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Standard cancer treatments involve surgery, radiotherapy, chemotherapy, and

immunotherapy. In clinical practice, the respective drugs are applied orally or

intravenously leading to their systemic circulation in the whole organism. For

chemotherapeutics or immune modulatory agents, severe side effects such as immune

depression or autoimmunity can occur. At the same time the intratumoral drug

doses are often too low for effective cancer therapy. Since monotherapies frequently

cannot cure cancer, due to their synergistic effects multimodal therapy concepts

are applied to enhance treatment efficacy. The targeted delivery of drugs to the

tumor by employment of functionalized nanoparticles might be a promising solution

to overcome these challenges. For multimodal therapy concepts and individualized

patient care nanoparticle platforms can be functionalized with compounds from various

therapeutic classes (e.g. radiosensitizers, phototoxic drugs, chemotherapeutics, immune

modulators). Superparamagnetic iron oxide nanoparticles (SPIONs) as drug transporters

can add further functionalities, such as guidance or heating by external magnetic fields

(Magnetic Drug Targeting or Magnetic Hyperthermia), and imaging-controlled therapy

(Magnetic Resonance Imaging).

Keywords: nanoparticles, nanomedicine, targeted therapy, immunotherapy, chemotherapy, irradiation,

immunogenic cell death

EVOLVEMENT OF TUMORS AND THEIR TREATMENTS

Mutation and clonal selection are driving forces in carcinogenesis (1). Accumulation of mutations
in proto-oncogenes and tumor suppressor genes lead to uncontrolled proliferation of cells.
Some of these mutations are recognized by the immune system as “non-self ” (tumor associated
antigens) and are eliminated, a process known as “immunosurveillance” (2, 3). Cells expressing
only low amounts of tumor associated antigens cannot be detected and removed. Thus, the
immune system exerts a selective force on the tumor, altering cell composition and promoting
survival of the least immunogenic cells (“immunoediting”) (4). Tumors evade the immune
system by various mechanisms such as downregulation of MHC I expression, development of
resistance to cytotoxic T lymphocytes, active suppression of activated T cells, or release of immune
suppressive molecules (5). In the clinic, tumors are treated by surgery, radiotherapy, chemotherapy,
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photodynamic therapy, and others. All of these procedures can
induce the release of immune stimulatory intracellular molecules
increasing the immunogenicity of the tumor. Immunotherapies
shall further intensify the strength of immune responses.
Problematically, monotherapies often cannot remove the tumor
completely due to the occurrence of resistant tumor cell
populations. Chemotherapy can lead to multiple drug resistance
in long term use (6). In radiotherapy the lack of oxygen in
hypoxic tumor tissues results in reduced production of reactive
oxygen species (ROS) and thus decreased DNA damage (7).
Immunotherapy is often effective only in a subgroup of patients.
Thus, combinations of therapy concepts exhibiting synergistic
effects might overcome limitations of monotherapies, referred
to as multimodal tumor therapy. To bring therapeutics to the
tumor area, nanoparticles have come into focus. Serving as
transporters, various therapeutic cargos can be integrated in
one nanoparticle system to combine different functionalities.
Here we discuss the use of nanoparticles as multimodal drug
transporters with special emphasis on superparamagnetic iron
oxide nanoparticles (SPIONs). Based on their magnetic core
they can be magnetically guided to the desired place, visualized
in magnetic resonance imaging (MRI) and serve as heat
transporters in magnetic hyperthermia.

CHALLENGES OF SYSTEMIC TUMOR
THERAPIES

After intravenous or oral application of fluid chemo- and
immunotherapeutics, the drug circulates in the whole organism
and only a fraction reaches the tumor, whereas the majority
disappears in the healthy tissues or is ejected. Thus, high doses
must be applied for sufficient therapeutic concentrations in the
tumor (8). Also, poor solubility can be an obstacle to reach
effective therapeutic doses.

Chemotherapeutics are injected in a cyclic schedule to kill the
rapidly proliferating tumor cells. Problematically, not only the
tumor is affected but also healthy tissues (9) with quickly dividing
cells such as cells of the blood, the immune system, hair, or
mucosa. Since some cytostatic agents are carcinogens themselves
they sometimes induce acute myeloid leukemia after therapy (9).
Additionally, the risk of chemotherapy-associated anemia (10)
and neutropenia (11) is high. Thus, immune function must be
monitored regularly. In case of severe limitations, it may be
necessary to reduce or stop the therapy (12). If the number of
leukocytes in blood is too low, infections may occur and therefore
patients often die due to therapy-related side effects and not the
tumor itself (13).

Unlike chemotherapy, immunotherapy does not destroy
cancer cells directly. The goal of immunotherapy is to manipulate
the immune system to kill cancer without impeding normal
tissues. Since checkpoint inhibitors act by blocking the inhibition
of T cells, additionally to the wanted reactions such as tumor
infiltration and killing of cancer cells, activated T cells can
also attack healthy cells, resembling autoimmune reactions (14).
While chemotherapy is associated with immunosuppression and
infections, some of the recent approaches in immunotherapy

can be accompanied by massive inflammatory responses and
autoimmune-type like pathologies, which can affect all the
organs of the body (14, 15). For Ipilimumab therapy in
metastatic melanoma for instance, immune-mediated side effects
as dermatitis, hepatitis, enterocolitis, hypophysitis, and uveitis,
which can be life threatening, have been described (16). For
management of inflammatory side effects systemic steroids or
corticosteroids should be considered (16).

Immunotherapies are effective only in a subgroup of cancers
and a minority of patients (17, 18). Reasons for this are tumor
heterogeneity, previous treatments, variability in tumor type and
stage and immunosuppressive phenotype of the cancer (19).
Tumors with many mutations seem to have better response
rates to immune checkpoint blockade with PD-1, probably due
to higher tumor immunogenicity (20). Since immunotherapies
are not applied as first line treatments, they are rather
given to patients with compromised immune systems due to
advanced disease or previous chemotherapy cycles, hindering the
development of effective immune reactions (21).

Moreover, immunotherapies are very expensive depending on
dosing and scheduling, putting economic pressure on patient
and healthcare system (22). In 2016 the one-year per-patient
costs for treatment of metastatic melanoma with PD-1 inhibitor
Pembrozulimab was $145,010, achieving a progressing-free
survival of 6.3 month (23, 24). Combination therapies can even
double or triple the costs. These extremely expensive therapies
might be denied by health insurances or lead to restrictions for
patients who cannot afford additional payments for the drugs
(24). Also, only few of the treatments reach complete tumor
remission after one treatment cycle, so that multiple rounds of
treatments are necessary.

TARGETED THERAPIES USING
NANOPARTICLES

Systemic toxicities can hinder the efficacy of potent antitumor
drugs. However, side effects caused by the unspecific distribution
and low doses in the target area are not only problems in the
treatment of tumors but also of various other diseases. To bring
therapeutics directly to the target area and to reduce systemic
concentrations nanocarriers have come into focus.

Passive Delivery of Nanoparticles
Distribution, pharmacokinetics and retention of medical
nanoparticles strongly depend on the route of application and
the physicochemical nanoparticle characteristics. For daily
medication, oral application is comfortable for the patients.
However, orally applied nanoparticles are rather quickly excreted
from the body than being absorbed through the intestine into the
blood. A possibility to increase nanoparticle absorption from the
gastrointestinal tract is the conjugation of nanoparticles with bile
acids, employing bile acid transporter-mediated cellular uptake
and chylomicron transport pathways (25). With intravenous
application nanoparticles tend to be restricted to the vascular
system and to organs with a fenestrated endothelium, such as
liver and spleen since the pore size of normal intact endothelium
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is about 5 nm. Tumors and inflamed areas are accessible as
well, since they exhibit fenestrated endothelium and vascular
leakiness. Depending on their size, injected nanoparticles
undergo renal clearance including glomerular filtration, tubular
secretion, and finally elimination through urinary excretion.
For globular proteins the filtration-size threshold is <5 nm, and
this seems to be comparable for nanoparticles (26, 27). Larger
particles are cleared from blood circulation via phagocytic cells
of the reticuloendothelial system (RES). Macrophages in the
liver (Kupffer cells), the spleen and the circulating blood rapidly
take up opsonized nanoparticles and intracellularly degrade
them (28, 29). Importantly, systemic inflammation affects
nanoparticle distribution by alteration of systemic circulatory
properties, modulation of the immune system and increase
of vessel permeability (30). Modification of the nanoparticle
surface by polyethylene glycol (PEG) reduces non-specific
protein adsorption and opsonization and minimizes clearance
by the RES, thus resulting in longer blood circulation times
and improved pharmacokinetic properties (31). Intraarterial
injection in proximity to the tumor site can limit the nanoparticle
removal by the RES (32).

When tumors exceed a distinct size transport of oxygen and
nutrients by diffusion is insufficient and access to the blood
circulation is necessary (33). Contrary to healthy blood vessels,
tumor capillaries have large gaps between endothelial cells, a
wide irregular lumen and lack of smooth muscle cells, enabling
the selective extravasation. The poor lymphatic drainage permits
retention of macromolecular drugs or nanoparticles in the
tumor microenvironment, referred to as enhanced permeation
and retention (EPR) effect (34, 35). So far, several clinically
approved chemotherapeutics such as doxorubicin, daunorubicin,
or vincristine encapsulated into liposomes have been approved
as nanomedicines by the Federal Drug Administration (FDA).
Beside these first generation clinically approved nanomedicines,
other non-targeted nanosystems are under investigations in
clinical studies (phase I/II/III) (36).

Active Delivery of Nanoparticles
Despite preferential accumulation in tumor tissues due to the
EPR effect, the fraction of nanoparticles finally entering the
tumor is still limited. The majority of the applied nanoparticles
is removed from blood in a few hours and only some percent
remain in the systemic circulation (37). Finally, only ∼2% of
the total intravenously administered dose is deposited in the
tumor after 4 h of circulation (38). To increase the intratumoral
dose, several studies revealed receptor-based active targeting
of nanoparticles to be a promising delivery strategy (39).
Targeting ligands such as monoclonal antibodies and antibody
fragments, aptamers, peptides and small molecules are under
extensive investigation for use in diagnostics, therapy and
post-therapeutic follow-up (40). For example, Trastuzumab
functionalized nanoparticles targeting Her2 positive tumor cells
showed favorable results in experiments with breast cancer cells
as diagnostic agents and drug delivery vehicles (41, 42). SPIONs
with folic acid as targeting molecule enhanced the uptake by
folate receptor exposing tumor cells (43).

Beside use of targeting moieties, nanoparticles can be
transported by physical forces to the desired place. For instance,
SPIONs can be applied as drug transporters in Magnetic Drug
Targeting (MDT). To prevent clearance by RES, SPIONs are
applied intraarterially in the tumor supplying vascular system
and are enriched in the tumor region using an external
magnetic field. Previously, studies with tumor bearing rabbits
(squamous cell carcinoma) revealed that the amount of the
chemotherapeutic agent mitoxantrone in the tumor region can
be increased from 1% after intravenous application to 50–60%
with MDT. Complete tumor remissions or slower tumor growth
with increased survival times were shown in the majority of the
treated animals (44). Also, immune cells from peripheral blood
were spared from the toxic effects of the chemotherapy, due to
specific accumulation in the tumor (45).

A major challenge remains the treatment of tumors in the
brain, due to often being surrounded by important functional
structures, which can be injured by interventions such as
surgery, intratumoral injections or radiation. In this case,
magnetic forces can be used to trap SPIONs at the site
of interest. To bypass the first-pass organ clearance of the
magnetic nanoparticles, intraarterial administration via carotid
artery enhances nanoparticle exposure of the tumor vasculature.
Together with an MRI guided subject alignment within the
magnetic field and surface modification of the drug with
biological membrane permeable polyethyleneimine it is possible
to deliver ß-galactosidase selectively to the brain tumor in a rat
glioma model, while limiting the exposure of healthy brain areas
(32). In this approach, magnetic field topography is essential to
prevent magnetic aggregation in the vasculature (32, 46, 47).
To prevent nanoparticle aggregation and occlusion of vessels
in magnetic fields we found that a proper surface coating and
colloidal stabilization of SPIONs is a prerequisite (48).

IMMUNOGENIC CELL DEATH INDUCTION
BY TUMOR THERAPIES

Therapeutic strategy of conventional treatments relies on
the rationale that rapidly proliferating tumor cells are more
sensitive to toxic chemicals or radiation than healthy tissues.
In the past, it has been believed that these treatments
simply act by killing the tumor cells or inhibiting their
proliferation. However, it became apparent that distinct cell
death pathways activated during cell stress turn the cells
“visible” for the immune system, a process referred to as
immunogenic cell death (ICD). Agents inducing ICD in cancer
therapy are for example chemotherapeutics from the class
of the anthracyclines and their derivatives (e.g., doxorubicin,
mitoxantrone), photosensibilisators for photodynamic therapy
(PDT) or radiotherapy (49). In contrast to apoptosis, the
physiological form of cell death, eliciting inflammatory silent
or even anti-inflammatory clearance, ICD induces inflammatory
immune reactions. Hallmark of ICD is the release of damage
associated molecular patterns (DAMPs) from the dying cells in
a timely resolved fashion (50). The early cell surface exposition
of calreticulin, the active release of heat shock proteins (HSPs)
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and ATP as well as the post mortem leakage of HMGB1 have
been described to act as endogenous adjuvants, recruiting and
activating immune cells. Professional antigen presenting cells
take up tumor derived antigens, process them, migrate to the
tumor draining lymph nodes and cross present them to T cells.
Subsequently, antigen specific T cells differentiate to effector
T cells, proliferate, and are attracted to the tumor region by
chemokines (51). There, effector T cells kill the tumor cells via
cytotoxic granules or Fas-induced apoptosis and thereby create
a new wave of released tumor antigens which boost the immune
response (52). By inducing ICD radiation, photodynamic therapy
(PDT) and/or chemotherapy may activate immune responses
and immunize a patient against cancer by turning the tumor
into an in situ vaccine (53). Radiation and chemotherapy
both can induce DNA damage resulting in cell cycle arrest
and/or cell death. Furthermore, cellular mutations with the
development of neoantigens are provoked, resulting in higher
immunogenicity (Figure 1A).

NANOPARTICLE-BASED THERAPIES

Due to induction of ICD by several routine treatment regimens,
the combination of those therapies with immunotherapeutic
agents can induce or increase anti-tumor responses from the
immune system. Amultitude of various nanoparticle systems has
been developed for medical application and multimodal tumor

therapy, which are discussed elsewhere (54). SPIONs can be
tailored in size, morphology and functionalization, enabling their
use in a wide range of applications (55). SPIONs can be loaded
as drug transporters with various cargos (chemotherapeutics,
photosensibilisators, immune modulators), serve as contrast
agents in MRI, provide heating capacity in alternating magnetic
fields, and enable magnetic targeting (Figure 2). Due to
these additional possibilities, a special focus will be set on
SPIONs here.

SPIONs as Drug Transporters
Prerequisite for use of nanoparticles in biomedicine is their
biocompatibility. Due to their inorganic nature, SPIONs on
their own are not sufficiently biocompatible. One strategy to
circumvent this compatibility issue is to coat the SPIONs
with biocompatible polymers (56). For SPIONs comprehensive
studies have been performed with partially contradictory
results dependent on size, coating, applied concentration and
exposure time of the nanoparticles (57). Reported toxicities
in experimental studies include reduced mitochondrial activity,
cellular stress mediated generation of ROS, inflammation and
chromosome condensation (58). In our hands, coating of
nanoparticles with biocompatible substances such as crosslinked
dextran or formation of an artificial protein corona of serum
albumin not only increased colloidal stability of the particles
but also their biocompatibility (59–64). Some formulations of
magnetite-based nanoparticles have already been approved for

FIGURE 1 | Induction of anti-tumor immune reactions by multimodal therapy. (A) Chemotherapy, radiotherapy, and photodynamic therapy (PDT) induce immunogenic

cell death (ICD) in the tumor with release of damage associated molecular patterns (DAMPs) and tumor associated antigens (TAA). TAA are taken up by antigen

presenting cells (APC), such as dendritic cells (DCs) and are processed and presented to T cells, which are activated to proliferate. Accompanying immunotherapy

(e.g., with anti-PD-1) blocks PD-1 (on T cells) and PD-L1 (on tumor cells and APCs) interaction, resulting in immune activation and increase of anti-tumor immune

responses. (B) Integrating several treatment functionalities on one nanoparticle and active targeting to the tumor region e.g. by magnetic drug targeting (MDT) might

increase the therapeutic doses in the tumor and reduce systemic distribution with accompanying side effects such as immune deprivation.
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FIGURE 2 | SPIONs as nanoparticle platform for multimodal tumor therapy.

SPIONs can be functionalized with various cargos such as cytotoxic agents for

chemotherapy, photosensibilisators for photodynamic therapy and/or immune

modulators for immunotherapy. To increase treatment efficacy, magnetic

hyperthermia can be induced in alternating magnetic fields. Radiation induces

release of ROS on the particle surface. Imaging controlled therapy is enabled

by magnetic resonance imaging (MRI).

use in humans as iron deficiency therapeutics and as MRI
contrast agents by the FDA (e.g., Feraheme R©, Feridex I.V. R©

and Gastromark R©) (65). Once the SPIONs are administered
intravenously, they enter liver and spleen (66). SPIONs are
taken up into the lysosmes of cells, where the iron oxide is
broken into iron ions presumably due to hydrolysing enzymes
effective at low pH and ultimately get incorporated into
hemoglobin (57, 67).

Combination of Nanocarriers (SPIONs)
With Chemotherapy
Challenges in routine chemotherapy are systemic toxicities.
Despite several chemotherapeutics have shown the ability to
induce ICD, systemic applications are accompanied by severe
side effects, in particular destruction of the immune system
(11). That’s why some of the current chemotherapeutics are also
used as immunosuppressive agents (e.g., cyclophaosphamide,
methotrexate) for the treatment of severe autoimmune diseases.
By loading chemotherapeutic drugs onto nanoparticles this
challenge can be addressed. With targeting of nanoparticles
to the tumor region, the systemic concentration is reduced
while effective intratumoral doses are increased. Several
chemotherapeutic agents such as doxorubicin, daunorubicin,
or vincristine encapsulated into (PEGylated) liposomes have
been approved as e.g., Doxil R©/Caelyx R©, DaunoXome R©, or
Marqibo, respectively. Paclitaxel bound to lyophilized human
albumin as carrier protein is registered as Abraxane R© for
breast cancer treatment (68). Presensitization of tumor cells
with antisense miRNA (against miRNAs expressed during
cancer) or siRNA (against a developmental transcription factor
reactivated in cancers) prior to chemotherapy can reduce the
effective doses of chemotherapeutics needed or can overcome
chemoresistance (69, 70).

To induce anti-tumor immune reactions, inducers of ICD
such as oxaliplatin or doxorubicin have been loaded into
nanocarriers (71–74). Exemplarily, after intravenous injection
of oxaliplatin or doxorubicin-loaded amphiphilic diblock
copolymer nanoparticles, the nanoparticle-encapsulated ICD
inducer led to significantly enhanced ICD and consequently
improved anti-tumor effects in pancreatic cancer xenograft
compared to the free form (71). Active targeting of
nanoformulations using magnetic forces have been explored to
maximize drug accumulation of ICD inducers as well. We and
others loaded chemotherapeutic drugs such as mitoxantrone or
doxorubicin onto SPIONs and showed improved targeting and
anti-tumor efficacy in the presence of magnetic fields in vivo
(44, 75, 76). When we treated rabbits suffering from induced
squamous cell carcinomas with SPIONs functionalized with
mitoxantrone and targeted the particles to the tumor by an
external magnet, the tumors were continuously shrinking until
complete tumor disappearance after several weeks, indicating
rather an immunological process than immediate tumor lysis by
mitoxantrone (44). We proved that mitoxantrone functionalized
SPIONs can induce ICD with concomitant release of DAMPs
such as HSPs, ATP, HMGB1, and foster maturation of DCs (77).

Improving chemotherapy (probably by synergistically
inducing ICD), pH sensitive magnetically guidable iron oxide
nanocarriers loaded with doxorubicin and a photosensibilisator
showed beneficial effects in U87 tumor bearing nude mice, thus
overcoming chemoresistance (78).

Combination of Nanocarriers (SPIONs)
With Immunotherapy
Anti-cancer immunotherapies shall increase the strength of
immune responses against the tumor by either stimulating
activities of the immune system or block signals produced by
cancer cells to suppress immune responses. In the evolving
field of immunotherapy, therapeutic antibodies against tumor
antigens (e.g., Herceptin targeting HER-2/neu on breast cancer)
or antibodies inhibiting the proliferation of tumor-supplying
vessels, stimulatory cytokines (e.g., interferon α and β), and
immune checkpoint inhibition (e.g., PD-1 inhibitors) have shown
clinical activity in many different types of cancer.

Several pathways influence the intensity of an immune
reaction to prevent autoimmune reactions. Inhibitory pathways
induce downregulation of T cell activation or effector functions
(79). T cells with receptors recognizing non-self structures on
tumor cells are the key players to trigger anti-tumor immune
responses. Binding of the T cell receptor accompanied by a co-
stimulatory signal leads to T cell activation. The tight control
of this process is essential to inhibit excessive activation leading
to autoimmune reactions, whereby the proteins CTLA-4 and
PD-1 on T cells play major roles as brakes of T cell activation.
Blocking CTLA-4 and/or PD-1 by antibodies can restore immune
activation, referred to as immune checkpoint therapy (80, 81).
Examples for antibodies that target PD-1 are Pembrolizumab or
Nivolumab, applied in several types of cancer including tumors
of the skin, kidney, bladder, head and neck, lung, and Hodgkin
lymphoma (82).
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Challenges of current immunotherapies are systemic
autoimmune reactions, low response rates, tremendous costs,
and application to patients with compromised immune systems.
Loading immunotherapeutics onto nanoparticulate transporters
can increase their therapeutic potential (83). Thus, currently
nanoparticles are being investigated as transporters for antigens,
adjuvants, or siRNA to activate the immune system (5). To target
nanoparticles to PD-L1 expressing cancer cells, PD-1 antibody
was not only used on nanoparticles as targeting ligand but also
for disturbing the interaction between PD-L1 on tumor cells and
immune cells (84).

Tumor accumulation of nanoparticulate immunotherapeutics
can further be increased by targeting T cells in the circulation
since leukocytes are the first cells intravenously applied
nanoparticles get in contact with. Additionally, lymphocytes
can deeply penetrate into the tumor tissue. Thus, nanoparticles
targeting PD-1 expressed on T cells and inhibition of TGF-
β signaling have been shown to increase survival of tumor
bearing mice. With this approach dosing can be significantly
reduced, thus limiting potential toxicity (85). In this context first
pilot experiments have been performed to load T cells ex vivo
with SPIONs as transporters for (immune modulatory) drugs to
subsequently inject and guide them to the tumor area using an
external magnetic field (86).

Combination of Nanocarriers (SPIONs)
With Hyperthermia and Radiotherapy
Mild hyperthermia can elicit cell death by denaturation of
proteins and/or damage of DNA and othermechanisms, resulting
in apoptosis (87). Inefficient blood flow and supply with oxygen
through the quickly generated blood vessels in tumors results
in an acidotic and nutrient-deprived milieu making cancer cells
more thermo sensitive to acute increases in temperature than
healthy cells (88). Major problem with conventional methods
to induce hyperthermia is the generation of homogenous
therapeutic temperatures deep in the tumor. Here, SPIONs can
act as controllable heat source: in alternating magnetic fields, the
magnetic polarity rapidly flips. However, there is some hysteretic
loss involved in the flipping, revealing as heat. Thus, a tumor
can be heated in alternating magnetic fields if preloaded with
SPIONs. Although there are some reports on use of magnetic
hyperthermia alone to treat and/or cure cancer in animal
models, magnetic hyperthermia is often used in combination.
Radiotherapy and hyperthermia have complementary effects:
Poorly perfused tumor cores are sensitive to hyperthermia but
resistant to ionizing radiation which depends on the formation of
toxic oxygen radicals in well perfused areas. Also, in the S phase
of the cell cycle tumor cells exhibit radioresistancy, but are highly
sensitive to heat. Thus, hyperthermia can act as radiosensitizer to
radioresistant cancer cells (89).

Radiosensitizers, such as histone deacetylase inhibitors,
which inhibit DNA double strand repair can enhance the
response of tumor cells to radiation through the prolongation
of γ-H2AX foci as shown with polymer nanoparticles (90).
Also, binding of radionuclids to SPIONs, particularly β

emitters, induced DNA damage due to free radicals, resulting
in apoptosis of target cells (91). Also, SPIONs have shown
their potential as X ray-enhancer for low-dose irradiation
therapy. After radiation the amount of toxic ROS in
tumor cells with engulfed nanoparticles has substantially
increased (92, 93).

SUMMARY

For efficient cancer treatment including long-term immune
reactions, the immunogenicity of the tumor must be increased
and the tolerance of the immune system against tumor associated
antigens abrogated. Importantly, at the same time, immune
compatibility has to be preserved.With nanoparticles as platform
technology immunotherapeutics and/or chemotherapeutic drugs
can be targeted towards the tumor. Compared to systemic
application, the intratumoral drug concentration can be
increased and healthy tissues spared from the drug related
side effects by nanoparticle-mediated transportation (Figure 1B).
Concurrent radiation and/or hyperthermia of the tumor induces
cell death and increases immunogenicity of the tumor cells.
Employing SPIONs as drug transporters enables multimodal
therapy concepts since compounds of various therapeutic
classes (e.g., chemotherapeutics, immunemodulators, phototoxic
compounds) can be bound and adapted to the individual
profile of the patient. Using SPIONs as nanoparticle platform
additionally enables monitoring of tumor targeting in MRI
(Theranostics) (62, 63).

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual
contribution to the work, and approved it for publication.

FUNDING

This work was supported by the Emerging Fields Initiative
BIG-THERA of the Friedrich-Alexander-Universität Erlangen-
Nürnberg (FAU), FUMIN Bridge Funding appropriations,
the Manfred-Roth-Stiftung, Fürth, Germany and the
Forschungsstiftung Medizin am UK-Erlangen. The authors also
acknowledge the support by Deutsche Forschungsgemeinschaft
and FAU within the funding program Open
Access Publishing.

REFERENCES

1. Cairns J. Mutation selection and the natural history of cancer. Nature (1975)

255:197–200. doi: 10.1038/255197a0

2. Seremet T, Brasseur F, Coulie PG. Tumor-specific antigens

and immunologic adjuvants in cancer immunotherapy.

Cancer J. (2011) 17:325–30. doi: 10.1097/PPO.0b013e31823

26004

Frontiers in Oncology | www.frontiersin.org 6 February 2019 | Volume 9 | Article 59

https://doi.org/10.1038/255197a0
https://doi.org/10.1097/PPO.0b013e3182326004
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Janko et al. SPIONs for Multimodal Tumor Therapy Concepts

3. Schumacher TN, Schreiber RD. Neoantigens in cancer

immunotherapy. Science (2015) 348:69–74. doi: 10.1126/science.

aaa4971

4. Schreiber RD, Old LJ, Smyth MJ. Cancer immunoediting:

integrating immunity’s roles in cancer suppression and

promotion. Science (2011) 331:1565–70. doi: 10.1126/science.

1203486

5. Shao K, Singha S, Clemente-Casares X, Tsai S, Yang Y, Santamaria P.

Nanoparticle-based immunotherapy for cancer. ACS Nano. (2015) 9:16–30.

doi: 10.1021/nn5062029

6. Gillet JP, Gottesman MM. Mechanisms of multidrug resistance in cancer.

Methods Mol Biol. (2010) 596:47–76. doi: 10.1007/978-1-60761-416-6_4

7. Quintiliani M. The oxygen effect in radiation inactivation of DNA and

enzymes. Int J Radiat Biol Relat Stud Phys Chem Med. (1986) 50:573–94.

doi: 10.1080/09553008614550981

8. Kwak LW,Halpern J, Olshen RA, Horning SJ. Prognostic significance of actual

dose intensity in diffuse large-cell lymphoma: results of a tree-structured

survival analysis. J Clin Oncol. (1990) 8:963–77. doi: 10.1200/JCO.1990.8.6.963

9. Shapiro CL, Recht A. Side effects of adjuvant treatment of breast cancer.

N Engl J Med. (2001) 344:1997–2008. doi: 10.1056/NEJM200106283442607

10. Aapro M, Krendyukov A, Schiestl M, Gascon P. Epoetin biosimilars in the

treatment of chemotherapy-induced anemia: 10 years’ experience gained.

BioDrugs (2018) 32:129–35. doi: 10.1007/s40259-018-0262-9

11. Crawford J, Dale DC, Lyman GH. Chemotherapy-induced neutropenia:

risks, consequences, and new directions for its management. Cancer (2004)

100:228–37. doi: 10.1002/cncr.11882

12. Wyatt G, Sikorskii A, Tesnjak I, Victorson D, Srkalovic G. Chemotherapy

interruptions in relation to symptom severity in advanced breast cancer.

Support Care Cancer. (2015) 23:3183–91. doi: 10.1007/s00520-015-2698-5

13. Ohe Y, Yamamoto S, Suzuki K, Hojo F, Kakinuma R, Matsumoto

T, et al. Risk factors of treatment-related death in chemotherapy and

thoracic radiotherapy for lung cancer. Eur. J. Cancer (2001) 37:54–63.

doi: 10.1016/S0959-8049(00)00350-6

14. Klastersky JA. Checkpoint inhibitors: outstanding efficacy but at what cost?

Curr Opin Oncol. (2016) 28:253. doi: 10.1097/CCO.0000000000000305

15. Sriratana P, Norton J. New immunotherapies in oncology treatment

and their side effect profiles. J Am Board Fam Med. (2018) 31:620–7.

doi: 10.3122/jabfm.2018.04.170387

16. Patel SP, Woodman SE. Profile of ipilimumab and its role in the

treatment of metastatic melanoma. Drug Des Devel Ther. (2011) 5:489–95.

doi: 10.2147/DDDT.S10945

17. Pilla L, Maccalli C. Immune profiling of cancer patients treated with

immunotherapy: advances and challenges. Biomedicines (2018) 6:E76.

doi: 10.3390/biomedicines6030076

18. Yang Y. Cancer immunotherapy: harnessing the immune system to battle

cancer. J Clin Invest. (2015) 125:3335–7. doi: 10.1172/JCI83871

19. Pardoll D. Cancer and the immune system: basic concepts

and targets for intervention. Semin Oncol. (2015) 42:523–38.

doi: 10.1053/j.seminoncol.2015.05.003

20. Zugazagoitia J, Guedes C, Ponce S, Ferrer I, Molina-Pinelo S, Paz-Ares L.

Current Challenges in Cancer Treatment. Clin Ther. (2016) 38:1551–66.

doi: 10.1016/j.clinthera.2016.03.026

21. West H. Nivolumab as first line monotherapy for advanced non-

small cell lung cancer: could we replace first line chemotherapy

with immunotherapy? Transl Lung Cancer Res. (2014) 3:400–2.

doi: 10.3978/j.issn.2218-6751.2014.09.04

22. Andrews A. Treating with checkpoint inhibitors-figure $1 million per patient.

Am Health Drug Benefits. (2015) 8:9.

23. Tartari F, Santoni M, Burattini L, Mazzanti P, Onofri A, Berardi R. Economic

sustainability of anti-PD-1 agents nivolumab and pembrolizumab in cancer

patients: Recent insights and future challenges. Cancer Treat Rev. (2016)

48:20–4. doi: 10.1016/j.ctrv.2016.06.002

24. Ventola CL. Cancer immunotherapy, part 3: challenges and future trends. P

T. (2017) 42:514–21.

25. Kim KS, Suzuki K, Cho H, Youn YS, Bae YH. Oral nanoparticles exhibit

specific high-efficiency intestinal uptake and lymphatic transport. ACS Nano.

(2018) 12:8893–900. doi: 10.1021/acsnano.8b04315

26. Choi HS, LiuW,Misra P, Tanaka E, Zimmer JP, Itty Ipe B, et al. Renal clearance

of quantum dots. Nat Biotechnol. (2007) 25:1165–70. doi: 10.1038/nbt1340

27. Longmire M, Choyke PL, Kobayashi H. Clearance properties of nano-

sized particles and molecules as imaging agents: considerations and caveats.

Nanomedicine (2008) 3:703–17. doi: 10.2217/17435889.3.5.703

28. Nie S. Understanding and overcoming major barriers in cancer

nanomedicine. Nanomedicine (2010) 5:523–8. doi: 10.2217/nnm.10.23

29. Gustafson HH, Holt-Casper D, Grainger DW, Ghandehari H. Nanoparticle

uptake: the phagocyte problem. Nano Today (2015) 10:487–510.

doi: 10.1016/j.nantod.2015.06.006

30. Chen KH, Lundy DJ, Toh EK, Chen CH, Shih C, Chen P, et al. Nanoparticle

distribution during systemic inflammation is size-dependent and organ-

specific. Nanoscale (2015) 7:15863–72. doi: 10.1039/C5NR03626G

31. Aggarwal P, Hall JB, McLeland CB, Dobrovolskaia MA, McNeil SE.

Nanoparticle interaction with plasma proteins as it relates to particle

biodistribution, biocompatibility and therapeutic efficacy.AdvDrugDeliv Rev.

(2009) 61:428–37. doi: 10.1016/j.addr.2009.03.009

32. Chertok B, David AE, Yang VC. Magnetically-enabled and MR-monitored

selective brain tumor protein delivery in rats via magnetic nanocarriers.

Biomaterials (2011) 32:6245–53. doi: 10.1016/j.biomaterials.2011.05.004

33. Vaupel P. Tumor microenvironmental physiology and its implications

for radiation oncology. Semin Radiat Oncol. (2004) 14:198–206.

doi: 10.1016/j.semradonc.2004.04.008

34. Altinoglu EI, Russin TJ, Kaiser JM, Barth BM, Eklund PC, Kester M, et al.

Near-infrared emitting fluorophore-doped calcium phosphate nanoparticles

for in vivo imaging of human breast cancer. ACS Nano. (2008) 2:2075–84.

doi: 10.1021/nn800448r

35. Fang J, Nakamura H, Maeda H. The EPR effect: Unique features of

tumor blood vessels for drug delivery, factors involved, and limitations

and augmentation of the effect. Adv Drug Deliv Rev. (2011) 63:136–51.

doi: 10.1016/j.addr.2010.04.009

36. Bobo D, Robinson KJ, Islam J, Thurecht KJ, Corrie SR. Nanoparticle-

based medicines: a review of FDA-approved materials and clinical

trials to date. Pharm Res. (2016) 33:2373–87. doi: 10.1007/s11095-016-

1958-5

37. Hong M, Zhu S, Jiang Y, Tang G, Pei Y. Efficient tumor targeting of

hydroxycamptothecin loaded PEGylated niosomes modified with transferrin.

J Control Release. (2009) 133:96–102. doi: 10.1016/j.jconrel.2008.09.005

38. Bae YH, Park K. Targeted drug delivery to tumors: myths,

reality and possibility. J Control Release. (2011) 153:198–205.

doi: 10.1016/j.jconrel.2011.06.001

39. Patra CR, Bhattacharya R, Wang E, Katarya A, Lau JS, Dutta S,

et al. Targeted delivery of gemcitabine to pancreatic adenocarcinoma

using cetuximab as a targeting agent. Cancer Res. (2008) 68:1970–8.

doi: 10.1158/0008-5472.CAN-07-6102

40. Bazak R, Houri M, El Achy S, Kamel S, Refaat T. Cancer active targeting by

nanoparticles: a comprehensive review of literature. J Cancer Res Clin Oncol.

(2015) 141:769–84. doi: 10.1007/s00432-014-1767-3

41. Day ES, Bickford LR, Slater JH, Riggall NS, Drezek RA, West JL. Antibody-

conjugated gold-gold sulfide nanoparticles as multifunctional agents for

imaging and therapy of breast cancer. Int J Nanomed. (2010) 5:445–54.

doi: 10.2147/IJN.S10881

42. Hathaway HJ, Butler KS, Adolphi NL, Lovato DM, Belfon R, Fegan D, et al.

Detection of breast cancer cells using targeted magnetic nanoparticles and

ultra-sensitive magnetic field sensors. Breast Cancer Res. (2011) 13:R108.

doi: 10.1186/bcr3050

43. Fan C, Gao W, Chen Z, Fan H, Li M, Deng F, et al. Tumor selectivity of

stealth multi-functionalized superparamagnetic iron oxide nanoparticles. Int

J Pharm. (2011) 404:180–90. doi: 10.1016/j.ijpharm.2010.10.038

44. Tietze R, Lyer S, Durr S, Struffert T, Engelhorn T, Schwarz M, et al.

Efficient drug-delivery using magnetic nanoparticles–biodistribution and

therapeutic effects in tumour bearing rabbits. Nanomedicine (2013) 9:961–71.

doi: 10.1016/j.nano.2013.05.001

45. Janko C, Durr S, Munoz LE, Lyer S, Chaurio R, Tietze R, et al.

Magnetic drug targeting reduces the chemotherapeutic burden on circulating

leukocytes. Int J Mol Sci. (2013) 14:7341–55. doi: 10.3390/ijms140

47341

Frontiers in Oncology | www.frontiersin.org 7 February 2019 | Volume 9 | Article 59

https://doi.org/10.1126/science.aaa4971
https://doi.org/10.1126/science.1203486
https://doi.org/10.1021/nn5062029
https://doi.org/10.1007/978-1-60761-416-6_4
https://doi.org/10.1080/09553008614550981
https://doi.org/10.1200/JCO.1990.8.6.963
https://doi.org/10.1056/NEJM200106283442607
https://doi.org/10.1007/s40259-018-0262-9
https://doi.org/10.1002/cncr.11882
https://doi.org/10.1007/s00520-015-2698-5
https://doi.org/10.1016/S0959-8049(00)00350-6
https://doi.org/10.1097/CCO.0000000000000305
https://doi.org/10.3122/jabfm.2018.04.170387
https://doi.org/10.2147/DDDT.S10945
https://doi.org/10.3390/biomedicines6030076
https://doi.org/10.1172/JCI83871
https://doi.org/10.1053/j.seminoncol.2015.05.003
https://doi.org/10.1016/j.clinthera.2016.03.026
https://doi.org/10.3978/j.issn.2218-6751.2014.09.04
https://doi.org/10.1016/j.ctrv.2016.06.002
https://doi.org/10.1021/acsnano.8b04315
https://doi.org/10.1038/nbt1340
https://doi.org/10.2217/17435889.3.5.703
https://doi.org/10.2217/nnm.10.23
https://doi.org/10.1016/j.nantod.2015.06.006
https://doi.org/10.1039/C5NR03626G
https://doi.org/10.1016/j.addr.2009.03.009
https://doi.org/10.1016/j.biomaterials.2011.05.004
https://doi.org/10.1016/j.semradonc.2004.04.008
https://doi.org/10.1021/nn800448r
https://doi.org/10.1016/j.addr.2010.04.009
https://doi.org/10.1007/s11095-016-1958-5
https://doi.org/10.1016/j.jconrel.2008.09.005
https://doi.org/10.1016/j.jconrel.2011.06.001
https://doi.org/10.1158/0008-5472.CAN-07-6102
https://doi.org/10.1007/s00432-014-1767-3
https://doi.org/10.2147/IJN.S10881
https://doi.org/10.1186/bcr3050
https://doi.org/10.1016/j.ijpharm.2010.10.038
https://doi.org/10.1016/j.nano.2013.05.001
https://doi.org/10.3390/ijms14047341
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Janko et al. SPIONs for Multimodal Tumor Therapy Concepts

46. Lubbe AS, Bergemann C, Huhnt W, Fricke T, Riess H, Brock JW, et al.

Preclinical experiences with magnetic drug targeting: tolerance and efficacy.

Cancer Res. (1996) 56:4694–701.

47. Chertok B, David AE, Yang VC. Brain tumor targeting of magnetic

nanoparticles for potential drug delivery: effect of administration route

and magnetic field topography. J Control Release (2011) 155:393–9.

doi: 10.1016/j.jconrel.2011.06.033

48. Bilyy R, Unterweger H, Weigel B, Dumych T, Paryzhak S, Vovk V, et al. Inert

coats of magnetic nanoparticles prevent formation of occlusive intravascular

co-aggregates with neutrophil extracellular traps. Front Immunol. (2018)

9:2266. doi: 10.3389/fimmu.2018.02266

49. Kepp O, Senovilla L, Vitale I, Vacchelli E, Adjemian S, Agostinis

P, et al. Consensus guidelines for the detection of immunogenic cell

death. Oncoimmunology (2014) 3:e955691. doi: 10.4161/21624011.2014.

955691

50. Dudek AM, Garg AD, Krysko DV, De Ruysscher D, Agostinis P. Inducers

of immunogenic cancer cell death. Cytokine Growth Factor Rev. (2013)

24:319–33. doi: 10.1016/j.cytogfr.2013.01.005

51. Kroemer G, Galluzzi L, Kepp O, Zitvogel L. Immunogenic

cell death in cancer therapy. Annu Rev Immunol.

(2013) 31:51–72. doi: 10.1146/annurev-immunol-032712-

100008

52. Chakraborty M, Abrams SI, Camphausen K, Liu K, Scott T, Coleman CN,

et al. Irradiation of tumor cells up-regulates Fas and enhances CTL lytic

activity and CTL adoptive immunotherapy. J Immunol. (2003) 170:6338–47.

doi: 10.4049/jimmunol.170.12.6338

53. Formenti SC, Demaria S. Radiation therapy to convert the tumor into

an in situ vaccine. Int J Radiat Oncol Biol Phys. (2012) 84:879–80.

doi: 10.1016/j.ijrobp.2012.06.020

54. Fan W, Yung B, Huang P, Chen X. Nanotechnology for multimodal

synergistic cancer therapy. Chem Rev. (2017) 117:13566–638.

doi: 10.1021/acs.chemrev.7b00258

55. Bohara RA, Thorat ND, Pawar SH. Role of functionalization: strategies to

explore potential nano-bio applications of magnetic nanoparticles. RSC Adv.

(2016) 6:43989–4012. doi: 10.1039/C6RA02129H

56. Meyer RA, Green JJ. Biodegradable polymer iron oxide nanocomposites:

the future of biocompatible magnetism. Nanomedicine (2015) 10:3421–5.

doi: 10.2217/nnm.15.165

57. Patil RM, Thorat ND, Shete PB, Bedge PA, Gavde S, Joshi MG,

et al. Comprehensive cytotoxicity studies of superparamagnetic

iron oxide nanoparticles. Biochem Biophys Rep. (2018) 13:63–72.

doi: 10.1016/j.bbrep.2017.12.002

58. Singh N, Jenkins GJ, Asadi R, Doak SH. Potential toxicity of

superparamagnetic iron oxide nanoparticles (SPION). Nano Rev. (2010)

1. doi: 10.3402/nano.v1i0.5358

59. Zaloga J, Pottler M, Leitinger G, Friedrich RP, Almer G, Lyer S, et al.

Pharmaceutical formulation of HSA hybrid coated iron oxide nanoparticles

for magnetic drug targeting. Eur J Pharm Biopharm. (2016) 101:152–62.

doi: 10.1016/j.ejpb.2016.01.017

60. Zaloga J, Janko C, Nowak J, Matuszak J, Knaup S, Eberbeck D, et al.

Development of a lauric acid/albumin hybrid iron oxide nanoparticle

system with improved biocompatibility. Int J Nanomed. (2014) 9:4847–66.

doi: 10.2147/IJN.S68539

61. Zaloga J, Janko C, Agarwal R, Nowak J, Muller R, Boccaccini AR, et al.

Different storage conditions influence biocompatibility and physicochemical

properties of iron oxide nanoparticles. Int J Mol Sci. (2015) 16:9368–84.

doi: 10.3390/ijms16059368

62. Unterweger H, Janko C, Schwarz M, Dezsi L, Urbanics R, Matuszak

J, et al. Non-immunogenic dextran-coated superparamagnetic iron

oxide nanoparticles: a biocompatible, size-tunable contrast agent

for magnetic resonance imaging. Int J Nanomed. (2017) 12:5223–38.

doi: 10.2147/IJN.S138108

63. Unterweger H, Dezsi L, Matuszak J, Janko C, Poettler M, Jordan

J, et al. Dextran-coated superparamagnetic iron oxide nanoparticles

for magnetic resonance imaging: evaluation of size-dependent imaging

properties, storage stability and safety. Int J Nanomed. (2018) 13:1899–915.

doi: 10.2147/IJN.S156528

64. Janko C, Zaloga J, Pöttler M, Dürr S, Eberbeck D, Tietze R, et al.

Strategies to optimize the biocompatibility of iron oxide nanoparticles

– “SPIONs safe by design”. J Magnet Magn Mater. (2017) 431:281–4.

doi: 10.1016/j.jmmm.2016.09.034

65. Revia RA, Zhang M. Magnetite nanoparticles for cancer diagnosis, treatment,

and treatment monitoring: recent advances. Mater Today (2016) 19:157–68.

doi: 10.1016/j.mattod.2015.08.022

66. Raynal I, Prigent P, Peyramaure S, Najid A, Rebuzzi C, Corot C. Macrophage

endocytosis of superparamagnetic iron oxide nanoparticles: mechanisms

and comparison of ferumoxides and ferumoxtran-10. Invest Radiol. (2004)

39:56–63. doi: 10.1097/01.rli.0000101027.57021.28

67. Müller K, Skepper J, Pósfai M, Trivedi R, Howarth S, Corot C, et al. Effect

of ultrasmall superparamagnetic iron oxide nanoparticles (Ferumoxtran-

10) on human monocyte-macrophages in vitro. (2007). 28:1629–42.

doi: 10.1016/j.biomaterials.2006.12.003

68. Dawidczyk CM, Kim C, Park JH, Russell LM, Lee KH, Pomper MG, et al.

State-of-the-art in design rules for drug delivery platforms: lessons learned

from FDA-approved nanomedicines. J Control Release (2014) 187:133–44.

doi: 10.1016/j.jconrel.2014.05.036

69. Malhotra M, Sekar TV, Ananta JS, Devulapally R, Afjei R, Babikir

HA, et al. Targeted nanoparticle delivery of therapeutic antisense

microRNAs presensitizes glioblastoma cells to lower effective doses of

temozolomide in vitro and in a mouse model. Oncotarget (2018) 9:21478–94.

doi: 10.18632/oncotarget.25135

70. Roberts CM, Shahin SA, Wen W, Finlay JB, Dong J, Wang R, et al.

Nanoparticle delivery of siRNA against TWIST to reduce drug resistance and

tumor growth in ovarian cancer models. Nanomedicine (2017) 13:965–76.

doi: 10.1016/j.nano.2016.11.010

71. Zhao X, Yang K, Zhao R, Ji T, Wang X, Yang X, et al. Inducing

enhanced immunogenic cell death with nanocarrier-based drug delivery

systems for pancreatic cancer therapy. Biomaterials (2016) 102:187–97.

doi: 10.1016/j.biomaterials.2016.06.032

72. Lu J, Liu X, Liao YP, Salazar F, Sun B, Jiang W, et al. Nano-enabled

pancreas cancer immunotherapy using immunogenic cell death

and reversing immunosuppression. Nat Commun. (2017) 8:1811.

doi: 10.1038/s41467-017-01651-9

73. Sirova M, Kabesova M, Kovar L, Etrych T, Strohalm J, Ulbrich K, et al. HPMA

copolymer-bound doxorubicin induces immunogenic tumor cell death. Curr

Med Chem. (2013) 20:4815–26. doi: 10.2174/09298673113206660281

74. Vyas D, Lopez-Hisijos N, Gandhi S, El-Dakdouki M, Basson MD, Walsh

MF, et al. Doxorubicin-Hyaluronan Conjugated Super-Paramagnetic Iron

Oxide Nanoparticles (DOX-HA-SPION) enhanced cytoplasmic uptake of

doxorubicin and modulated apoptosis, IL-6 release and NF-kappaB activity

in human MDA-MB-231 breast cancer cells. J Nanosci Nanotechnol. (2015)

15:6413–22. doi: 10.1166/jnn.2015.10834

75. Elbialy NS, Fathy MM, Khalil WM. Doxorubicin loaded magnetic gold

nanoparticles for in vivo targeted drug delivery. Int J Pharm. (2015) 490:190–9.

doi: 10.1016/j.ijpharm.2015.05.032

76. Liang PC, Chen YC, Chiang CF,Mo LR,Wei SY, HsiehWY, et al. Doxorubicin-

modified magnetic nanoparticles as a drug delivery system for magnetic

resonance imaging-monitoring magnet-enhancing tumor chemotherapy. Int

J Nanomed. (2016) 11:2021–37. . doi: 10.2147/IJN.S94139

77. Alev M, Egenberger L, Muhleisen L, Weigel B, Frey B, Friedrich RP,

et al. Targeting of drug-loaded nanoparticles to tumor sites increases cell

death and release of danger signals. J Control Release (2018) 285:67–80.

doi: 10.1016/j.jconrel.2018.07.007

78. Tang XL, Jing F, Lin BL, Cui S, Yu RT, Shen XD, et al. pH-

responsive magnetic mesoporous silica-based nanoplatform for synergistic

photodynamic therapy/chemotherapy. ACS Appl Mater Interf. (2018)

10:15001–11. doi: 10.1021/acsami.7b19797

79. Ceeraz S, Nowak EC, Burns CM, Noelle RJ. Immune checkpoint receptors in

regulating immune reactivity in rheumatic disease. Arthritis Res Ther. (2014)

16:469. doi: 10.1186/s13075-014-0469-1

80. Freeman GJ, Long AJ, Iwai Y, Bourque K, Chernova T, Nishimura H, et al.

Engagement of the PD-1 immunoinhibitory receptor by a novel B7 family

member leads to negative regulation of lymphocyte activation. J Exp Med.

(2000) 192:1027–34. doi: 10.1084/jem.192.7.1027

Frontiers in Oncology | www.frontiersin.org 8 February 2019 | Volume 9 | Article 59

https://doi.org/10.1016/j.jconrel.2011.06.033
https://doi.org/10.3389/fimmu.2018.02266
https://doi.org/10.4161/21624011.2014.955691
https://doi.org/10.1016/j.cytogfr.2013.01.005
https://doi.org/10.1146/annurev-immunol-032712-100008
https://doi.org/10.4049/jimmunol.170.12.6338
https://doi.org/10.1016/j.ijrobp.2012.06.020
https://doi.org/10.1021/acs.chemrev.7b00258
https://doi.org/10.1039/C6RA02129H
https://doi.org/10.2217/nnm.15.165
https://doi.org/10.1016/j.bbrep.2017.12.002
https://doi.org/10.3402/nano.v1i0.5358
https://doi.org/10.1016/j.ejpb.2016.01.017
https://doi.org/10.2147/IJN.S68539
https://doi.org/10.3390/ijms16059368
https://doi.org/10.2147/IJN.S138108
https://doi.org/10.2147/IJN.S156528
https://doi.org/10.1016/j.jmmm.2016.09.034
https://doi.org/10.1016/j.mattod.2015.08.022
https://doi.org/10.1097/01.rli.0000101027.57021.28
https://doi.org/10.1016/j.biomaterials.2006.12.003
https://doi.org/10.1016/j.jconrel.2014.05.036
https://doi.org/10.18632/oncotarget.25135
https://doi.org/10.1016/j.nano.2016.11.010
https://doi.org/10.1016/j.biomaterials.2016.06.032
https://doi.org/10.1038/s41467-017-01651-9
https://doi.org/10.2174/09298673113206660281
https://doi.org/10.1166/jnn.2015.10834
https://doi.org/10.1016/j.ijpharm.2015.05.032
https://doi.org/10.2147/IJN.S94139
https://doi.org/10.1016/j.jconrel.2018.07.007
https://doi.org/10.1021/acsami.7b19797
https://doi.org/10.1186/s13075-014-0469-1
https://doi.org/10.1084/jem.192.7.1027
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Janko et al. SPIONs for Multimodal Tumor Therapy Concepts

81. Leach DR, Krummel MF, Allison JP. Enhancement of antitumor

immunity by CTLA-4 blockade. Science (1996) 271:1734–6.

doi: 10.1126/science.271.5256.1734

82. Fessas P, Lee H, Ikemizu S, Janowitz T. A molecular and preclinical

comparison of the PD-1-targeted T-cell checkpoint inhibitors

nivolumab and pembrolizumab. Semin Oncol. (2017) 44:136–40.

doi: 10.1053/j.seminoncol.2017.06.002

83. Goldberg MS. Immunoengineering: how nanotechnology can enhance cancer

immunotherapy. Cell (2015) 161:201–4. doi: 10.1016/j.cell.2015.03.037

84. Sengupta S. Cancer nanomedicine: lessons for immuno-oncology. Trends

Cancer (2017) 3:551–60. doi: 10.1016/j.trecan.2017.06.006

85. Schmid D, Park CG, Hartl CA, Subedi N, Cartwright AN, Puerto RB,

et al. T cell-targeting nanoparticles focus delivery of immunotherapy

to improve antitumor immunity. Nat Commun. (2017) 8:1747.

doi: 10.1038/s41467-017-01830-8

86. Mühlberger M, Janko C, Unterweger H, Schreiber E, Band J, Lehmann C,

et al. Functionalization of T lymphocytes for magnetically controlled immune

therapy: selection of suitable superparamagnetic iron oxide nanoparticles. J

Magnet Magn Mater. (2019) 473:61–7. doi: 10.1016/j.jmmm.2018.10.022

87. Hildebrandt B, Wust P, Ahlers O, Dieing A, Sreenivasa G, Kerner T, et al. The

cellular and molecular basis of hyperthermia. Crit Rev Oncol Hematol. (2002)

43:33–56. doi: 10.1016/S1040-8428(01)00179-2

88. Bass H, Moore JL, Coakley WT. Lethality in mammalian cells due to

hyperthermia under oxic and hypoxic conditions. Int J Radiat Biol Relat Stud

Phys Chem Med. (1978) 33:57–67. doi: 10.1080/09553007714551491

89. Chatterjee DK, Diagaradjane P, Krishnan S. Nanoparticle-mediated

hyperthermia in cancer therapy. Ther Deliv. (2011) 2:1001–14.

doi: 10.4155/tde.11.72

90. Tian X, Lara H, Wagner KT, Saripalli S, Hyder SN, Foote M, et al. Improving

DNA double-strand repair inhibitor KU55933 therapeutic index in cancer

radiotherapy using nanoparticle drug delivery. Nanoscale (2015) 7:20211–9.

doi: 10.1039/C5NR05869D

91. Hamoudeh M, Kamleh MA, Diab R, Fessi H. Radionuclides delivery systems

for nuclear imaging and radiotherapy of cancer. Adv Drug Deliv Rev. (2008)

60:1329–46. doi: 10.1016/j.addr.2008.04.013

92. Klein S, Sommer A, Distel LV, Hazemann JL, Kroner W, Neuhuber W, et al.

Superparamagnetic iron oxide nanoparticles as novel X-ray enhancer for low-

dose radiation therapy. J Phys Chem B. (2014) 118:6159–66. doi: 10.1021/jp50

26224

93. Klein S, Sommer A, Distel LV, Neuhuber W, Kryschi C.

Superparamagnetic iron oxide nanoparticles as radiosensitizer

via enhanced reactive oxygen species formation. Biochem

Biophys Res Commun. (2012) 425:393–7. doi: 10.1016/j.bbrc.2012.

07.108

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

The handling editor declared a shared affiliation, though no other collaboration,

with the authors.

Copyright © 2019 Janko, Ratschker, Nguyen, Zschiesche, Tietze, Lyer and

Alexiou. This is an open-access article distributed under the terms of the

Creative Commons Attribution License (CC BY). The use, distribution or

reproduction in other forums is permitted, provided the original author(s)

and the copyright owner(s) are credited and that the original publication in

this journal is cited, in accordance with accepted academic practice. No use,

distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Oncology | www.frontiersin.org 9 February 2019 | Volume 9 | Article 59

https://doi.org/10.1126/science.271.5256.1734
https://doi.org/10.1053/j.seminoncol.2017.06.002
https://doi.org/10.1016/j.cell.2015.03.037
https://doi.org/10.1016/j.trecan.2017.06.006
https://doi.org/10.1038/s41467-017-01830-8
https://doi.org/10.1016/j.jmmm.2018.10.022
https://doi.org/10.1016/S1040-8428(01)00179-2
https://doi.org/10.1080/09553007714551491
https://doi.org/10.4155/tde.11.72
https://doi.org/10.1039/C5NR05869D
https://doi.org/10.1016/j.addr.2008.04.013
https://doi.org/10.1021/jp5026224
https://doi.org/10.1016/j.bbrc.2012.07.108
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

	Functionalized Superparamagnetic Iron Oxide Nanoparticles (SPIONs) as Platform for the Targeted Multimodal Tumor Therapy
	Evolvement of Tumors and Their Treatments
	Challenges of Systemic Tumor Therapies
	Targeted Therapies Using Nanoparticles
	Passive Delivery of Nanoparticles
	Active Delivery of Nanoparticles

	Immunogenic Cell Death Induction by Tumor Therapies
	Nanoparticle-Based Therapies
	SPIONs as Drug Transporters
	Combination of Nanocarriers (SPIONs) With Chemotherapy
	Combination of Nanocarriers (SPIONs) With Immunotherapy
	Combination of Nanocarriers (SPIONs) With Hyperthermia and Radiotherapy

	Summary
	Author Contributions
	Funding
	References


