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Objective: Multiple sclerosis (MS) is a heterogeneous inflammatory demyelinating disease. Iron distribution is altered
in MS patients’ brains, suggesting iron liberation within active lesions amplifies demyelination and neurodegeneration.
Whether the amount and distribution of iron are similar or different among different MS immunopatterns is currently
unknown.
Methods: We used synchrotron X-ray fluorescence imaging, histology, and immunohistochemistry to compare the iron
quantity and distribution between immunopattern Il and Ill early active MS lesions. We analyzed archival autopsy and
biopsy tissue from 21 MS patients.
Results: Immunopattern Il early active lesions contain 64% more iron (95% confidence interval [Cl] = 17-127%,
p = 0.004) than immunopattern Ill lesions, and 30% more iron than the surrounding periplaque white matter (95%
Cl = 3-64%, p = 0.03). Iron in immunopattern Il lesions is 28% lower than in the periplaque white matter (95% Cl =
—40 to —14%, p < 0.001). When normalizing the iron content of early active lesions to that of surrounding periplaque
white matter, the ratio is significantly higher in immunopattern Il (p < 0.001). Microfocused X-ray fluorescence imaging
shows that iron in immunopattern Il lesions localizes to macrophages, whereas macrophages in immunopattern lll
lesions contain little iron.
Interpretation: Iron distribution and content are heterogeneous in early active MS lesions. Iron accumulates in macro-
phages in immunopattern Il, but not immunopattern Il lesions. This heterogeneity in the two most common MS immu-
nopatterns may be explained by different macrophage polarization, origin, or different demyelination mechanisms, and
paves the way for developing new or using existing iron-sensitive magnetic resonance imaging techniques to differenti-
ate among immunopatterns in the general nonbiopsied MS patient population.
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Signiﬁcant advancements in understanding the patho- further refined the definition of MS. Poser et al postulated
genesis and evolution of multiple sclerosis (MS), and in 1982 that MS may not be a single disease." In support
its clinical, pathological, and radiological features, have of this hypothesis, pathology has shown that the
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immunopathology of early active MS lesions is heteroge-
neous.” This pathological heterogeneity suggests that the
targets of injury and mechanisms of demyelination may
be different in disease subgroups and has resulted in recog-
nition of 4 distinct immunopatterns (IPs). Although path-
ologic heterogeneity is observed among MS patients, IPs
in multdiple active lesions from a single patient are identi-
cal.” Furthermore, immunopathological patterns persist in
active lesions sampled at different time points from the
same MS patient, reinforcing the concept of patient-
dependent
early MS.

Data from several laboratories support the patho-

immunopathological ~ heterogeneity  in

genic heterogeneity concept in early MS. Distinct cellular
expression patterns of the chemokine receptors CCR1 and
CCR5 thought to reflect the differential activation of
mononuclear phagocytes have been observed in lesions
from patients with IP IT and IP IIT MS.* Defects of mito-
chondrial respiratory chain complex IV in oligodendro-
cytes, reactive astrocytes and axons,” severe oxidative
damage,® and myeloperoxidase and inducible nitric oxide
synthase expressing microglia associated with upregulation
of proteins involved in tissue preconditioning’ are charac-
teristic for IP III but not IP II MS active lesions. Tissue
response to therapeutic plasma exchange also appears to
be different, with plasma exchange benefiting some
patients with IP TI, but not with IP IIL.*>? Although the
efficacy of various therapies currently available for MS has
not been studied by taking into consideration the patho-
logical IPs of MS patients, it is possible that the presence
of different immunopathological patterns may be at least
partially responsible for the variation in response, not only
to B-cell-depleting therapy, but also to various alternative
approaches that are used, apart from plasma exchange, to
treat aggressive MS. 1011

The concept of pathologic heterogeneity has been
challenged.'*™'* Some studies suggest that the earliest
pathologic changes are the prephagocytic lesions, pattern
[I-like lesions with widespread oligodendrocyte apoptosis
on a background of microglial activation and myelin pres-
ervation, followed by superimposed pattern II-like demye-
lination and complement activation.'* We have recently
reported that a subset of active demyelinating neuro-
myelitis optica supraspinal lesions simultaneously show
overlapping pathological features of pattern II (antibody
deposition and complement activation) and pattern III
(oligodendrocyte apoptosis with preferential loss of
myelin-associated glycoprotein) MS."”> These findings,
coupled with the aggressive clinical course in the index
pediatric patient case illustrated in the study with an epi-
sode of myelitis, severe brain stem dysfunction, relapse-

related disability and rapid death, raise the possibility that
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the index case described by Barnett and Prineas is neuro-
myelitis optica rather than MS.'>'> Others suggest that
the dominant mechanism of demyelination in all lesions is
antibody- and complement-mediated myelin phagocyto-
sis. 1214 However, these studies analyze lesions from MS
patients with longstanding disease (median disease dura-
tion > 22 and 26 years, respectively) and use different clas-
sifications of lesion activity.'? 14 Eatly active lesions are
the prerequisite for IP classification, and they rarely occur
in chronic MS.>'® Therefore, it is unlikely that early
active lesions were available for analysis in these studies.

Recent neuropathological data have reported altered
distribution of iron in the brains of MS patientslﬁzo and
suggest that the liberation of iron within active lesions
may accentuate demyelination and neurodegeneration.18
However, the precise role of metals and metalloproteins in
acute MS remains controversial. This is the first systematic
report to study the iron heterogeneity in MS by IP. We
use X-ray fluorescence imaging (XFI) to compare the dis-
tribution and quantification of iron in early active lesions
and periplaque white matter (PPWM) between the 2 most
common MS IPs (IP II and IP III), which together com-
prise 80% of all MS patients.

Patients and Methods

Sample Characterization

Study approval was granted by the University of Saskatch-
ewan Biomedical Research Ethics Board (Bio# 11-217,
Bio# 11-104), Mayo Clinic Institutional Review Board
(IRB-2067-99), and Center of Brain Research, Medical
University of Vienna, Austria (EK Nr. 535/2004/2019).
We analyzed formalin-fixed paraffin-embedded archival
autopsy and biopsy tissue from 21 MS patients (Table 1).
Tissue was embedded in paraffin under routine neuropa-
thology processing, therefore limiting variability between
cases with respect to fixation duration. A certified neurolo-
gist determined the clinical diagnosis according to
McDonald or Poser criteria.”"** Clinical course was
defined as clinically isolated syndrome, acute monophasic
MS with death within 1 year, relapsing-remitting MS,
secondary progressive MS, or uncertain clinical course,
when insufficient clinical data rendered subclassification
impossible.

Neuropathology and Immunohistochemistry

A certified neuropathologist confirmed the pathological
diagnosis of inflammatory demyelination consistent with
MS. Five-micrometer-thick microscopic sections were sta-
ined with hematoxylin and eosin for morphological evalu-
ation, Luxol fast blue/periodic acid-Schiff or Luxol fast
blue/hematoxylin and eosin for myelin, and silver impreg-
nation for axons. Immunohistochemistry was performed
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TABLE 1. Acute Case Reference Table

Case # IP Class Autopsy or Biopsy Gender
1 2 B F
2 2 B F
3 2 A M
4 2 A F
5 2 B F
6 2 B M
7 2 A M
8 2 B M
9 3 A F
10 3 A M
11 3 A F
12 3 B M
13 3 A F
14 3 A M
15 3 B M
16 3 B M
17 3 A F
18 3 A F
19 3 A M
20 3 A M
21 3 A M

A = autopsy; B = biopsy; F = female; IP = immunopattern; M = male; NA = not available; ROI = region of interest.

Age, yr Disease Duration, mo ROIs, n
9 NA 2
37 156 3
46 9 2
50 96 4
68 1 2
69 1.8 1
71 144 5
72 0.1 6
17 0.5 4
28 0.8 4
28 2 5
33 NA 2
34 13 4
35 1.5 4
37 1.8 1
38 0.3 1
40 120 5
45 0.2 3
45 0.6 5
58 3 1
78 2 4

using an avidin-biotin technique and primary antibodies
against myelin proteolipid protein (PLP; rabbit polyclonal;
1:500; Serotec, Oxford, UK), myelin oligodendrocyte gly-
coprotein (rabbit monoclonal; 1:1,000; Abcam, Cam-
bridge, MA), (rabbit
monoclonal; 1:500; Sigma, St Louis, MO), macrophages/

myelin-associated ~ glycoprotein

microglia (CD68; mouse monoclonal; 1:1,000; Dako,
Glostrup, Denmark), all T lymphocytes (CD3; rat mono-
clonal; 1:400; Serotec), cytotoxic T lymphocytes (CD8;
mouse monoclonal; 1:50; Dako), phosphorylated neu-
rofilament (rabbit polyclonal; 1:2,000; Chemicon Interna-
tional, Temecula, CA), ferritin heavy chain (rabbit
polyclonal; 1:1,000; Abcam), complement C9neo antigen
(mouse monoclonal; 1:200; Prof Morgan, Cardiff, UK),
terminal complement complex (TCC) and C9 (rabbit
polyclonal antihuman; 1:200; Prof Morgan), and TCC
and C9 (rabbit polyclonal antirat; 1:200; Prof Morgan).
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Active white matter lesions were classified as described
previously.”> Macrophages (see Fig 1E, K) in early active
white matter lesions contained myelin debris immunoreac-
tive for minor and major myelin proteins (see insets in
Fig 1B, H). Macrophages in late active lesions contained
myelin degradation products immunoreactive for only major
myelin protein. PPWM referred to the white matter imme-
diately surrounding the demyelinated lesion (<2mm away
from the lesion edge).'® Normal-appearing white matter,
located at least 2mm away from the lesion,'® was only pre-
sent in one block (see Fig 1B) and therefore not analyzed.

Early active lesions were next classified into IP II
and TP TIT according to published criteria.” IP II lesions
were characterized by active demyelination with equal
losses of all myelin proteins (see Figs 1B-D and 2B, C),
associated with immunoglobulin and complement deposi-
tion (see Figs 1F and 2D) on myelin (see lower left inset
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FIGURE 1: Iron in early active (EA) multiple sclerosis (MS) lesions: (A-F) Immunopattern (IP) Il MS (Case 7 in Table 1 and Fig 3A; first
block). (G-L) IP Il MS (Case 9 in Table 1 and Fig 3A). (A) Iron is increased in IP Il EA lesions (X-ray fluorescence imaging [XFI]).
(B) The circumscribed loss of proteolipid protein (PLP) immunoreactivity highlights demyelination; the various regions of interest are
outlined and named (EA = early active lesion; LA = late active lesion; NAWM = normal-appearing white matter; PPWM = periplaque
white matter) on this map (PLP); inset shows the presence of myelin oligodendrocyte glycoprotein (MOG) immunoreactive myelin
debris within macrophages (MOG). (C) The lack of Luxol fast blue (Lfb) staining indicates demyelination; the areas imaged with
microfocused XFl (see Fig 4A, B, E, F) are indicated (rectangles) on this map (Lfb/hematoxylin and eosin [HE]). (D) Loss of myelin-
associated glycoprotein (MAG) is equal to loss of PLP (compare with B; MAG). (E) The lesion is infiltrated by activated macrophages
(higher magnification shown in lower left panel); activated microglia are present in the PPWM (higher magpnification shown in lower
right panel; KiM1P). (F) Complement deposition is present within the lesion, on myelin (lower left panel) and within macrophages
(lower right panel; C9neo). (G) Iron is decreased in IP Il EA lesions (XFI). (H) PLP immunoreactivity is still present in the EA lesion;
the various regions of interest are outlined and named on this map (PLP); inset shows the presence of MOG immunoreactive myelin
debris within macrophages (MOG). (1) Lfb staining is lost in the EA lesion; the areas imaged with microfocused XFI (see Fig 4C, D, G,
H) are indicated (rectangles) on this map (Lfb/HE). (J) There is preferential loss of myelin-associated glycoprotein (MAG; compare
with H; MAG). (K) The lesion is infiltrated by activated macrophages (higher magnification shown in lower left panel); activated
microglia are present in the PPWM (higher magnification shown in lower right panel; KiM1P). (L) Complement deposition is not
present in lesion (C9neo). Color scales (A, G) represent the normalized total Ka fluorescence counts, proportional to total metal
present, from blue (lowest) to red (highest). Scale bars = 3mm. Inset scale bars = 25um (B, H, F), 75um (E, K).

in Fig 1F), and macrophage phagocytosis of complement-
opsonized myelin debris (see lower right inset in Fig 1F).
IP III lesions showed active demyelination with oligoden-
drocyte apoptosis and preferential loss of myelin-associated
glycoprotein (see Figs 1H-J and 2F-H), and no immuno-
reactivity for complement (see Fig 1L).
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Macrophage Counting in Early Active Lesions
We photographed 10 random x40 fields on slides immu-
nostained for macrophages. Macrophages in each image
were counted using the Image] cell counter plugin. The
area and cellular density were subsequently calculated and
used for statistical analysis.
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FIGURE 2: Iron in early active (EA) multiple sclerosis (MS) lesions. (A-C) Immunopattern (IP) Il MS (Case 4 in Table 1 and Fig 3A); (D-
F) IP Il MS (Case 11 in Table 1 and Fig 3A; second block). (A) Iron is increased in IP Il EA lesions (X-ray fluorescence imaging [XFI]).
(B) The lack of proteolipid protein (PLP) immunoreactivity indicates demyelination; the various regions of interest are outlined and
named (EA = early active lesion; LA = late active lesion; PPWM = periplaque white matter) on this map (PLP). (C) The lack of Luxol
fast blue (Lfb) staining indicates demyelination (Lfb/hematoxylin and eosin [HE]). (D) Complement deposition is present in the EA
lesion (C9neo). (E) Iron is decreased in IP Il EA lesions (XFI). (F) PLP immunoreactivity is still present in the EA lesions; the various
regions of interest are outlined and named on this map (PLP). (G) The lack of Lfb staining indicates demyelination (Lfb/HE).
(H) There is preferential loss of myelin-associated glycoprotein (MAG; compare with F; MAG). Color scales (A, E) represent the
normalized total Ka fluorescence counts, proportional to total metal present, from blue (lowest) to red (highest). Scale bar = 3mm.

Synchrotron XFI and Chemically Specific XFI were imaged on beamline 10-2, mounted at 45° to the
Synchrotron XFI was performed at the Stanford Synchrotron 12.5keV incident beam that produced a 50pm X 50pm
Radiation Lightsource, Stanford University, Menlo Park, beamspot on the sample after passing through a glass poly-
California on 15pm-thick sections collected on metal-free capillary. The beam exposure time was 40ms/pixel. Fluores-
plastic coverslips as described previously.”” Whole sections cent energy windows were centered for iron (6.21-6.70keV).
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Regions of interest (ROIs) were imaged at higher
resolution using the microfocused XFI beamline 2-3. The
incident X-ray beam (7.15keV) was focused with
Kirkpatrick-Baez mirrors to produce a 3pm X 3pum spot
on the sample. The exposure time was 120ms/pixel dwell
time. Fluorescence was normalized against the incident X-
ray beam to take into account intensity fluctuations. A sil-
icon drift detector (Hitachi, Tokyo, Japan) mounted at
90° to the incident beam and utilizing the Xpress3 signal
processing system (Quantum Detectors, Oxford, UK)
detected the X-ray fluorescence. Chemically specific XFI
of iron was performed on 4 IP II and 3 IP III cases using
incident energies of 7,132.0¢V (ferric iron; Fe’*) and
7,126.5eV (ferrous iron; F€2+).24

Histology: XFI Correlation and XFI Data Analysis
Sections stained for myelin were scanned at X40 magnifi-
cation using an Olympus (Tokyo, Japan) VS110 slide
scanner. Lesion and PPWM ROIs were outlined on whole
maps saved as JPEG files (see Figs 1B, H and 2B, F). XFI
images were generated using Microprobe Analysis Kit soft-
ware.”” Histology and XFI maps were displayed side by
side, and XFI ROIs were outlined using histology maps as
guides (see Figs 1A, B, G, H and 2A, B, E, F).2° We
converted fluorescence intensities to areal concentrations
(ug/cmz) using an iron reference standard (Fe,
56.0pg/cm®) deposited on a 6.3pm-thick mylar film
(Micromatter, Vancouver, BC, Canada).?® Data were then
imported into R for statistical analysis (R Foundation for
Statistical Computing, Vienna, Austria, http://R-project.
org). The impact of blood iron from large vessels was

accounted for by excluding them from the ROI.*

Statistical Analysis

We used a very similar 2-stage data analysis approach to
that previously reported.”® The first stage involved calculat-
ing iron densities, expressed as pg/cm?, across all pixels in a
given ROI and calculating the median value across all
pixels. The median was preferred to the mean because it is
robust to possible outliers. The second stage involved ana-
lyzing ROI-level metal densities using standard statistical
methods, taking into account the repeated measures across
subjects. Our primary analysis used linear mixed effects
regression models fitted with the Ime4 package in R. The
models included subject-specific intercepts, a main effect
for age, and an interaction between tissue type (early active,
late active, periplaque white matter) and IP. This allowed
us to control for age and estimate the difference between IP
IT and IP III subjects separately for early active, late active,
and PPWM tissue. Quantile-based confidence intervals
(Cls) for these estimates were obtained from parametric
bootstrap sampling using the arm package in R*’ To
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report p values from the simulations, we “inverted”
quantile-based 95% Cls, a technique justified by the rela-
tionship between Cls and p values and because a 95% CI
that does not include zero is equivalent to p < 0.05. A sec-
ondary analysis was limited to subjects with an early active
or a late active ROI and an accompanying PPWM ROI to
serve as an internal normalizing reference. Separately for
early active and late active regions, we calculated the ratio
of the iron density in the active regions versus that in the
PPWM. For subjects with muldple ROIs, we calculated
the mean across their active ROIs and divided it by the
mean across their PPWM ROIs. We compared ratios for
IP II versus IP III patients using a nonparametric Wilcoxon
rank sum/Mann-Whitney U test.

Results

Cohort Characterization

We studied tissues from 21 patients (8 IP II [38%] and
13 IP III [62%] patients; 9 female [43%] and 12 male
patients [57%]; see Tables 1 and 2). The median disease
duration was 2 months (range = 0-156). The median age
at biopsy or death was 40 years (range = 9-78). Four
patients (19%) had relapsing—remitting MS, 3 (14%) sec-
ondary progressive MS, 8 (38%) acute monophasic MS,
and 1 (5%) clinical isolated syndrome. The clinical course
was unavailable in 5 cases (24%).

Twenty-six blocks (11 IP II and 15 IP III; 10 biop-
sies and 16 autopsies) containing 69 ROIs were analyzed:
34 early active white matter lesions (49%), 5 late active
white matter lesions (7%), and 30 PPWM (43%; see
Tables 1 and 2).

IP II patients tended to be older than IP III patients
(median = 59 vs 37 years, p = 0.08). Median disease dura-
tion was 9 months in IP II patients versus 2 months in IP
III patients (p = 0.24). Half of IP II patients were women
versus 38% of IP III patients (p = 0.95). Although not sta-
tistically significant (p = 0.18), tissue from IP II cases was
predominantly from biopsies (62%), whereas tissue from
IP III cases was predominantly from autopsies (77%). The
median number of analyzed ROIs per case was 2 for IP II
patients and 4 for IP III patients (p = 0.77; see Table 2).

Iron Content of MS Lesions and PPWM by IP

Early active IP II lesions contained an estimated 64%
more iron (95% CI = 17-127%, p = 0.004) than early
active IP III lesions (see Figs 1A, G, 2A, E, and 3A, B and
Table 3) after adjusting for age. Differences in iron con-
tent were not statistically significant between IP II and IP
III among late active lesions (p = 0.40; note the small
number of late active lesions), or between IP II and IP III
PPWM (p = 0.54; see Table 3). These results were

adjusted for patient age, because this was found to be an
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TABLE 2. Summary of Patient Clinical Characteristics
Characteristic IP II IP III All Cases
Subjects, n 8 13 21
Gender, n (%)
F 4 (50%) 5 (38%) 9 (43%)
M 4 (50%) 8 (62%) 12 (57%)
Age, yr
Median 59 37 40
Ql, Q3 44,70 33, 45 34, 58
Range 9-72 17-78 9-78
Disease duration, mo
Median 9 2 2
Q1, Q3 1, 120 1,2 1, 11
Range 0-156 0-120 0-156
Missing 1 1 2
Clinical course, n (%)
Uncertain/unavailable 2 (25%) 3 (23%) 5 (24%)
RRMS 2 (25%) 2 (15%) 4 (19%)
SPMS with attacks 3 (38%) 0 (0%) 3 (14%)
Monophasic to death within 1 year 0 (0%) 8 (62%) 8 (38%)
Isolated demyelinating syndrome 1 (12%) 0 (0%) 1 (5%)
Regions of interest per patient
Median 2 4 4
Q1, Q3 2,4 2,5 2,5
Range 1-6 1-5 1-6
F = female; IP = immunopattern; M = male; MS = multiple sclerosis; RRMS = relapsing-remitting MS; SPMS = secondary progessive MS.

important factor. Specifically, we found that a 10-year
increase in age was associated with a 9% increase in iron
levels (95% CI = 1-17%, p = 0.02). This age effect was
found to be essentially the same in both early active
plaques and PPWM. Because our estimates depended on
age, we chose 3 specific ages (20, 40, and 60 years) at
which to report iron levels (see Table 3). Whereas the
absolute concentrations of iron varied with age, the dif-
ferences, Cls, and p values were not age dependent. The
statistically significant difference between the iron con-
tent of IP II and IP III early active lesions was
maintained even when the outlier (Case 4, IP II in
Fig 3A) was omitted, in which case IP II early active
lesions had 31% more iron than IP III early active

lesions (95% CI = 6-64%, p = 0.01).

504

Among IP II patients, we found that the iron con-
tent of early active IP II lesions was 30% higher than that
of the PPWM (95% CI = 3-64%, p = 0.03). In contrast,
among IP III patients, iron levels of early active lesions
were 28% lower than those of the PPWM (95% CI =
—40 to —14%, p < 0.001). When normalizing the iron
content of early active lesions to that of the surrounding
PPWM, the ratio was significantly higher in IP II patients
(p < 0.001; see Fig 3C).

Distribution of Iron

Microfocused XFI showed that iron in early active IP II
lesions localized to macrophages when iron maps were
compared to the adjacent immunohistochemically stained
sections (see Fig 4). Macrophages in early active IP III
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FIGURE 3: Early active (EA) immunopattern (IP) Il lesions contain significantly more iron than EA IP Ill lesions. (A) Distribution of
iron concentrations for each of the 26 blocks in the study. Each point represents one region of interest (ROI) on a particular
block. The value displayed for each ROI is the median concentration over the entire ROl shown on a log-transformed scale. The
subject age (years) and disease duration (Dur.; months) are provided on the y-axis, noting that 4 subjects have multiple blocks.
(B) Age-adjusted iron concentration on the log scale by IP in EA lesions. The data are shown as the iron concentration found in
the ROI minus the contribution attributed to age relative to the median age of 40 years. A broken x-axis is used to include the
highest value of 1.9. In sensitivity analyses that omitted this individual age-adjusted iron remained higher in pattern Il versus
pattern Il (p = 0.01). (C) Distribution of the EA/periplaque white matter (PPWM) iron ratio by IP classification (p < 0.001,
Wilcoxon rank sum/Mann-Whitney U test). Each point in the figure represents the within-subject ratio of EA iron to PPWM iron.
Note the break in the x-axis. (D) Distribution of macrophage densities in IP Il versus IP lll. We do not find a statistically significant
difference in the distribution of macrophage densities between IP Il and IP Ill (p = 0.11). (E) Relationship of iron concentration (y-
axis) to macrophage density (x-axis). The colored dots represent IP Il (purple) and IP Ill (green). We do not find a significant
association between iron concentration and macrophage density overall (p = 0.74), within IP Il (p = 0.88), nor within IP IlI
(p = 0.30). LA = late active; WM = white matter.

lesions contained little iron. Overall, the macrophage den- within IP II (p = 0.88), or within IP III (p = 0.30) lesions
sity in IP II (1,573 cells/mm?, 95% CI = 1,227-1,920) (see Fig 3E). The PPWM of both patterns showed a pat-
and IP III (1,233 cells/mm?, 95% CI = 800-1,188) did chy distribution of iron (see Fig 4E, G) consistent with
not differ significantly (p = 0.4; see Fig 3D). Furthermore, the iron being localized to myelin and oligodendrocyes,”®
we did not find a significant relationship between iron although a more punctuated appearance of iron in the IP
concentration and macrophage density overall (p = 0.20), IT PPWM (see Fig 4F) suggested that microglia in IP II
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TABLE 3. Comparing IP Il and IP Il on Iron by Early Active, Late Active, and PPWM
Tissue IP II IP III Difference ?
Early active 0.004
Age 20 yr 0.17 (0.12-0.25) 0.11 (0.08-0.13) 64% (17 to 127%)
Age 40 yr 0.21 (0.16-0.27) 0.13 (0.11-0.15) 64% (17 to 127%)
Age 60 yr 0.25 (0.19-0.32) 0.15 (0.12-0.19) 64% (17 to 127%)
Late active 0.40
Age 20 yr 0.14 (0.08-0.23) 0.11 (0.07-0.16) 29% (=29 to 130%)
Age 40 yr 0.16 (0.10-0.26) 0.13 (0.09-0.18) 29% (=29 to 130%)
Age 60 yr 0.19 (0.12-0.31) 0.15 (0.10-0.23) 29% (=29 to 130%)
PPWM 0.54
Age 20 yr 0.13 (0.09-0.19) 0.15 (0.12-0.19) —10% (=36 to 25%)
Age 40 yr 0.16 (0.12-0.21) 0.18 (0.14-0.22) —10% (=36 to 25%)
Age 60 yr 0.19 (0.15-0.24) 0.21 (0.16-0.28) —10% (=36 to 25%)
Values shown are groupwise geometric means expressed in pg/cm? with 95% confidence intervals, differences for IP II compared to IP III on a per-
centage scale with 95% confidence intervals, and p value for the difference. Mean iron levels depend on age, but the difference does not.
IP = immunopattern; PPWM = periplaque white matter.

PPWM contained more iron than microglia in IP
III PPWM.

Chemically specific imaging of iron showed that
only ferric (Fe**) iron was present (see Fig 4A, C, E, G),
whereas ferrous (Fe?*) iron was unremarkable in lesions
(see Fig 4B, D) and PPWM (see Fig 4F, H) of both IPs.

H-Ferritin was abundant in macrophages that infil-
trated IP II early active lesions (see Fig 5A). In IP III
lesions, areas of robust macrophage H-ferritin immuno-
reactivity alternated with areas where macrophages did
not show immunoreactivity for H-ferritin or contained
only few cytoplasmic H-ferritin immunopositive puncta
(see Fig 5B). Myelin, oligodendrocytes (see lower left
inset in Fig. 5C and lower insets in Fig. 5D), and
microglia (see upper insets in Fig. 5C, D) in PPWM
were immunoreactive for H-ferritin. In IP II PPWM,
oligodendrocyte H-ferritin immunoreactivity appeared
as a brown rim around the H-ferritin immunonegative
nucleus, although not all oligodendrocytes were immu-
nopositive for H-ferritin (see lower inset in Fig 5C). In
IP III PPWM, H-ferritin immunohistochemistry stained
the nuclei of most oligodendrocytes (see Fig 5D).

Discussion

Our study shows that distribution and content of iron
are heterogeneous in early active MS lesions, and differ
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between IP II and IP III MS subtypes. Using cutting
edge X-ray fluorescence synchrotron imaging that is sen-
sitive and specific to iron,>* we report that IP II carly
active lesions contain significantly more iron than IP III
early active lesions, and that iron localizes in macro-
phages. These findings are also supported by our observa-
tions that H-ferritin protein expression is abundant only
in macrophages in IP II lesions. We did not find a statis-
tically significant difference between macrophage densi-
ties in IP II and IP III lesions, and the iron content did
not correlate to the macrophage density, suggesting that
there is a pronounced heterogeneity in iron loading of
macrophages in early active MS lesions, which appears
independent of the number of macrophages, demyelinat-
ing activity, myelin phagocytosis, and topographical
region. This indicates there are factors contributing to
the differential propensity for macrophages to accumulate
and/or release iron and that iron dyshomeostasis may
play an important role in the pathogenesis and evolution
of MS lesions.

It has been suggested that macrophages and
microglia in early MS accumulate iron that is released
from destroyed oligodendrocytes.'® Although macrophages
are present and abundant in both IP II and IP III active
MS lesions, only those present in IP II lesions accumu-
lated large amounts of iron. This indicates that other fac-
tors, in addition to the previously suggested iron storage
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FIGURE 4: Microfocused X-ray fluorescence imaging of early
active lesions. (A) Ferric iron (Fe3*) in immunopattern (IP) I
early active lesions is increased and localized within
macrophages. (B) Ferrous iron (Fe?) in IP I early active
lesions is unremarkable. (C) Ferric iron in IP Il early active
lesions is decreased. (D) Ferrous iron in IP lll early active
lesions is unremarkable. (E) There is less ferric iron in the
periplaque white matter (PPWM) than in lesions of IP Il
patients. (F) Ferrous iron in IP Il PPWM is unremarkable.
(G) There is more ferric iron in the PPWM than in lesions of IP
lll patients. (H) Ferrous iron in IP Il PPWM is unremarkable.
Color scales (A-H) represent the normalized total Ka
fluorescence counts, proportional to total metal present,
from blue (lowest) to red (highest). Scale bar = 100um.

shift from destroyed oligodendrocytes to macrophages and
microglia, affect how macrophages accumulate or
release iron.

One explanation is that the heterogeneous iron load-
ing of macrophages reflects their different polarization
states.'”?? Polarization is a spectrum of functional profiles
macrophages adopt depending on signals received from
the inflammatory environment. At one end of the spec-
trum, classically activated (M1-polarized) macrophages
accumulate and sequester iron safely in ferritin, similarly
to the macrophages we describe in IP II lesions and that
are associated with production of reactive oxygen species
(ROS) and proinflammatory cytokines.*>?" At the oppos-
ing end of the spectrum, alternatively activated
(M2-polarized) macrophages have low intracellular iron
and decreased ferritin levels,”’ similarly to the IP III mac-
rophages. Reduced intracellular iron availability blocks the
formation of iron-dependent enzymes involved in the
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inflammatory response, dampens inflammation, and pro-
motes tissue rc:pair.3 % Because iron is a required cofactor
for enzymes that degrade HIF-1a,”* macrophage iron defi-
ciency could mimic the effects of hypoxia, a feature char-
acteristic of IP III MS lesions.*>** Such an iron-related
macrophage polarization dichotomy has been described,
but attributed to the macrophage’s ability to phagocytose
either iron or myelin; iron phagocytosis induces a
proinflammatory M1-polarization state, whereas myelin
phagocytosis prevents iron uptake, converting macro-
phages to an anti-inflammatory M2-polarization state.'” A
previous observation,'® supported by our findings, is that
phagocytosis of iron and of myelin by macrophages is not
mutually exclusive. Recent studies have suggested that
although the difference in macrophage and microglia
polarization may not be pronounced between IP II and IP
II lesions, it is the origin of macrophages that differs; IP
IT lesions contain a larger proportion of recruited myeloid
cells.”® These findings coupled with possibly more severe
blood-brain barrier dysfunction and leakage of transferrin-
bound and non—transferrin-bound iron in IP II lesions,>®
and with the monocyte-derived macrophages’ superior
ability to remove damaged and senescent erythrocytes,””
may also explain why phagocytic cells in IP II lesions con-
tain more iron than those in IP III lesions.

Another explanation is that iron heterogeneity is an
expression of the different demyelination mechanisms pos-
tulated to occur in different IPs. Demyelination in IP II
MS is likely caused by complement activating antibodies
targeting yet unknown antigens on oligodendrocytes and/or
myelin. Accordingly, there is a striking colocalization of
antibody deposition and complement activation on myelin
and within myelin-laden macrophages in IP II MS.>*%?
The complement component Cl1q increases its binding to
immunoglobulins in the presence of iron.* C5 also binds
iron, which is required for converting C5 to activated C5b
by hydroxyl radicals,”" an essential step in the formation of
the membrane attack complex. Thus, iron is essential for
complement function and terminal lytic complex assembly,
explaining perhaps why IP II MS macrophages that phago-
cytose complement-opsonized myelin debris contain
increased iron.

In contrast, IP III MS lesions may result from dis-
turbances in oligodendrocytes, initiating an “inside-out”
failure to maintain myelin and/or heighten the vulnerabil-
ity of oligodendrocytes to the toxicity of inflammatory
mediators.” Oxidative stress and mitochondrial injury play
an important role in the pathogenesis of IP IIT MS,>042
and it has been assumed that excess iron partially drives
tissue injury in IP IIT MS. Our results, however, suggest
that iron deficiency, rather than the excess of iron, may
drive the pathology of IP III lesions. Iron is essential for
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FIGURE 5: H-Ferritin protein expression in lesions and periplaque white matter (PPWM). (A) H-Ferritin is abundant in
macrophages present in immunopattern (IP) Il early active lesions. Arrows indicate representative macrophages with high H-
ferritin immunoreactivity. (B) H-Ferritin immunoreactivity is weak in macrophages (some exemplified by arrows) that infiltrate IP
Il early active lesions. (C) Myelin, oligodendrocytes (arrows), and microglia (upper inset) are immunoreactive for H-ferritin in IP Il
PPWM. However, not all oligodendrocytes express H-ferritin; the upper arrowhead in the lower inset shows an oligodendrocyte
immunoreactive for H-ferritin, whereas the lower arrowhead indicates an H-ferritin-negative oligodendrocyte. (D) Myelin, most
oligodendrocyte nuclei (arrows, lower left inset), and microglia (upper inset) are immunoreactive for H-ferritin in IP Il PPWM.
Few oligodendrocytes (lower right inset) have H-ferritin-immunonegative nuclei. Scale bar = 50um. Inset scale bars = 25um.

energy production, because it functions as a cofactor for
cytochromes and iron—sulfur clusters of the mitochondrial
respiratory chain.”® Iron depletion, as observed in IP III
lesions, can disrupt the iron—sulfur cluster biogenesis and
oxidative phosphorylation with increased electron escape
from the mitochondrial respiratory chain, and subsequent
increased mitochondrial oxidative damage, decreased

energy production, and a state of virtual hypoxia.®***

We have also found that H-ferritin in IP III, but not IP
I, lesions localizes to nuclei of oligodendrocytes consistent
with the translocation of H-ferritin from the cytoplasm to
the nucleus, where it binds to the DNA to protect it from
ROS-induced damage.4446 This suggests that oxidative
damage is already present and more extensive in the IP IIT
than IP II PPWM.

MS is clinically, genetically, radiographically, and
pathologically heterogeneous. The challenge now is identi-
fying surrogate magnetic resonance imaging (MRI), clini-
cal, genetic, serological, and/or cerebrospinal fluid markers
that correlate with IPs in the nonbiopsied MS patient
population. We show here that IP IT MS lesions contain
significantly more iron than IP III lesions, and this novel
observation paves the way for developing new or using
17194753 stratify

patients with early MS. In a clinical MRI setting, it is

existing iron-sensitive MRI techniques
challenging to define what is “more” or “less” iron,

. . . . 4
because the normal brain iron content varies with age5

and perhaps with other factors such as genetic background
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and diet.”®>® However, as shown here, the PPWM, the
white matter immediately adjacent to the lesion, is an
appropriate internal control, and we suggest that the ratio
of lesional iron to the PPWM iron (which can only be <1
or >1; see Fig 3C) represents a better stratification marker
than the absolute amount of iron found in lesions.

The relatively small number of cases used is the
main limitation of our study, and further studies need to
establish whether our findings are broadly applicable in a
larger cohort of immunophenotyped MS patients. The
number of cases analyzed in our study was restricted
mainly by the availability of synchrotron beamtime, but
also by the tissue availability (ie, for each imaged slide,
enough additional slides to support both the general path-
ological evaluation and the immunophenotyping had to
be available).

An obvious practical application of the heterogeneity
concept is the design of novel therapeutic strategies specif-
ically tailored to each IP. In support of this hypothesis, IP
IT MS is uniquely responsive to plasma exchange for treat-
ment of steroid-unresponsive fulminant MS relapses,
whereas this treatment does not benefit IP III MS
patients.® Tron chelation therapy in MS stems from the
premise that iron accumulates in MS lesions. Our results,
however, argue against indiscriminate iron chelation in
patients with acute MS. Chelation therapy may be benefi-
cial in IP II MS, where it may impair the formation of the
terminal lytic complex protecting oligodendrocytes and
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myelin. However, the chelation of the minimal amounts
of iron present in IP IIT MS may suppress the already
challenged metabolic activity of oligodendrocytes, thereby
accelerating their death.””
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