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Carbon ion stimulation therapy
reverses iron deposits and microglia
driven neuroinflammation and
induces cognitive improvement

In an Alzheimer’s disease mouse
model

Won-Seok Lee?5, Toshiaki Kokubo*®, Younshick Choi', Tsuyoshi Hamano*,
Alexander Zaboronok®, Takaaki Ishikawa®, Oh-Dae Kwon?, EunHo Kim?*! & Jong-Ki Kim***

Insoluble iron deposits often exist as iron oxide nanoparticles in protein aggregates, impaired

ferritin, or activated microglia and have been implicated as major causes of neuroinflammation in
Alzheimer’s disease. However, no crucial evidence has been reported to support the therapeutic
effects of current iron chelators on the deposition of various molecular forms of insoluble iron. We
investigated the therapeutic effect of carbon ion stimulation (CIS) via a transmission beam on insoluble
iron deposits, iron inclusion bodies, and the associated biological response in 5xFAD AD mouse brains.
Compared with no treatment, CIS dose-dependently induced a 33-60% reduction in the amount of
ferrous-containing iron species and associated inclusion bodies in the brains of AD mice. CIS induced
considerable neuroinflammation downregulation and, conversely, anti-inflammatory upregulation,
which was associated with improved memory and enhanced hippocampal neurogenesis. In conclusion,
our results suggest that the effective degradation of insoluble iron deposits in combination with
pathogenic inclusion bodies promotes AD-modifying properties and offers a potential CIS treatment
option for AD.

Keywords Iron deposition, Carbon beam transmission, Iron oxide nanoparticles, Microglial polarization,
Neuroinflammation

Protein binding renders magnetite in a redox-active reduced state, which produces toxicity to iron deposit-
protein aggregates!™. The interaction of the A protein with ferritin induces the release of ferrous magnetite
from ferritin and the formation of pathogenic ferritin, which contains ferrous magnetite-amyloid-ferritin
aggregates®*. Microglial activation is triggered by direct glial uptake of pathogenic ferritin®’ or Ap plaque-
infiltrating microglia®, which can contain ferrous magnetite">!°. An inflammatory cascade catalyzes
microglial ferroptosis, ferroptosis-mediated neuronal or astrocyte loss, and the induction of neurotoxic
reactive astrocytes!!~!>. This subsequently stimulates multiple signaling pathways to induce tauopathy and
generate additional reactive oxygen species (ROS) and cytokines, resulting in the spread of oxidative damage
in Alzheimer’s disease (AD)!®!”. The significance of nanoparticles for insoluble iron deposition in terms of
potential therapeutic application, including as iron chelators, has not been well recognized in the medical field.

We propose that redox-active iron oxide deposits, involved in the neuroinflammatory response and distinct
from cellular labile iron ions, can exist in the form of insoluble protein aggregates, pathogenic ferritin aggregates,
or iron-laden microglia. Furthermore, if not eliminated, redox-active iron deposits are continuously neurotoxic
via neuroinflammation induction and should be targeted to achieve disease-modifying effects while preventing
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further neuronal damage!'>!>. Our prior work on proton stimulation treatment in an AD mouse model

demonstrated disrupted and reduced iron deposition in Ap plaques and improved cognitive impairment'®. The
present study explored whether disrupting redox-toxic iron deposits and protein aggregates by carbon beam
transmission influenced the neuroinflammatory response in an AD mouse model.

Methods

Animals and study design

All animal experiments were approved by the Institutional Animal Care and Use Committee of the University
of Tsukuba (protocols #210097 and #21-193), and all procedures were conducted in accordance with the
University’s Regulations for Animal Experiments.

Male and female AD 5xFAD transgenic (Tg) mice on a C57BL/6] background (5xFAD-C57BL/6]), as
well as two female and two male nontransgenic (non-Tg) mice of the same background, were used in this
study. Frozen embryos of 5xFAD Tg mice, initially obtained by crossbreeding B6. Cg-Tg (APPSwFILon,
PSEN1*M146L*1286V) 6799Vas/Mm hemizygous males (line 034848-JAX, The Jackson Laboratory, Bar
Harbor, ME, USA) with non-Tg C57BL/6] females (Charles River Labs Japan, Inc., Yokohama, Japan) were
kindly provided by Dr. Yu Hayashi from the International Institute for Integrative Sleep Medicine (WPI-IIIS)
of the University of Tsukuba. These data were obtained after the Members of the Mutant Mouse Resource and
Research Center (MMRRC) collaboration records were updated and the required legal agreement (COU) was
submitted and approved by the Jackson Laboratory. The in vitro fertilization (IVF) procedure using 5xFAD Tg
embryos was conducted at the Laboratory Animal Resource Center of the University of Tsukuba. DNA was
extracted from mouse biological material using the Blood & Tissue Kit (Qiagen GmbH, Hilden, Germany), and
PCR was performed using corresponding primers specific for the mutated genetic sequence (Fasmac Co. Ltd.,
Atsugi, Japan). Male Tg mice were crossbred with non-Tg C57BL/6] females to produce additional stocks. Male
and female mice in the Tg and non-Tg groups were housed separately under a 12/12 h light/dark cycle (with
lights on at 9 A.M.) under controlled temperature (23.5+2.0 °C) and humidity (51.0+10.0%) conditions with
free access to water and food. Mice were housed at an SP-grade facility in solid plastic cages (CLEA Japan, Inc.,
Shizuoka, Japan) with sterilized wood-chip bedding (Sankyo Labo Service Corp., Inc., Tokyo, Japan).

Animal study was designed in accordance with ARRIVE guidelines. Two mouse cohorts of different ages
were created at the time of irradiation. The first cohort of mice (4 months cohort, nWT =5, n5xFAD =15, and
irradiated at the age of 4 months) was used to evaluate the disruption of iron deposits and inclusion bodies after
CIS as a potential preventative treatment for early-stage of AD. The second cohort of mice (10 months cohort,
nWT =10, n5xFAD = 11) was irradiated at the age of 10 months and sacrificed prior to the behavioral task at the
age of 11months, one month after CIS to evaluate the immunohistology and inflammatory response while curing
pathological burdens and improving cognitive function for relatively late stage of AD. The CIS irradiated groups
were compared with untreated 5xFAD or wild-type (WT) control groups. Male and female mice were randomly
assigned to specific experimental groups. The mice were transported to the irradiation facility by a specialized
vehicle with controlled temperature and humidity and kept there for at least 1 week before the experiments.

Scientific rationale of CIS treatment on magnetite

Carbon transmission beams in CIS treatment interact quasi-selectively (See Fig. 1) with iron oxide or metallic
nanoparticles over tissue elements to emit bursts of low-energy electrons (LEE) from the iron nanoparticle
surface via Auger cascades and a nano-atomic cluster-based interatomic Coulomb decay process!®?°. LEEs
disrupt iron-protein bonds and degrade the protein matrix through Fenton effects, leading to depletion of iron
deposition and iron inclusion bodies like amyloid plaques and dystrophic microglia®!®.

CIS treatment

CIS was performed at HIMAC (Chiba, Japan). Mice were anesthetized prior to CIS treatment by an intraperitoneal
injection of 10 mL/kg of a ketamine + xylazine mixture (100 mg/kg and 10 mg/kg in saline, respectively), placed
on a sample holder for whole-brain irradiation, and irradiated with a transmitted beam of pristine carbon with
a collimator. The control group was not treated. The irradiated mice were returned to the animal housing room
of the heavy ion facility and kept in individual cages for 3-10 days. The whole brain was irradiated via carbon
beam transmission with a pristine Bragg peak behind the head'*~??, as shown in Fig. 1. The irradiation energy
was 400 MeV, which was sufficiently high to transmit through the mouse head. The single entrance dose was
either 2-4 Gy, as measured by an ionic chamber (PTW) at the frontal surface of the sample. The dose rate was
0.02 Gy/s. The doses were selected based on safety thresholds determined in our prior work on the same type

of AD mouse'’.

Histological analysis

Mice in the 4-month cohort were sacrificed by an overdose of pentobarbital IP (120 mg/kg) on the 7th day after
treatment. The brains were harvested, postfixed with fresh fixative (PFA) overnight, and subsequently placed in
PBS, after which the brain tissue was thoroughly washed with PBS prior to sectioning. The fixed specimens of
mouse brain tissues were placed in a plastic cassette for specimen production, and the water in the specimens
was replaced with alcohol and then with xylene. The specimens were finally embedded in paraffin, sectioned
at 10-um intervals, and mounted on glass slides. Disruption of iron deposition and the Ap plaque burden in
the CIS-treated mice were determined via histochemical analysis of four different tissue sections, including the
entorhinal cortex and hippocampus, and were compared with those in the control group. The sections were
stained with acidified 1% (wt/vol) potassium ferricyanide via Turnbull staining for ferrous cations (Fe?*) or
with 0.2% Congo red in 50% alcohol using modified Highman’s Congo Red staining for amyloid plaques®’. The
sections were stained for approximately 10 min for Congo red staining, washed to remove nonspecific tissue
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Fig. 1. Schematic diagram of carbon ion stimulation treatment with a pristine Bragg peak behind the brain

of a carbon transmission beam; the Bragg peak was placed outside the brain by a high-energy carbon beam
compared with the depth of the mouse head (left panel). Low-energy electron (LEE) emission occurs as a dose
enhancement factor from CIS-treated magnetite (Fe304) in AD protein aggregates or activated microglia via
Auger cascades and the interatomic Coulomb decay path. The potential carbon fluence during the transmission
of brain tissues containing A plaques with magnetite abruptly decays to zero at the Bragg peak position,
resulting in the deposition of all energy, but the plateau dose (PD) is absorbed by the tissue along the beam
path, enabling quasi selective stimulation of intraplaque magnetite with a comparable Bragg peak dose (BPD),
which is 5-10 times greater than the PD.

deposits from the Congo, stained with hematoxylin for 2 min, and examined under a microscope. The number of
stained plaques per section was determined using automated analysis as described previously'® and averaged per
section or mouse. Image] software, available at https://rsbweb.nih.gov/ij/, was used to analyze amyloid plaques
and Fe?* particles. To determine the number of AB plaques or the iron load, data were collected, analyzed at x200
magnification, and subjected to statistical analysis.

Behavioral task

Twenty-two mice in the 10-month cohort were obtained and assigned to six experimental groups. Three of
the groups contained WT mice (n=10), including untreated (n=2; all male), 2 Gy CIS (n=4; two female and
two male), and 4 Gy CIS (n=4; two female and two male) mice. Furthermore, three of the groups contained
heterozygous 5xFAD AD mice (n=12), namely, untreated (n=4; all male), 2 Gy CIS (n=4; two females and two
males), and 4 Gy-CIS (n=4; two females and two males) mice.

The NOR test?* was performed 3 days prior to CIS and 1 month after treatment. Each mouse was presented
with two similar objects during the first session, and then one of the two objects was replaced with a new object
during the second session. The amount of time spent exploring the new object was used as an index of memory
recognition and was calculated as the difference in the ability of the mouse to distinguish between objects.
Typically, a normal mouse pays more attention to a novel object?*.

Western blot analysis

Twelve mice in the 10-month cohort were assigned to four experimental groups: untreated WT (1 =3; one female
and two male), 4 Gy CIS WT (n=3; two female and one male), untreated 5xFAD (n =3; all male), and 4 Gy CIS
5XFAD (n=3; two female and one male) mice. The animals were sacrificed using the physiological saline cardiac
perfusion method. The brains were extracted and cut into two haploids, using the right for IHC and the left for
western blot. The right haploids were fixed in 4% PFA solution overnight, transferred to 30% sucrose in PBS, and,
after sinking, transformed into frozen optimal cutting temperature compound (OCT) blocks. Subsequently, thin
Sect. (25 pm) were produced. The remaining haploids were sonicated and lysed with RIPA buffer for western
blotting. Mouse brain tissue was dissected on ice and homogenized in a lysis buffer (Biosesang, R2002) prior to
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supplementation with protease inhibitors (1 pg/ml protease inhibitor cocktail X100, 1 pg/ml phosphate inhibitor
cocktail X100, and 1 mM PMSEF). The protein concentration was subsequently quantified using the Bradford
assay®. Protein samples (20 pg) were separated via 10% SDS polyacrylamide gel electrophoresis (120 V, 90 min)
and transferred (100 V, 90 min) to nitrocellulose membranes?®. The membranes were blocked with 5% skim milk
in TBST for 1 h and then incubated with the following primary antibodies in 5% bovine serum albumin (BSA)
at 4 °C for 24-48 h according to the following dilution ratios: amyloid-beta (Santa Cruz, Dallas, TX, USA; SC-
53822, 1:500); APP (Invitrogen, Carlsbad, CA, USA; 14-9749-82, 2.5 ug/ml); GFAP (BD Biosciences, Dickinson,
ND, USA; BD-556328, 5 pg/ml); BACEI (Invitrogen, PA5-19952, 1:1000); Iba-1 (Abcam, Cambridge, CAM,
UK; AB178846, 1:2000); TGF-beta (Invitrogen, MA1-21595, 1:500); TNF-alpha (Santa Cruz, SC-52746, 1:500);
IL-1beta (Cell Signaling Technology, Danvers, MA, USA; CS2022, 1:1000); glutathione peroxidase 4 GPX4
(Santa Cruz, SC-166570, 1:1000); and DCX (Santa Cruz, SC-271390, 1: After being washed three times with
Tris-buffered saline with 0.05% Tween 20, the blots were incubated with the appropriate secondary antibodies
conjugated to horseradish peroxidase (HRP; anti-goat mouse or anti-goat rabbit HRP; Enzo Life Sciences,
Farmingdale, NY, USA; ADI-SAB-100-J; 1:2000; or AD-SAB-300-], 1:2000. Antigen-antibody interactions on
the membrane were detected by a ChemiDoc imaging system (Davinch-K, Seoul, Republic of Korea, CAS-
400SM) using an enhanced chemiluminescence (ECL) kit (Thermo Fisher, Waltham, MS, USA, 34095). The
protein concentration was quantified utilizing the Image] program. Statistical significance was determined using
one-way ANOVA. Differences were considered to be statistically significant when p values were lower than 0.05
(* p<0.05;** p<0.01, ** p<0.001).

Immunohistochemistry

Doublecortin (DCX) immunohistochemical staining was performed to study neurogenesis. One month after
CIS treatment, the mice were anesthetized with ketamine (80-100 mg/kg) and xylazine (5-10 mg/kg) and then
transcardially perfused with 0.9% ice-cold saline. The brains were harvested and postfixed in 4% PFA. The
samples were then cryoprotected in 30% sucrose solution overnight at 4°C, embedded in OCT compound on
dry ice, and finally stored at -80°C until further use. Coronal Sect. (25 pm) were obtained with a cryostat (Leica,
Germany). For immunohistochemistry, four to five animals were chosen randomly per group. Three sections
per mouse were used for intensity-scanning analysis. Free-floating sections recovered from the glycol antifreeze
solution were washed three times in 0.1 M Tris-buffered saline (TBS) for 10 min and then quenched with 3%
H,0, and 10% MeOH in 0.1 M TBS for 10 min. The sections were then washed three times in 1x TBS for 10
min each, blocked in 5% normal horse serum (NHS) containing 0.05% Tween-20 and 0.05% Triton X-100 for
1 h at room temperature, and incubated with a primary antibody (goat polyclonal anti-DCX) (1:100; Santa Cruz
Biotechnology, SC8066) in 5% blocking solution for 48 h at 4°C. Primary antibody treatment was followed by
treatment with a secondary antibody (biotinylated horse anti-goat IgG) (1:100; Vector, USA) in a 2% blocking
solution for 2 h at room temperature. The sections were washed three times with 0.1 M TBS for 10 min each and
incubated in Vectastain Elite avidin-biotin-peroxidase complex (ABC) solution for 1 h at room temperature.
The peroxidase reaction products were visualized by incubating the sections in a solution containing 0.022%
3,3’-diaminobenzidine (DAB; Aldrich, Gillingham, UK) for 2-3 min. Subsequently, the brain sections were
mounted onto 2% gelatin-coated microscope slides. All the slides were then covered with coverslips and stored
at 4 °C until they were analyzed via confocal microscopy under identical conditions. Light microscopy was
performed on a pannoramic platform (3D HITECH, Budapest, Hungary) to visualize cells in the granule cell
layer and the hilus of the hippocampal dentate gyrus. The cells were manually quantified using the Image]
program (version 1.8.0, NIH, Bethesda, MD, USA).

Microglial cellular uptake of AB, _,.-Fe,O, fibrils and CIS treatment
To better understand the effect of CIS on microglial iron deposition, BV2 microglial cells were treated with
AP, _,,-Fe304 fibrils and CIS irradiation. Fibrils were prepared as previously described®. Briefly, monomeric
synthetic AP1-42 peptide (ANYGEN, GwangJu, Korea, AGP-8338) was dissolved in 0.1 M NaOH to obtain a
220 MA stock solution. This stock solution was left standing for 30 min to ensure complete peptide dissolution
prior to mixing with the 80 g/mL magnetite (Sigma-Aldrich; Merck, Darmstadt, Germany) solution. Magnetite
solutions containing thioflavin T (Tf-T) were incubated with shaking at 370C for 144 h, and the fibril formation
was checked via Tf-T fluorescence. During cell culture and treatment, BV2 microglia were maintained in DMEM
supplemented with 10% heat-inactivated FBS and 1% antibiotic-antimitotic agents at 37 °C in a humidified
incubator with 5% CO,. The cells were treated with AB,_,,-Fe,O, fibrils at a final concentration of 2.5 uM 12 h
prior to CIS treatment. Cells exposed to media containing 1X PBS were used as the vehicle-treated control group.
The cells were detached 12 h after CIS treatment and transferred to poly-l-lysine-coated 24-well plates on
coverslips. After the cells were incubated for 24 h, the coverslips were washed with distilled water and then
immersed in potassium ferricyanide staining solution for 1 h. The coverslips were washed in 1% acetic acid
and counterstained with nuclear-fast red for 5 min, followed by mounting with a prolonged mounting solution
(Thermo Fisher, Waltham, MS, USA, P36930).

Pretreatment of SH-SY5Y neuroblastoma cells with AR

Monomeric synthetic AB42 was obtained from Anygen (Daejeon, Korea). SH-SY5Y cells (ATCC, CRL-
2266) were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Gibco; Thermo Fisher Scientific, Inc.)
supplemented with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.) and 1% penicillin/
streptomycin at 37 °C in an atmosphere with 5% CO,. A total of 3 x 10° cells were seeded in each well of a 96-well
plate and incubated overnight with 100 uM Ap. Iron enhancement was measured in the treated cells by Turnbull
staining. CIS at 2-4 Gy was applied to a flask containing SH-SY5Y cells pretreated with Ap.
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Cell viability assay

The cell viability assay was performed according to the manufacturer’s protocol using a Cell Counting Kit-8
(Dojindo, Rockville, MD, USA). Twenty-four hours postirradiation, the cells were detached from the flask. A
total of 2x 10 cells in a volume of 200 pl were seeded into the wells of a 96-well plate and incubated at 37 °C.
After 24 h, the medium was replaced with 200 pL of fresh medium, followed by adding 10 uL of CCK-8 solution
and incubating at 37 °C for 2 h. The optical density representing cell viability was measured at 450 nm by
AMR-100 spectrophotometry (Allsheng, Hangzhou, China). The experiments were performed independently
in triplicate.

Statistics

The data are presented as the means + SEMs. One-way ANOVA with post hoc tests was performed using SAS
software (SAS Institute, NC, USA). Student’s ¢-test was utilized to compare differences between the two groups.
Differences were statistically significant if p <0.05.

Results

ClIS-depleted iron deposition and inclusion bodies

Turnbull staining analysis demonstrated various features of iron deposition in 5XFAD mice, as shown in Fig. 2A-
D, suggesting the presence of intraplaque iron foci, ferritin, and microglial iron, as indicated in Fig. 3A. A
dose-dependent reduction in iron deposition was detected in CIS-treated 5xFAD mice compared with untreated
control mice, as shown in Fig. 3A and B. Multiple traces of iron deposition were found around a large AP plaque,
as shown in Fig. 2B. Since microglia were often found in surrounding A plaque®-'%%’, these iron traces suggest
that they may be associated with microglia, accompanied by Ap fibrils and ferritin aggregates.

Since iron binds AP or tau protein specifically, the iron distribution in extracellular AB-plaque or axonal
neurofibrillary tangle often gives distinctive features from staining as an iron inclusion body, as demonstrated in
Fig. 2E. Moreover, microglia are relatively smaller than plaque, with an overall globular shape in histochemical
iron staining due to the cellular characteristics of the inclusion body.

Both extracellular and intracellular Congo red-positive (CR+) plaques were visualized in 5xFAD mice,
as shown in Fig. 3C, suggesting that intracellular CR +existed as either immature amyloid fibrils or plaque-
infiltrating microglia. The number and size of CR + plaques were reduced dose-dependent compared with those
in untreated control mice, as demonstrated in Fig. 3D. Histological analysis indicated a dose-dependent reduction
in iron deposition and inclusion bodies (Fig. 3B, D). An analysis of designated sections from each mouse (a total
of four sections per mouse) revealed that, 7 days after CIS, the average number of plaques or ferrous iron foci per
mouse was reduced by 48% or 57%, respectively, in CIS-treated mice compared with untreated mice.

CIS-induced neuroinflammation downregulation

B-amyloid, Human-APP (h-APP), precursor APP, and B-secretase (BACE-1) were reduced by 45-60% after a
single CIS treatment compared with those in untreated 5XFAD AD mice and were correlated with CIS-derived
depletion of ferrous iron and plaques, as shown in Fig. 4A-C. CIS may also alleviate neuroinflammation by
directly affecting pathophysiological mechanisms at the stage of activated microglia by targeting microglial
iron®?%. The expression of Iba-1, a marker of activated microglia, was significantly greater in untreated AD
mice than in wild-type control mice and was markedly lower in treated AD mice (p <0.01), as shown in Fig. 4E.
The expression of GFAP, a marker of reactive astrocytes, was also significantly decreased (p <0.05), as shown in
Fig. 4A and D.

We evaluated the impact of CIS on the microglia-driven inflammatory response to determine the role of
iron deposition in neuroinflammation in AD. The levels of TNF-a and IL-1p, cytokines typically released from
proinflammatory microglia (with the M1 phenotype), were greater in untreated AD mice than in WT control
mice and were greatly lower (p <0.01) in CIS-treated AD mice, as shown in Fig. 5. Furthermore, the cytokine
TGEF-B, which is typically released from anti-inflammatory microglia (with the M2 phenotype), was increased 1
month later in treated AD mice compared with untreated AD mice (p <0.05).

WT-aged mice were not significantly different between the untreated and CIS-treated groups. With normal
aging, microglia develop a more inflammatory phenotype, thereby showing increased proinflammatory
cytokines in the brain and resulting in slightly increased Iba-1 even after CIS treatment, suggesting potential
iron release from sequestrating bodies or iron-independent proinflammatory progress. CIS-driven depletion of
age-related iron accumulation might have enhanced the anti-inflammatory phenotype by increasing the levels
of anti-inflammatory cytokines, such as TGF-p, as shown in Fig. 5A-D.

In vitro CIS treatment of iron-laden microglia depleted microglial iron, as shown in Fig. 5E.

CIS induced the restoration of hippocampal neurogenesis and improved impaired cognitive
function

To determine the effects of CIS on neurogenesis, the characteristics of CIS-AD mice were compared to those of
both WT mice and untreated control mice. DCX expression was markedly lower in untreated AD mice than in
WT control mice and was significantly greater in CIS-treated AD mice (Fig. 6A-D); this pattern was consistently
visualized in the granular cell layer of the dentate gyrus (DG), as shown in the IHC data in Fig. 6E. There were
approximately two times more DCX-positive cells (1454+39, P=0.009) in the CIS-treated mice than in the
untreated AD mice (Fig. 6A-D). Furthermore, we determined the degree of neurogenesis deficiency in the DG
of AD hippocampi compared to that in age-matched WT brains (Fig. 6E). There were significantly fewer DCX-
positive cells in the hippocampi of AD control mice than in those of aged-matched WT mice (Fig. 6E). There
were 577 £45 DCX + cells in the hippocampi of AD control mice. In contrast, there was a marked decrease in the
number of DCX + cells in the hippocampi of WT mice (p <0.001) (Fig. 6E).
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Fig. 2. Turnbull staining analysis revealed various features of iron deposition, suggesting iron deposition in A
plaques (long arrow), ferritin (unfilled arrowhead), and microglia (filled arrowhead) in both the hippocampus
(A) and the entorhinal cortex (B-D) of untreated 5xFAD mice. Traces of iron deposition surrounding plaques
suggested the presence of microglial iron and impaired ferritin aggregation (B) but were not confirmed via
antibody-based histopathology. In DAB-enhanced Turnbull plus H&E staining analysis of 3xTG AD mouse
brain, various iron inclusion bodies were distinguished based on morphologies of iron distribution, including
Ap plaques (long arrow), neurofibrillary tangle (short angle), and microglia (filled arrowhead) (E).
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Fig. 3. Results of Turnbull (A,B) and Congo red (C,D) staining of CIS-treated AD mice showing a reduction
in the number and size of Turnbull-positive iron deposits (amyloid plaque + ferritin + microglia) and Ap
plaques in a dose-dependent manner compared with those in the untreated control group, decrease in plaque
size as shown in enlarged square panels. The untreated control presented various molecular forms of iron
deposition compared with the WT control, in which only normal ferritin iron was shown. Congo red (CR)
analysis revealed extracellular CR + plaques (arrow) and intracellularly accumulated CR +amyloid fibrils,
suggesting that either AP plaques infiltrated microglia (unfilled arrowhead) or immature neuronal amyloid
fibrils. ***p <0.001, **p <0.01. scale bar: 20 um.

GPX4, an antioxidant defense enzyme, repairs lipid oxidative damage and is a leading ferroptosis inhibitor
in live cells?®. The expression of GPX4, a marker of ferroptosis, was enhanced in untreated AD mice due to
the need to repair iron deposition-mediated lipid oxidative damage but was significantly decreased in CIS-
treated AD mice by reduced antioxidant demand upon depletion of pathological burdens. This repairment was
also potentially supported by phenotype change to cell-repairing anti-inflammatory microglia as evidenced by
enhanced TGF-p after CIS.

To examine memory improvement after CIS treatment, NOR behavioral tests were performed on the
following mouse groups: untreated WT (10 months, n=2), WT-post-CIS 2 Gy (n=4), WT-post-CIS 4 Gy (n=4),
untreated 5xFAD (10 months, n=4), 5xFAD +CIS 2 Gy (n=3), and 5xFAD +CIS 4 Gy (n=4). Animals were
tested using memory behavioral tasks, and postmortem measurements of pathological markers were obtained.
CIS treatment was performed 4 weeks prior to the post-CIS behavioral test. The 4-week period was chosen based
on the results of our prior work!®, which showed that at least 3-4 weeks were required to improve cognitive
function after proton stimulation targeting intraplaque magnetite. During the NOR test, prior to CIS treatment
(pre-CIS), all the AD mice exhibited shorter latencies to complete the novel object recognition test than the WT
normal mice (Fig. 7). On average, CIS-treated mice (CIS 2 Gy and 4 Gy) spent relatively longer periods of time
on the novel object than did the pre-CIS mice (p <0.001), yielding a high discrepancy index (Fig. 7). The time
spent by the CIS-treated WT mice in novel object recognition tasks differed significantly from that spent by the
untreated WT-control mice.
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Fig. 4. Results of electrophoretic running (A) and Western blot analyses for hAPP (B) and P-secretase (C);
GFAP for reactive astrocytes (D); lba-1 for activated microglia (E). All the decreases in inflammatory response
factors (D,E) correlated with the reduction in amyloid pathology (B,C) after CIS treatment, suggesting CIS-
driven depletion of iron deposition and associated inclusion bodies, such as amyloid plaques.
A B c D
WT-untreat WT-CIS4Gy  5xFAD-untreat  5xFAD-CIS 4Gy kpga
35 ey E
N L [ 50
TGF-B - -----..‘ N 228
- i1 3 &
3 LS ! | ¢
18 e - L L L o £ JE
25 0
B-Actin | W W W S S S S S - - 45 & & & o & S @& @
e & S
E
- PBS+ | AB,..o Fe,0,+ | CIS 2Gy | Ap,_,z_Fe304+C|s 2Gy
% & 5 eva® 7] o o
’ 1 . San 8 ' PN f’z
> ia & ‘ ' o - o
j : ]
o~ | = & 2 B
> 2 i ’ 3 @
= ¢ Na
2 R 3
£ L o ?
,-" l - '
- ‘ -
-~
" 10um
Fig. 5. Results of Western blot analysis (A) used to measure cytokine release by anti-inflammatory microglia,
TGEF-B (B), TNF-a (C), and IL-1pB (D) to determine the proinflammatory response, suggesting that the
microglial phenotype changed from proinflammatory to anti-inflammatory one month after CIS treatment.
Turnbull staining of microglial BV2 cells treated with Ap-Fe304 fibrils revealed depletion of AB-Fe304 fibrils
within BV2 cells after CIS treatment (E), suggesting that iron is released in BV2 cells upon disruption of Ap-
Fe304 fibrils or subsequent microglial ferroptosis.
Effect of CIS treatment on AB-pretreated SH-SY5Y cells
We investigated the effect of Ap-ferritin-mediated magnetite release on AP-pretreated neuroblastoma cells.
Turnbull analysis revealed a remarkable twofold increase in the level of intracellular ferrous iron after Ap
treatment compared with that in untreated control cells, as shown in Fig. 8A.
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Fig. 6. Results of Neurogenesis and Ferroptosis According to the Western blot (A: electrophoretic
examination, B: GPX4, C: DCX) and IHC (D: DCX + cell counting, E: IHC microscopic view) analyses for the
various groups. DCX, a marker of adult neurogenesis, was markedly lower in 5xFAD AD mice than in WT
control mice and was restored in CIS-treated mice (p <0.05). This observation was correlated with enhanced
DCX expression in the granular cell layer of the DG in the hippocampus (E). This restoration of neurogenesis
is correlated with the control of neuroinflammation and ferroptosis (A), which provides a neuronal
environment conducive to the regeneration of neurons by inhibiting neuronal damage (B) and facilitating
neuronal growth.

The cytotoxicity of CIS-treated cells was positively correlated with that of ferrous iron species, suggesting that
AP pretreatment induced magnetite release, as shown in Fig. 8B.

Discussion

Neuronal death is a late-phase event and represents a therapeutically irreversible state in AD. Brain inflammation
occurs before neurodegeneration during AD pathogenesis, and targeting inflammatory mechanisms may
reverse the process of disease progression®’. CIS treatment reversed neurotoxic insoluble iron deposition and
the iron-bound plaque matrix of AP plaques or pathogenic ferritin by carbon ion-driven electron emission
from protein-bound magnetite. The underlying mechanism involves breaking the bond between iron and
proteins, transforming ferrous irons into ferric irons, and degrading the protein matrix, as demonstrated in our
prior proof-of-concept studies>!?. Correlated dose-dependent depletion of iron deposition and AB-plaque was
demonstrated by Turnbull histological analysis in PS' or CIS treated mouse brain. WB data of Iba-1 depletion
at 4 Gy suggest implicit disruption of microglial iron deposition. Moreover, Turnbull counting analysis contains
intraplaque iron plus microglial iron deposition foci, suggesting dose-dependent depletion of iron deposition.
For a given dose, the amount of iron deposition may determine the CIS-driven microglial fate, in either potential
alteration of inflammatory phenotype as a still viable cell or depletion. Thus, higher dose may induce preferred
depletion of microglial activation. Further, in vitro cellular study is required to determine optimum dose for
inducing CIS-mediated change of microglial phenotype. Turnbull staining showed that the iron features present
in untreated AD control mice or AB-Fe304 fibril-laden microglia were strongly reduced or absent in CIS-treated
mice or microglia, corroborating the phenotypic change or ferroptosis of activated microglia depending on the
amount of microglial iron.

Normal healthy ferritin contains ferric iron ferrihydrite, but pathological ferritin in AD involves
magnetite®!®3! and may form complex plaques with magnetite release when interacting with Ap>*+¢10:17 or
activated microglia®’. These ferritins are often distributed in surrounding Ap plaques, as shown in Fig. 2B, and
are regarded as potential sources of magnetite in AD brains!®*. Activated microglia infiltrating AP plaques
and phagocytosing pathogenic ferritin are typical neuroinflammation features®. Protein aggregates, iron-
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Fig. 7. The results of the NOR test for the behavioral task showed that the discrepancy factor was dose-
dependent, indicating that, compared with untreated 5xFAD AD mice, the time spent by mice on the new
object was increased in both the WT controls with normal cognitive function and the CIS-treated mice.
Interestingly, this memory improvement occurred in the CIS-treated age-matched (10-month) WT controls.

sequestering ferritin, and activated microglia commonly use ferrous magnetite as a source of ferroptosis in
adjacent neurons or microglia. Therefore, inflammatory response cascades are activated upon iron deposition
in pathogenic lesions, as evidenced by the correlated increase in the expression of lba-1, GPX4, and GFAP
shown in Fig. 4, and microglia-driven neuroinflammation has been regarded as a major cause or a bridge for
the spread of neuronal damage and cognitive impairment. CIS treatment depleted these molecular forms of
protein-bound iron, as shown in Figs. 2 and 3. Thus, its therapeutic effects potentially occur at multiple stages of
neuroinflammatory cascades, as depicted in Fig. 9.

The depletion of neurotoxic iron deposits and related molecular forms reduced both AP pathologies and
iron-associated ferroptosis and microglial activation, which was evident from the downregulation of APP, beta-
secretase (BACE1), GPX4, lba-1, and GFAP at one month post-CIS treatment. Reduced APP and beta-secretase
(BACEL1) expression may represent a decreased physiological demand for amyloid-based iron sequestration
or export upon CIS-mediated depletion of iron deposition one month after CIS treatment. Moreover, TGF-p
expression was elevated, whereas IL-1B and TNF-a expression was reduced, suggesting a proinflammatory to
anti-inflammatory microglial phenotype change.

Since activated microglia induce severe reactive astrocytes in the inflammatory response cascade, as suggested
by the concomitant increase in the expression of Iba-1 and GFAP in untreated 5XFAD mice (Fig. 4), removing or
changing the phenotype of activated microglia is an important therapeutic goal for blocking reactive astrocytes
that induce neuronal damage®*3*. The CIS-driven reduction in activated microglia precluded the induction
of reactive astrocytes, which is evident from the decrease in GFAP, suggesting that reactive astrocytes were
downregulated. Blocking the generation of neurotoxic reactive astrocytes is critical for suppressing tau spread
while preventing neuronal damage®*3*. Downregulated glial responses indicate the cessation of further neuronal
damage and provide a better environment for the restoration of neurogenesis. Therefore, inhibiting reactive
astrocytes is beneficial for reversing cognitive decline in AD patients'>3°. Impaired hippocampal neurogenesis
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Fig. 8. MTT analysis shows that CIS treatment of SH-SY5Y neuroblastoma cells pretreated with Ap produced
greater cytotoxicity than did CIS treatment alone (A). Pretreatment with AP presumably ensures iron release
from ferritin, as Turnbull staining analysis shows (B).
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Fig. 9. Schematic diagram of the potential contribution of multiprocessing CIS treatment by depletion of iron
deposition and inclusion bodies to disease-modifying effects on AD pathology.

in 5xFAD mice may be related to increased AP deposition and cognitive dysfunction®*-3%. The enhanced
hippocampal neurogenesis and correlated NOR task-based memory improvements indicated a neurogenic effect
of CIS treatment, which may be ascribed either to crosstalk between neurogenic signals and downregulated
AB-related deposition® or to CIS-driven induction of the anti-inflammatory effect. The increase in TGF-f
release after CIS treatment suggested an alteration into the anti-inflammatory microglial phase and potentially
promoted nerve growth and neurotropic factors secretion’’. Microglia are innate immune cells that play a key
role in the early anti-inflammatory response by removing amyloid deposits and damaged neurons through
regulated phagocytosis. However, chronic iron accumulation in the AD brain damages microglial function.
Microglial uptake of non-transferrin binding iron leads to activated dystrophic microglia*"*? due to following
insoluble iron deposition from ferritin-released iron by infiltrated AP plaque®*~*°. Iron depositions trigger
further microglial ferroptosis'>!?, which significantly exacerbates disease progression and spreads neuronal loss
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and white matter injury in Alzheimer’s disease. Thus, CIS-mediated depletion of iron-containing dystrophic
microglia would be beneficial at certain stages of disease progress.

The therapeutic efficacy of CIS is ascribed to well-known, nanoparticle-mediated, dose-enhancing
phenomena (low-energy electron emission) from irradiated high-Z nanoparticles, such as intraplaques or
impaired ferritin-released magnetite!>**->°. Combined Auger and interatomic Coulombic decay (ICD)-driven
electron emission is available only from nanoclusters with high Z atoms!'>*!; potentially, CIS does not induce
therapeutic effects from individual isolated iron atoms, such as the intracellular labile iron pool (LIP), due to
the absence of an ICD path in LIP. Therefore, the enhanced CIS-driven cytotoxicity in AB-pretreated SH-SY5Y
cells suggested the release of magnetite, rather than individual iron atoms, from ferritin, as shown in Fig. 8B.
When the magnetite is treated by CIS treatment, it releases electrons and produces the Fenton effect, leading to
cell death. Intracellular AR accumulation occurs at the onset of AD pathology, suggesting continuous induction
of iron release from ferritin and the formation of pathological ferritin®>3. Therefore, magnetite formation and
release from pathological ferritin may be the primary source of endogenous magnetite in the AD brain.

In the present study, the therapeutic effect of CIS was derived from a single treatment. Limitations of CIS
would be the potential long-term effects of radiation damage with a single plateau dose of 4 Gy on neuronal
microstructures such as dendritic spines. Changes in the number or the length of spines are not examined after
CIS. Further longitudinal and dose-fractionation studies on normal brain tissue are necessary to address safety
concerns despite the absence of overt tissue damage after a single treatment'®. CIS-induced radiation-induced
tissue damage depends on the LET from the plateau dose, which is much lower than the Bragg peak dose, and
iron oxide nanoparticles deposited during iron deposition are exposed to the transmitted Bragg peak dose,
which mostly activates electron emission without deposition. Another advantage of CIS treatment for preserving
normal tissue is its spatial-selective curing effect, which may be modulated by microbeams or site-selective
irradiation.

Conclusions

We investigated the role of insoluble iron deposition in microglia-driven neuroinflammation upregulation via
CIS-driven depletion and downregulation of inflammatory response cascades. CIS treatment has multiple effects
on disease-modifying effects on AD pathology through the depletion of both iron deposition and associated
inclusion bodies. Based on these results, we found that CIS treatment promoted memory improvement through
the modulation of neuroinflammation, a noninvasive, disease-modifying, and nonpharmacologic option for
treating AD.
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