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Introduction

Nanoceria (nanoscale cerium oxide, cerium dioxide, ceria, CeO;) are metal oxide engineered
nanomaterials extensively used industrially and shown to have beneficial pharmaceutical
properties. They are auto-catalytically redox active, cycling between Ce*® and Ce*™?. Their
surface has oxygen vacancies in its cubic fluorite structure that allow it to easily accept and
donate oxygen, providing catalytic properties. Nanoceria are used as catalysts in diesel fuel,
abrasives in chemical mechanical planarization in integrated circuit manufacture, as structural
supports for catalysts for fuel synthesis applications, in solid oxide fuel cells, and in

rechargeable batteries 2.

Nanoceria have been demonstrated to have therapeutic potential for many conditions with an
inflammation/oxidative stress component including cancer, radiation damage, bacterial infection,
sepsis, wounds, stroke-induced ischemia, retinal degeneration, and neurodegenerative
diseases (Introduction of Yokel et al ®). Nanoceria have shown utility as a component of sensors
for biomolecular recognition (nanozymes) 4. On the other hand, nanoceria have been
demonstrated to have adverse effects, including cytotoxicity in multiple cell lines °, genotoxicity
6, pulmonary toxicity 78, hepatotoxicity ® 19, reproductive system toxicity 1!, potential
neurotoxicity 2, and cardiovascular toxicity ** 4. In many of these studies toxicity was attributed
to nanoceria-induced increased inflammation and oxidative stress. Nanoscale cerium oxide was
selected by the Organisation for Economic Co-operation and Development (OECD) Working
Party on Manufactured Nanomaterials as one of 13 representative manufactured nanomaterials
for safety testing *. The above Jekyll and Hyde actions of nanoceria led to the hypothesis that,
as a catalyst, nanoceria have the potential to increase inflammation from the basal state
(activation of unpolarized (M0O) macrophages toward the pro-inflammatory (M1) state or

repolarize anti-inflammatory (M2) macrophages toward the M1 phenotype) and to decrease



inflammation from the elevated state (decrease activation of pro-inflammatory (M1) and anti-

inflammatory cells (M2) macrophages).

Nanoceria have been shown to be taken up by activated U937 (human leukemic monocyte
lymphoma), mouse macrophage J774A.1, and RAW 264.7 cells 16 17 18 19: hyman monocyte-
derived macrophages #°; into rat red and white pulp macrophages following intravenous
administration 2'; and into macrophage lysosomes following intratracheal instillation 22.
Macrophages can exist in their unpolarized (MO) state or in activated states, simplistically as
classically activated, pro-inflammatory cells involved in host defense (M1) or an alternatively
activated, regulatory phenotype (M2), which have some opposing actions 23. Nanoparticles have
been shown to be differentially taken up by M1 compared to M2 polarized macrophages 24 2° 26
272829 \We found human monocyte-derived macrophages and RAW 264.7 cells that were
converted to M1- and M2-like cells took up the same 4 nm ceria particles utilized in the present
study, but the intracellular nanoceria localization and concentration differed between the
phenotypes (Unpublished results submitted for publication). Nanoparticles have been shown to
effect macrophage phenotype, activating them 30 3 32 33 34 "changing their polarization profile 2°,
converting M2-like macrophages toward more M1-like cells %6 37 38 39 and repolarizing M1

macrophages toward the M2 phenotype %° 4,

Some prior work has investigated the ability of nanoceria to repolarize mononuclear
phagocytes. Intratracheal nanoceria initiated a response one day later in rats suggestive of M1
polarization #2. The response of dendritic cells to nanoceria was dominated by the TH2
cytokines IL-4, IL-5, and IL-10 *. Administration of intravenous nanoceria to rats that also
received intraperitoneal lipopolysaccharide (LPS) attenuated release of M1 phenotype markers
19 Incorporation of nanoceria into hydroxyapatite coatings resulted in multiple indicators
suggestive of a RAW 264.7 cell switch to the M2 phenotype *4. We are not aware of studies that
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determined the effects of nanoceria on all three states, unpolarized (M0) and polarized (M1 and

M2) macrophages. The following experiments were conducted to address the above hypothesis.

Methods
The materials, material sources, and nanoceria preparation and characterization are in the
Supplementary Material. The methods for RAW 264.7 cell culture and polarization are in the

Supplementary Material.

RAW 264.7 cell preparation for experimentation

For experiments that included nanoceria exposure, the medium was changed to a high glucose,
phosphate-free Dulbecco's Modified Eagle's Medium (DMEM) plus 10% FBS during the vehicle
or nanoceria exposure to avoid nanoceria-phosphate precipitation. The nanoceria vehicle was

0.11 sodium citrate, pH 7.4.

Interleukin-18 (IL-18) and arginase assays
For the IL-1B and arginase assays the cells were scraped into 0.5 ml phosphate-buffered
saline (PBS), centrifuged to pellet the cells, resuspended in 0.1% Triton-X 100-PBS with the
addition of a Roche protease inhibitor cocktail tablet, vortexed, and centrifuged to remove

non-lysed cells. The supernatant was collected and stored at -80 °C.

Macrophage gene expression determined by RT-qPCR
RAW 264.7 cells (passage 8 to 10) were plated in 6 well plates (Corning #3516) in 10% FBS-
DMEM (plus phosphate) at a density of 4.5 x 10°/well (sub-confluent). Eighteen h post-
plating, the cells were washed with 10% FBS-DMEM (minus phosphate). The nanoceria
vehicle or nanoceria was added to the cells in 10% FBS phosphate-free DMEM followed by
incubation for 2.5 hin a 37 °C, 5% CO: incubator. The cells were washed once with saline
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and then 10% FBS-DMEM (plus phosphate), polarized, and then incubated for 6 h in a 37 °C,
5% CO: incubator. The cells were prepared for RNA purification by washing three times with
PBS, centrifugation (184 rcf for five min) to collect the cell pellets and stored at -80 °C until

RNA purification.

RAW cell RNA was purified using Qiagen RNeasy Mini Kits, with the addition of 10 ul 3-
mercaptoethanol/ml in Buffer RLT. DNA digestion was conducted using Qiagen RNase-Free
DNase Set. Mouse spleen RNA (endogenous reference) was also purified using the above
kit and digestion set. The RNA concentration was measured using a Nano Drop 2000

(Thermo-Fisher Sci, ND-2000). RNA was stored at -80 °C until the cDNA was prepared.

cDNA was prepared using the iScript cDNA synthesis kit, using either 800 or 1000 ng/20 ul
reaction, depending on RNA yield, following the manufacturer’s cycle times and
temperatures. The reaction included 80-100 ng RNA, 4 pul 5x iScript reaction mix, 1 pl iScript
reverse transcriptase, and nuclease free water added to 20 pl total volume. A Bio-Rad C100
Touch Thermal Cycler was used for DNA amplification, programmed for priming (5 min at 25
°C), reverse transcription (RT) (20 min at 46 °C), and RT inactivation (1 min at 95 °C). After

synthesis, the cDNA was stored at -80 °C.

The gPCR reactions were run in 96 well plates containing 50 ng cDNA, 5 ul TagMan Fast
Advanced Master Mix, 0.5 yl TagMan Gene Expression Assay, and nuclease free water in 10
pl total volume. The plates were refrigerated overnight covered with Optical Adhesive Film to
prevent evaporation. The cDNA was added the next day. The plates were resealed with
Optical Adhesive Film, and briefly spun to bring all contents to the bottoms of the wells. For
RT-gPCR a QuantStudio 7 Flex (Catalog number 4485701, Applied Biosystems, Thermo
Fisher Scientific, Waltham, MA 02451, United States) was used, set for 96 well plates, 0.1 ml
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fast well, standard curve, and Fam, programmed with the following cycle times and
temperatures: hold for 2 min at 50 °C, polymerase activation for 2 min at 95 °C, and PCR (40
cycles) denature at 95 °C for 1 second then anneal/extend at 60 °C for 20 seconds. The
QuantStudio 7 Flex used QuantStudio real-time PCR software for calculations of the cycle
threshold (Ct) and normalized reporter value (Rn). Results were exported to Excel files.
Calculations were performed based on comparative Ct, to glyceraldehyde-3-phosphate

dehydrogenase (GAPDH), means.

Eight cDNA replicates were prepared of each treatment condition (MO, M1-, and M2-like cells
exposed to 0, 1, 10, or 100 pg/ml nanoceria). Duplicate samples were included in gPCR
reactions of each. Probes were included for GAPDH (the housekeeping gene), Nos2 (nitric
oxide synthase, a M1 cell marker), Ccr7 (chemokine (C-C motif) receptor 7, a M1 cell
marker), Argl (arginase 1 gene, a M2 cell marker), and Mrcl (mannose receptor, C type 1, a

M2 cell marker).

Cell mito stress test (MST) and the glycolysis stress test (GST)
This was conducted on a Seahorse XFe96 Analyzer (Agilent, Santa Clara, CA 95051,
United States). Standard Seahorse XF Cell MST or GST protocols were performed. Non-
polarized (M0), M1-, and M2-like cells (8 x 102 cells/well) were grown in multiple wells in
Seahorse XFe96 cell culture plates for ~ 44 h before MST or GST assays. For MST, oxygen
consumption rates (OCR) were measured after stepwise injection of oligomycin (2.5 uM),
carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP) (4 uM), and rotenone (1 pM)
and antimycin A (10 uM) that generated multiple states of cellular respiration. Glycolytic
function (GST) was measured as extracellular acidification rate (ECAR) after stepwise
injection of glucose (10 mM), oligomycin (4 uM), and 2-deoxyglucose (50 mM) that
generated multiple states of glycolytic function. The mitochondrial and glycolytic function
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parameters were generated using standard Seahorse data export for each MST and GST
assay. At the end of the assay the protein concentration for each well was quantified using

the BSA method and the rates were normalized to the protein concentration.

Immunocytochemistry
For immunocytochemistry, autoclaved coverslips were placed in PBS rinsed 35 mm dishes.
RAW cells were added in 10% FBS, high glucose DMEM at 0.75, 1, and 0.5 x 10%/dish, for
MO and M1- and M2-like subsequent polarization, respectively. Eighteen h later the cells
were washed with 10% FBS phosphate-free DMEM. Nanoceria (0, 1, 10, or 100 pug/ml) were
added. Nanoceria uptake and incubation took place for 2.5 h in a 37 °C, 5% CO; incubator.
The cells were then washed once with normal saline solution, washed in 10% FBS-DMEM
(plus phosphate), and polarized. The cells were then prepared for immunocytochemistry

following a modified BioLegend protocol (2018 version) https://www.biolegend.com/en-

us/protocols/immunocytochemistry-staining-protocol, as follows.

Donkey serum, antibodies, 4',6-diamidino-2-phenylindole (DAPI), and phalloidin-AF488
solutions were sterilized through 0.22 um filters. Cells were washed twice in PBS, then fixed
in 4% p-formaldehyde-PBS (prepared from a 16% p-formaldehyde stock solution, 10x PBS,
and sterile Milli-Q water) for 15 min, then five min washed three times in PBS. Cells were
permeabilized in 0.5% Triton-X 100 for five min, followed by three five min PBS washes.
Cells were separately treated with CD197 (CCR7) monoclonal Ab (4B12), APC for M1-like
cell morphometry or goat a-mouse MMR/CD206, polyclonal for M2-like cell morphometry.
Primary antibodies, 180 pl, were carefully placed onto the coverslip, and another coverslip
was placed on top, creating an antibody sandwich. Dishes containing the coverslips were
placed in a box with a tight-fitting lid with wet paper towels lining the bottom (humidified box)
and incubated for 2 16 h at 4 °C. The top coverslip was floated off with PBS and discarded.
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Cells were then washed with 0.1% Tween 20-PBS twice followed by PBS once, five min
each. The secondary antibody (donkey a-goat-Alexa Fluor 594 (A11058)) was added in the
same manner as the primary antibody for one h at room temperature. The top coverslip was
floated off with PBS, and the cells washed with 0.1% Tween 20-PBS three times followed by
PBS once, five min each. DAPI (1/4800 of 1 mg/ml stock) and phalloidin-AF488 (1/1000) in
PBS were then added for 45 to 50 min at room temperature, followed by washing with 0.1%
Tween 20-PBS four times then PBS once. The cells on the coverslips were mounted on
slides using Vectashield held in place with nail polish. The slides were stored at -20 “C until

confocal microscopy images were obtained.

To enable concurrent staining of the same cells for both CD197 (CCR7) and MMR/CD206,
secondary antibodies were selected for their fluorescent emission that did not significantly
overlap with each other, DAPI, or phalloidin. The procedures were the same with the
following changes. Blocking buffer, 2% donkey serum in PBS, was added for one h, then
aspirated. The antibodies were mixed in blocking buffer together; rat a-mouse CD197 at
1/200 and goat a-mouse CD206 at 1/100. The secondary antibodies (donkey a-rat-AF647
plus donkey a-goat-AF594 1/500 each) were added in the same manner as the above and

incubated at 4 °C overnight.

Imaging
Imaging of treated and fluorescently-labeled cells was performed on a TCS SP8 confocal
microscope (Leica Microsystems, Buffalo Grove, IL 60089 United States). Using the
Navigator function in LAS-X, multiple z-stack frames were imaged for each slide with 16 bit
depth. Conventional photomultipliers were used for APC, AF594, and AF647 fluors, while

hybrid detectors were used for DAPI and AF488. Sequential scanning was used to minimize



cross-talk. Within each experiment, identical capture settings were used for all slides (laser

power, pinhole, detector gain, offset, detection wavelengths).

Image Processing
Leica image files were imported into arivis Vision4D v3.5 (arivis AG, 18057 Rostock
Germany). Z stacks for each frame of cells were analyzed using a pipeline to automatically
detect cell boundaries. The segmentation pipeline was initiated with the detection of nuclei,
based on DAPI staining. The consistency and low background for DAPI detection provided
reliable identification of each cell in a field. To expand the area to each cell perimeter, two
region-growing steps were employed. The first used the detection of anti-CD206 staining to
define general cytoplasmic regions of each cell. Beginning from each defined nucleus, the
selected segment was expanded to include the contiguous anti-CD206 signal. Although
staining intensity for anti-CD206 varied with treatment, there was always sufficient signal
above background to generally define cytoplasm. The final region growing step was to
expand the segments defined by DAPI and anti-CD206 to also include contiguous phalloidin
staining. The addition of the actin cytoskeleton provided sharp and distinct boundaries for
each segment. See Figure 1 for single channel images and steps in the segmentation
pipeline. The segments defined by the automated detection pipeline fit very well with the cell
boundaries that were observed by eye, even for cells with extensive regions of contact with
neighbors. After visual inspection of all images, manual curation was necessary for ~ 0.2%
of the segments to remove, merge, or split segments, mostly due to duplicated nuclei in

dividing cells or particularly long projections on some differentiated cells.

For each of the identified and verified segments in each field and for each treatment,

morphometric and intensity measurements were recorded. From among the 16
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measurements, the sum of the intensity for the M1 marker (CD197), the sum of the intensity

for the M2 marker (CD206), cell volume, and roundness are presented here.

Polarization verification and nanoceria’s effects on non- and polarized RAW cells

The methods in Supplementary Material, above, and following were utilized to verify
polarization of RAW cells to M1- and M2-like phenotypes and assess nanoceria’s effects
on cell polarity.

A. To determine the IL-1B level, 2 x 106 cells were seeded in T-75 tissue culture flasks. RAW
cells were polarized and then exposed to vehicle or 10 ug/ml nanoceria for six h. IL-13
was determined by a western blotting assay *°.

B. An arginase assay was conducted “¢. To assess the effects of nanoceria, cells were
seeded at 1 x 10°/well of 24-well plates and exposed to vehicle or 10 pg/ml nanoceria for
2.5 h the next day. The cells were then polarized. It was assumed that nanoceria would
be taken up and retained by the cells, as reported in articles cited in the Introduction,
and not washed out.

C. Expression of genes that are markers of M1- and M2-like cells (Nos2 and Ccr7) and
(Argl and Mrcl), respectively, were determined in non-polarized (MO), and M1- and M2-
like polarized RAW cells exposed to 0, 1, 10, or 100 pg/ml nanoceria as described above
(Macrophage gene expression determined by RT-gPCR).

D. MST and GST assays were conducted as described above. After seeding and growth
overnight in standard medium, the medium was replaced with the phosphate-free
medium containing O (vehicle), 1, 10, or 100 pg/ml nanoceria for 2.5 h. Medium was then
replaced with standard medium for 24 h containing PBS, LPS, or IL-4 to polarize the
cells. Before starting the OCR and ECAR assays, the medium was replaced with
Seahorse XF assay medium (pH 7.4) and the cells were acclimated for L hat 37 °Cina
non-CO: incubator.
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E. After polarization RAW cells were vehicle or nanoceria (10 pg/ml) exposed for six or 24 h
then harvested and prepared for light microscopy by toluidine blue staining. Examples
are shown in Figure S1. Selected morphological features (area, perimeter, and
circularity) of the cells and their nuclei were manually traced and quantified using ImageJ
version |1J 1.46r.

F. To assess nanoceria’s effects on RAW cell polarization determined by
immunohistochemistry, five experiments were conducted. The first experiment utilized
separate (MO, M1-, and M2-like) cells stained for the M1- or M2-phenotype marker, and
exposure to 0 or 10 ug/ml nanoceria. The second experiment utilized antibodies for the
M1 and M2 phenotypes mixed together so that all three cell phenotypes received the
same staining procedures. Cells were exposed to 0 or 10 pg/ml nanoceria. The last
three experiments utilized the mixed antibodies for the M1 and M2 phenotypes. Cells

were exposed to 0, 1, 10, or 100 ug/ml nanoceria.

Data and statistical analysis:

Results of the II-1B assay were analyzed by a one-way ANOVA test, followed by a Dunnett's
multiple comparisons test and an unpaired t-test. Results of the arginase assay was analyzed
by a one-way ANOVA followed by a Tukey's multiple comparisons test. Cell OCR and GST
results were analyzed by two-way ANOVAs, followed, when significant, by Tukey’s multiple
comparisons tests. Values of the morphological features of RAW cells after polarization were
converted to log values and statistically significant differences compared to non-polarized (MO)
cells determined by paired two-tailed t-tests or Wilcoxon tests. Mean results of the M1- and M2-
like cells of the three immunohistochemistry experiments, as a percentage of MO cells, for the
M1 and M2 antibodies, volume, and roundness, were analyzed by one-way ANOVAs followed
by a Tukey's multiple comparisons tests. GraphPad Prism 9.1.0 was used for these analyses.
Values of the morphological features of RAW cells after polarization from each experiment were

12



converted to natural log and analyzed by a three-way ANOVA for polarity, treatment, and time,

followed, when significant, by pair-wise comparisons. These analyses were done using JMP,

version 15.2 from SAS, Inc. Results are presented as mean + S.D.

Results

Polarization verification and nanoceria effects on non- and polarized RAW cells.

1.

IL-18 assay

The IL-1pB level from M1-like cells was lower than MO cells, presumably due to a decreased
level of metabolism (Figure 2 left side) combined with increased IL-1pB release earlier after
LPS exposure. Nanoceria blocked the LPS-induced decrease (Figure 2 right side).
Arginase assay

Interleukin 4 (IL-4) significantly increased arginase activity but LPS did not (Figure 3 left
side). Nanoceria pretreatment significantly blocked the IL-4-induced arginase increase in
M2-like RAW cells (Figure 3 right side).

Macrophage gene expression determined by RT-qPCR

Expression of genes that characterize M1 (Nos2 and Ccr7) and M2 (Argl and Mrcl)
macrophages were elevated in RAW cells following their polarization (Figure 4). Overall, the
effects of nanoceria were to decrease gene expression of the polarization markers in all
three cell phenotypes.

Mito and glycolysis stress tests

Oxygen consumption rate determination showed LPS exposure produced almost complete
mitochondrial shutdown (Figure 5). The M1-like cells had no measurable spare respiratory
capacity (not shown). Nanoceria significantly increased several OCR and glycolytic MO cell
endpoints. It non-significantly increased all shown OCR endpoints in M1-like cells (Figure 5
A, B, and C) and its highest concentration significantly increased glycolytic capacity (Figure
5 E), reserve (Figure 5 F), and percent glycolytic reserve (Figure 5 G) in M1-like cells
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toward MO levels. It significantly decreased basal OCR (Figure 5 A), ATP production (Figure
5 C), and percent glycolytic reserve (Figure 5 G) in M2-like cells toward MO levels.
Macrophage morphology determined by light microscopy

Morphological features (area, perimeter, and circularity) determined from light microscopy
images of the cells and their nuclei did not reveal a significant effect of time for all endpoints
according to the three-way ANOVA for polarity, treatment, and time. Therefore, the six- and
24-h results were merged. Table 1 vehicle-exposed cells shows M1-like cells compared to
MO or M2-like cells exhibited greater nuclear and cell area and perimeter length and were
less circular. Differences between M2-like and non-polarized (MO) cells were less

pronounced.

Comparison of selected morphometric properties of RAW cells after polarization followed by
nanoceria exposure showed the same trend in differences between M1-like cells compared
to MO or M2-like cells as seen in the absence of nanoceria exposure (Table 1, compare
Nanoceria-exposed cells to Vehicle-exposed cells). However, nanoceria exposure produced
some significant changes (Table 1 Nanoceria compared to Vehicle-exposed cells).
Macrophage morphology determined by immunohistochemistry

Examples of representative MO, M1-, and M2-like cells immunohistochemically stained,
imaged using confocal microscopy, and defined using the arivis Vision4D pipeline that were
not and were exposed to the three nanoceria concentrations are shown in Figure 6. The
steps in segmentation and construction of a cell’s volumetric rendering using the arivis

Vision4D pipeline are shown in Figure 1 and in a movie in the Supplementary Material.

Results of the five individual experiments utilizing immunohistochemical staining with DAPI,
M1 and M2 cell antibodies, and phalloidin to determine M1 and M2 cell surface protein
expression and cell volume and roundness of non-polarized RAW cells and cells polarized
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to M1- and M2-like phenotypes are shown in the Supplemental Information (Figures and
tables S2). Table 2 shows the combined results in the three cell phenotypes of all five
experiments. Figure 7 shows the combined results in the M1- and M2-like cells of the three
experiments that included the three nanoceria concentrations as a percentage of the non-

nanoceria treated MO cells of their same experiments.

Discussion

Multiple methods were utilized to address the hypothesis that nanoceria can increase
inflammation/oxidative stress from the basal state and reduce it from the elevated state.
Experiments were included to validate that LPS and IL-4, used by many others (cited in the
Supplementary Material), polarized RAW cells to their M1 and M2 phenotypes, respectively.
Lipopolysaccharide decreased the IL-1( level after six hour exposure (Figure 2); increased the
expression of Nos2 and Ccr7 genes that characterize M1 macrophages (Figure 4); produced
almost complete mitochondrial shutdown (Figure 5) as reported by others #7 “8; increased cell
and nuclear size in light microscopic images (Table 1) as have been reported (2° 48 49 59);
increased cell volume (Table 2 and Figure 7); increased production of intracellular vacuoles and
holes (Supplemental Information, Figure S1), as previously described 2°; and increased cell’'s
M1 marker (CD197) intensity (Table 2 and Figure 7). Interleukin 4 increased arginase activity
(Figure 3), a characteristic of M1 compared to non-polarized macrophages; the expression of
Argl and Mrcl genes that characterize M2 macrophages (Figure 4); oxidative metabolism
(Figure 5) as reported by others #7; and expression of the M1 cell surface protein (MMR/CD206)

(Table 2 and Figure 7).

Multiple methods were also utilized to assess the effect of nanoceria exposure on the polarized
RAW cells. Nanoceria blocked the LPS-induced IL-1B level decrease in M1-like cells, resulting
in an IL-1B level comparable to MO and M2-like cells (Figure 2). The two lower concentrations of
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nanoceria decreased gene expression of the M1-like cell polarization markers toward M0 and
M2-like cell levels (Figure 4). Nanoceria non-significantly increased OCR endpoints and its
highest concentration significantly increased most glycolytic endpoints in M1-like cells toward
MO levels (Figure 5). Nanoceria reduced arginase expression to levels below those of MO and
M1-like cells (Figure 3) and concentration-dependently reduced gene expression of the M2-like

cell polarization markers toward MO and M1-like cell levels (Figure 4).

MST and GST results show a significant effect on mitochondrial and glycolytic function in
response to LPS and IL-4 mediated M1 and M2 switch of the macrophages suggesting a shift in
the metabolic function. Nanoceria distinctly affected mitochondrial and glycolytic parameters of
MO, M1, and M2 macrophage phenotypes and in many cases in a dose dependent manner. In
MO macrophages, nanoceria increased basal respiration (Figure 5 A), maximal respiration
(Figure 5 B), and ATP production (Figure 5 C) mainly at 1 and 10 pg/L nanoceria concentrations
whereas the glycolytic capacity remained unaffected at those concentrations but was increased
at 100 pg/L nanoceria (Figure 5 E). In M1 macrophages, with increasing nanoceria
concentration there was a shift towards increasing basal respiration (Figure 5 A), maximal
respiration (Figure 5 B), and ATP production (Figure 5 C). There was no change in basal
glycolysis (Figure 5 D) but glycolytic capacity (Figure 5 E), glycolytic reserve (Figure 5 F), and
percent reserve (Figure 5 G) were found to be significantly increased with nanoceria treatment
in M1 macrophages. In M2 macrophages there was an increase in mitochondrial and glycolytic
function parameters as compared to MO macrophages. The nanoceria treatment in M2
macrophages resulted in decreased mitochondrial basal respiration (Figure 5 A), maximal
respiration (Figure 5 B), and ATP synthesis (Figure 5 C) at 10 and 100 pg/L nanoceria. M2 cell
glycolytic parameters were mostly unaffected with the nanoceria treatment. There were no
significant differences in glycolytic parameters between the basal MO glycolytic rate and
nanoceria treated M2 macrophages. Overall, considering the multiple MST and GST metabolic
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parameters, these results indicate a trend of the nanoceria treatment to bring the metabolic

function towards the MO macrophage states.

Light microscopic images of toluidine blue stained RAW cells were used to manually trace and
quantify cell and nucleus area, perimeter, and circularity, to determine the effects of nanoceria
on RAW cell polarization state. Nanoceria reduced M1-like cell nuclear and cell area and cell
perimeter and increased circularity, bringing these endpoints closer to those of non-polarized
(MO) cells (Table 1). Nanoceria also increased the area and perimeter of non-polarized (MO)
cells, a change in the direction toward M1-like cell values. Nanoceria exposure induced changes

in M2-like cell morphometry were not consistently changed toward MO or M1-like cell values.

This study utilized a novel method to three-dimensionally characterize non-polarized and
polarized macrophages. Polarized macrophage morphology has been described by many, but
only two-dimensionally. M1 and M2 polarized murine-derived bone marrow-derived
macrophages were described as round/oval, pancake-like shaped and having cellular
elongation, respectively 2’ °1. Human primary macrophages polarized to the M1 phenotype had
dendritic-like morphology with large filopodia whereas M2 macrophages were described as
rounded with spindle-shaped morphology, similar to unstimulated macrophages °2. Human
monocyte M1-like cells were more elongated whereas M2-like cells had a larger, more rounded
morphology 5. Similarly, M2 macrophages from human monocytes had greater cell area than
naive macrophages, that were larger than M1 macrophages, whereas the nuclear area for naive
macrophages was greater than M1 or M2 phenotypes. M1 macrophages were more rounded
whereas M2 macrophages had more irregular cell bodies 3. M1 cells from human monocytes
were described as spindle shaped and M2 cells as having a more spread morphology with giant
multinucleated cells **. Non- and polarized canine blood-derived macrophages presented a
different morphological picture °. MO cells were small and round, averaging 8 um diameter with
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few cytoplasmic extensions, although ~ 25% had amoeboid morphology. Most M1 cells were
amoeboid with an average diameter of 15 um and had fibrillary processes extending from the
cell surface. M2 cells exhibited a mixture of morphologies, including roundish and amoeboid
shapes, and bipolar spindeloid cells up to 35 um with elongated cell body with cytoplasmic
extensions. Circularity was assessed using ImageJ, as conducted herein, to characterize
macrophage phenotype . It was also noted that M1-like cells exhibited a dendritic shape with
cytoplasmic processes, compared to the round shape of non-polarized RAW cells 4 %,
consistent with our findings. The greater size of M1-like RAW cells was quantified using a
Coulter particle size analyzer *°. The authors are not aware of reports of three-dimensional

characterization of macrophage phenotypes.

Three-dimensional analysis of immunohistochemically-stained MO, M1- and M2-like RAW cells
showed results consistent with similar endpoints of the two-dimensional analysis of stained cell
cross-sections. M1-like cells had a greater volume than non-polarized cells (Table 2 and Figure
7), consistent with the greater area seen from the morphometric results obtained from the light
microscopic images (Table 1). M1-like cells were less round than the non-polarized and M2-like
cells (Table 2 and Figure 7), consistent with their lower two-dimensional circularity (Table 1).
The three-dimensional analysis provided the added benefits of avoiding the time-consuming
task of cell tracing for ImageJ analysis. It provided a three-dimensional representation of the

entire cell from any viewpoint (Video).

Nanoceria exposure had no effect on non-polarized (MO) cell volume, had a tendency to
increase their roundness (Table 2), and concentration-dependently decreased expression of the
M1 and M2 proteins by the cells. Nanoceria exposure increased roundness of M1-like cells,
consistent with the increased circularity of the light microscopic images, and concentration-
dependently increased expression of the M2 protein of the M1-like cells (Table 2 and Figure 7),
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changes away from the M1 phenotype. M2-like cell exposure to nhanoceria showed greater
volume (Table 2 and Figure 7), greater expression of the M1 marker protein, and less

expression of the M2 marker protein, changes toward the M1 cell phenotype.

The results of the present studies are summarized in Table 3. Successful polarization of RAW
cells to the M1-like phenotype is evidenced by greater expression of genes that characterize M1
macrophages; their larger nucleus area, cell size, and cell volume; and greater M1 antibody
staining; than non-polarized (MO0) cells. Successful polarization of RAW cells to the M2-like
phenotype is evidenced by their higher arginase activity, greater expression of genes that
characterize M1 macrophages, and less M1 and greater M2 antibody staining. Nanoceria
produced effects on non-polarized RAW cells that suggested some polarization toward the M2
phenotype, including multiple endpoints of cell oxygen consumption rate and the glycolysis
stress test. In contrast, nanoceria decreased expression of two M2 phenotypic genes, Argl and
MRC1. Changes in M1-like cells in response to nanoceria exposure were largely in the direction
to non-polarized and M2 cells, including the blocked decrease in IL1B; decreased expression of
two M1 phenotypic genes, Nos2 and Ccr7 (although expression of the two M2 phenotypic genes
(Argl and MRC1) was also reduced); decreased ATP production, blocked decrease in glycolytic
capacity and increased glycolytic reserve; cells that were more circular (2D) and round (3D);
and greater M2 antibody staining. Some of the results of M2-like cell nanoceria exposure
suggest decrease of the M2 phenotype, including blockade of the M2 marker arginase activity,
increased Ccr7 (a M1 marker) and decreased Argl and MRC1 (M2 marker) gene expression;
decreased oxygen consumption rate and glycolytic reserve, and greater M1 and less M2
antibody staining. Overall, the results are consistent with the hypothesis that nanoceria can
increase inflammation/oxidative stress from the basal state and reduce it from the elevated

state.
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Ceria-containing NPs have been shown to affect polarization status in the same direction as we
observed. Adding manganese ferrite and ceria to mesoporous silica nanoparticles decreased
proteins and mRNA that are preferentially expressed by M1 and increased those expressed by
M2 bone marrow-derived macrophages °’. Nanoceria produced changes in human monocytes
that are consistent with the T helper 2 cell profile 3. Nanoceria decreased the LPS-induced
increase of TNF-q, IL-6, IL-13, and nitrite production and iINOS and COX-2 protein by RAW
cells, suggesting reduction of M1 activity 8. Murine microglia (BV-2 cells) took up nanoceria and
changed expression of phenotypic markers from those characterizing M1 to the M2 phenotype
59, Cerium dioxide hydroxyapatite powder decreased RAW cell Ccr7, CD11c, IL-6, and TNFa
and increased CD206, CD163, IL-10, IL-1ra, and TGF-B1 expression, suggesting activation
toward the M2 phenotype #. In contrast, nanoceria was not found to alter phenotypic markers

from human CD14"* cells in the absence or presence of LPS pre-exposure .

In summary, a method was developed to three-dimensionally characterize the morphology of
cells from antibody-stained RAW cells and confocal microscopy obtained images. It was utilized,
along with cell OCR and GST assays, RT-gPCR of genes characterizing M1 and M2
macrophage phenotypes, and light microscopy of stained cells to test the hypothesis that
nanoceria has the ability to increase inflammation/oxidative stress from the basal state and
reduce it from the elevated state. Overall, the results support the hypothesis. The results help
understand the conflict between reports that nanoceria has potential pharmaceutical benefit in
the treatment of many conditions that has an inflammatory/oxidative stress component and
reports demonstrating nanoceria-induced increased inflammation/oxidative stress. The results
suggest that although nanoceria may be beneficial in the presence of elevated

inflammation/oxidative stress, it should be avoided under normal circumstances.
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Figure legends:

Figure 1. An example of the confocal image components used to create the whole cell 3-D
segment. A. DAPI-stained nuclei of MO RAW264.7 cells. B. CD206 staining for a M2
macrophage marker protein. C. CD197 staining for a M1 macrophage marker protein. D.
Phalloidin staining of actin filaments. E. Overlay of DAPI and CD206 staining. F. Overlay of
DAPI, CD206, and phalloidin staining. G. 3D surface of selected segmented macrophage
displayed in cyan. Detected boundaries of additional segments/cells are transparent to show
underlying staining. H. The CD197 staining (not used in segmentation) is merged with the other

three markers. The scale bar is 10 microns.

Figure 2. IL-1B level from non-polarized cells (M0), M1-, and M2-like RAW cells (left side) and
the effect of nanoceria pretreatment (right side). ** = Significantly different from MO cells by one-
way ANOVA (F(2,18) = 8.19, p = 0.0030) and Dunnett’'s multiple comparisons test (p = 0.0017).
Nanoceria pretreatment results are not significantly different (F(2,18) = 0.47), nor were the
results from the M1-like non- and nanoceria-pretreated cells (p = 0.2182). Results are from

seven experiments.

Figure 3. Arginase activity of non-polarized (M0), M1-, and M2-like RAW cells (left side) and the
effect of nanoceria pretreatment (right side). *** and **** = Significantly different from non-
pretreated M2 cells (p < 0.001) and (p < 0.0001) by one-way ANOVA (F(5,16) = 14.05,p =<

0.0001) and Tukey's multiple comparisons test. Results are from four experiments.

Figure 4. Expression of genes that characterize M1 (Nos2 and Ccr7) and M2 (Argl and Mrc1l)
polarized macrophages of RAW cells after their polarization and nanoceria exposure compared

to non-polarized (MO) control (vehicle exposed) cells. Solid histograms are polarized control
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(vehicle exposed) cells. Check patterned histograms are nanoceria-exposed cells. Note the

different Y axis scales.

Figure 5. Macrophage polarization and nanoceria effects on the mito stress test (MST) and
glycolysis stress test (GST) parameters. A) The basal OCR, B) maximal OCR and C) ATP
production rates were determined from the MST whereas the D) glycolysis, E) glycolytic
capacity, F) glycolytic reserve and G) percent glycolytic reserve were obtained from the GST.
Numbers in parentheses are the nanoceria concentrations in pg/ml. *, ** *** gand **** =
significantly different from MO cells; *, **, ***, and **** = significantly different from M1-like cells;
and #, # ## and ## = significantly different from the same phenotype without nanoceria
treatment, at p < 0.05, 0.01, 0.001, and 0.0001, respectively. All results are from Tukey’s
multiple comparisons tests comparing column means (main column effect) following a two-way
ANOVA from which the column factor was significant at p < 0.0001. Results are from five

experiments, each containing three to four replicates of each treatment condition.

Figure 6. Confocal image examples of the three cell phenotypes and four treatments.
Representative cells were selected as those most closely having the average sum of the M1
and M2 antibodies, cell volume, and roundness for that cell phenotype (MO, M1-like, or M2-like)
and treatment (0, 1, 10, or 100 pg/ml nanoceria). The lower right panel for each cell phenotype
and treatment shows the CD206 antibody stain, color coded yellow. The lower left panel shows
the CD197 antibody stain as magenta. The upper right panel shows the merged antibody stains
including DAPI (blue) and phalloidin (green). The selected segmented cell is represented with a
randomly colored solid surface in the upper left panel for each condition. Other segmented cells
are represented as transparent surfaces. All images are displayed at comparable intensities and

the same scale. Scale bar is 10 microns.
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Figure 7. Results of the three immunohistochemistry experiments that included all three
nanoceria concentrations to determine antibody staining, volume, and roundness of MO, M1-,
and M2-like cells and nanoceria’s effects, as a percentage of MO cells that did not receive
nanoceria pretreatment. ANOVA results for the M1 and M2 antibodies, volume, and roundness
were F (7,16) =5.212, 0.1699, 2.719, and 4.527, with p = 0.0030, 0.9980, 0.0462, and 0.0059,
respectively. * and ** = significant differences by Tukey's multiple comparisons tests at p < 0.05

and p < 0.01, respectively.
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Figure 2
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Figure 5
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Figure 6
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Figure 7
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Table 1. Nucleus and cell morphometric comparison of MO, M1-, and M2-like RAW cells after
polarization and vehicle or nanoceria exposure. Values in parentheses are from pairwise
comparisons following significant ANOVA results.

Light microscopy results

Nucleus Cell

Area (um?) | Perimeter (um) | Circularity | Area (um?) | Perimeter (um) | Circularity

Vehicle-exposed cells

M1-like 30.9/20.6 21.8/17.0 0.78/0.87 103/40.6 39.9/23.8 0.80/0.89
compared to ) (exx) (exx) (o) ) (%)
MO cells
M1-like 30.9/19.1 21.8/16.2 0.78/0.88 103/38.4 39.9/23.2 0.80/0.88
compared to (rrx) ) ) () (rext) (%)
M2-like cells
M2-like 19.1/20.6 16.2/17.0 0.88/0.87 38.4/40.6 23.2/23.8 0.88/0.89
compared to * **) (NS) **) (NS) *
MO cells
Nanoceria-exposed cells
M1-like 24.3/20.4 19.8/16.8 0.77/0.87 82.8/41.8 34.9/24.1 0.84/0.89
compared to (reer) ) (%) (o) ) *)
MO cells
M1-like 24.3/16.4 19.8/15.8 0.77/0.83 82.8/35.0 34.9/22.0 0.84/0.90
compared to ) ) (%) (oree) (reet) (%)
M2-like cells
M2-like 16.4/20.4 15.8/16.8 0.83/0.87 35.0/41.8 22.0/24.1 0.90/0.89
compared to (NS) (NS) (NS) () (****) (NS)
MO cells
Nanoceria compared to vehicle-exposed cells
MO cells Smaller Smaller No change Larger Larger No change
(NS) (NS) * **)
M1-like cells Smaller Smaller Less Smaller Smaller More
*) (NS) (NS) () **) )
M2-like cells Smaller Smaller Less Smaller Smaller More
(NS) *) (**) (NS) *) (NS)

NS, *.** %k, xxxx = P > (0,05, < 0.05, < 0.01, < 0.001, < 0.0001, respectively
Vehicle-exposed cell nucleus results are based on 138, 71, and 137 MO, M1-, and M2-like cells,
and cell results are based on 242, 44, and 170 MO, M1- and M2-like cells, respectively.
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Nanoceria-exposed cell nucleus results are based on 75, 113, and 179 MO, M1-, and M2-like

cells and cell results are based on 142, 92, and 83 MO, M1-, and M2-like cells, respectively.
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Table 2. Results of the five immunohistochemistry experiments to determine antibody staining,
volume, and roundness of MO, M1-, and M2-like cells and nanoceria’s effects. Asterisks in
parentheses show statistically significant differences from MO (not nanoceria exposed) cells

from the same experiments and in the square brackets the roundness ratio of M1-like cells after

100 pg/ml nanoceria vs no nanoceria, * and ** = P < 0.05 and < 0.01, respectively.

MO (vehicle or M1 (vehicle or M2 (vehicle or
nanoceria nanoceria exposed) nanoceria
exposed) cells cells exposed) cells
Sum of fluorescence intensity of the M1 marker (CD197) !
Nanoceria
exposure
(Hg/ml)
0(n=3)2 3.93+0.39 2.81 +1.47
0(n=5) 2.89+1.46 4.89 £ 1.67 (**
1(n=3) 3.84+£1.37 5.65 + 0.48 (**) 3.51+£2.06
10(n=5) 3.17+£0.74 5.50 £ 0.80 (*) 3.32+£211
100 (n=23) 3.01+0.92 6.41+£1.10 (*) 2.95+1.06
Sum of fluorescence intensity of the M2 marker (CD206) !
0(n=3) 2.92 +2.06 3.70 + 2.07
0(n=5) 2.37 £1.65 3.48 £1.63
1(n=3) 2.52+1.26 3.75+1.00 3.08+£1.52
10(n=5) 2.35+0.91 3.77+0.81 3.33+1.38
100 (n=23) 2.45+0.85 4.14 £ 1.66 3.41+£1.68
Volume (um?d)
0(n=3) 6342 + 916
0(n=5) 5354 + 1701 11769 £ 2796 (**) 6480 + 676
1(n=3) 6896 + 1722 14242 + 2685 7418 + 2488
10 (n=5) 5372 + 1546 12135 # 1630 (*¥) 7122 + 1074
100 (n =3) 7674 + 2183 11390 £ 1932 7900 + 995
Roundness
0(n=3) 0.247 £ 0.015
0(n=5) 0.233 + 0.044 0.171 + 0.052 0.242 + 0.061
1(n=3) 0.259 + 0.014 0.191 £ 0.013 (**) 0.265 + 0.047
10(n=5) 0.248 + 0.049 0.193 + 0.070 0.231 + 0.047
100 (n=3) 0.271 £0.018 | 0.302 +0.006 (*) [**] 0.264 + 0.020

1 Antibody sum values are as entered x 108

2 Number of experiments
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Table 3. A summary of this article’s study results. Statistically significant results, as shown in the
article, are noted by an asterisk (*).

Endpoint Compared to non- Nanoceria effect
polarized (MO) cells
M1-like M2-like Non- M1-like M2-like cells
cells cells polarized cells
(MO) cells
IL1B assay
IL1B Lower * Blocked
decrease to
a level not
different
from MO
cells *
Arginase assay
Arginase activity, Higher * Blocked increase
a M2 to a level below
macrophage MO cell level *
marker
Macrophage gene expression determined by RT-gPCR
Nos2 Greater | Not Inconsistent | Decreased No consistent
different increase toward MO change
and M2-like
cell levels
Cer7 Greater | Less Decreased | Decreased Increased toward

toward MO MO and M1-like
and M2-like cell levels

cell levels
Argl Greater | Greater Decreased | Decreased Decreased
to MO cell toward MO and
level M1-like cell
levels
MRC1 Greater | Greater Decreased | Decreased Decreased
toward MO toward MO and
cell level M1-like cell
levels
Cell oxygen consumption rate and the glycolysis stress test
Basal OCR Lower * | Higher * Increased * | Increased Decreased *
toward M2- | toward MO toward MO cell
like cells cell level level
Maximal Lower * | Higher * Increased * | Increased Decreased
respiration toward M2- | toward MO toward MO cell
like cells cell level level
ATP production Lower * | Higher * Increased * | Increased Decreased *
toward M2- | toward MO toward MO cell
like cells cell level level
Glycolysis Lower * | Not Decreased | Increased
different * toward toward MO
cell level
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M1-like

cells
Glycolytic Lower * | Higher * Increased * | Increased *
capacity to level to a level
similar to similar to MO
M2-like cells
cells
Glycolytic reserve | Lower * | Higher Increased * | Increased *
toward MO
cells
Percent glycolytic | Lower * | Higher * Increased * | Increased * | Decreased *
reserve toward MO toward MO cell
cell level level
Macrophage morphology determined by light microscopy
Nucleus area Larger * | Smaller * | Smaller Reduced * Reduced
toward MO
and M2-like
cell levels
Nucleus Greater | Smaller * Reduced Reduced *
perimeter * toward MO
and M2-like
cell levels
Nucleus Less * Less *
circularity
Cell area Greater | Smaller * Increased * | Decreased * | Decreased
* toward M1 | toward MO
cell level and M2-like
cell levels
Cell perimeter Greater Increased * | Decreased * | Decreased *
* toward M1 | toward MO
cell level and M2-like
cell levels
Cell circularity Less * Less * Increased * Increased
toward MO
and M2-like
cell levels

Macrophage morphology determined by

immunohistochemistry

M1 antibody Greater | Less Decreased | Increased Increased toward

staining * toward M2- M1-like cell level
like cell
level

M2 antibody Greater | Greater Decreased | Greater Decreased

staining toward MO cell

level
Cell volume Greater | Greater No No Greater toward
* consistent consistent M1-like cell level

change change

Roundness Less Not Increased * | Increased No consistent

different toward MO change
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and M2-like
cell levels *
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