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On the contrary, our data indicate that acute axonal injury and permanent axonal loss
are thus far underestimated features of the disease that must come into focus in our
search for biomarkers and novel therapeutic approaches.
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1 | INTRODUCTION

X-linked adrenoleukodystrophy (X-ALD), the most common peroxi-
somal hereditary leukodystrophy, is caused by a mutation in the ABCD1
gene (Berger & Girtner, 2006; Engelen, Kemp, & Poll-The, 2014;
Mosser et al., 1993). It encodes the ABCD1 transporter which shuttles
activated, very long chain fatty acids (VLCFA) into the peroxisome
where terminal degradation steps take place. Due to defects in this
transport machinery, VLCFAs accumulate in all cells, tissues and body
fluids of X-ALD patients (Kemp et al., 2001; Theda, Moser, Powers, &
Moser, 1992). About two-thirds of male patients carrying the mutation
develop CALD which, if left untreated, usually has a lethal course within
months to a few years (de Beer, Engelen, & van Geel, 2014; Mahmood,
Raymond, Dubey, Peters, & Moser, 2007; Raymond et al., 2019).

First seminal histological studies on CALD identified massive infiltra-
tion of lipid-laden macrophages and perivascular monocytes into the
white matter in association with the destruction of myelin as outstanding
and characteristic histopathologic features (Schaumburg, Powers, Raine,
Suzuki, & Richardson, 1975). The inferred classification of CALD as an
inflammatory demyelinating disease has repeatedly generated compari-
sons between CALD pathology and multiple sclerosis (MS; Berger, Forss-
Petter, & Eichler, 2014; Moser, Naidu, Kumar, & Rosenbaum, 1987).

Although there has always been critical awareness of clinical and
pathologic differences, a recent detailed comparison of the inflammatory
component in the two diseases has helped elucidate these differences.
We and others identified the loss of microglia cells in prelesional white
matter areas (PL) as a unique and early feature in CALD lesion develop-
ment (Bergner et al, 2019; Eichler et al., 2008). In addition, CNS-
infiltrating peripheral monocytes in CALD showed a pro-inflammatory
skewed expression profile compared to MS (Weber et al., 2014;
Weinhofer et al., 2018). These findings could help to explain the differ-
ences in the clinical course between CALD and MS: While remitting
inflammatory bouts are characteristic of the early disease phase in MS,
inflammatory cell infiltration in CALD is in general not self-limiting and
disease evolution fatally progressive, especially once a major disruption
of the blood-brain-barrier has occurred (Liberato et al., 2019; Musolino
et al., 2015). However, spontaneous arrest of the cerebral disease is
found in approximately 12% of CALD patients (Mallack et al., 2020).

A similarly detailed comparison of demyelination and axonal damage
in the two diseases is still lacking. In fact, while for MS there is abundant
data on damage and repair of the axon-myelin unit, much less is known
about de- and remyelination and concomitant axonal injury in CALD.

In the present work we strived to systematically assess demyelin-

ation and axonal changes along areas of lesion development in eight

autopsy cases of CALD. We observed that acute axonal injury occurs
early on in lesion development, and to a striking extent. In contrast to
MS, acute axonal damage in CALD was not contingent on inflammatory
cell infiltration. Moreover, even in advanced lesion areas we did not find
that myelin was primarily targeted for degradation, but instead observed
a concurrent breakdown of the entire axon-myelin unit. Attempts at
remyelination occurred in the CALD cases, but appeared to be hindered
by ongoing tissue destruction as well as the lack of preserved axons that
could serve as substrates for myelin repair.

2 | MATERIALS AND METHODS

2.1 | Human tissue
CALD lesion evolution was studied in formalin-fixed, paraffin-
embedded (FFPE) autopsy brain tissue from eight patients obtained
from the archives of the Institute of Neuropathology at the University
Medical Center Gottingen, the Department of Neuropathology at the
Charité Berlin, and from the Department of Neuropathology at
the Medical University Vienna. The patient data are summarized in
(Table 1). Patients with childhood, adolescent and adult disease vari-
ants were analyzed. We classified CALD lesion areas as proposed
recently (Bergner et al., 2019), with some minor modifications. We
distinguished normal-appearing white matter (NAWM) with regular
microglia as determined by immunohistochemistry (IHC), prelesional
areas (PL) with a reduction in microglia density and loss of homeo-
static phenotype but largely unaltered myelin and oligodendrocytes,
foam cell-rich, actively resorptive areas (AR) where major tissue phago-
cytosis occurred, and gliotic areas (GL) characterized by progressive
astrocytic scarring.

Axon and myelin pathology in CALD was compared to lesions of
25 patients with chronic MS classified according to (Kuhlmann
et al.,, 2017). Different MS lesion types were selected for specific com-
parisons with CALD lesion evolution in order to best match the
degree of phagocyte infiltration and myelin degradation between
the diseases: Findings in AR areas were contrasted with active and
demyelinating or mixed active-inactive and demyelinating lesions
(hereafter both designated active lesions; seven lesions in 6/25
patients). Here, dense infiltration of macrophages was found through-
out the lesion area (active) or at the lesion border (mixed active/inac-
tive), and ongoing myelin phagocytosis was indicated by myelin basic
protein (MBP)- or Luxol-Fast-Blue (LFB)-positive myelin fragments in
phagocytes. GL areas in CALD were contrasted with inactive lesions
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TABLE 1 Clinical patient data

Case Sex Age (ys) Disease duration (ys) Disease course Lesion areas/types

CALD1 M 9 1,25 Childhood NAWM, PL, AR, GL

CALD2 M 16 6 Adolescent GL

CALD3 M 46 n.a. Adult NAWM, PL, AR, GL

CALD4 M 55 n.a. Adult NAWM, PL, AR

CALD5 M 11 n.a. Adolescent NAWM, AR, GL

CALDé6 M 9 n.a. Childhood AR, GL

CALD7 M 23 n.a. Adult NAWM, PL, AR

CALD8 M 14 n.a. Adolescent NAWM, PL

MS1 M 51 8 PPMS Active and demyelinating

MS2 M 59 23 SPMS Active and demyelinating, RM

MS3 M 59 26 SPMS Active and demyelinating, inactive

MS4 M 28 3 PPMS Mixed active-inactive and demyelinating

MS5 F 44 n.a. n.a. Mixed active-inactive and demyelinating

MSé6 F 49 31 PPMS Mixed active-inactive and demyelinating,

inactive and postdemyelinating

RM

MS7 n.a. n.a. 21 SPMS Inactive and postdemyelinating

MS8 F 34 15 RRMS Inactive and postdemyelinating

MS9 F 44 15 PPMS Inactive and postdemyelinating

MS10 F 52 19 Chronic MS Inactive and postdemyelinating

MS11 F 57 32 SPMS Inactive and postdemyelinating

MS12 M 65 n.a. n.a. Inactive and postdemyelinating

MS13 M 63 n.a. n.a. Inactive and postdemyelinating, RM

MS14 M 49 n.a. n.a. Inactive and postdemyelinating

MS15 F 59 16 Chronic MS inactive and postdemyelinating

MS16 M 57 5 Chronic MS Inactive and postdemyelinating

MS17 F 47 24 SPMS Inactive and postdemyelinating

MS18 F 40 n.a. n.a. RM

MS19 M 41 n.a. n.a. RM

MS20 M 61 18 SPMS RM

MS21 M 69 7 SPMS RM

MS22 F 58 n.a. SPMS RM

MS23 M 55 >15 Chronic MS RM

MS24 M 54 11 SPMS RM

MS25 M 34 3 Chronic MS RM

C1 M 8 Control NWM

c2 F 11 Control NWM

c3 M 11 Control NWM

C4 F 19 Control NWM

C5 M 19 Control NWM

Cé M 26 Control NWM

c7 F 38 Control NWM

(@] F 38 Control NWM

c9 F 39 Control NWM

C10 F 40 Control NWM

C11 M 46 Control NWM

C12 F 57 Control NWM
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TABLE 1 (Continued)

Case Sex Age (ys) Disease duration (ys) Disease course Lesion areas/types

C13 M 58 Control NWM

C14 M 60 Control NWM

C15 M 62 Control NWM

C16 M 65 Control NWM

Abbreviations: AR, actively resorptive area; C, control individuals; CALD, cerebral X-linked adrenoleukodystrophy; F, female; GL, gliotic area; M, male; MS,
multiple sclerosis; n.a., clinical data not available; NAWM, Normal appearing white matter; NWM, normal white matter; PL, prelesion; PPMS, primary
progressive MS; RM, remyelinated lesion; RRMS, relapsing remitting MS; SPMS, secondary progressive MS; ys, years.

(13 lesions from 13/25 patients) where activated microglia/macro-
phages were largely absent. Further clinical and histopathologic char-
acteristics of the patients studied are provided in (Table 1).
Furthermore, we classified the lesions according to the extent of
remyelination (Patrikios et al., 2006): Lesions with circumscribed pale
LFB staining sharply demarcated from the surrounding white matter
were classified as remyelinated (14 shadow plaques/shadow plaque
areas in 12/25 MS patients). Periplaque areas in MS, used for quantifi-
cation of amyloid precursor protein (APP), were defined within a dis-
tance of 0.25 mm to the border of active lesions (one ocular grid at
x400 magnification). Tissue from 16 individuals without confounding
CNS pathology, aged between 8 and 65 years, served as a control
(Table 1). The study was approved by the ethical review committee of
the University Medical Center Gottingen.

2.2 | Histology and immunohistochemistry

Sections were stained with hematoxylin and eosin (HE), Luxol Fast
Blue/periodic-acid  Schiff (LFB/PAS) and Bielschowsky silver-
impregnated according to standard procedures to assess cellularity,
myelin, and axonal density. IHC was performed with primary and sec-
ondary antibodies listed in (Table S1). To achieve a high sensitivity for
remaining axon fragments, we employed a cocktail of neurofilament
antibodies containing neurofilament (NF), NF200, SMI31, SMI32,
SMI35, and SMI312, hereafter referred to as pan-neurofilament (pan-
NF) IHC. Tissue antigens were visualized by biotinylated secondary
antibodies, peroxidase-conjugated avidin, and diaminobenzidine
(DAB, Sigma-Aldrich). Double-labeling IHC was performed combining
DAB with alkaline phosphatase-conjugated antibodies and Fast Blue
(Sigma-Aldrich).

2.3 | Morphometric analysis

Lesion areas in CALD were classified based on the characteristics
described above, and quantification of cell and axon density was per-
formed as described previously (Bergner et al, 2019; Brick
et al., 1997). Results are given as cells/mm? or relative axon density
compared to age- and region-matched controls. To determine the
myelination status of damaged axons, APP or pan-NF and MBP-dou-

ble-labeled sections were analyzed. To search for signs of axon

Ki-M1P(Radzun
scanned for

phagocytosis, NF200 and CDé68
1991) double-labeled

intracytoplasmic axon fragments. All breast carcinoma-amplified

equivalent
et al, sections were
sequence 1 (BCAS1)- as well as all fluorescently labeled sections were
digitalized using the virtual slide microscope VS 120 and analyzed
using the VS-ASW software (at x200 or x400 magnification, Olym-
pus, Germany) or the Leica SP2 laser scanning confocal microscope
(x400 magnification, Leica Microsystems, Germany) with subsequent
analysis in Fiji (v.1.52v NIH, USA).

24 | Statistical analysis
All statistics were calculated using the GraphPad Prism 6 software
(GraphPad Software, La Jolla, CA) or open source python packages
(stats from library SciPy 1.0, statsmodel). Data are represented as
mean = standard error of the mean (SEM) computed from quantifica-
tions of randomly selected parts of the lesion areas within the indi-
cated patient or lesion or, in the case of BCAS1 IHC, counted within
an entire lesion area of a specific tissue block. For CALD lesion areas
and in controls, data are represented as mean = SEM of quantifica-
tions over all available tissue blocks of one patient, containing the spe-
cific area. Only for the computation of the regression curve of
macrophage density versus APP, average cell numbers obtained from
different blocks were analyzed separately. In MS, data are represented
as mean £ SEM computed separately from quantification of each spe-
cific lesion. Usually 10, but at least five randomly sampled parts of a
lesion area were quantified for the computation of average counts.
For comparisons of different lesion areas within a disease, one-
way ANOVA and, for analysis of the effects of disease (MS compared
to CALD) in different lesion areas, two-way ANOVA (“density ~ C(dis-
ease) + Cl(area) + C(disease):C(area)’, ANOVA type lll) were per-
formed as indicated in the figure legends. Residuals of the ANOVA
were tested for normality in QQ Plot (Figure 1b and 5n: Logarithm of
density [shifted density in Figure 1b: +0.1, to avoid zero density]). A
significant main effect of disease (dF = 1, F = 9.97, p = .0031 < .01),
lesion area (df = 3, F = 32.55, p <.0001) and significant interaction
term of disease and area (df = 3, F = 7.21, p = .0022 < .001) were
found for relative axonal densities (Figure 1a), and a significant main
effect of disease (df = 1, F = 6.87, p =.0129 < .05), lesion area
(df = 3, F = 46.06, p < .0001) and significant interaction term of dis-
ease and area (df = 3, F = 8.90, p = .00077 < .001) were found for
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FIGURE 1 Axonal loss and acute axonal damage in CALD lesions. (a) Relative axon densities in lesion areas of CALD and MS. Densities were
determined in Bielschowsky silver impregnation and normalized to age- and region-matched controls. (b) APP+ axons in the different stages of
lesion development in CALD and MS. (c) APP+ axonal profiles are inversely correlated to macrophage density in PL and NAWM areas of CALD

(p = .014, R square = 0.32). CALD NAWM, CALD normal-appearing white matter; CALD PL, CALD prelesion; CALD AR, CALD actively resorptive
area; CALD GL, CALD gliotic area; MS NAWM, NAWM in MS; MS active edge, foam cell-rich lesion edge with evidence of demyelination in MS;
MS active PP, periplaque area of active MS lesion (defined as the area within 0.25 mm distance from lesion edge); MS inactive core, gliotic lesion
center of inactive MS lesions; n.s., not significant. (d-f) Double immunohistochemistry (IHC) of neurofilaments (NF200: magenta) and
macrophages (Ki-M1P: cyan, DAPI: blue) reveals intracellular neurofilament inclusions (arrows) as signs of ongoing axon phagocytosis. (g) APP+
axons in PL areas are tightly surrounded by myelinated fibers. Here, an unambiguous evaluation whether a specific damaged axon is myelinated
or embedded in surrounding myelin often is not possible. (h, i) In AR areas, APP+ axons are rarely covered by myelin (arrows). (j, k) APP+ axonal
spheroids often show an irregular shape, potentially indicating membrane disruption, and closely contact or even surround neighboring structures.
(g-k: APP: magenta, MBP: cyan). (a, b) Two-way ANOVA with Mann-Whitney tests for posthoc multiple comparisons. *p < .05; **p < .01;

***p < .001. Scale bar: d, e, g, i, j: 50 pm; f, h, k: 20 pm

comparisons of APP+ axon densities (Figure 1b). One-way ANOVA
revealed a significant change of BCAS1+ cell density for different
areas (df = 3.22, F = 7.354, p = .001368 < .01, Figure 5n). Individual
distributions within the ANOVA were tested for normality by Shapiro
Wilks test (« = 0.05, Figure 5n: normality was confirmed only for

logarithm of distributions). For non-parametric data, Mann-Whitney
tests were used as posthoc multiple comparisons (Figure 1a,b) that
underwent Holm-Sidak correction (osigak = 1 — [1 — «]¥™, mth
sorted comparison of all comparisons k = 11). For parametric data,
t-tests  with correction were applied

multiple Bonferroni
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(Bonferroni = @/, k = number of comparisons, Figure 5n). Levels of signif-
icance for multiple comparisons are reported in the figures/figure leg-
ends. To compare differences in myelination between two specific lesion
areas in CALD and MS, Mann-Whitney test was applied (non-parametric
data, Figure 4a). Significant deviations in BCAS1+ cell densities from
control tissue in individual lesion areas and patients were assumed if
values exceeded the threshold density of 1.327 cells/mm? (Figure 50).
Threshold was defined as upper limit of 99.9% confidence interval
(o = 0.001), computed by back transformation from a normal distribution
fitted to the logarithm of BCAS1+ cell densities in control tissue.

3 | RESULTS

3.1 | Substantial axon loss in CALD lesions

First, we determined the extent of axon loss along the course of lesion
development in CALD, relying on our previously established classification
of lesion areas (Bergner et al., 2019). Quantification of axon density in
Bielschowsky silver impregnated sections revealed a significant decrease
in axon density already in prelesional areas (PL) compared to normal-
appearing white matter (NAWM) (64.3 £ 1.0% of axon density in age-
matched control tissue in PL areas vs. 101.3 + 1.1% in NAWM,). Within
actively resorptive (AR) and gliotic (GL) areas we observed a severe
reduction, up to an almost complete loss of axons from GL lesion cores
(early AR areas: 16.3 + 5.7% of control white matter axon density; GL
areas: 3.3 + 2.1%; Figure 1a). We directly compared this to axon loss in
MS lesions. Axon density was significantly higher at the foam cell-rich
edge of active MS lesions compared to AR areas in CALD. Likewise, axon
density in the center of chronic inactive lesions significantly exceeded
that in GL areas in CALD (50.0 + 3.7% of axon density in age-matched
control white matter at the edge of active MS lesions; 52.9 + 8.0% in
inactive lesion cores; Figure 1a). To determine whether axon loss in
CALD was accompanied by axon phagocytosis, we searched for axon
fragments in macrophages on sections double-labeled for phagocytes
(Ki-M1P/CDé68) and neurofilament (NF 200). In addition, we screened
the respective AR regions for the presence of BCAS1+ inclusions in
phagocytes that indicate ongoing myelin degradation. We observed rare
intracytoplasmic neurofilament inclusions in most of the early AR areas
in CALD that displayed signs of ongoing myelin digestion, though less
cells showed NF+ compared to BCAS1+ inclusions (n = 4 cases with
NF+ fragments out of five cases with BCAS1+ inclusions, Figure 1d-f).

3.2 | Massive acute axonal damage is occurring
already in prelesional areas of CALD

Next, we set out to assess localization and extent of acute axonal damage
in CALD. Amyloid precursor protein (APP) is a cargo of fast axonal trans-
port and accumulates in axons when this transport is disrupted (Koo
et al, 1990), thus representing a surrogate of acute axonal damage.
Quantifying the density of APP-positive axonal profiles along the differ-
ent areas of lesion development in CALD, we observed a strong increase

in the density of APP+ damaged axons in PL areas (167.2 + 40.4 axons/
mm? in PL compared to 2.2 + 1.1 in NAWM,; Figure 1b). PL areas were
characterized by a severe reduction in phagocytic cells (27.0 + 5.0 Ki-
M1P+ cells/mm? in PL areas vs. 142.1 + 21.2 Ki-M1P+ cells/mm? in
NAWM) and an absence of TMEM119+ and P2Y12+ homeostatic
microglia (135.3 254 P2Y12+ cells/mm? in NAWM vs. 28+ 15
P2Y12+ cells/mm? in PL), while myelin was not relevantly diminished
(Figure 2a,b). Correspondingly, the density of APP+ axons was inversely
correlated to Ki-M1P+ phagocytes when assessing PL and NAWM
regions in CALD (p = .014, R square = 0.32; Figure 1c). In contrast, in
MS the density of APP-accumulating axons was shown to correlate posi-
tively with macrophage infiltration (Bitsch, Schuchardt, Bunkowski,
Kuhlmann, & Briick, 2000). Accordingly, while APP+ axon density was
comparatively low in the periplague area in MS (32.0 + 11.5 APP+
axons/mm?), we found high densities of APP+ axons at the edge of
active lesions intensely populated by activated microglia/macrophages.
Here, APP+ axon density exceeded that found in AR areas of CALD
(254.0 + 34.6 APP+ axons/mm? at the lesion edge, Figure 1b, 2d-f).
However, as demonstrated above, axon loss was more severe in foam
cell-rich, resorptive lesion stages of CALD than at the foam cell-rich edge
of active MS lesions. Therefore, even though the absolute numbers of
APP-+ axons were higher at the active lesion edge in MS (Figure 1b), the
proportion of acutely damaged fibers among the few remaining axons
might be even higher in CALD than in MS.

3.3 | APP accumulation is observed in myelinated
as well as non-myelinated axons

To investigate whether disturbance of axonal transport occurred more fre-
quently in demyelinated axons, we double-labeled tissue for APP and
MBP, thereby visualizing the myelination status of damaged axons. In PL
areas of CALD, most APP+ axons were in immediate contact with myelin
which, however, was densely packed, making it often hard to judge unam-
biguously whether the APP+ axon itself was covered by myelin or just
tightly surrounded by other myelinated axons (Figure 1g). Nevertheless,
we found clearly myelinated APP+ axons in later stage lesion areas, when
axon density was substantially decreased, in all examined cases (n = 5;
Figure 1h,i). The vast majority of APP-- axonal profiles in these regions,
however, was not covered by myelin. In general, APP+ axonal segments
in CALD were longer and spheroids were larger compared to MS (Trapp
et al,, 1998). Interestingly, in AR areas of CALD, spheroids displayed very
irregular shapes, seemingly lacking a surrounding membrane and in part

flowing in between and around neighboring myelin tracts (Figure 1j,k).

34 |
lesions

No apparent selective demyelination in CALD

So far, our results demonstrated severe damage and permanent loss
of axonal structures in CALD. Such axon loss is expected to be accom-
panied by the decay of the covering myelin sheaths. We then
proceeded to determine whether in addition to such secondary myelin
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FIGURE 2 Acute axonal damage in prelesional areas occurs independently of myelin loss and inflammatory cell infiltration. Serial sections of a
prelesional area in CALD stained for (a) proteolipid protein (PLP), (b) CD68/Ki-M1P demonstrating severely reduced and mostly perivascular
phagocytes and (c) amyloid precursor protein (APP) as marker of acute axonal damage. For comparison, the same immunohistochemical stainings
are shown at the lesion edge of an active MS lesion (d-f). Note that the regions of highest APP density in MS (arrows on exemplary axons)
correspond to areas of elevated phagocyte density, while in CALD, axons accumulate APP in extended regions with concomitant phagocyte loss
and myelin that appears largely intact by IHC for myelin proteins. Scale bar: a-f: 50 pm

decay there was evidence for primary and selective phagocytic
targeting of myelin in CALD. Selective demyelination as observed in
MS lesions is characterized by the stripping of myelin sheaths from
preserved axons. In the cases examined here, and as is characteristic
for MS, this process resulted in sharply demarcated lesion edges in
non-remyelinated inactive lesions. The transition from the periplaque
white matter to complete loss of myelin was abrupt, as visualized by
co-staining of myelin (MBP) and neurofilaments (pan-NF; Figure 3a-e).
The border of active MS plaques was populated by foamy macro-
phages displaying signs of ongoing myelin degradation, as evidenced
by the presence of intracellular myelin inclusions. Despite the
ongoing tissue infiltration, the transition from myelinated to
completely denuded axons was also spatially restricted and well
demarcated (Figure 4b). In contrast, myelin reduction in early stage
AR areas of CALD was far less demarcated and extended gradually

over much longer distances (Figure 3f-k). Myelin in AR areas of CALD

often appeared morphologically altered, distended, vacuolized and
partly detached from the axon (Figure 4c-e). Nevertheless, when
quantifying the percentage of residual myelinated axons in MBP and
pan-NF co-staining, we found the majority of axons were still
surrounded by a covering myelin sheath, not only in AR but even in
GL areas of CALD (69.0 + 8.2% of remaining axons in AR areas and
63.5 + 6.3% in gliotic areas, Figure 3f, g; Figure 4a,c-e). In contrast,
in active MS lesions the vast majority of axons behind the leading
front of myelin phagocytosing foam cells were demyelinated
(0.016 * 0.014% of axons covered by myelin, Figure 4a,b).

3.5 | No evidence of shadow plaque areas in CALD

Remyelinated areas in MS were sharply demarcated from the

surrounding normal-appearing tissue by pallor in LFB and myelin
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FIGURE 3 Selective
demyelination as seen in MS is
not found in CALD. (a-c)
Fluorescently labeled

section illustrating the extent of
demyelination in a chronic
demyelinated MS lesion. Myelin
is completely absent from the
lesion center (a, right hand side,
MBP), while axonal structures
prevail (b, pan-NF, ¢, merge). The
lesion is classified as inactive due
to the lack of accumulations of
macrophages/activated microglia
at the lesion border (d, blue:
MBP, brown: Ki-M1P). Higher
magnification of demyelination at
the lesion border is shown in (e).
For comparison, actively
resorptive (AR, left hand side and
center) and early gliotic (GL, right
hand side) areas in a CALD lesion
are presented with the same
stainings (h: merge, i: MBP, j: pan-
NF). Higher magnifications of (f) . e
AR and (g) GL areas demonstrate g P MB_P/KI'MW
that most of the remaining axons' e o ;
surface is covered by myelin and
that a joint decay of the entire
axon-myelin unit occurs. On a
serial section immuno-stained
with Ki-M1P, macrophage
accumulation indicates the
extension of lesion areas (k). (a-c,
e-j: pan NF: magenta, MBP:
cyan). Scale bar: a-d: 100 pum;
e-g: 50 pm; h-k: 500 pm

protein staining (Figure 4f,g) associated with a thinned density of axo-
nal fibers and myelin sheaths that appeared intact by light microscopy
(Figure 4j,k). In contrast, in PL areas of CALD we found a gradual
reduction in LFB staining (Figure 4h,i) not sharply delineated from the
NAWM. The density of myelin did not appear reduced by myelin pro-
tein staining, but edematous alterations of myelin and axonal swellings
prevailed (Bergner et al., 2019; Figure 2a and 4l).

To test at a cellular level whether ongoing attempts at

remyelination existed in different lesion areas of CALD, we utilized a

MBR

recently characterized marker protein that identifies premyelinating and
actively myelinating oligodendrocytes, breast carcinoma-amplified
sequence 1 (BCAS1, Fard et al., 2017). Densities of myelinating oligo-
dendrocytes with strong cytoplasmic and cell process expression of
BCAS1 (Figure 5a,b) were elevated in shadow plaque areas with ongo-
ing remyelination in MS (Figure 5c), as shown previously (Fard
et al., 2017). In contrast, in completely remyelinated shadow plaques as
well as in the white matter of adult controls cellular BCAS1 expression

was low (Figure 5d,e). We did not find a significant increase in BCAS1+
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FIGURE 4 No generic signs of successful remyelination in CALD. (a) Quantification of remaining axons covered by myelin in AR and GL areas
in CALD, and directly behind the leading front of phagocytes at the edge of active MS lesions, in percent. The large majority of axons are
denuded at the edge of active MS lesions as demonstrated by MBP and pan-NF double-IHC (b, MS4). Myelin covers most of the axons in AR (c,
CALD 1) as well as GL (d, CALD 2) areas. Note that myelin in these regions often displays an altered morphology as visible also on a transversal
section of an advanced AR area in (e, CALD 5). Shadow plaques in MS are delineated from the surrounding white matter by sharply demarcated
pale LFB/PAS (f) and myelin protein (g, MS18) staining. In PL regions in CALD LFB pallor can be striking as demonstrated by a juxtaposition of PL
areas distant and adjacent to the resorptive lesion part (h). However, in contrast to shadow plaques, myelin pallor increases gradually and is not
sharply demarcated from the surrounding tissue (i, CALD4). Compared to adjacent NAWM (j) the density of myelin and axons is reduced in
shadow plaque areas (k, MS18). In PL areas of CALD, in contrast, myelin density is not relevantly decreased according to immunohistochemistry,
but axons often appear swollen (I, CALD1; b-e, j-I: pan NF: magenta, MBP: cyan). CALD AR: CALD actively resorptive area; CALD GL: CALD
gliotic area; active MS DM: demyelinated area of active MS plaques directly behind the leading front of phagocytes at the lesion edge. (a) Mann-
Whitney test. *p < .05. Scale bar: b: 100 pm; c-e, j-I: 50 um; f-i: 500 pm

cell densities in the NAWM or in PL areas of CALD compared to age-
matched controls (04 +0.2 and 04 +0.3 BCAS1+ cells/mm? in
NAWM and PL; Figure 5n). In AR areas, process-bearing BCAS1+ cells
frequently displayed an altered, distorted shape. In regions with high
densities of phagocytes, these cells were often smudgy in appearance
and processes were retracted and condensed around the cytoplasm
(Figure 5f,g,h right hand side). Similar dysmorphic BCAS1+ cells were

not observed in any of the active MS lesions studied. Also, BCAS1
immunoreactivity was accentuated in the cytoplasm but not in the pro-
cesses of a subset of presumably mature oligodendrocytes that
assumed a ballooned shape in progressed AR areas (Figure 5i).
However, apart from these damaged oligodendrocytes, we were
able to identify regenerating, process-bearing BCAS1+ cells in two
out of six CALD cases harboring subcortical early stage AR areas with
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FIGURE 5 Elevated densities of BCAS1+ oligodendrocytes in early CALD lesions. Typical star shaped BCAS 1+ cell in the NAWM (a,
overview in d) and remyelinating BCAS1+ cell in an MS plaque with ongoing remyelination (b) where the density of BCAS1+ cells is elevated (c,
MS 23; arrows on BCAS1+ cells). In contrast, BCAS1+ cells are rare in normal white matter of controls (d) and shadow plaques with completed
remyelination (e, MS17). In AR areas with more advanced tissue destruction, BCAS1+ cells seemed increasingly distorted (f, CALD 6). Also,
BCAS1+ myelin sheaths were found retracted and condensed around cells with oligodendrocyte morphology (g, CALDA4). In addition, BCAS1
staining intensity was increased in the cytosol of a proportion of mature-appearing oligodendrocytes (i, CALD1, arrows on example cells). In a
subset of CALD patients, we found elevated densities of process-rich BCAS1+ cells in early, less affected AR areas (j, CALD6; k, overview in h,
CALD?1). In gliotic areas of CALD, with near complete loss of axonal structures, remaining oligodendrocytes were few and showed cytosolic
BCAS1+ staining. These cells were mostly equipped with few or no processes (I, CALD2). Only very rare, process-bearing BCAS1+ cells were
found in GL of CALD (m, CALDZ2). (n) Quantification of BCAS1+ cell densities in different lesion areas of CALD. (o) BCAS1+ cell densities from all
lesion areas in the cohort of CALD patients as well as within 14 shadow plaque areas from MS patients compared to control tissue densities. Both
AR areas in CALD as well as three shadow plaques with ongoing remyelination in MS displayed significantly elevated BCAS1+ cell densities
compared to control tissue (>99.9% confidence interval). CALD NAWM: CALD normal-appearing white matter; CALD PL: CALD prelesion; CALD
AR: CALD actively resorptive area; MS RM: remyelinated MS lesion n.s.: not significant. (n) One-way ANOVA of BCAS1+ cell density followed by
multiple t tests with Bonferroni correction. *p < .05, **p < .01, ***p < .001. Scale bar: a-c: 100 pm; d: 25 pm; e,f,h-m: 50 pm; g: 200 pm
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minor inflammatory tissue infiltration (Figure 5h left hand side, j, k).
There, the density of BCAS1+ cells was significantly higher than in
control white matter (Figure 5n). Based on our previous findings (Fard
et al., 2017), we compared these results to a cohort of remyelinated
MS lesions (14 shadow plaques/shadow plaque areas from
12 patients). Among these we identified three lesions with ongoing
remyelination, in which BCAS1+ cell densities were significantly ele-
vated compared to control white matter (>99.9% confidence interval
Figure 50). Densities of BCAS+ regenerating cells in the two CALD
cases were comparable to those in shadow plaques with ongoing
remyelination in MS (Figure 50).

In GL areas of CALD, we found few remaining oligodendrocytes
in the tissue. These cells expressed BCAS1 in the cytosol, were mostly
spheric and equipped with few or no processes (Figure 5l). Occasion-
ally cells with the typical shape of remyelinating oligodendrocytes
were observed (Figure 5m). In comparison, BCAS1+ cells were
completely absent from lesion centers of chronic inactive MS lesions
(2.1 £ 0.7 BCAS1+ branched and unbranched cells in GL areas in
CALD vs. 0.01 +£0.01 BCAS1+ cells in MS lesion centers [seven
chronic inactive lesions in five patients], p = .001, Mann-Whit-

ney test).

4 | DISCUSSION

We observed early and extensive axonal damage, later-stage subtotal
axon loss and no evidence for selective myelin phagocytosis in brain
lesions of patients with cerebral X-ALD. Thus, our data indicate that
axonal and myelin pathology go hand in hand in CALD lesion evolu-
tion. We did not find clear evidence of sustained remyelination, and
the observation of substantial axon damage suggests that isolated
attempts at stimulating myelin repair will not likely lead to clinical sta-
bilization or improvement. Our direct comparison of axonal and mye-
lin pathology in CALD with the prototypic demyelinating disease MS
casts doubt on the classification of CALD as a primary demyelinating
disease. In line, recent findings demonstrated an early impact upon
glial cells, in particular microglia and astrocytes, in pre-phagocytic
lesion areas (Bergner et al., 2019; Gértz et al., 2018).

While in MS oligodendrocytes and myelin are considered the
prime targets of the disease process, axonal injury and neuro-axonal
degeneration are regarded to be the major structural correlates of
permanent disability (Bjartmar, Kidd, Maérk, Rudick, & Trapp, 2000;
Charcot, 1868; Trapp et al., 2018). In MS, acute axonal damage corre-
lates with the density of macrophages/activated microglia and lym-
phocytes in actively demyelinating lesions (Bitsch et al., 2000;
Ferguson, Matyszak, Esiri, & Perry, 1997; Frischer et al., 2009;
Kuhlmann, Lingfeld, Bitsch, Schuchardt, & Briick, 2002) and is for the
most part attributable to the highly toxic inflammatory lesion microen-
vironment. Neurotoxic cytokines, chemokines and in particular reac-
tive oxygen and nitrogen species impair mitochondrial respiration and
axonal energy supply (Mahad, Trapp, & Lassmann, 2015), leading to
intra-axonal calcium overload, protease activation and cytoskeletal
breakdown (Siffrin et al., 2010; Stys, 2005; Yang et al., 2013). We

demonstrate here that acute axonal damage in CALD occurs already
in PL areas, and to a striking extent. Interestingly, this is in line with
evidence from magnetic resonance spectroscopy (MRS) studies which
demonstrate low total N-acetylaspartate (tNAA), a surrogate marker
of axonal damage, in areas beyond the destructive lesion (Eichler,
Barker et al., 2002; Eichler, Itoh et al., 2002). In contrast to MS, the
density of activated microglia/macrophages is low in PL regions in
CALD and even reduced compared to the NAWM (Figure 6a,c).
Therefore, while the inflammatory environment in CALD lesions may
contribute to axonal injury during further lesion development, inflam-
matory bystander damage is unlikely to underlie the massive axonal
damage observed in early pre-phagocytic lesion areas of CALD.

Mouse models of X-ALD do not develop cerebral disease, but
show an age-dependent dying back degeneration of long spinal axon
tracts, reminiscent of the human AMN phenotype (Pujol et al., 2002;
Pujol et al., 2004). It is an open question whether the same mecha-
nisms that confer length-dependent vulnerability to axons in AMN
could gain relevance focally also in prelesional areas of CALD white
matter. In fact, evidence has been provided that dying back
axonopathy, also in other conditions, is a multifocal process that prob-
ably just prevails mostly in distal axon parts of long tracts, due to
highest demands on intact transport machineries in these remote cel-
lular compartments (Coleman, 2005; Spencer & Schaumburg, 1977a,
1977b). The mechanisms by which axonal injury occurs in AMN are,
however, not fully understood. It has been hypothesized that incorpo-
ration of VLCFA into the mitochondrial membrane fuels the genera-
tion of reactive oxygen species which might instigate axonal damage
via the above pictured pathogenic cascades (Fourcade, Ferrer, &
Pujol, 2015). However, ABCD1 deficiency is largely compensated for
by its homologue transporters ABCD2 and ABCD3. Expression of
ABCD1 is low in neurons compared to its homologues, while it is
highly abundant in glia cells (Fouquet et al, 1997; Hoftberger
et al., 2007). Accordingly, it has been argued that axonal damage in X-
ALD most likely does not result from a cell autonomous pathogenic
process alone, but rather develops secondary to glial cell damage
(Berger et al., 2014; Gong et al., 2017).

In this regard, it has to be stressed that the most pronounced
alterations in prelesional areas are found in myeloid cells. They are
severely diminished in PL areas, lose homeostatic marker proteins
such as TMEM119, and the few remaining cells show activated mor-
phologies and increased rates of cell death (Bergner et al., 2019). In
fact, loss of myeloid cell function may represent an important check-
point in lesion formation, increase the metabolic burden on the tissue,
and contribute to triggering the demise of axons and other glial cell
types within PL areas (Figure 6). In this respect, parallels can be drawn
to another rare white matter disease, adult onset leukodystrophy with
axonal spheroids and pigmented glia (ALSP), a hereditary leukodystro-
phy associated with hetero- and homozygous mutations in the CSF1
receptor (Konno, Kasanuki, lkeuchi, Dickson, & Wszolek, 2018). Histo-
pathologically, this disease is characterized by a prominent reduction
in microglia cells in association with extensive axonal damage
reflected by high numbers of APP-positive axonal spheroids as a char-
acteristic hallmark (Oosterhof et al., 2019; Oyanagi et al., 2017). In the
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FIGURE 6

Schematic representation of tissue damage in CALD lesion evolution. (a) Damage to axonal structures starts in prelesional areas

(PL) with APP accumulation, spheroid formation and permanent axon loss that further increases in the following actively resorptive (AR) lesion
areas, leading to an almost complete absence of axonal structures from gliotic regions (GL). (b) Oligodendrocytes only show minor alterations in
PL, whereas major tissue resorption occurs in AR areas. (c) Microglia loss is seen in PL, followed by extensive invasion of foamy phagocytes in AR,

and resolution of tissue inflammation in GL areas

past few years it has become increasingly clear that microglia cells
play an important role in proper neuronal maturation and functioning
(Cserép et al., 2020; Paolicelli et al., 2011; Prinz, Jung, & Priller, 2019).
However, there is still limited knowledge on how microglia could spe-
cifically support axon maintenance, and axonal damage has not yet
been described in animals undergoing transient experimental microglia
depletion (Elmore et al., 2014; Rojo et al., 2019). The similarity
between PL areas in CALD and ALSP histopathology, specifically the
combination of microglia loss and extensive acute axonal damage, as
well as the fact that both diseases are responsive to hematopoietic
stem cell transplant (Eichler et al., 2017; Gelfand et al., 2020; Mochel
et al., 2019), should stimulate further research.

In contrast, the interdependence between oligodendrocytes and
axons has been shown in several myelin-mutant models of leukodys-
trophies where axonal injury emerges secondary to oligodendrocyte
impairment. This was attributed to the tight structural and metabolic
interactions within the axon-myelin unit (Finfschilling et al., 2012;
Lee et al, 2012; Stadelmann, Timmler, Barrantes-Freer, &
Simons, 2019). In his seminal paper on the histopathology of CALD,
Schaumburg described prelesional regions preceding areas of massive
macrophage infiltration and inflammatory cell cuffing as “demyelin-
ation with axonal sparing” (Schaumburg et al., 1975). Accordingly, it
was concluded that not only is selective demyelination a central fea-
ture in CALD, but in contrast to MS, it occurs even before phagocyte

invasion (Ferrer, Aubourg, & Pujol, 2010; Powers, Liu, Moser, &

Moser, 1992). It is important to note, however, that these studies
solely relied upon histochemical detection of myelin lipids (LFB) and
phagocytes. Our study confirms a reduction in myelin lipid staining
intensity in PL areas. However, the gradual, not well demarcated mye-
lin pallor, the concomitant presence of apoptotic oligodendrocytes
(Bergner et al., 2019) and the observation of edematous, yet still pre-
sent myelin by myelin protein immunohistochemistry are generic signs
of early myelin damage. In fact, also pre-phagocytic/initial MS lesions
are characterized by myelin pallor and edema in LFB histochemistry,
indicating subtle myelin injury (Barnett & Prineas, 2004). These early
oligodendrocyte and myelin alterations might indeed be an important
driver of axonal pathogenic cascades in CALD, as proposed by the
above mentioned animal studies. Nevertheless, we provide evidence
here that not only in PL areas but, in contrast to MS, also in the foam
cell-rich, resorptive lesion stage, myelin is not a selective target of
phagocytic removal in CALD. Rather, we observed a comprehensive
and concurrent destruction of the entire axon-myelin unit.

Promoting myelin repair is an important therapeutic aim in CALD.
However, whether remyelination occurs spontaneously, as is the case
in MS (Périer & Grégoire, 1965), and could be exploited therapeuti-
cally in CALD is not clear. Impaired differentiation of oligodendrocyte
progenitor cells as inferred from epigenomic signatures of normal-
appearing CALD white matter was recently proposed to induce a lack
of myelin repair in CALD (Schliter et al., 2018). Examination of myelin
lipid and protein phenotypes in CALD did not allow us to identify
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brain regions displaying generic features of completed remyelination,
that is, shadow plaques as found in MS. To further investigate
whether myelin repair pathways are activated in CALD, we used a
novel marker protein, BCAS1, specifically delineating newly formed
premyelinating and myelinating oligodendrocytes (Fard et al., 2017).
We did not observe elevated BCAS1+ cell densities in the NAWM
and PL areas of CALD—in contrast to MS, where BCAS1+ cells are
increased around demyelinated lesions. This may indicate that the
subtle myelin pathology seen in PL areas is not sufficient to trigger
any remyelinative attempts. However, OPC differentiation seems pos-
sible in CALD, as we found significantly elevated numbers of
branched BCAS1-positive cells in early, less affected AR areas. Impor-
tantly, the number of CALD patients with cellular evidence for ongo-
ing myelin regeneration has to be related to the percentage of MS
patients with fully remyelinated plaques at autopsy (15-20% Frischer
et al., 2015). Furthermore, only a small proportion of shadow plaques
in MS display cellular evidence of ongoing remyelination as indicated
by elevated densities of BCAS1+ cells (in our cohort 23%).

In summary, our data support a novel view of the sequence of
pathogenic events in CALD and thus raise questions with regard to
the present histopathologic classification as a primary demyelinating
disease. We demonstrate here substantial damage to axons already in
PL areas associated with early microglia loss. The phagocytic degrada-
tion in actively resorptive (AR) lesion areas does not represent a selec-
tive or preferential stripping of myelin sheaths from preserved axons,
as is observed in MS. Thus, despite the occurrence of CALD lesion for-
mation in the white matter containing abundant myelin lipids aberrantly
enriched with VLCFAs (Powers, Moser, Moser, & Schaumburg, 1982;
Powers & Schaumburg, 1981), the disease in our view cannot be classi-
fied as primary demyelinating in the strict sense of the term. The unse-
lective resorption of the white matter in CALD is more reminiscent of
the removal of comprehensively damaged tissue as occurs, for example,
in trauma or ischemia, than of selective myelin targeting as seen in
MS. In addition, and further strengthening this point, the present findings
indicate that cellular repair pathways are activated, and attempts at
remyelination do prevail in CALD. However, these attempts are immedi-
ately beset by ongoing tissue destruction and thus remain largely abor-
tive. Given the subtotal axon loss in advanced gliotic areas, remyelination
failure in CALD may not only be due to a relative lack of regenerating oli-
godendrocytes but also to the absence of an axonal scaffold that could
serve as appropriate substrate for remyelination.

There are significant open questions not answered in our study.
What is the pathogenic trigger that leads to microglia loss and axonal
damage in prelesional areas? How do metabolic alterations and subtle
damage of oligodendrocytes contribute? Furthermore, our study does
not offer an explanation, why specific regions and tracts of the CNS
are particularly vulnerable to become the initial sites of pathology.
Nevertheless, we believe, that the re-visited perspective on the
sequence of pathogenic events that can be inferred from our
observations has important consequences for strategies of therapy
development in CALD. It also offers an explanation for the shortcom-
ings of immunomodulatory treatments (Horvath, Eichler, Poskitt, &
Stockler-Ipsiroglu, 2012; Rosewich, Nessler, Briick, & Gartner, 2019).

Furthermore, it would predict that strategies that aim to improve
remyelination will be hampered by the absence of functional axons.
Thus, our first goal in CALD therapy must be to prohibit axonal
destruction right from the onset of disease, and to elucidate the

underlying cellular and molecular mechanisms.
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