emerging evidence suggests that platinum drugs may also inhibit
STAT3 signaling, possibly by directly binding to STAT3, thereby
preventing dimerization and nuclear translocation.35 Platinum
drugs have also been shown to alter the profile of circulating
immune cells and the profile of tumor-infiltrating immune
cells.33 More specifically, oxaliplatin reduces the number of cir-
culating MDSCs,36 increases the number of circulating CTLs,
and reduces the number of Treg cells.37 Platinum drugs are also
able to directly enhance CTL antitumor activity by upregulating
the expression of mannose-6-phosphate (M6P) receptors.38

Expression of M6P receptors modulates CTL killing of cancer
cells by increasing cancer cell sensitivity to the pro-apoptotic
serine protease granzyme-B.38

Oxaliplatin is also capable of inducing immunogenic cell
death, defined as cell death that generates an antitumor adap-
tive immune response against antigens expressed by the dead
cell.39 This results in ‘immunological memory’, which helps to
generate durable antitumor immune recognition and control of
tumor growth.39 Immunogenic cell death requires several
events to occur. First, calreticulin, a protein chaperone nor-
mally found in the ER, is expressed on the cell surface. This
serves as a signal to dendritic cells (DCs) to engulf the affected
cell.39 The cell then releases ATP, which serves as a chemokine
that attracts DCs and macrophages to the tumor.39 Pro-inflam-
matory cytokines and type I interferons (IFNs) are also pro-
duced.39 Cells release high mobility group protein-1 (HMGB-
1), a nuclear protein that interacts with toll-like receptor
(TLR)-2 and ¡4 expressed on antigen-presenting cells such as
DCs in their activation and maturation.39 The importance of
immunogenic cell death, and HMGB-1 expression in particular,
in mediating the effects of oxaliplatin is highlighted by findings
that colorectal cancer patients with mutations in the TLR4 gene
have a decreased response to treatment with oxaliplatin.40

Immunogenic cancer cell death driven by oxaliplatin, and in
particular the first phase characterized by expression of calreticu-
lin on the cell surface, is dependent on an induction of ER
stress.39 ER stress is the result of a disruption in the normal func-
tion of the ER, caused by events such as the accumulation of pro-
teins within the ER.41 Notably, platinum compounds cause ER
stress by a mechanism independent of the drugs’ DNA-based
effects.39 Interestingly, cisplatin does not appear to induce immu-
nogenic cell death,31 despite increasing the release of HMGB-1
and ATP from cells. This is likely due to inability of cisplatin to
induce the expression of calreticulin on the cell surface.39 31

These broad and specific immunomodulatory effects on non-
CNS cancers suggest that platinum drugsmay be capable ofmod-
ulating a number of aspects of glioma immune evasion (Table 1).
Ongoing investigations into the extent to which platinum drugs
are capable of modulating the glioma microenvironment and
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host immune system will shed more light on this possibility. The
validation of these immunological effects in future studies could
result in the re-purposing of platinum drugs for GBM therapy
and could likely become a renewed focus of clinical research in
neuro-oncology.

Augmenting delivery to improve platinum-based
therapy

To successfully repurpose platinum drugs for glioma therapy,
effective delivery to the tumor remains a critical issue. The BBB
complicates systemic delivery by controlling the passage of
most molecules and drugs from the blood circulation to the
brain.42,43 The BBB consists of cerebral endothelial cells con-
nected together by tight junctions, a thick basement membrane,
and astrocytic end-feet. It has been estimated that >98% of
small-molecule drugs, and nearly all biologics (e.g., therapeutic
mAbs) minimally cross this barrier.44 Numerous advanced
delivery strategies designed to mitigate the BBB have been
explored to capture the beneficial effects of platinum drugs
while minimizing undesired side effects. These strategies
include (a) increasing BBB permeability,45 (b) delivering cis-
platin within biodegradable polymer implants in the tumor bed
of patients, 46 and (c) bypassing the BBB via delivery under low
sustained pressure (‘convection’) directly into the brain
through an implanted catheter(s), an approach termed as con-
vection enhanced delivery (CED).47 The expanding field of
nanomedicine offers a variety of drug formulation options to
improve platinum-based therapies, such as (a) increased solu-
bility and increased blood half-life, (b) reduced side-effects
through targeted delivery and broader tissue distribution in
mouse intracranial glioma models,48 (c) controlled and sus-
tained drug release, and (d) simultaneous incorporation and
delivery of other anticancer drugs for combination therapy.49

Improved solubility and increased blood half-life

Many platinum-based drugs have limited solubility in water, have a
short half-life, and are rapidly cleared by the circulatory and

lymphatic system. To overcome these challenges, platinum drugs
can be encapsulated in or conjugated to nanoparticles (NPs) to
improve their water solubility and half-life. Peng et al. 50 observed
significantly prolonged blood circulation time (>7-fold) and
improved pharmacokinetics and biodistribution of EGFR-targeted
heparin–cisplatin NPs compared to free cisplatin after systemic
delivery in nude mice bearing H292 cell tumors. Often, platinum
agent-encapsulated/conjugated NPs are decorated with lowmolec-
ular weight polyethylene glycol (PEG), which is a hydrophilic and
biocompatible polymer approved for use in humans. PEG reduces
the opsonization of the particles and obstructs particle interaction
with other biomolecules and cells. This serves to prolong blood cir-
culation, which helps particles passively accumulate into tumors.
For instance, Miller et al. 51 observed a>6-fold increase in half-life
of Pt(IV)-encapsulated polylactic-co-glycolic acid (PLGA) PEG
NPs compared to the free Pt(IV) in a breast cancer xenograft
mousemodel.

Reduced side-effects through enhanced site-specific
delivery and distribution into tumors

As mentioned above, the main challenges in treating brain
tumors such as GBM with platinum drugs are dose-limiting
toxicities and ineffective methods to deliver these drugs to the
target. Indeed, only a limited amount of systemically adminis-
tered drug reaches the CNS.52 This is a result of the BBB, the
extracellular space matrix, and the glialymphatic system of
brain tissue which limits the distribution of therapeutics within
the CNS.53 NPs may improve the delivery of therapeutics to
invasive GBM cells by overcoming such drug delivery chal-
lenges.48 Furthermore, a major reason for failure of platinum-
based chemotherapeutics in GBM patients is off-target toxicity.
NP formulations may effectively address this issue; indeed, NPs
have been shown to reduce toxicity compared to free drug.54

Carboplatin NPs engineered using the biodegradable polymer
poly (e-caprolactone) were shown to reduce the incidence of
carboplatin-induced hemolysis, in addition to being more effi-
ciently taken up by glioma cells.55 In another study, the delivery
of carboplatin PLGA NPs had less neuronal toxicity compared

Table 1. Summary of Immunomodulatory Effects of Platinum Drugs.

Immunomodulation: Effect of Modulation: GBM Significance: Refs:

Reduce PD-L Expression Decreases inhibitory signals that hamper
anti-tumor immune responses

GBM cells upregulate expression of PD-L,
hindering anti-tumor T cell responses

17,19,31

Increase MHC I Expression Improves tumor cell recognition by the
immune system

GBM cells reduce MHC class I expression,
leading to impaired antigen
presentation

17,19,32,33

Inhibit STAT Signaling Inhibits pathways involved in numerous
oncogenic processes, including
immunosuppression

Aberrant STAT signaling is found in many
GBM tumors and contributes to
immunosuppression

25-27, 32-34

Alter Tumor Microenvironment
Immune Cell Profile

Reduces immunosuppressive cells
including, Tregs and MDSCs, and
increases CTLs

GBM induces numerous
immunosuppressive cell types which
enhance immunosuppression

17, 19, 32, 34-36

Increase M6P Expression Enhances CTL anti-tumor activity by
altering cancer cell sensitivity to the
pro-apoptotic serine protease,
granzyme-B

GBM cells suppress anti-tumor CTL
responses

17,19, 37

Immunogenic Cell Death Generates ‘immunological memory’
enabling durable anti-tumor immune
responses

GBM cells effectively evade and suppress
the immune system, preventing
durable anti-tumor immune responses

17,19, 33

Abbreviations: CTL, cytotoxic T lymphocyte; GBM, glioblastoma; M6P, mannose 6-Phosphate; MDSC, myeloid derived suppressor cells; MHC, major histocompatibility
complex; PD-L, programmed death ligand; STAT, signal transducers and activators of transcription; Treg, regulatory T-cell
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to free carboplatin.56 Importantly, free platinum drugs at high
doses induce lymphodepletion,57 suggesting that a non-targeted
systemic delivery of platinum drugs may actually hinder antitu-
mor immune responses. Therefore, NP encapsulation appears
to offer many opportunities to improve platinum drug delivery
and significantly reduce toxicity.

A number of drug-NP formulations are under investigation
as a means to improve platinum-based chemotherapy. For a
comprehensive review of cisplatin NP formulations, see ref 58.
Several PEGylated cisplatin NP formulations have advanced to
clinical trials for NSCLC, pancreatic, breast, and other can-
cers.58 Lipoplatin, a PEGylated liposomal cisplatin formulation,
has been shown to lower side effects and specifically reduce
nephrotoxicity compared to free cisplatin.59 In a phase III clini-
cal trial, patients with NSCLC treated with Lipoplatin had a
better response rate and fewer toxicities compared to patients
treated with free cisplatin.60 Liposomal formulations of oxali-
platin analogs also have been developed. For example, Lipoxal
is a liposomal oxaliplatin formulation that has reached clinical
trials for advanced cancer,61 and was produced using similar
formulation strategies as Lipoplatin. A recent study using Lip-
oxel in F98 glioma-bearing rats has shown that the maximum
tolerable dose of Lipoxal is as much as 3-fold higher than that
of free oxaliplatin.62 Another NP formulation, NC-6004, encap-
sulates cisplatin in polymeric micelles of PEG-poly (glutamic
acid) and has advanced to clinical trials for solid tumors.63 NC-
6004 provides a sustained release of cisplatin and consequently
has low toxicity.63

Platinum NP delivery approaches often can exploit differ-
ences between normal tissues and tumors to increase the
selectivity of the drug toward its intended target. Specifically,
the enhanced permeability and retention (EPR) effect is based
on the increased permeability of macromolecules in the tumor
coupled with poor lymphatic clearance and slow venous
return in these tissues,64 resulting in increased accumulation
of the NPs within the tumors. Platinum drug-loaded NPs may
take advantage of the EPR to achieve passive targeting to CNS
tumors. This in some cases can be enhanced further by active
targeting using ligands or antibodies attached to the NP sur-
face that can selectively bind to tumor-specific moieties dis-
played on the target cells. Such moieties are generally
transporters, antigens, or receptors that are expressed at
higher levels in tumors compared to normal tissues. For
example, NPs containing cisplatin were targeted to glioma
cells using a monoclonal antibody to connexin 43, a protein
highly expressed in the tumor. This targeted NP formulation
exhibited reduced toxicity and prolonged the survival of gli-
oma-bearing rats.65 Furthermore, a mitochondrial-targeted NP
loaded with the cisplatin prodrug, Platin-M, successfully deliv-
ered the drug to neuroblastoma cells 66 and has shown very
little neurotoxicity in animal models despite a high level of
drug accumulation in the brain.67 Another intriguing glioma
cell-specific target is the cell surface receptor fibroblast growth
factor-inducible 14 (Fn14). NPs targeted to Fn14-positive
GBM cells using a monoclonal antibody improved NP tumor
localization and internalization.48,68 Thus, a similar targeting
strategy may enhance the delivery of platinum compounds
specifically to GBM cells, improving efficacy and minimizing
toxicity.

Controlled and sustained drug release

Not only do NPs appear to enhance drug delivery to the GBM
tumor tissue, they also offer the property of controlled drug
release. Depending on the NP encapsulating material, drugs are
released either as NPs degrade over time (e.g., PLGA) or simply
diffuse from the NP system (e.g., liposome). For example, biode-
gradable PLGA carboplatin NPs successfully provided sustained
release of carboplatin in rat brains.56 Moreover, NP formula-
tions of carboplatin compounds are capable of providing con-
trolled release of the drug for more than a week.69 Although
sustained release can be achieved through numerous biomaterial
formulation strategies, NPs can be designed to enable brain-pen-
etration and tumor targeting,48,70 potentially improving treat-
ment for invasive brain tumors, like GBM. Furthermore, free
platinum drugs have a limited half-life in most tissues. For
instance, the half-life of cisplatin is approximately 58h in rodent
brains.23 Sustained platinum drug release by nanocarriers may
be necessary for sustained inhibition of immunosuppressive
features and a prolonged antitumor immune response.

Simultaneous incorporation and delivery of other
anticancer treatments for combination therapy

The common observation that many single agent chemothera-
peutic treatment regimens fail due to the emergence of resistant
sub-clonal tumor cell populations strongly suggests that combi-
national treatment strategies will be necessary which utilize the
diverse mechanisms of actions of multiple therapeutics to reduce
the possibility of resistance.71 Combinations of drugs can have a
synergistic effect, providing better treatment outcomes than sin-
gle drug therapy.71-73 As mentioned earlier, platinum com-
pounds are combined commonly with other anticancer agents
including fluorouracil, etoposide, paclitaxel, and capecitabin.74

However, the successful simultaneous administration of two
anticancer agents can be difficult due to the differences in drug
solubility, biodistribution, and pharmacokinetics.74 One advan-
tage to the use of NPs as drug delivery vehicles is that they can
be formulated to contain more than one therapeutic agent. For
example, the encapsulation of doxorubicin and cisplatin into a
single nanocarrier was found to improve therapeutic efficacy
compared to a treatment regimen of either drug alone, or co-
administration of the two free drugs.74 Other studies have also
shown that the delivery of NPs containing platinum drugs and
another anticancer drug results in a synergistic antitumor
effect.74,75 For an extensive review of polymer-based platinum
combination therapy delivery systems, see ref. 74. Given the
unique delivery challenges of CNS tumors, and the difficulty of
effectively administering combination therapies, NPs present a
means to deliver combination therapies consisting of a platinum
drug and another anticancer drug. NPs can be designed to deliv-
ery platinum agents in combination with a tumor antigen, adju-
vant, or other immunostimulatory factor in order to foster an
antitumor immune response.23 NPs have been dual loaded with
a TGF-b inhibitor and IL-2, providing a sustained local delivery
of the drug combination, resulting in a synergistic antitumor
effect in melanoma models.76 Platinum drugs may be dual
loaded with other immunomodulatory therapeutics into NPs
for a synergistic and sustained antitumor immunomodulation.
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The immunomodulatory effects of platinum drugs may be
enhanced or exploited for the treatment of GBM by loading NPs
with a platinum drug and one or more other therapeutic agents.
For example, NP formulations of chemokines are under investiga-
tion for anticancer therapy.77 The dual loading of chemokines and
platinum-chemotherapeutics may offer synergistic anti-glioma
effects; specifically, platinum drugs may generate a more permis-
sive environment for immune cells to enter the tumor in response
to chemokine co-treatment. Alternatively, dual-loading of den-
dritic cell stimulatory molecules such as cytosine-phosphate-gua-
nine with platinum drugs may help generate a strong effector cell
anti-glioma response.78 Furthermore, as some platinum drugs are
capable of causing immunogenic cell death, it may be beneficial to
co-deliver therapeutics to reinforce the resulting antitumor adap-
tive immune response. Although platinumdrugs alone havemulti-
ple immunomodulatory effects, the co-delivery of platinum drugs
and other immunomodulatory or cytotoxic therapeutics offers a
way to strengthen or complement thesemulti-modal effects.

Conclusions

Many therapeutics, including platinum agents, have been investi-
gated extensively as potential therapies for GBM patients. The
limitations of these agents for GBM treatment have become
increasingly clear as evidenced by the minimal improvement in
patient survival and/or treatment-related toxicities. However,
emerging evidence suggests there may be previously unrecog-
nized and heretofore inaccessible therapeutic potential of such
treatments, specifically platinum-based drugs, if the delivery and
dosing can be controlled carefully. The principles of nanomedi-
cine and formulation chemistry offer new opportunities to re-
align the therapeutic ratio of otherwise toxic chemotherapeutics,
especially in GBM because NPs can overcome some of the drug
delivery challenges presented by the BBB and brain tissue, pro-
vide a sustained drug release, targeted to GBM cells, and reduce
toxicity. Included in the newly recognized therapeutic effects
appears to be immunomodulation, which may have broad appli-
cation in future combination therapies for GBM.
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