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Abstract

Cancer immunotherapy has emerged as a groundbreaking field, offering promising and transformative
tools for oncological research and treatment. However, it faces several limitations, including variations in
cancer types, dependence on the tumor microenvironments (TMEs), immune cell exhaustion, and adverse
reactions. Magnetic nanoparticles, particularly magnetite nanoparticles (MNPs), with established
pharmacodynamics and pharmacokinetics for clinical use, hold great promise in this context and are now
being explored for therapeutic aims. Numerous preclinical studies have illustrated their efficacy in
enhancing immunotherapy through various strategies, such as modulating leukocyte functions, creating
favorable TMEs for cytotoxic T lymphocytes, combining with monoclonal antibodies, and stimulating the
immune response via magnetic hyperthermia (MHT) treatment (Front Immunol. 2021;12:701485. doi:
10.3389/fimmu.2021.701485). However, the current clinical trials of MNPs are mostly for diagnostic aims
and as a tool for generating hyperthermia for tumor ablation. With concerns about the adverse effects of
MNPs in the in vivo systems, clinical translation and clinical study of MNP-boosted immunotherapy remains
limited. The lack of extensive clinical investigations poses a current barrier to patient application. Urgent
efforts are needed to ascertain both the efficacy of MNP-enhanced immunotherapy and its safety profile in
combination therapy. This article reviews the roles, potential, and challenges of using MNPs in advancing
cancer immunotherapy. The application of MNPs in boosting immunotherapy, and its perspective role in
research and development is also discussed.
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Introduction

Cancer is a leading cause of death worldwide and has been a global public health issue for centuries.
Although the incidence of some cancers has started to decline as a result of the better prevention of the
associated risk factors and screening at the early preneoplastic stage, the incidence of some cancers, e.g.,
the malignancy of lung, breast, prostate, and corpus uteri, remains increasing [1]. It is projected that
approximately 2 million new cases and 600,000 deaths will be reached in the USA at the end of 2023. This
results in unevaluable social and economic impacts. The investigation for curative cancer treatments has,
thus, been a hope for improving not only the quality of life for patients but also the holistic aspects of
society.

Many therapeutic modalities are developed to improve the outcome of cancer treatments. One of the
emerging tools for cancer treatment is immunotherapy [2]. Since the ability to evade immune surveillance
is one of the cancer hallmarks [3, 4], harnessing endogenous immunity or manipulating immune activation
by exogenous factors has become very promising in recent years. Strategies to manipulate the self-
immunity of patients to turn against cancer cells are investigated, ranging from the development of
monoclonal antibodies against specific oncoproteins [5] to the modulation of innate and adaptive immune
cells [6, 7]. Cancer immunotherapy has revolutionized cancer treatment both in solid cancer and
hematologic malignancies for years and is a breakthrough in the oncotherapeutic field [8]. Various cancer
types have positive clinical responses to immunotherapy, such as metastatic melanoma [9], advanced renal
cell carcinoma [10, 11], advanced or metastatic triple-negative breast cancer [12], metastatic non-small cell
lung cancer [13, 14], and resectable lung cancer [15, 16]. Nowadays, multiple immunotherapy-based
treatments have been approved by the USA Food and Drug Administration (FDA), including monoclonal
antibodies [9, 17], immune checkpoint blockades [17], and chimeric antigen receptor (CAR) T cell products
[18]. Some medications are in ongoing clinical trials and hold a high promise of being approved a few years
later.

Cancer immunotherapy is such a breakthrough therapeutic modality that it is an exciting and
promising leap toward cancer curation. It is acknowledged that there remain some challenges that need
improvement for this method [2, 19]. Examples include that immunotherapy has only had satisfactory
outcomes with specific subtypes of cancer. These include a defined tumor with the immune
microenvironment, the so-called “hot” tumors. Moreover, the immune cells that are involved in cancer cell
eradication can become exhausted when exposed to modulation by cancer and other stromal cells in the
tumor microenvironments (TMEs) [20, 21]. Many studies are thereby investigating novel methods to
overcome these civil wars with the endogenous enemies [8]. Among the emerging technologies to boost
cancer immunotherapy, nanomedicine is one of the tools that has been applied and has become impactful
for decades [22]. One of the emerging in immunotherapy is magnetic nanoparticles, especially magnetite
nanoparticles (MNPs, Fe;0,) [23]. Safety windows have long been used when MNPs have been used in the
medical field. MNPs are friendly tools for biomedical investigators, and the studies on this topic are
increasing worldwide [24]. In this narrative review, PubMed, Science Direct, and Scopus databases were
searched and the pertinent original and review articles are included in the narration and discussion. The
advancement of MNPs application in cancer immunotherapy is reviewed, and the state-of-the-art and the
challenge, along with the development of MNPs for different immunological aspects of cancer
immunotherapy, are also discussed.

Challenges in cancer immunotherapy and the assistance of nanomedicine

With a notable success rate of cancer immunotherapy, it is important that this therapeutic modality
remains subject to ongoing refinement and advancement. Many challenges arise along with the translation
to patients and at the research and development sections [19]. For instance, non-specific immune
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stimulation often precipitates pronounced inflammatory responses and may cause undesired or severe side
effects [23]. For example, checkpoint inhibitor therapy, while liberating immune responses from inhibitory
constraints, can inadvertently trigger uncontrolled reactions. This may substantially impact the patient’s
physiological milieu, giving rise to unintended immune-related adverse events [25]. In addition to these
challenges, it is crucial to recognize that the clinical efficacy of immunotherapeutic approaches remains
confined to a select subset of patients, contingent upon the inherent immunogenicity of distinct tumor
types, particularly within the ambit of immuno-oncological strategies aimed at stimulating specific anti-
tumor immune responses [26].

Nanoparticles are various classes of matter sized in a nanoscale ranging from 1-100 nm. These
ultrafine particles can be synthesized from various materials and thus result in different properties that can
be used in multi-purpose applications [27]. One emerging nanomaterial in medical applications, including
cancer immunotherapy, is MNPs, especially the aforementioned MNPs [23]. MNPs have garnered approval
from the USA FDA for applications in medical diagnostics, including magnetic resonance imaging (MRI) and
iron replacement therapy [28, 29]. Furthermore, the European Medicines Agency (EMA) has approved the
use of this iron oxide particle, exemplified by NanoTherm®, to treat recurrent glioblastoma multiforme [30,
31]. MNPs have also emerged as an auspicious platform for drug delivery systems [32, 33]. These
distinctive features render MNPs amenable to theragnostic applications and have prompted extensive
exploration of their potential utility in innovative oncotherapeutic interventions.

MNPs: from a safe diagnostic to therapeutic tools in oncology

Magnetite, an iron oxide mineral (Fe;0,), is abundantly present in natural environments. It exhibits an
inverse spinel crystalline structure [34]. The oxygen ions closely pack face-centered cubic lattices, and ions
with iron ions are located in the interstitial positions between these oxygen ions. These interstitial spaces
comprise two different types: tetrahedral and octahedral sites. Magnetite contains Fe?* jons in the
octahedral sites (Fe?*y,), while both Fe®* ions occupy separated octahedral sites (Fe**,) and tetrahedral
sites (Fe3*rq) in a 1:1:1 ratio. The chemical composition is denoted as Fe3*4(Fe3*Fe?*),,0,2". Furthermore,
under a Curie temperature range of 580°-600°C, the unit cell edge length of magnetite measures a = 8.408
A [35]. MNPs exhibit electrical conductivity, optic, and magnetic properties, as documented in prior studies
[36, 37]. Their broad applicability, the modulation of surface reactivity stands as a crucial focal point [38].
Given the diverse array of applications and interactions with various ions, biomolecules, or polymers, the
precise management of surface reactivity concerning magnetite remains a subject of significance [39-43].
For example, MNPs have been useful for drug delivery, cancer therapy [44-46], and MRI [47]. Therefore, all
these properties of MNPs have extensive utility in cancer therapy. Specifically, the encapsulation of
pharmaceutical agents within MNPs or their surface attachment enables the precise localization of drugs to
desired in vivo sites through the application of an external magnetic field [48-50]. This strategic design
holds significant promise in targeted cancer treatment methodologies [51].

A variety of MNPs have garnered regulatory approval from the USA FDA for clinical deployment, i.e.,
ferumoxide [52], ferumoxtran-10 [53], ferumoxsil [54], ferucarbotran [55], ferumoxytol [56], and magtrace
[57]. These MNPs have primarily been endorsed for the utilization within clinical imaging. Nevertheless, the
relentless pursuit of optimized MNPs to enhance imaging efficiency is an ongoing investigation. Certain
types of this nanoparticulate cohort, however, exhibit an unfavorable performance-to-cost ratio, while the
others have been discontinued from clinical practice due to unmet efficacy expectations. In contrast, some
modified MNPs show a particular advantage for clinical imaging, especially tumor visualization, based on
the biological background of the diseases. A notable investigation by Bai et al. [58] showed the prospect of
MNPs augmentation by incorporating a tumor-targeting peptide, cyclic arginine-glycine-aspartic acid
(cRGD) peptide. This peptide is designed to selectively target the integrin alphavbeta3 (av33) receptors,
frequently overexpressed by the endothelial cells within angiogenic tumor vasculature. Such molecular
modification facilitates the expedited accumulation of MNPs within murine tumor models, thereby
significantly amplifying the efficacy of the MRI. Furthermore, MNPs have demonstrated remarkable
versatility by integrating with supplementary imaging modalities, thereby conferring the potential for
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multi-modal imaging approaches [58]. An illustrative example is reported by Li et al. [59], in which the
authors ingeniously embedded MNPs within nano micelles constituted of 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-amino(polyethylene glycol)-5,000 (DSPE-PEG5k). These nano-micelles were
conjugated with a near-infrared fluorescence dye [cyanine 5 (Cy5)] in conjunction with the tumor-targeting
peptide bombesin, strategically designed to target G protein-coupled receptors overexpressed in diverse
malignancies. This intricate construct precisely targets triple-negative breast cancer, MDA-MB-231, cells by
the nano-micelles. Importantly, this innovative approach enabled dual imaging modalities, encompassing
MRI by utilizing the inner MNPs component and near-infrared fluorescence imaging employing the Cy5 dye
[59]. These findings underscore the inherent advantages of facile surface modification and functionalization
of MNPs, which hold considerable promise, particularly within immuno-oncotherapeutic interventions.

MNPs as an adjunctive treatment for cancer immunotherapy
Modulation of macrophage activities by MNPs

Macrophages represent the frontline of the body’s defense mechanism against both infections and
malignancies, playing a pivotal role in the innate immune system [60]. These versatile immune cells
continuously survey tissues, identifying and eliminating senescent, abnormal, and deceased cells.
Subsequently, they initiate an inflammatory process and activate effector cells to eliminate and digest
pathogens and tumor cells effectively. The functional activity of macrophages is profoundly influenced by
their tissue of residence, developmental origin, and the specific microenvironmental cues they encounter
[61]. One intriguing aspect of macrophage behavior in the context of cancer is their role as tumor-
associated macrophages (TAMs) [7]. These TAMs possess the unique ability to reactivate primed T cells
within the TME by cross-presenting tumor antigens, a function that traditionally occurs in the draining
lymph nodes. This dual role in both innate and adaptive immunity underscores their significance in anti-
tumor responses [62]. While it is known that TAMs may not be as efficient as dendritic cells (DCs) in
antigen presentation, they still possess this capacity. Furthermore, TAMs exhibit an ideal profile for acting
as tumor surveillance through various mechanisms, including the secretion of cytokines such as interferon-
gamma (IFNy) and tumor necrosis factor-alpha (TNFa), the production of inducible nitric oxide synthase,
and the induction of anti-tumor inflammatory response [63]. The tumor cells, however, turn against the
immune systems and evade the phagocytosis by these immune cells by overexpressing “do-not-eat-me”
signals [64]. By interacting with the inhibitory signals from tumor cells, the immune cells can become
exhausted, and the phagocytotic and antigen-presenting functions could be compromised. The modulatory
signals and cytokines from tumor cells can also alter the polarity of TAMs from the anti-tumorigenic M1 to
the pro-tumorigenic M2-like phenotypes. The M2-like TAMs further diminish the anti-tumor potential of
M1-like TAMs, thereby promoting tumor growth, immune evasion, and metastasis [65]. Consequently,
extensive research efforts have been undertaken to enhance phagocytic activity and promote M1
polarization of TAMs through the utilization of MNPs as a promising approach.

There are several studies demonstrating that MNPs are helpful for a re-polarization of M2-like
macrophages in TME to anti-tumorigenic M1-like macrophages. The in vitro study of leukemic cell lines
showed that ferumoxytol, an FDA-approved MNP, can upregulate the markers of the M1 phenotype while
downregulating the markers of the M2 phenotype of TAMs [66]. Ferumoxytol-treated mice also show
increased polarization toward M1 phenotypes and increased infiltration of M1-like TAMs in a murine
breast cancer model. In vitro, the study of mouse cancer cells Hepa 1-6 conducted by Zhang et al. [67] also
showed similar trends. Dimercaptosuccinic acid (DMSA)-coated MNPs induced proliferation, migration, and
chemotaxis of mouse macrophage RAW264.7 cells, to directly kill Hepa 1-6 cells [67]. In breast cancer
mouse models, a biomimetic polymer magnetic nanocarrier poly lactic-co-glycolic acid (PLGA)-ion-
R837@M (PIR@M) selectively targeted and polarized TAMs, resulting in the upregulation of both the pro-
inflammatory cytokines and the infiltration of T-lymphocytes in tumor tissues [68]. Rao et al. [69]
demonstrated the effects of genetically engineered cell-membrane-coated magnetic nanoparticles (gCM-
MNs) on malignant melanoma and triple-negative breast carcinoma mouse models and found that the gCM-
MNs facilitated the macrophage phagocytosis of cancer cells. Also, they triggered anti-tumor immunity of T
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cells and significantly prolonged the overall survival of the mice by controlling both local growth and
distant metastasis.

In addition, MNPs can also enhance the efficacy of immunotherapeutic drug delivery to tumors by the
guidance of an external magnetic field. By this application, the modified MNPs, show the effectiveness of
carrying the monoclonal antibody against cluster of differentiation 47 (CD47), a do-not-eat-me signal,
expressed on cancer cells to prevent the inhibitory interaction with the signal-regulatory protein alpha
(SIRPa) on macrophages [69]. CD47 is also expressed on the surface of normal cells to protect them from
the phagocytosis of macrophages. The magnetic field guidance for MNPs delivery is, thereby, also beneficial
for preventing the reverse reaction of cancer immunotherapy. Although the application of MNPs to enhance
macrophages’ activity is promising, the number of studies is limited. Further investigation will thus be

needed for clinical translation. The summary of MNPs modulating macrophage activities is demonstrated in
Figure 1.

Figure 1. Summary of MNPs efficacy on macrophages’ activities. MNPs enhance macrophage repolarization from the M2 type
into the M1 type, which plays a role in cancer cell phagocytosis. MNPs increase macrophage as well as cytotoxic CD8 T cell
migration to the tumor site. 1: increasing; MQ: macrophage. This figure was created by BioRender.com

Turning “cold” to “hot” tumor by MNPs

Tumor-promoting inflammation is defined as one of the cancer hallmarks in which the immune cells play
crucial roles in this process [3, 4]. Various immune cells are populated in the TMEs and may play different
roles, both anti-tumorigenic and pro-tumorigenic effects. The immunological state of the TMEs could be
classified as “cold” or “hot” regarding the infiltration of leukocytes from blood circulation to the tumor site
[70]. The “cold” tumor usually has less cytotoxic T lymphocytes (CTLs) infiltration. In contrast, the
infiltration of immunosuppressive cells is remarkable, such as regulatory T cells (Tregs), myeloid-derived
suppressor cells (MDSCs), and M2-TAMs. These “cold” TMEs can compromise the functions of infiltrated
CTLs, resulting in immune exhaustion. In line with these effects, cancer immunotherapy is, therefore, less
effective for “cold” tumors. Induction of the “cold” TMEs toward a “hot” tumor is then the strategy to
enhance the effectiveness of cancer immunotherapy [71].

A “hot” TME of tumors is significantly built up and infiltrated by natural killer (NK) cells, DCs, and CTLs
that are not yet exhausted [71]. This condition can prime the therapeutic effects of the administered cancer
immunotherapy. Several reports show that MNPs can enhance the functions of these “hot” populations of
the TMESs, both in vitro and in vivo. Jiang et al. [72, 73] found that ZnCoFe,0,@ZnMnFe,0, MNPs lead to the
activation of interleukin-2 expression and the activation of NK cells to infiltrate the tumor. Fe;0,@SiO,
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MNPs coated NK cells also increase the expression of cytokines and receptors compared to unstimulated
NK cells. Ranges of in vitro studies also demonstrated the preservation of NK cell function by attachment
with MNPs in different models and might be beneficial for immunotherapy.

Apart from the enhancement of immune cell functions, MNPs can also be applied for the induction of
“hot” immune cells to the tumor. CTLs can be attracted by external magnetic force by loading the cells with
citrate-coated MNPs-citrate. The study of Sanz-Ortega et al. [74] indicates that CD8 T cells attached with 3-
aminopropyl-triethoxysilane (APS)-coated MNPs can be magnetically recruited to the tumor by MRI
guidance and shown to improve tumor infiltration. Meng et al. [75] also showed that MNPs-coated lung
cancer membranes could extend the half-life of tripeptidyl peptidase 1 (TPP-1) and maintain the activation
of CTLs to inhibit tumor growth. As shown in Figure 2, MNPs convert “cold” tumors into “hot” tumors.

“Cold” tumor “Hot” tumor

MRI guidance

MNPs-coated MNPs-coated

28 NK cell cTL
L
M2 MQ M1 MQ
- \‘ . .
MDSCs Treg  NK cTL

Figure 2. MNPs turn “cold” tumors into “hot” tumors. MRI guidance increases MNP-coated effector immune cells such as NK
cells and CTLs to tumor sites and enhances cancer cytotoxicity. This figure was created by BioRender.com

MNPs and hyperthermia therapy for activation of immunotherapy

Hyperthermia therapy or thermal therapy is a technique that increases the temperature at the tumor site
for the objective of tumor ablation [76, 77]. However, hyperthermia alone provides limited efficacy for
cancer treatment, so it is usually used to prime the treatment by other modalities, such as radiotherapy [78]
or chemotherapy [79, 80], for synergistic effects. Hyperthermia therapy is relatively less invasive, has less
mutagenic potential, fewer side effects, and increases tumor specificity [51]. There are multiple techniques
for applying hyperthermia therapy, such as photothermal therapy (PTT) [81], photodynamic therapy (PDT)
[82, 83], and magnetic hyperthermia (MHT) [51, 84].

MNPs can generate heat by converting the magnetic energy to thermal energy when exposed to the
alteration of the magnetic field [51]. The heat generation process is called MHT, which could be applied for
cancer treatment. MHT has better tissue penetration than PTT and PDT due to its alternating magnetic field,
which is not limited by beam penetration to external skin from PTT, which uses lasers to generate heat.
Hyperthermia therapy can destroy the tumor cells, thus releasing cytokines and chemicals that recruit
immune cells to initiate a response and induce immunogenic cell death [85-87]. This process can expose
the tumor-associated neoantigen and danger-associated molecular patterns (DAMPs) of cancer cells to
recruit and prime CTLs. However, MHT therapy alone is often insufficient to induce complete regression of
poorly immunogenic tumors in an immunosuppressive TME. Therefore, other immunological tools are
needed, not only turning the tumor to be “hot” but also functioning as a cytotoxic agent for tumor cell
destruction [88, 89].
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As for the future, it is agreed amongst the studies that MHT-immunotherapy, specifically by the MNPs,
has safe and efficient synergistic therapeutic effects against cancer. The harmony between PTT and MHT,
when integrated with immunotherapy, can serve as a multifunctional therapeutic platform to inhibit tumor
growth, metastasis, and recurrence [89-91]. The combined therapies not only serve its antitumor outcomes
but also act as a potent immunological stimulant, indicating a promising area of research for the future.

MNPs enhancing the effects of immune checkpoint blockade

Immune checkpoints have a vital role in immunological homeostasis for balancing the effects of CTLs in
eradicating the damaged cells and recognizing the normal cells. The program cell death protein-1 (PD-1)
expressed on T cells can bind with its ligand, program cell death protein ligand-1 (PD-L1), on normal cells
to signal the information of self-antigen and prevent the attack by CTLs [92, 93]. Cancer cells, however, hi-
jack and overexpress the PD-L1 on their cell surface, leading to the evasion of cytotoxicity caused by CTLs.
The immune checkpoint blockades, namely anti-PD-1/PD-L1 and anti-cytotoxic T-lymphocyte-associated
protein 4 (CTLA4), have thus been developed to restore the functions of CTLs. However, the immune
checkpoint blockades are shown to have a limited overall response rate with frequently associated
unwanted immune-related adverse events [93, 94]. This limitation limits clinical application and needs
further investigation to improve clinical outcomes with minimal adverse effects.

As aforementioned, MHT generated by MNPs can recruit and prime the activation of CTLs by exposing
tumor neoantigen and DAMPs. The combination of MNPs and the immune checkpoint blockades is thus
promising to enhance the anti-tumor activity of the infiltrated CTLs [95, 96]. Conjugating the immune
checkpoint inhibitors and MNPs significantly enhances tumor targeting and therapeutic efficacy. Moreover,
conjugation of anti-PD-L1 and CTLs activators (CD3 and CD28) to the fucoidan-dextran-coated MNPs can
improve the tumor accumulation of CTLs by magnetic guidance [97]. This combination improves the
survival of tumor-bearing mice and minimizes the side effects due to a lower therapeutic dosage. With the
success of this application, conjugating MNPs with various antibodies targeting cancer cells is a promising
method to improve the outcome of cancer immunotherapy, especially for those that can synergize the
effects of MHT [98]. Although highly promising for clinical translation, the information on the synergistic
effects of immune checkpoint blockades and MNPs remains limited, especially in the clinical setting. A

schematic summary of MNPs and hyperthermia therapy for activation of immunotherapy is depicted in
Figure 3.

MHT
convert magnetic energy to
thermal energy .
@9 ./_\ A\ g

2\
o Q
K . - @@
Anti-PD-L1 MNPs

e "o © conjugated
Heat-destroyed MNPs

Activation of tumor cell
CD8 T cells ° °
Y P
Cytokine
. f.ft:ﬂ!‘. releasing/
infiftration DAMP & tumor
neoantigen
expression
&
&
Magnetic field
M2 MQ M1MQ generation
Tumor site MDSCs Treg ~ NK  CTL

Figure 3. MNPs and hyperthermia therapy for cancer treatment. The generation of a magnetic field initiates a conversion of
magnetic energy to thermal energy, resulting in the destruction of tumor cells by heat. Consequently, CD8 T cells are primed by
the expression of DAMPs and tumor-associated neoantigen. The release of cytokines attracts more CTLs to the tumor site to kill
cancer cells. MQ: macrophage. This figure was created by BioRender.com
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Concerning adverse reactions from the MNPs in clinical use

The use of MNPs in cancer immunotherapy, like other nanoparticles, may pose some undesirable side
effects. MNPs might exhibit toxicity due to their composition or interaction with biological systems,
potentially causing cellular stress or damage not only to cancer but also to normal cells [99, 100]. A report
also shows that MNPs might have an immunogenic property and then trigger immune reactions, leading to
inflammation or immune responses against the nanoparticles themselves, impacting their efficacy or
causing adverse reactions [101]. Using MNPs in the in vivo systems shows a risk of accumulating in organs,
potentially causing localized toxicity or interfering with normal organ function [102]. MNPs might persist in
the body over extended periods, raising concerns about potential long-term health effects or accumulation-
related issues [103]. For hyperthermia-based therapy, the application of external magnetic fields might
pose risks, such as tissue heating or adverse effects if not carefully controlled [46]. To cope with these
concerns and possible issues, scientific efforts are focused on refining nanoparticle design, regulating
dosages, and conducting comprehensive safety evaluations in both preclinical and clinical settings to
mitigate these concerns. It is imperative to rigorously monitor and persistently investigate potential side
effects linked to the utilization of MNPs in cancer immunotherapy for effective understanding and
management.

Current status of translating MNPs to clinical studies

Research involving MNPs in boosting immunotherapy for clinical studies has been ongoing but is still
primarily in the preclinical stages. Their translation to clinical studies was progressing cautiously due to the
need for further understanding of their safety profiles, optimal dosages, and potential long-term effects in
humans for the purpose of treatment. Researchers are exploring the feasibility of using MNPs to enhance
various aspects of immunotherapy, such as improving the delivery of immune checkpoint inhibitors,
vaccines, or other immunomodulatory agents to tumor sites. Some studies are investigating the
combination of MNPs with other therapeutic modalities, aiming to maximize their potential in cancer
treatment [23, 104].

Several clinical studies demonstrated that MNPs are safe for use in patients [105]. Up to the present,
MNPs have been mainly studied in clinical trials as a tool for improving diagnosis, e.g., to visualize cancer
metastasis [106, 107] or to suggest the probability of benign versus malignant lymph nodes in pediatric
patients [108]. Morbidity and quality of life after receiving MNPs in cancer patients were also evaluated
[107]. The applications of MNPs for cancer treatment at the clinical trial levels are mostly used for
hyperthermia treatments, as studied in glioblastoma [109] and bone metastasis cancer [110]. However, as
many preclinical studies suggest that magnetic-induced hyperthermia can activate the immune cells in the
TMEs to inhibit the tumor progression, the effects that resulted in the clinical trials for MNP hyperthermia
could not be totally excluded from the immunological consequences. Up to the current search for this
review, the clinical trial report on the success of using MNPs for immunotherapy has not been available. It is
also predicted that a few studies could be moving to clinical trials in the next few years [111].

Conclusions

Many preclinical studies demonstrated the efficiency of using MNPs to boost the effects of immunotherapy
by several strategies, i.e.,, modulating the functions of leukocytes, providing the appropriate TMEs for CTLs,
and combining with monoclonal antibody-based medication as depicted in the schematic summary
(Figure 4) [23].

The applications of MNPs for imaging, drug delivery, and hyperthermia treatment are currently in
many clinical trials. Nevertheless, clinical studies for MNPs as an adjunctive modality of cancer
immunotherapy are still lacking and thus limit the translation to patients at the present time. The adverse
effects of using MNPs remain a concern and need more investigation, especially pharmacokinetics and
pharmacodynamics when MNPs are combined with other strategies, such as hyperthermia. Therefore, more
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Figure 4. Schematic summary. MNPs (Fe,O,) provide an improvement for cancer immunotherapy. 1: increasing; MQ:

macrophage. This figure was created by BioRender.com

clinical investigations are urgently needed to ensure the efficacy of the booster effects of MNPs on cancer
immunotherapy and the safety issues after the combination. The direction in the next few years should then
address these issues and might start with the surveys of immunological surrogate outcomes derived from
the previous clinical trials that use MNPs for other purposes rather than immunological boosting. This
might help move forward the research on MNPs for improving cancer immunotherapy in the near future.

Abbreviations

CTLs: cytotoxic T lymphocytes

DAMPs: danger-associated molecular patterns
DCs: dendritic cells

FDA: Food and Drug Administration
MDSCs: myeloid-derived suppressor cells
MHT: magnetic hyperthermia

MNPs: magnetite nanoparticles

MRI: magnetic resonance imaging

NK: natural killer

PD-L1: program cell death protein ligand-1
PTT: photothermal therapy

TAMs: tumor-associated macrophages
TMESs: tumor microenvironments

Tregs: regulatory T cells

Explor Target Antitumor Ther. 2024;5:316-31 | https://doi.org/10.37349/etat.2024.00220

Page 324


https://www.biorender.com/

Declarations
Acknowledgments

We thank Ms. Emily MacMannis for the English editing of the manuscript.

Author contributions

PJ: Conceptualization, Investigation, Data curation, Writing—original draft, Writing—review & editing. KT,
NT, NK, and JP: Conceptualization, Investigation, Data curation, Writing—original draft. CV:
Conceptualization, Writing—original draft. CS: Conceptualization, Funding acquisition, Project
administration, Supervision, Writing—review & editing. All authors read and approved the submitted
version.

Conflicts of interest

The authors declare that they have no conflicts of interest.

Ethical approval
Not applicable.

Consent to participate

Not applicable.

Consent to publication

Not applicable.

Availability of data and materials

Not applicable.

Funding

Phoomipat Jungcharoen is supported by the Franco-Thai Young Talent Research Fellowship Program,
which is co-funded by the Embassy of France in Thailand and the National Science, Research and
Innovation Fund (NSRF) via the Program Management Unit for Human Resources and Institutional
Development, Research and Innovation [B13F660082]; National Research Council of Thailand [NRCT-66-
N42A660957]. Charupong Saengboonmee is supported by the Research Grant for New Scholars [RGNS 65-
047] from the Office of the Permanent Secretary, Ministry of Higher Education, Science, Research and
Innovation (OPS MHESI), Thailand Science Research and Innovation (TSRI) and the Mekong-Lancang
Cooperation Special Fund. Jutatip Panaampon is supported by Grants-in-Aid for Early-Career Scientists
[22K16327] and Grants-in-Aid for Science Research [22K08482] from the Ministry of Education, Science,
Sports, and Culture of Japan. KT, NT, and NK are funded by the scholarship from Cho-Kalaphruek Excellent
Research Project for Medical Students, Faculty of Medicine, Khon Kaen University. The funders had no role
in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

Copyright
© The Author(s) 2024.

References

1. Siegel RL, Miller KD, Wagle NS, Jemal A. Cancer statistics, 2023. CA Cancer ] Clin. 2023;73:17-48.

2. Peterson C, Denlinger N, Yang Y. Recent advances and challenges in cancer immunotherapy. Cancers
(Basel). 2022;14:3972.

3. Hanahan D. Hallmarks of cancer: new dimensions. Cancer Discovery. 2022;12:31-46.

Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell. 2011;144:646-74.

Explor Target Antitumor Ther. 2024;5:316-31 | https://doi.org/10.37349/etat.2024.00220 Page 325



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

Tarantino P, Ricciuti B, Pradhan SM, Tolaney SM. Optimizing the safety of antibody-drug conjugates
for patients with solid tumours. Nat Rev Clin Oncol. 2023;20:558-76.

Cappell KM, Kochenderfer JN. Long-term outcomes following CAR T cell therapy: what we know so
far. Nat Rev Clin Oncol. 2023;20:359-71.

Pittet M], Michielin O, Migliorini D. Clinical relevance of tumour-associated macrophages. Nat Rev
Clin Oncol. 2022;19:402-21. Erratum in: Nat Rev Clin Oncol. 2022;19:424.

Panaampon ], Zhou Y, Saengboonmee C. Metformin as a booster of cancer immunotherapy. Int
Immunopharmacol. 2023;121:110528.

Hodi FS, O’Day S], McDermott DF, Weber RW, Sosman JA, Haanen ]B, et al. Improved survival with
ipilimumab in patients with metastatic melanoma. N Engl ] Med. 2010;363:711-23. Erratum in: N
Engl ] Med. 2010;363:1290.

Motzer R], Escudier B, George S, Hammers H]J, Srinivas S, Tykodi SS, et al. Nivolumab versus
everolimus in patients with advanced renal cell carcinoma: updated results with long-term follow-up
of the randomized, open-label, phase 3 CheckMate 025 trial. Cancer. 2020;126:4156-67.

Motzer R], Escudier B, McDermott DF, George S, Hammers H]J, Srinivas S, et al.; CheckMate 025
Investigators. Nivolumab versus everolimus in advanced renal-cell carcinoma. N Engl | Med. 2015;
373:1803-13.

Schmid P, Rugo HS, Adams S, Schneeweiss A, Barrios CH, Iwata H, et al.; IMpassion130 Investigators.
Atezolizumab plus nab-paclitaxel as first-line treatment for unresectable, locally advanced or
metastatic triple-negative breast cancer (IMpassion130): updated efficacy results from a
randomised, double-blind, placebo-controlled, phase 3 trial. Lancet Oncol. 2020;21:44-59.

Gandhi L, Rodriguez-Abreu D, Gadgeel S, Esteban E, Felip E, De Angelis F, et al.; KEYNOTE-189
Investigators. Pembrolizumab plus chemotherapy in metastatic non-small-cell lung cancer. N Engl |
Med. 2018;378:2078-92.

Mahajan A, Goyal D, Agarwal U, Patil V, Shukla S, Noronha V, et al. Exploring the implications of
modified advanced lung cancer inflammation index on outcomes in patients with advanced non-
small cell lung cancer. Explor Target Antitumor Ther. 2023;4:896-911.

Forde PM, Chaft JE, Smith KN, Anagnostou V, Cottrell TR, Hellmann MD, et al. Neoadjuvant PD-1
blockade in resectable lung cancer. N Engl ] Med. 2018;378:1976-86. Erratum in: N Engl ] Med.
2018;379:2185.

Malik P, Rani R, Solanki R, Patel VH, Mukherjee TK. Understanding the feasibility of
chemotherapeutic and immunotherapeutic targets against non-small cell lung cancers: an update of
resistant responses and recent combinatorial therapies. Explor Target Antitumor Ther. 2023;4:
850-95.

Topalian SL, Hodi FS, Brahmer JR, Gettinger SN, Smith DC, McDermott DF, et al. Safety, activity, and
immune correlates of anti-PD-1 antibody in cancer. N Engl ] Med. 2012;366:2443-54.

Sadelain M. CD19 CAR T cells. Cell. 2017;171:1471.

Hegde PS, Chen DS. Top 10 challenges in cancer immunotherapy. Immunity. 2020;52:17-35.

Blank CU, Haining WN, Held W, Hogan PG, Kallies A, Lugli E, et al. Defining ‘T cell exhaustion’. Nat
Rev Immunol. 2019;19:665-74.

Wherry EJ, Kurachi M. Molecular and cellular insights into T cell exhaustion. Nat Rev Immunol. 2015;
15:486-99.

Irvine D], Dane EL. Enhancing cancer immunotherapy with nanomedicine. Nat Rev Immunol. 2020;
20:321-34.

Song Q, Javid A, Zhang G, Li Y. Applications of magnetite nanoparticles in cancer immunotherapies:
present hallmarks and future perspectives. Front Immunol. 2021;12:701485.

Chung S, Revia RA, Zhang M. Iron oxide nanoparticles for immune cell labeling and cancer
immunotherapy. Nanoscale Horiz. 2021;6:696-717.

Explor Target Antitumor Ther. 2024;5:316-31 | https://doi.org/10.37349 /etat.2024.00220 Page 326



25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

Naidoo ], Page DB, Li BT, Connell LC, Schindler K, Lacouture ME, et al. Toxicities of the anti-PD-1 and
anti-PD-L1 immune checkpoint antibodies. Ann Oncol. 2015;26:2375-91. Erratum in: Ann Oncol.
2016;27:1362.

Majidpoor ], Mortezaee K. The efficacy of PD-1/PD-L1 blockade in cold cancers and future
perspectives. Clin Immunol. 2021;226:108707.

Weissleder R, Nahrendorf M, Pittet M]. Imaging macrophages with nanoparticles. Nat Mater. 2014;
13:125-38.

Kasturi SP, Skountzou I, Albrecht RA, Koutsonanos D, Hua T, Nakaya HI, et al. Programming the
magnitude and persistence of antibody responses with innate immunity. Nature. 2011;470:543-7.
Zeng Q, Li H, Jiang H, Yu ], Wang Y, Ke H, et al. Tailoring polymeric hybrid micelles with lymph node
targeting ability to improve the potency of cancer vaccines. Biomaterials. 2017;122:105-13.

Grauer O, Jaber M, Hess K, Weckesser M, Schwindt W, Maring S, et al. Combined intracavitary
thermotherapy with iron oxide nanoparticles and radiotherapy as local treatment modality in
recurrent glioblastoma patients. ] Neurooncol. 2019;141:83-94.

Mahmoudi K, Bouras A, Bozec D, Ivkov R, Hadjipanayis C. Magnetic hyperthermia therapy for the
treatment of glioblastoma: a review of the therapy’s history, efficacy and application in humans. Int ]
Hyperthermia. 2018;34:1316-28.

Cho NH, Cheong TC, Min JH, Wu JH, Lee S], Kim D, et al. A multifunctional core-shell nanoparticle for
dendritic cell-based cancer immunotherapy. Nat Nanotechnol. 2011;6:675-82.

Trabulo S, Aires A, Aicher A, Heeschen C, Cortajarena AL. Multifunctionalized iron oxide
nanoparticles for selective targeting of pancreatic cancer cells. Biochim Biophys Acta Gen Subj. 2017;
1861:1597-605.

Bliem R, McDermott E, Ferstl P, Setvin M, Gamba O, Pavelec ], et al. Subsurface cation vacancy
stabilization of the magnetite (001) surface. Science. 2014;346:1215-8.

Cornell RM, Schwertmann U. Crystal structure. The iron oxides: structure, properties, reactions,
occurences and uses. New York: John Wiley & Sons; 2003. pp. 9-38.

Sherman DM. Molecular orbital (SCF-Xa-SW) theory of metal-metal charge transfer processes in
minerals. Phys Chem Miner. 1987;14:355-63.

Abrahams SC, Calhoun BA. The low-temperature transition in magnetite. Acta Crystallogr. 1953;6:
105-6.

Laurent S, Forge D, Port M, Roch A, Robic C, Vander Elst L, et al. Magnetic iron oxide nanoparticles:
synthesis, stabilization, vectorization, physicochemical characterizations, and biological applications.
Chem Rev. 2008;108:2064-110. Erratum in: Chem Rev. 2010;110:2574.

Abushrida A, Elhuni I, Taresco V, Marciani L, Stolnik S, Garnett MC. A simple and efficient method for
polymer coating of iron oxide nanoparticles. ] Drug Delivery Sci Technol. 2020;55:101460.

[to A, Shinkai M, Honda H, Kobayashi T. Medical application of functionalized magnetic
nanoparticles. ] Biosci Bioeng. 2005;100:1-11.

Schwaminger SP, Bauer D, Fraga-Garcia P, Wagner FE, Berensmeier S. Oxidation of magnetite
nanoparticles: impact on surface and crystal propertiest. CrystEngComm. 2017;19:246-55.

Yew YP, Shameli K, Miyake M, Ahmad Khairudin NBB, Mohamad SEB, Naiki T, et al. Green
biosynthesis of superparamagnetic magnetite Fe;0, nanoparticles and biomedical applications in
targeted anticancer drug delivery system: a review. Arabian ] Chem. 2020;13:2287-308.

Harres A, Garcia WJS, Salles TR, Bruckmann FS, Sulzenco ]B, Schneider AD, et al. Magnetic properties
of graphene oxide decorated with magnetite nanoparticles. Diamond Relat Mater. 2023;138:110238.
Bauer LM, Situ SF, Griswold MA, Samia AC. High-performance iron oxide nanoparticles for magnetic
particle imaging-guided hyperthermia (hMPI). Nanoscale. 2016;8:12162-9.

Liu G, Gao ], Ai H, Chen X. Applications and potential toxicity of magnetic iron oxide nanoparticles.
Small. 2013;9:1533-45.

Explor Target Antitumor Ther. 2024;5:316-31 | https://doi.org/10.37349 /etat.2024.00220 Page 327



46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Liu X, Zhang Y, Wang Y, Zhu W, Li G, Ma X, et al. Comprehensive understanding of magnetic
hyperthermia for improving antitumor therapeutic efficacy. Theranostics. 2020;10:3793-815.

Wei H, Bruns OT, Kaul MG, Hansen EC, Barch M, Wisniowska A, et al. Exceedingly small iron oxide
nanoparticles as positive MRI contrast agents. Proc Natl Acad Sci USA. 2017;114:2325-30.
Bruckmann FDS, Rossato Viana A, Tonel MZ, Fagan SB, Garcia W, Oliveira AH, et al. Influence of
magnetite incorporation into chitosan on the adsorption of the methotrexate and in vitro
cytotoxicity. Environ Sci Pollut Res Int. 2022;29:70413-34.

da Rosa Salles T, da Silva Bruckamann F, Viana AR, Krause LMF, Mortari SR, Rhoden CRB. Magnetic
nanocrystalline cellulose: azithromycin adsorption and in vitro biological activity against melanoma
cells. ] Polym Environ. 2022;30:2695-713.

da Silva Bruckmann F, Schnorr CE, da Rosa Salles T, Nunes FB, Baumann L, Miiller E], et al. Highly
efficient adsorption of tetracycline using chitosan-based magnetic adsorbent. Polymers (Basel).
2022;14:4854.

Chang D, Lim M, Goos ], Qiao R, Ng YY, Mansfeld FM, et al. Biologically targeted magnetic
hyperthermia: potential and limitations. Front Pharmacol. 2018;9:831.

Wang YX]. Current status of superparamagnetic iron oxide contrast agents for liver magnetic
resonance imaging. World ] Gastroenterol. 2015;21:13400-2.

Fortuin AS, Briiggemann R, van der Linden ], Panfilov I, Israél B, Scheenen TW], et al. Ultra-small
superparamagnetic iron oxides for metastatic lymph node detection: back on the block. Wiley
Interdiscip Rev Nanomed Nanobiotechnol. 2018;10:e1471.

Wang YX, Idée JM. A comprehensive literatures update of clinical researches of superparamagnetic
resonance iron oxide nanoparticles for magnetic resonance imaging. Quant Imaging Med Surg. 2017;
7:88-122. Erratum in: Quant Imaging Med Surg. 2017;7:383.

Reimer P, Balzer T. Ferucarbotran (Resovist): a new clinically approved RES-specific contrast agent
for contrast-enhanced MRI of the liver: properties, clinical development, and applications. Eur
Radiol. 2003;13:1266-76.

Trujillo-Alonso V, Pratt EC, Zong H, Lara-Martinez A, Kaittanis C, Rabie MO, et al. FDA-approved
ferumoxytol displays anti-leukaemia efficacy against cells with low ferroportin levels. Nat
Nanotechnol. 2019;14:616-22.

Pouw J], Ahmed M, Anninga B, Schuurman K, Pinder SE, Van Hemelrijck M, et al. Comparison of three
magnetic nanoparticle tracers for sentinel lymph node biopsy in an in vivo porcine model. Int ]
Nanomedicine. 2015;10:1235-43.

Bai C, Jia Z, Song L, Zhang W, Chen Y, Zang F, et al. Time-dependent T;-T, switchable magnetic
resonance imaging realized by c(RGDyK) modified ultrasmall Fe;0, nanoprobes. Adv Funct Mater.
2018;28:1802281.

Li L, Wu C, Pan L, Li X, Kuang A, Cai H, et al. Bombesin-functionalized superparamagnetic iron oxide
nanoparticles for dual-modality MR/NIRFI in mouse models of breast cancer. Int ] Nanomedicine.
2019;14:6721-32.

Demaria O, Cornen S, Daéron M, Morel Y, Medzhitov R, Vivier E. Harnessing innate immunity in
cancer therapy. Nature. 2019;574:45-56. Erratum in: Nature. 2019;576:E3.

DeNardo DG, Ruffell B. Macrophages as regulators of tumour immunity and immunotherapy. Nat Rev
Immunol. 2019;19:369-82.

Lecoultre M, Dutoit V, Walker PR. Phagocytic function of tumor-associated macrophages as a key
determinant of tumor progression control: a review. ] Inmunother Cancer. 2020;8:e001408.

Najafi M, Hashemi Goradel N, Farhood B, Salehi E, Nashtaei MS, Khanlarkhani N, et al. Macrophage
polarity in cancer: a review. ] Cell Biochem. 2019;120:2756-65.

Feng M, Jiang W, Kim BYS, Zhang CC, Fu YX, Weissman IL. Phagocytosis checkpoints as new targets
for cancer immunotherapy. Nat Rev Cancer. 2019;19:568-86.

Explor Target Antitumor Ther. 2024;5:316-31 | https://doi.org/10.37349 /etat.2024.00220 Page 328



65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Pathria P, Louis TL, Varner JA. Targeting tumor-associated macrophages in cancer. Trends Immunol.
2019;40:310-27.

Zanganeh S, Hutter G, Spitler R, Lenkov O, Mahmoudi M, Shaw A, et al. Iron oxide nanoparticles
inhibit tumour growth by inducing pro-inflammatory macrophage polarization in tumour tissues.
Nat Nanotechnol. 2016;11:986-94.

Zhang L, Tan S, Liu Y, Xie H, Luo B, Wang J. In vitro inhibition of tumor growth by low-dose iron oxide
nanoparticles activating macrophages. ] Biomater Appl. 2019;33:935-45.

Liu L, Wang Y, Guo X, Zhao ], Zhou S. A biomimetic polymer magnetic nanocarrier polarizing tumor-
associated macrophages for potentiating immunotherapy. Small. 2020;16:2003543.

Rao L, Zhao SK, Wen C, Tian R, Lin L, Cai B, et al. Activating macrophage-mediated cancer
immunotherapy by genetically edited nanoparticles. Adv Mater. 2020;32:2004853.

Galon ], Bruni D. Approaches to treat immune hot, altered and cold tumours with combination
immunotherapies. Nat Rev Drug Discov. 2019;18:197-218.

Zhang ], Huang D, Saw PE, Song E. Turning cold tumors hot: from molecular mechanisms to clinical
applications. Trends Immunol. 2022;43:523-45.

Jiang H, Fu H, Min T, Hu P, Shi ]. Magnetic-manipulated NK cell proliferation and activation enhance
immunotherapy of orthotopic liver cancer. ] Am Chem Soc. 2023;145:13147-60.

Jiang H, Fu H, Guo Y, Hu P, Shi J. Evoking tumor associated macrophages by mitochondria-targeted
magnetothermal immunogenic cell death for cancer immunotherapy. Biomaterials. 2022;289:
121799.

Sanz-Ortega L, Rojas JM, Portilla Y, Pérez-Yagiie S, Barber DF. Magnetic nanoparticles attached to the
NK cell surface for tumor targeting in adoptive transfer therapies does not affect cellular effector
functions. Front Immunol. 2019;10:2073.

Meng X, Wang ], Zhou ], Tian Q, Qie B, Zhou G, et al. Tumor cell membrane-based peptide delivery
system targeting the tumor microenvironment for cancer immunotherapy and diagnosis. Acta
Biomater. 2021;127:266-75.

Yang Z, Gao D, Zhao ], Yang G, Guo M, Wang Y, et al. Thermal immuno-nanomedicine in cancer. Nat
Rev Clin Oncol. 2023;20:116-34.

Ghayour H, Abdellahi M, Ozada N, Jabbrzare S, Khandan A. Hyperthermia application of zinc doped
nickel ferrite nanoparticles. ] Phys Chem Solids. 2017;111:464-72.

Kwon S, Jung S, Baek SH. Combination therapy of radiation and hyperthermia, focusing on the
synergistic anti-cancer effects and research trends. Antioxidants (Basel). 2023;12:924.

Shi F, Luo D, Zhou X, Sun Q, Shen P, Wang S. Combined effects of hyperthermia and chemotherapy on
the regulate autophagy of oral squamous cell carcinoma cells under a hypoxic microenvironment.
Cell Death Discov. 2021;7:227.

Mantso T, Vasileiadis S, Anestopoulos I, Voulgaridou GP, Lampri E, Botaitis S, et al. Hyperthermia
induces therapeutic effectiveness and potentiates adjuvant therapy with non-targeted and targeted
drugs in an in vitro model of human malignant melanoma. Sci Rep. 2018;8:10724.

Overchuk M, Weersink RA, Wilson BC, Zheng G. Photodynamic and photothermal therapies: synergy
opportunities for nanomedicine. ACS Nano. 2023;17:7979-8003.

Di Corato R, Béalle G, Kolosnjaj-Tabi ], Espinosa A, Clément O, Silva AK, et al. Combining magnetic
hyperthermia and photodynamic therapy for tumor ablation with photoresponsive magnetic
liposomes. ACS Nano. 2015;9:2904-16.

Guo S, Song Z, Ji DK, Reina G, Fauny ]JD, Nishina Y, et al. Combined photothermal and photodynamic
therapy for cancer treatment using a multifunctional graphene oxide. Pharmaceutics. 2022;14:1365.

Curcio A, Silva AKA, Cabana S, Espinosa A, Baptiste B, Menguy N, et al. Iron oxide nanoflowers @ CuS
hybrids for cancer tri-therapy: interplay of photothermal therapy, magnetic hyperthermia and
photodynamic therapy. Theranostics. 2019;9:1288-302.

Explor Target Antitumor Ther. 2024;5:316-31 | https://doi.org/10.37349 /etat.2024.00220 Page 329



85.

86.

87.

88.

89.

90.

91.

92.

93.

94,

95.

96.

97.

98.

99.

100.

101.

102.

103.

Chao Y, Chen G, Liang C, Xu ], Dong Z, Han X, et al. Iron nanoparticles for low-power local magnetic
hyperthermia in combination with immune checkpoint blockade for systemic antitumor therapy.
Nano Lett. 2019;19:4287-96.

Wang Z, Zhang F, Shao D, Chang Z, Wang L, Hu H, et al. Janus nanobullets combine photodynamic
therapy and magnetic hyperthermia to potentiate synergetic anti-metastatic immunotherapy. Adv
Sci (Weinh). 2019;6:1901690.

Nishikawa A, Suzuki Y, Kaneko M, Ito A. Combination of magnetic hyperthermia and
immunomodulators to drive complete tumor regression of poorly immunogenic melanoma. Cancer
Immunol Immunother. 2023;72:1493-504.

Fang Y, He Y, Wu C, Zhang M, Gu Z, Zhang ], et al. Magnetism-mediated targeting hyperthermia-
immunotherapy in “cold” tumor with CSF1R inhibitor. Theranostics. 2021;11:6860-72.

Pan ], Hu P, Guo Y, Hao ], Ni D, Xu Y, et al. Combined magnetic hyperthermia and immune therapy for
primary and metastatic tumor treatments. ACS Nano. 2020;14:1033-44.

Yan B, Liu C, Li H, Wen N, Jiao W, Wang S, et al. Reversal of HMGA1-mediated immunosuppression
synergizes with immunogenic magnetothermodynamic for improved hepatocellular carcinoma
therapy. ACS Nano. 2023;17:9209-23.

Kong C, Xu B, Qiu G, Wei M, Zhang M, Bao S, et al. Multifunctional nanoparticles-mediated PTT/PDT
synergistic immune activation and antitumor activity combined with anti-PD-L1 immunotherapy for
breast cancer treatment. Int ] Nanomedicine. 2022;17:5391-411.

Johnson DB, Nebhan CA, Moslehi J], Balko JM. Immune-checkpoint inhibitors: long-term implications
of toxicity. Nat Rev Clin Oncol. 2022;19:254-67.

Robert C. A decade of immune-checkpoint inhibitors in cancer therapy. Nat Commun. 2020;11:3801.

Alsaab HO, Sau S, Alzhrani R, Tatiparti K, Bhise K, Kashaw SK, et al. PD-1 and PD-L1 checkpoint
signaling inhibition for cancer immunotherapy: mechanism, combinations, and clinical outcome.
Front Pharmacol. 2017;8:561.

Deng H, Zhang Z. The application of nanotechnology in immune checkpoint blockade for cancer
treatment. ] Control Release. 2018;290:28-45.

Nie W, Wei W, Zuo L, Lv C, Zhang F, Lu GH, et al. Magnetic nanoclusters armed with responsive PD-1
antibody synergistically improved adoptive T-cell therapy for solid tumors. ACS Nano. 2019;13:
1469-78.

Chiang CS, Lin Y], Lee R, Lai YH, Cheng HW, Hsieh CH, et al. Combination of fucoidan-based magnetic
nanoparticles and immunomodulators enhances tumour-localized immunotherapy. Nat
Nanotechnol. 2018;13:746-54.

Kagawa T, Matsumi Y, Aono H, Ohara T, Tazawa H, Shigeyasu K, et al. Immuno-hyperthermia effected
by antibody-conjugated nanoparticles selectively targets and eradicates individual cancer cells. Cell
Cycle. 2021;20:1221-30.

Malhotra N, Lee JS, Liman RAD, Ruallo JMS, Villaflores OB, Ger TR, et al. Potential toxicity of iron
oxide magnetic nanoparticles: a review. Molecules. 2020;25:3159.

Petri-Fink A, Steitz B, Finka A, Salaklang J, Hofmann H. Effect of cell media on polymer coated
superparamagnetic iron oxide nanoparticles (SPIONs): colloidal stability, cytotoxicity, and cellular
uptake studies. Eur ] Pharm Biopharm. 2008;68:129-37.

Palmieri V, Caracciolo G. Tuning the immune system by nanoparticle-biomolecular corona.
Nanoscale Adv. 2022;4:3300-8.

Nowak-Jary J, Machnicka B. In vivo biodistribution and clearance of magnetic iron oxide
nanoparticles for medical applications. Int ] Nanomedicine. 2023;18:4067-100.

Levy M, Luciani N, Alloyeau D, Elgrabli D, Deveaux V, Pechoux C, et al. Long term in vivo
biotransformation of iron oxide nanoparticles. Biomaterials. 2011;32:3988-99.

Explor Target Antitumor Ther. 2024;5:316-31 | https://doi.org/10.37349 /etat.2024.00220 Page 330



104.

105.

106.

107.

108.

109.

110.

111.

Lafuente-Gémez N, de Lazaro I, Dhanjani M, Garcia-Soriano D, Sobral MC, Salas G, et al.
Multifunctional magnetic nanoparticles elicit anti-tumor immunity in a mouse melanoma model.
Mater Today Bio. 2023;23:100817.

Nuzhina ]V, Shtil AA, Prilepskii AY, Vinogradov VV. Preclinical evaluation and clinical translation of
magnetite-based nanomedicines. ] Drug Delivery Sci Technol. 2019;54:101282.

Makita M, Manabe E, Kurita T, Takei H, Nakamura S, Kuwahata A, et al. Moving a neodymium magnet
promotes the migration of a magnetic tracer and increases the monitoring counts on the skin surface
of sentinel lymph nodes in breast cancer. BMC Med Imaging. 2020;20:58.

Johannsen M, Gneveckow U, Taymoorian K, Thiesen B, Waldoéfner N, Scholz R, et al. Morbidity and
quality of life during thermotherapy using magnetic nanoparticles in locally recurrent prostate
cancer: results of a prospective phase I trial. Int ] Hyperthermia. 2007;23:315-23.

Muehe AM, Siedek F, Theruvath AJ, Seekins ], Spunt SL, Pribnow A, et al. Differentiation of benign and
malignant lymph nodes in pediatric patients on ferumoxytol-enhanced PET/MRI. Theranostics.
2020;10:3612-21.

Maier-Hauff K, Ulrich F, Nestler D, Niehoff H, Wust P, Thiesen B, et al. Efficacy and safety of
intratumoral thermotherapy using magnetic iron-oxide nanoparticles combined with external beam
radiotherapy on patients with recurrent glioblastoma multiforme. ] Neurooncol. 2011;103:317-24.
Matsumine A, Takegami K, Asanuma K, Matsubara T, Nakamura T, Uchida A, et al. A novel
hyperthermia treatment for bone metastases using magnetic materials. Int ] Clin Oncol. 2011;16:
101-8.

Alromi DA, Madani SY, Seifalian A. Emerging application of magnetic nanoparticles for diagnosis and
treatment of cancer. Polymers (Basel). 2021;13:4146.

Explor Target Antitumor Ther. 2024;5:316-31 | https://doi.org/10.37349 /etat.2024.00220 Page 331



	Abstract
	Keywords
	Introduction
	Challenges in cancer immunotherapy and the assistance of nanomedicine
	MNPs: from a safe diagnostic to therapeutic tools in oncology
	MNPs as an adjunctive treatment for cancer immunotherapy
	Modulation of macrophage activities by MNPs
	Turning “cold” to “hot” tumor by MNPs
	MNPs and hyperthermia therapy for activation of immunotherapy

	MNPs enhancing the effects of immune checkpoint blockade
	Concerning adverse reactions from the MNPs in clinical use
	Current status of translating MNPs to clinical studies
	Conclusions
	Abbreviations
	Declarations
	Acknowledgments
	Author contributions
	Conflicts of interest
	Ethical approval
	Consent to participate
	Consent to publication
	Availability of data and materials
	Funding
	Copyright

	References

