doi:10.1093/brain/awaa360 BRAIN 2021: 144; 144-161 | 144

A JOURNAL OF NEUROLOGY

Acute and non-resolving inflammation
associate with oxidative injury after human
spinal cord injury

(®Tobias Zrzavy,I Carmen Schwaiger',2 Isabella Wimmer,! Thomas Berger,' Jan Bauer,’

Oleg Butovsky,*® Jan M. Schwab,®”*® Hans Lassmann® and (®Romana Héftberger?

Traumatic spinal cord injury is a devastating insult followed by progressive cord atrophy and neurodegeneration. Dysregulated or
non-resolving inflammatory processes can disturb neuronal homeostasis and drive neurodegeneration. Here, we provide an in-
depth characterization of innate and adaptive inflammatory responses as well as oxidative tissue injury in human traumatic spinal
cord injury lesions compared to non-traumatic control cords. In the lesion core, microglia were rapidly lost while intermediate (co-
expressing pro- as well as anti-inflammatory molecules) blood-borne macrophages dominated. In contrast, in the surrounding rim,
TMEM119* microglia numbers were maintained through local proliferation and demonstrated a predominantly pro-inflammatory
phenotype. Lymphocyte numbers were low and mainly consisted of CD8" T cells. Only in a subpopulation of patients, CD138*/
IgG™ plasma cells were detected, which could serve as candidate cellular sources for a developing humoral immunity. Oxidative
neuronal cell body and axonal injury was visualized by intracellular accumulation of amyloid precursor protein (APP) and oxidized
phospholipids (¢06) and occurred early within the lesion core and declined over time. In contrast, within the surrounding rim, pro-
nounced APP*/e06* axon-dendritic injury of neurons was detected, which remained significantly elevated up to months/years,
thus providing mechanistic evidence for ongoing neuronal damage long after initial trauma. Dynamic and sustained neurotoxicity
after human spinal cord injury might be a substantial contributor to (i) an impaired response to rehabilitation; (ii) overall failure of
recovery; or (iii) late loss of recovered function (neuro-worsening/degeneration).

Department of Neurology, Medical University of Vienna, Vienna, Austria

Division of Neuropathology and Neurochemistry, Department of Neurology, Medical University of Vienna, Vienna, Austria

Center for Brain Research, Medical University of Vienna, Austria

Ann Romney Center for Neurologic Diseases, Department of Neurology, Brigham and Womeris Hospital, Harvard Medical School,
Boston, MA, USA

Evergrande Center for Inmunologic Diseases, Brigham and Women’s Hospital, Harvard Medical School, Boston, MA, USA

The Belford Center for Spinal Cord Injury, The Ohio State University, Columbus, OH 43210, USA

Department of Neurology, The Ohio State University, Columbus, OH 43210, USA

Department of Physical Medicine & Rehabilitation, The Ohio State University, Columbus, OH 43210, USA

Department of Neuroscience, The Ohio State University, Columbus, OH 43210, USA

AW =

O 0 ] O\ \n

Correspondence to: Romana Hoftberger

Division of Neuropathology and Neurochemistry, Department of Neurology, Medical
University of Vienna, Vienna, Austria

E-mail: romana.hoeftberger@meduniwien.ac.at

Keywords: oxidative injury; adaptive immunity; microglia; blood-derived macrophages; spinal cord injury

Abbreviations: PMN = polymorphonuclear neutrophil; SCI = spinal cord injury

Received March 27, 2020. Revised July 8, 2020. Accepted August 11, 2020. Advance access publication December 1, 2020

© The Author(s) (2020). Published by Oxford University Press on behalf of the Guarantors of Brain.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/4.0/), which
permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact
journals.permissions@oup.com


http://orcid.org/0000-0001-8909-1591
http://orcid.org/0000-0002-5769-1100

Inflammation and oxidative injury in SCI

Introduction

Traumatic spinal cord injury (SCI) is a devastating condition
with a substantial economic burden impacting on the physic-
al and psychological well-being of patients (Ahuja et al.,
2017; James et al, 2019). The initial mechanical injury is
not only followed by classical secondary injury (Orr and
Gensel, 2018) but also by long-standing progressive neuro-
degeneration (Freund et al., 2013; Ziegler et al., 2018) as
reported for a subpopulation of traumatic SCI patients pre-
senting with continued worsening of neurological functions
even >6 months postinjury (Marino et al, 1999;
Kirshblum et al., 2004). Evidence from experimental studies
suggests that limiting pro-inflammatory bystander damage
can improve SCI outcome (Gris et al., 2004; Kerr et al.,
2008; David et al., 2012; Ramer et al., 2014).

Within the first hours to days after the insult in both
humans and experimental animals, polymorphonuclear neu-
trophils (PMNs) accumulate at the lesion site and peak with-
in the first 24 h (Taoka et al., 1997; Fleming et al., 2006;
Beck et al, 2010). Microglia activation and monocyte/
macrophage infiltration follow during the first days and
their numbers remain elevated up to months post-SCI
(Fleming et al., 2006; Pruss et al., 2011). Similar patterns
have been described for T cells in human SCI (Fleming et al.,
2006), although significant species differences between mice,
rats and humans have been described in regard to lympho-
cyte composition as well as spatiotemporal patterns (Sroga
et al., 2003). Although a potential peripheral autoimmune
response has been discussed in human SCI (Zajarias-Fainsod
et al., 2012), lesion-associated B cells have not been
observed in the only available neuropathological assessment
of human SCI thus far (Fleming et al., 2006). This is in con-
trast to experimental SCI models, for which B cell accumula-
tion and plasma cell conversion with concomitant IgG
autoantibody production has already been shown (Ankeny
et al., 2006, 2009).

Microglia and CNS-infiltrating blood-derived macro-
phages arise from two ontogenetically distinct populations
and can adopt a gradient from a pro-inflammatory pheno-
type associated with cytotoxicity and a potential beneficial
anti-inflammatory phenotype (Kigerl et al., 2009; Ginhoux
et al., 2010; Kroner et al., 2014; Ransohoff, 2016). In ex-
perimental SCI models, an M1 pro-inflammatory polariza-
tion of microglia/macrophages prevails (Kigerl et al., 2009).
So far, polarization patterns in human SCI cases have not
been studied. The distinction between purely M1 and M2
phenotypes is anyhow oversimplified and not advisable for
in vivo studies (Ransohoff, 2016; Zrzavy et al., 2017,
2018). Instead, microglia/macrophages should be character-
ized according to their functional properties, e.g. by means
of the homeostatic marker P2RY12, which is lost in a patho-
logical CNS environment (Fleming et al., 2006; Beck et al.,
2010; Krasemann et al., 2017). Under neuroinflammatory
conditions, microglia and macrophages dominantly express
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molecules involved in the production of reactive oxygen spe-
cies. Oxidative neuronal injury is triggered by reactive oxy-
gen species resulting in lipid peroxidation and intracellular
accumulation of oxidized phospholipids. Oxidative neuronal
injury is well documented for human CNS injury and associ-
ated with activated microglia and macrophages (Haider
et al., 2011; Jia et al., 2012).

Most of our understanding of the inflammatory response
after SCI derives from preclinical experiments, which do not
always reflect the human CNS pathophysiology (Dirnagl,
2014; Schuh et al., 2014). Detailed information on human
traumatic SCI, however, is sparse and molecular mechanisms
contributing to delayed neurodegeneration are likewise un-
known, which poses a fundamental void in our understand-
ing of the pathophysiology after human SCIL. To fill in
missing links, we performed a systematic analysis of (i) the
recruitment of leucocytes into human SCI lesions; and
(ii) the spatiotemporal heterogeneity of microglia and macro-
phages by applying a validated panel of functional markers.
Moreover, we characterized the kinetics of oxidative tissue
injury by using oxidized lipids as validated and established
marker for neuronal cell body and axonal injury (Haider
et al., 2011; Friese et al., 2014).

Material and methods

Sample characterization

Our study was performed using an archival collection of spi-
nal cord autopsy tissues derived from 22 patients with trau-
matic SCI and five non-traumatic control patients; all
collected during the past decades in the archive of the
Division of Neuropathology and Neurochemistry,
Department of Neurology, Medical University of Vienna.
All available medical records, laboratory charts and autopsy
charts were screened. Non-traumatic control cases were
comprehensively examined for any pathological alterations
in the white and grey matter, particularly inflammatory infil-
trates and signs of tissue injury, for which tissue sections
were routinely stained with haematoxylin and eosin, Luxol
fast blue and Bielschowsky silver impregnation. Patient
demographics, time of death post-SCI and lesion level are
summarized in Table 1. The study was approved by the eth-
ics committee of the Medical University of Vienna (EK. Nr.:
1454/2018 and 1636/2019).

Immunohistochemistry

Immunohistochemistry was performed on formalin-fixed
paraffin-embedded tissue sections with a biotin/avidin detec-
tion system as described in detail before (Bauer and
Lassmann, 2016) using primary antibodies and respective
antigen retrieval methods as listed in Supplementary Table
1. For lymphocyte characterization, we used antibodies tar-
geting CD3 (T cells), CD4 (MHC class Il-restricted T cells),
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Case Level Cause Days post-injury Cause of death Age Sex Type of injury
SCI-1 Th Gun shot < Cardiovascular failure 33 M Massive compression
SCI-2 C Fall | Cardiovascular failure 79 M Contusion/cyst
SCI-3 C Fall 2 Respiratory insufficiency 30 M Contusion/cyst
SCl-4 © Fall 2 Pulmonary embolism 79 F Massive compression
SCI-5 @ Fall 4 Cardiovascular failure 53 M Contusion/cyst
SClI-6 C Fall 4 Cardiovascular failure 75 F Contusion/cyst
SCI-7 C Fall 5 Pulmonary embolism 50 M Contusion/cyst
SCI-8 TH Massive prolapsed disc 13 Pulmonary embolism 35 F Massive compression
SCI-9 C Fall 14 Unknown 45 F Contusion/cyst
SCI-10 @ Fall 15 Cardiovascular failure 37 M Contusion/cyst
SCI-11 C Fall 19 Unknown 15 M Contusion/cyst
SCI-12 C Fall 18 Cardiovascular failure 71 M Contusion/cyst
SCI-13 L Car accident 18 Renal failure 19 M Contusion/cyst
SCI-14 C Fall 25 Respiratory insufficiency 39 M Massive compression
SCI-15 C Fall 36 Respiratory insufficiency 22 M Contusion/cyst
SCI-16 @ Fall 48 Pulmonary oedema 80 M Contusion/cyst
SCI-17 C Fall 89 Hepatorenal failure 65 M Contusion/cyst
SCI-18 C Fall 9l Pulmonary embolism 6l M Contusion/cyst
SCI-19 TH Car accident 210 Pulmonary oedema 34 F Contusion/cyst
SCI-20 C Car accident 352 Cardiovascular failure 24 F Contusion/cyst
SCI-21 C Massive prolapsed disc 365 Cardiovascular failure 56 M Contusion/cyst
SCI-22 C Fall 413 Cardiovascular failure 58 M Contusion/cyst
CO-I C Cardiovascular failure 53 F

CO-2 C Renal failure 40 M

CO-3 C Hepatic failure 73 M

CO-4 C Cardiovascular failure 70 F

CO-5 C Hepatic failure 32 M

C = cervical; F = female; L = lumbar; M = male; Th = thoracic.

CD8 (MHC class I-restricted T cells), CD20 (B cells),
CD79a (B cells and plasma cells) and CD138 (plasma cells).
Lymphocytes were distinguished from macrophages, which
can express CD4 or CDS8 as well, by morphological criteria
and a lack of CD68 expression. C9neo staining was used to
identify complement-mediated tissue injury (Bien et al.,
2012). Granulocytes were detected by their characteristic ap-
pearance (segmented cell nuclei) in tissue sections stained
with haematoxylin and eosin. For the characterization of
myeloid cells, Iba-1 was used as a general microglia/macro-
phage marker; TMEM119 and P2RY12 were used as micro-
glia-specific markers. TMEM119 is a transmembrane
protein with unknown function expressed on microglia, but
not on recruited myeloid cells in humans and rodents
(Butovsky et al., 2014; Bennett et al., 2016). During micro-
glia activation, TMEM119 expression is downregulated;
however, a residual level is preserved on the surface (Satoh
et al., 2016). Resting microglia were identified using
P2RY12, which is rapidly lost upon activation in experimen-
tal models of CNS inflammation or neurodegeneration
(Krasemann et al., 2017; Zrzavy et al., 2017). CD68 was
used to detect phagocytic activity; HLA-DR and CD86 were
used to identify cells involved in antigen presentation, proc-
essing and co-stimulation. Furthermore, p22phox (NADPH
oxidase) and inducible nitric oxide synthase (iNOS) were
used as markers for oxidative activation and signs of

oxidative tissue injury. Anti-e06 antibodies were applied to
detect oxidative injury (intracellular loading with oxidized
phospholipids) in neurons (Haider et al., 2016). As proto-
typical anti-inflammatory markers, expression of the haemo-
globin-haptoglobin receptor CD163 and the mannose
receptor CD206 were investigated (Zrzavy et al., 2018).
Moreover, staining for the pro-inflammatory cytokines inter-
leukin-1B (IL-1PB) and interleukin-18 (IL-18) as well as the
anti-inflammatory cytokines interleukin-10 (IL-10) and
transforming growth factor beta (TGF-B) were performed
(Machado-Santos et al., 2018; Troscher et al., 2019). All
markers have already been extensively characterized regard-
ing their reliability and expression patterns in human aut-
opsy material of lymphatic tissue (Zrzavy et al., 2017). For
control, immunohistochemistry was performed by omitting
of primary antibodies and by using normal rat and goat
serum or isotype-matched monoclonal antibodies.

For double stainings using primary antibodies derived
from different species, the same antigen retrieval techniques
were applied as described in Supplementary Table 1.
Visualization was performed by using (i) alkaline phosphat-
ase-conjugated secondary antibodies for subsequent develop-
ment with Fast Blue BB salt; and (ii) biotinylated secondary
antibodies and peroxidase-conjugated streptavidin for subse-
quent development with amino ethyl carbazole (AEC). For
double stainings using primary antibodies derived from
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same species (TMEM119, p22phox, APP, €06), heat-
induced epitope retrieval was performed in between the
separate antibody incubations and subsequent immunohisto-
chemical detection reactions according to Bauer and
Lassmann (2016).

Immunofluorescence

For fluorescence double or triple stainings, with two anti-
bodies from the same species, extensive heat-induced epitope
retrieval in between the subsequent immunohistochemical
reactions was performed. After deparaffination and blocking
of non-specific binding, the first round of antigen retrieval
(Supplementary Table 1) was done and tissue sections were
incubated with primary antibodies against Iba-1, P2RY12 or
IL-18. This was followed by incubation with biotinylated
anti-rabbit antibody and avidin peroxidase as well as cata-
lysed signal amplification with biotinylated tyramine (Bauer
and Lassmann, 2016). Then, a second round of antigen re-
trieval (30 min; EDTA buffer pH 9) was done, followed by
incubation of tissue sections with Cy2- or Cy3-conjugated
streptavidin. Thereafter, the second round of primary anti-
bodies (anti-TMEM119, anti-GFAP or combinations from
different species) were applied and visualized by subsequent
incubation with Cy3 or CyS-conjugated anti-rabbit, anti-
goat or anti-mouse secondary antibodies (Troscher et al.,
2019; Zrzavy et al., 2019). Finally, sections were mounted
with Prolong™ Gold antifade mountant (Thermo Fisher
Scientific, P36930) and visualized with a confocal laser
microscope (Leica SPS, Austria).

Turnbull blue staining

3,3/-Diaminobenzidine tetrahydrochloride hydrate (DAB)-
enhanced Turnbull’s blue (TBB) staining for the detection of
non-haem iron was done as described (Hametner et al.,
2013).

Quantitative assessment

Regions of interest included the lesion core (‘core’) as well as
the directly surrounding tissue margin (‘rim’) (Fig. 1). The
core region corresponds to the definition of ‘Zone 1’ and the
rim region to the definition of ‘Zone 2’ as described previ-
ously (Fleming ez al., 2006). The spinal cords were classified
into the following stages (time windows) after SCI displaying
consistent histopathology: (stage I) 1-3 days post-SCI
(n=4); (stage 1) 4-21 days post-SCI (n=9); (stage III)
21-90 days post-SCI (nz=4); and (stage IV) 90 days to
1.5 years post-SCI (7 = 5) compared to controls (7 = 5). For
the quantitative evaluation of microglia/macrophages, sec-
tions were overlaid by a morphometric grid (0.2256 mm?)
placed within the ocular lens and two to three fields per re-
gion of interest were selected. Cells expressing the respective
marker were manually counted and the values are expressed
as cell counts per square millimetre. For quantification of
lymphocytes, a morphometric grid within the ocular lens
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was used as well and inflammatory cell numbers were manu-
ally counted in 5-20 fields of 0.2256 mm?® per region of
interest spanning the entire lesion. The number of T cells
and B cells were counted separately for perivascular and par-
enchymal areas and were pooled afterwards.

Digital optical densitometry was performed for quantifica-
tion of oxidized phospholipids (e06 immunoreactivity)
according to a previously published protocol (Hametner
et al., 2013). This marker was quantified by calculating the
positive DAB signal area fraction using ImageJ. One to two
images per region of interest were taken with standardized
acquisition settings. For digital removal of haematoxylin
counterstaining, a colour deconvolution plugin (freeware
kindly provided by A. C. Ruifrok, NIH) was run. Further
RGB images were converted into 8-bit greyscale images and
inverted. A threshold was set, which was kept constant be-
tween analyses; subsequently, the area fraction of the result-
ing images was calculated.

Statistical analysis

Statistical analysis was performed with IBM SPSS 20.0.0
(SPSS Inc, Chicago, IL, USA) and GraphPad Prism® v6.01.
Because of uneven distribution of our data, statistical ana-
lysis was performed with non-parametric tests. Descriptive
analysis included median value and range. Differences be-
tween two groups were assessed with Wilcoxon Mann-
Whitney U-test. In case of multiple testing, significant values
were corrected with the Bonferroni-Holm procedure. The
reported P-values are results of two-sided tests. A P-value <
0.05 was considered statistically significant.

Data availability

Data can be made available from the corresponding author
upon reasonable request and after approval from the ethics
review board at the Medical University of Vienna.

Results

For the analysis of inflammatory and degenerative cascades
following traumatic SCI, we examined an archival tissue col-
lection of 22 traumatic SCI and five non-traumatic control
cases (Table 1). The mean age of the SCI cohort was 48.1
years (range 15-80 years), which was slightly younger than
the control cohort (53.4 years, range 32-73 years). The gen-
der distribution ratio was 16:6 (male: female) in the spinal
injury cohort, which matches epidemiological data (Ahuja
et al., 2017), and 3:2 (male: female) in the control group. All
analysed tissue blocks contained the actual impact zone of
SCIL Since (i) it is impossible to reliably distinguish between
grey and white matter in the case of severe SCI; and (ii) we
did not see significant differences in microglia numbers be-
tween normal spinal cord grey and white matter (data not
shown), we did not differentiate between the two areas in
further analyses. Putative control cases were solely admitted
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Figure | Spatiotemporal characterization of neuropathological features in human SCI lesions. The sequence of neuropathological
alterations was grouped into four stages (I-1V). An overview of the progressive lesion evolution is illustrated by haematoxylin and eosin (H&E)-
stained spinal cord cross-sections (middle row) accompanied by higher-resolution details of the corresponding lesion core (left) and surrounding
rim (right). Anterior spinal cord is facing downwards, while dorsal cord is directed upwards. Stage | (1-3 days post-SCI): (A) Distortion and dis-
ruption of parenchyma and inherent vessels with ensuing haemorrhage and leukodiapedesis (extravasation, arrows) in the lesion core.
Hyperpolarized red blood cell are detected outside of the neurovascular unit in a radial manner in close vicinity to the damaged vessels (B).
Abundant swollen hypertrophic B-APP* axonal spheroids (black arrow) indicate axonal injury. These ballooned retraction bulbs indicate severe
cytoskeletal disruption and are intermingled with B-APP* axons displaying features (dotted segregated B-APP™ alignments; green arrow) in line
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to the control cohort if pathological changes, particularly in-
flammatory infiltrates and signs of tissue injury, which
would have been detectable in haematoxylin and eosin stain-
ing, Luxol fast blue myelin staining and Bielschowsky silver
impregnations, could be fully excluded.

Different spatiotemporal dynamics
of neuropathology evolve after
human spinal cord injury

For a rough categorization, the sequence of neuropathologic-
al alterations after traumatic SCI, which include inflamma-
tion, neurodegeneration and tissue damage, can be grouped
into four stages (I-IV): SCI of stage I (1-3 days post-SCI)
was characterized by distortion and disruption of paren-
chyma integrity, haemorrhage, and leukodiapedesis (extrava-
sation) in the lesion core (Fig. 1A and B) with abundant B-
APP* axonal spheroids indicating axonal injury (axonal
blebbing) (Fig. 1C). In the lesion-surrounding white matter,
commencing myelin damage (demyelination) with early
2’ 3'-cyclic-nucleotide  3’-phosphodiesterase (CNPase) loss
was evident (Fig. 1D); expression of proteolipid protein
(PLP) was still preserved (Fig. 1E). Injured spinal cords of
stage II (4-21 days post-SCI) demonstrated tissue necrosis
within the lesion core with typical spongiotic tissue changes
(Fig. 1F) concomitant with ongoing debris removal evi-
denced by large numbers of CD68* macrophages containing
large lysosomal vacuoles (Fig. 1G). Within the lesion rim,
abundant B-APP* axonal spheroids with various elongations
(‘axonal varicosis’) (Fig. 1H) and scattered CD68* macro-
phages (Fig. 1) were present. Stage III (21-90 days post-
SCI) was characterized by progressive spongiotic changes

Figure | Continued
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with numerous CD68* macrophages in the lesion core
(Fig. 1] and K). However, in comparison with stage II, the
number of CD68* macrophages had already subsided. In
the lesion rim, remaining axonal spheroids were surrounded
by reactive gliosis composed of hypertrophic activated
GFAP™ astrocytes (Fig. 1L and M), which extended vascular
end-feet with pronounced bouton-type appearance in order
to support vascular integrity (stabilization of the neurovascu-
lar unit) (Fig. 1M). Finally, stage IV (90 days to 1.5 years
post-SCI) demonstrated cystic cavitation (syrinx) in the le-
sion centre. This scar was surrounded by a hypercellular rim
(Fig. 1N) containing non-resolving, activated CD68* macro-
phages. (Fig. 10). They also formed clusters in Virchow-
Robin-alike spaces pointing to a chronic immunological acti-
vation (Fig. 10). The lesion rim showed massive reactive
GFAP* gliosis and a remainder of evenly distributed
CD68" macrophages was still present (Fig. 1P and Q).
Spinal cord tissue from controls did not contain any patho-
logical changes (not shown). We further extended the basic
spatiotemporal characterization of human traumatic SCI
lesions with more detailed analyses of cellular compositions
and activation patterns as well as of oxidative tissue injury.

Polymorphonuclear neutrophils

PMNs were absent in non-traumatic control spinal cords
(Figs 2A and 3A). After traumatic SCI, they were readily
present, peaked within the first 3 days after injury in the le-
sion core (P =0.032) (Figs 1A, B and 2A) and were also de-
tectable in some cases within the lesion rim (Fig. 3A). The
number of PMNs declined during the first 3 weeks post-SCI
and they were not observed at any later time points

with axonal fragmentation (Williams et al., 2014) (C). (D) In the lesion-surrounding white matter, there is evidence of beginning myelin damage
(demyelination) with early CNPase loss (black dot), while (E) PLP still remains preserved. Stage |l (4-21 days post-SCI): Tissue necrosis with mas-
sive, macrophage infiltration into the lesion core. Emerging spongiotic tissue changes (arrows) reflect actively ongoing debris removal (F) evi-
denced by CD68" macrophages containing large lysosomal vacuoles (arrows) (G). Non-phagocytosed extravasated erythrocytes are, however,
still present (F, green arrow). (H) A demarcation between lesion core (asterisk) and lesion rim is visible since areas of impaired axoplasmic trans-
port in the rim show massive accumulation of B-APP* axonal spheroids. Hypertrophic retraction bulbs (arrow) are detectable in close juxtapos-
ition to the lesion. (I) Density of CD68" monocytes/macrophages is lower and the lysosomes smaller. Stage Ill (22-90 days post-SCI): (J and K)
Progressive, enlarged spongiotic changes (asterisks) emerging towards the beginning demarcation of a cystic cavitation In the surrounding rim,
remaining axonal 3-APP + spheroids (L) are still present; however, in reduced numbers compared to the preceding stage Il. Signs of axonal frag-
mentation are no longer detected. (M) B-APP ™ axons are surrounded by reactive gliosis composed of hypertrophic activated GFAP™ astrocytes
reflective of maturated lesion organization (arrows). Hypertrophic GFAP ™ astrocytes extend vascular end-feet with pronounced bouton-type ap-
pearance (green arrows) to support vascular integrity (stabilization of the neurovascular unit) (M). Stage IV (22-90 days post-SCI): (N) Cystic
cavitation (syrinx) and surrounding scar formation is composed of an hypercellular rim, demonstrating declining cell numbers (gradient, black
dot), further extending towards the core (asterisk) into an area of extracellular matrix deposition characterized by hypocellularity (black dot).
(O) The scar contains non-resolving, activated CD68 " macrophages, which form an inflammatory ‘layer’ confined to the immediate border be-
tween the hypercellular and hypocellular regions with declining cell numbers towards the syrinx core. Non-resolving lipid-laden (foamy) CD68*
macrophages form compartmentalized clusters ‘locked’ into the immediate scar (arrow). CD68 " monocytes/macrophages also form clusters in
Virchow-Robin-alike spaces (green arrow) pointing to a chronic immunological activation or drainage (Wardlaw et al., 2020). (P and Q) The rim
illustrates massive reactive GFAP™ astrogliosis with some remaining evenly distributed CD68" macrophages. Of note, also the rim represents an
area of higher immune alertness characterized by higher numbers of CD68 " myeloid cells even until chronic stages. Spinal cord tissue from con-
trols did not contain any pathological changes (not shown). Scale bars = 25 pum in A-C, F, G, I-M, P and Q; 250 um in D and E; and 125 pm in
H, N and O.
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Figure 3 Quantitative analysis of cellular markers in the spinal cord lesion rim. Quantitation of PMNs and various microglia/macro-
phage marker expression in the core of SCI lesions at different lesion stages (I-V) as well as in non-traumatic control tissue. Data represent ac-
tual numbers of cells/mmZ. (A) PMNs counted in haematoxylin and eosin staining, (B) pan-microglia/macrophage marker Iba- I, (C) the microglia-
specific marker TMEMI 19, (D) the ‘homeostatic’ microglia marker P2RY |2; and the microglia activation markers (E) p22phox, (F) CDé68, (G)

HLA-DR, (H) CD86, (1) iNOS, (J) CD163, (K) CD206 and DAB-enhanced Turnbull Blue (TBB) staining for the detection of non-haem iron (L).
*P < 0.05; ¥fP < 0.01; ***P < 0.001.
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analysed. PMNs were located perivascularly; in some cases,
they were detected in the parenchyma as well.

Microglia and blood-derived
macrophages in the lesion core and
surrounding lesion rim

In non-traumatic control patients, Iba-1* cells exhibited a
ramified microglia phenotype and co-expressed the microglia
marker TMEM119 (Fig. 4A). Most of these TMEM119™*
cells were positive for the homeostatic marker P2RY12 as
well (Fig. 4B). In the necrotic core of stage I lesions, we
detected a significant loss of Iba-1* cells (P = 0.032), while
their numbers remained constant in the surrounding rim
(Figs 2B and 3B). The vast majority of Iba-1* cells in both
lesion core and rim were TMEM119* (average 81% and
89%, respectively) (Figs 2C and 3C). At stage II, there was a
massive increase of Iba-1* cells within the lesion core as
well as rim (P = 0.019 and P =0.002, respectively) (Figs 2B
and 3B). However, while 80% of Iba-1" cells within the le-
sion rim were also TMEM119*, this number dropped to
10% within the lesion core. Morphologically, cells in the le-
sion core were characterized by an amoeboid shape i.e. oval
to round cell bodies without processes (Fig. 4D and H). This
indicates a substantial recruitment of peripheral TMEM 119~
macrophages into the lesion core, while the increased num-
bers of Iba-1* TMEM119" cells within the lesion rim was
mostly due to local microglia proliferation as shown by pro-
liferating cell nuclear antigen (PCNA) expression (Fig. 4]) in
17% of TMEM119* cells. At stage III, numbers of Iba-1*
cells were still significantly increased in both the lesion core
and rim (P=0.32 and P =0.32, respectively) (Figs 2B and
3B). From stage II to stage III, there was a further decline of
TMEM119* co-expressing Iba-1" cells to 5% in the lesion
core; several months post-SCI (stage IV), we could not detect
any more TMEM119* cells in this area (Fig. 2C). In the
rim, we observed that from stage II to IV, approximately
half of Iba-1* cells stably co-expressed TMEM119 (stage II,
80%; stage I, 49%; stage IV, 47%). Results show that
microglia (Iba-1" TMEM19™* cells) constituted a substantial
proportion of myeloid cells in the edge during lesion matur-
ation, while recruited blood-borne monocytes/macrophages
(Iba-1* TMEM19™ cells) dominated within the lesion core.

Differential patterns of microglia
and macrophage activation

In the lesion core, a rapid and long-lasting loss of P2RY12
(homeostatic marker) expression on myeloid cells was
detected (stage I, P =0.032; stage II, P =0.002; stage III,
P =0.032; stage IV, P = 0.016) (Figs 2D, 4E and F). A simi-
lar pattern was observed in the lesion rim; however, low
numbers of P2RY12* cells reappeared in some cases at later
time points (stage IV) (Fig. 3D).

Within the core of tissue injury, a significant pro-inflamma-
tory activation of myeloid cells, the vast majority of which

T. Zrzavy et al.

were TMEM1197, was detected by an upregulation of
p22phox, CD86, MHC class II and CD68 expression
(Figs 2E-H and 4). Numbers of iNOS* myeloid cells also
increased during stages II and III, albeit to much lower
extents (Fig. 2I). Concomitant with pro-inflammatory
markers, we also observed an increased expression of the
anti-inflammatory markers CD163 and CD206, which
reached a plateau within the first weeks post-injury (Fig. 2]
and K). The co-occurrence of both pro- and anti-inflamma-
tory molecules indicates that a substantial proportion of mye-
loid cells within the lesion core (mostly TMEM119™ cells)
expressed an intermediate activation phenotype (Fig. 4K-P).

Within the lesion rim, the expression of the pro-inflamma-
tory markers (i) was mostly detected on TMEM119" mye-
loid cells (microglia); and (ii) peaked within the first 3 weeks
(stage II) (Figs 3D-I, 4G and I). Contrary to the lesions
core, the prominent pro-inflammatory patterns had not fully
subsided at stage IV. Expression of CD163 was significantly
elevated during the first weeks (stage II, P = 0.002; stage III,
P =0.032) (Figs 3], 4Q and R). In contrast to CD163 and
expression patterns observed in the lesion core, expression
of the anti-inflammatory marker CD206 solely increased to
non-significant extents at stage Il and was rapidly lost there-
after. Notably, while 26% of Iba-1* cells in the lesion core
expressed CD206 at stage III, only 0.2% of Iba-17" cells in
the rim stained positive for CD206 (Fig. 4K-P). Iron-loaded
macrophages were detected to a variable extent in the core
and rim after 3 days (Figs 2L, 3L, 4S and T). Overall, our
data show a time-dependent activation of microglia and
macrophages, with a predominant pro-inflammatory expres-
sion pattern accentuated within the lesion rim and an inter-
mediate pro- and anti-inflammatory phenotype within the
lesion core.

Cytokine expression patterns

For the analysis of pro- and anti-inflammatory cytokine pat-
terns, we investigated the expression of IL-1B and IL-18 as
well as IL-10 and TGF-, respectively, in two representative
cases of each SCI stage as well as in control cases (Fig. 5).
IL-1B and IL-10 immunoreactivity in myeloid cells was nei-
ther detectable in traumatic SCI nor control cases (data not
shown). IL-18 was strongly expressed in microglia and mac-
rophages in the lesion rim and core, respectively, throughout
all SCI stages (Fig. SA, B, F and G). Double labelling of IL-
18 with the anti-inflammatory marker CD206 did not show
any co-expression. (Fig. SH and I); in SCI cases with particu-
larly pronounced CD206 immunoreactivity, IL-18 expres-
sion was markedly reduced (Fig. 5I). TGF-B expression was
only detected in astrocytes within the rim of lesion stages II
and III and was absent in myeloid cells (Fig. SC-E).

T cells, B cells, plasma cells and
complement deposition

CD3™" T cells gradually infiltrated the lesion core over time
(Fig. 6A, F and G). At the earliest time points in the lesion
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Figure 4 Loss of ‘homeostatic’ microglia within the lesion core and rim. Segregation of infiltrating monocytes towards the core while
microglia persist within the rim. Distinct and facetted microglia and macrophage response to human traumatic SCI (A). Almost all microglia are
double positive for Iba-1 (green) and TMEMI 19 (red) as well as (B) co-express P2RY |2 (green) and TMEMI |9 (red) in the spinal cord of non-
traumatic controls. (C) The rim of the lesions contains high numbers of Iba-1 (green) TMEMII9 (red) double-positive cells, while (D)
TMEMI19™ (red) cells are massively reduced in the lesion core. Likewise, (E) sparse TMEMI 19 (red) P2RY 2 (green) double-positive cells are

(continued)
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core, T cells mainly located to perivascular spaces (Fig. 6F),
while scattered parenchymal CD3* T cells were detected at
stages II and 1l and declined thereafter. T cells were not
encountered close to neurons or oligodendrocytes but were
diffusely distributed. The group of CD3* T cells was mainly
composed of CD8* cells and only few CD4* cells (Fig. 6B,
H and I). In the lesion rim, the majority of T cells accumu-
lated in the perivascular space, while only a low number of T
cells was truly dispersed in the parenchyma. Overall, numbers
of CD8" T cells remained elevated until the chronic stage IV.

In most SCI cases, B cells were hardly present; if any, they
were mainly found in perivascular spaces intermingled with
other perivascular cells (Fig. 6C, D, J and K). Only in two
cases, we observed a pronounced infiltration of CD79a* B
cells and CD138* IgG™*-producing plasma cells into the spi-
nal cord parenchyma (Fig. 6L-N). In these two cases as well
as five other patients (total 7 of SCI cohort = 22), we also
observed deposition of activated complement (C9neo anti-
gen) in the area of tissue necrosis (Fig. 60). Our data show
a predominance of CD8" T cells in SCI and, at least in sin-
gle cases, an infiltration of B cells.

Oxidative injury

In control spinal cords, immunoreactivity for the oxidized
phospholipid marker €06 was only observed in lipofuscin
granules (Fig. 7C). After SCI, e06 was detected either as lip-
ofuscin or was diffusely distributed in the cytoplasm of neu-
rons as well as dendrites and axons (Fig. 7D and E). E06*
neurons often presented with an injured phenotype such as
axonal beading (Fig. 7]J), an irregularly shaped plasma mem-
brane (Fig. 7K) or central chromatolysis (Fig. 7L). Oxidized
phospholipids readily accumulated within the lesion core
and peaked within the first 3 weeks post-SCI (Fig. 7A).
Thereafter, €06 immunoreactivity readily declined to control
levels. The e06 immunoreactivity in the lesion core positively
correlated with the appearance of granulocytes (R =0.426,
P =0.048). In the lesion rim, oxidized phospholipids were
most abundant in early stage Il (maximum at Day 4: 2.71%
area); contrary to the lesion core, e06* oxidized phospho-
lipid immunoreactivity remained significantly elevated even
at the chronic stage IV (P = 0.032) (Fig. 7B and E-H). Our
data suggest that oxidative injury has a long-term contribu-
tion to protracted injury and neurodegeneration after SCL

Figure 4 Continued
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Discussion

We here provide the first systematic characterization of spa-
tial and temporal patterns of innate and adaptive immune
responses as well as oxidative tissue injury after traumatic
SCI in a large cohort of patients (7 = 22). Our study identi-
fied inflammatory patterns evolving differently within the le-
sion core versus the surrounding rim. The core was
characterized by and infiltration of blood-derived mono-
cytes/macrophages adapting an intermediate pro- and anti-
inflammatory phenotype, while locally proliferating pro-in-
flammatory microglia dominated within the rim. Tissue infil-
trating T cells were mainly identified as CD8* cells. In a
small subpopulation of SCI patients, we identify parenchy-
mal B cells and plasma cells as well; further, parts of the SCI
cohort displayed activated complement deposits in areas of
tissue necrosis. We provide evidence that oxidative injury
occurs not only in the acute phase but also even months and
to 1.5 years after the impact.

Neutrophils are temporally
restricted to the acute or early-
subacute spinal cord injury phase

PMNs constitute the first immune cell population, which
accumulated in traumatic SCI lesions within the first 72 h
and were rapidly cleared thereafter. PMNs assembled within
the lesion core in areas of haemorrhagic transformation and
subsequent haemorrhagic necrosis. This is in contrast to is-
chaemic CNS injury, in which PMNs remain mostly con-
fined to the boundaries of the neurovascular unit and do not
actively infiltrate the lesioned parenchyma (Enzmann et al.,
2013; Zrzavy et al., 2018). For SCI, it still remains unclear
whether PMNs actively infiltrate the tissue because of
chemotactic cues or are passively shuttled into the tissue
along with extravasating blood. Generally, PMN infiltration
oftentimes leads to subsequent cytotoxic tissue damage due
to excessive cytokine and prostaglandin release, oxidative
burst and release of toxic granules (Bao et al., 2004, 2008;
Dinkel et al., 2004; Gris et al., 2004; Nguyen et al., 2007).
Similarly, we observed within our SCI cohort a significant
association between the presence of PMNs and the detection
of e06* oxidative neuronal injury in the lesion core. Taken

still detectable in the rim, while (F) they are completely lost in the lesion core. In the lesion rim, the majority of microglia (TMEMI19™ cells;
red), expresses pro-inflammatory markers e.g. (G) p22phox (blue) (stage Il) or (I) the phagocytosis-associated marker CD68 (blue); within the
lesion core, hardly any myeloid cells expressing pro-inflammatory markers, e.g. (H) p22phox, co-express the microglia marker TMEMI 19. (J)
Many microglia (TMEMI 197, red) within the rim display nuclear co-expression of the proliferation marker proliferating cell nuclear antigen
(PCNA,; blue). (K) An example of an SCI lesion; within the core (left side), numerous pro-inflammatory (p22phox; blue) and anti-inflammatory
(CD206; red) double-positive macrophages are present, whereas pro-inflammatory activation predominates within the rim (right side). (L and M)
Higher magnification of lesion (L) core and (M) rim presented in K. (N) Same lesion presented in K showing sparse TMEM| 19 and CD206 dou-
ble-positive cells within the lesion core (left side), whereas in the rim (right cells, CD206* cells are hardly present and TMEMI |9 single-positive
cells prevail. (O and P) Higher magnification of lesion (O) core and (P) rim presented in N. (Q) In the core of stage Il lesions, numerous
CD163" macrophages are present; similarly, CD163* microglia are observed in the rim (R). Low numbers of TBB™ cells were found in the core
(S) as well as in the lesion rim (T). Scale bars = 25 pm. Ctl = Control; C = Core; |-V = stages; R = Rim.
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Figure 5 Cytokine expression in traumatic SCI. Numerous IL-18" microglia and macrophages in the rim (A) and core (B) of SCl lesions.
In contrast, TGF-3 expression is restricted to astrocytes (C and D) in the lesion rim. Fluorescent triple stainings confirm TGF-3 expression is
restricted to GFAP™ astrocytes (E). Conformational triple stainings demonstrating IL-18 expression in TMEMI19™ microglia in the rim (F) and
in TMEMI 19™ macrophages in the core (G). While in the lesion rim pro-inflammatory IL-18* microglia cells prevail (H), anti-inflammatory polar-

ized CD206 " macrophages (l) are devoid of IL-18. All pictures are taken from stage Il patients except C and D, which were taken from stage IIl.

Scale bar = 25 um.

together, our data indicate that the early inflammatory in-
jury after traumatic SCI, which is accompanied by a dis-
turbed neurovascular unit and a possible developing
systemic coagulopathy (Maegele et al., 2017), substantially
differs from ischemic injury, particularly since the neurovas-
cular unit evidently fails as a selective barrier for PMN infil-
tration after SCL

Formation of two myeloid cell
compartments after spinal cord
injury

A crucial question is to what extent CNS-resident microglia
and blood-derived myeloid cells contribute to the evolution
further lesions (David and Kroner, 2011). Applying
TMEM119, which has recently evolved as a marker exclu-
sively expressed by microglia, we demonstrate that microglia
were rapidly lost in the lesion core, while Iba-1%/
TMEM119~ cells increased in this area. In contrast, within
the rim a substantial proportion of Iba-1* cells were derived
from proliferating microglia cells in a similar percentage pre-
viously reported in mice (Greenhalgh and David, 2014).

This spatial segregation of different myeloid cell types mir-
rors exactly earlier reports studying bone marrow chimeric
models (Popovich and Hickey, 2001). Infiltrating mono-
cytes/macrophages have been suggested to stimulate remyeli-
nation (Kotter et al., 2005; Miron and Franklin, 2014),
while on the contrary an overall detrimental net effect of
monocyte infiltration into SCI lesions on the recovery of the
locomotor system has been demonstrated earlier (Popovich
et al., 1999). The net effect of microglia on neurological re-
covery remains unknown and is currently being investigated
in pharmacological microglia ablation models. Of note,
microglia deactivation resulted in the propagation of neuro-
degeneration after human CNS trauma suggestive of an at
least partly protective role of microglia activation (Scott
et al., 2018).

After experimental SCI, polarization of myeloid cells to-
wards an M2 phenotype has been associated with enhanced
axonal outgrowth and improved recovery by attenuating in-
flammation (Kigerl et al., 2009; Nakajima et al., 2012;
Kroner et al., 2014). Generally, the M1/M2 paradigm may
have to be dismissed in favour of a gradient of phenotypes
between the both extremes M1 to M2. Particularly, the
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Figure 6 Moderate T cell and sparse B cell infiltration into the spinal cord after human traumatic SCI. Profile of total lymphocytes
numbers populating the injured SCI over time. (A—E) Quantitation of the expression of the T cell markers CD3 (A) and CD8 (B), the B cell
markers CD20 (C) and CD79a (D) and the plasma cell marker CD 138 (E) in SCl lesions at different lesion stages (I-IV) compared with non-trau-
matic control tissue. Data represent numbers of cells/mm? *P < 0.05; **P < 0.01; **P < 0.001. (F) T cells were scarce, mostly perivascular,
when observed in control patients. (G-1) Infiltrating CD3 ™ cells (G) in SCl are mainly MHC class I-restricted CD8" cells (H), whereas only scat-
tered CD4 " cells (I) were present in the injured neuropil. (J and K) Compared to T cells, single numbers of B cells mostly confined to perivascu-
lar areas were observed. (L-N) CD138" plasma cells in a case of SCI was observed, which were identified as IgG positive plasma cells though
double-labelling (N). (O) C9neo complement deposition of the same SCI case as in L-N. Scale bar = 25 pum.
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Figure 7 Oxidative injury after SCI affects spinal neurons. Presence of oxidized phospholipids (€06 immunoreactivity) in neurons has
been associated with beading and fragmentation of cell processes in the human CNS (Fischer et al., 2012) and occurs after SCI. (A and B)
Percentage of positive area covered by €06 immunoreactivity within the lesion core (A) and lesion rim (B). (C) Immunoreactivity of €06 in lipo-
fuscin granules in non-traumatic control spinal cords. (D) Few €06 ™ axonal bulbs within the lesion core during the first 3 days post-SCI (stage I).
(E) Several €06 axonal bulbs within the rim of chronic spinal cord lesions (stage IV). (F) At stage Il, many APP" axonal bulbs are present in the
lesion rim, where oxidized phospholipids also accumulate (G). (H) Co-accumulation of oxidized phospholipids and APP in ballooned axonal sphe-
roids and retraction bulbs. (I) Macrophages with granular cytoplasmic reactivity for oxidized phospholipids in the SCI core. (J) Intense e06 immu-
noreactivity in a neuron showing signs of degeneration and beading/fragmentation of cell processes. (K) Massive accumulation of oxidized
phospholipids (€06 *) in a degenerating neuron surrounded from and in contact with pro-inflammatory p22phox ™ microglia (blue). (L) €06 * neu-
ron undergoing central chromatolysis in contact with activated pro-inflammatory p22phox* microglia. Scale bar = 25 um.

characterization of phenotypes should include an extended
panel of markers, since some traditional markers are not ne-
cessarily specific for the classical M1 or M2 phenotypes. For
example, CD163, the haemoglobin-haptoglobin scavenger
receptor, had originally been defined as an M2 marker but

was later found to be involved in other pathways as well
(Van Gorp et al., 2010). Furthermore, microglia in human
disease conditions display mostly intermediate M1/M2 acti-
vation patterns as judged by the concomitant expression of
pro- and anti-inflammatory markers (Vogel et al., 2013;
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Peferoen et al., 2015; Zrzavy et al., 2017, 2018, 2019).
Finally, certain microglia functions, such as phagocytosis,
had originally been defined as pro-inflammatory and disease
promoting, but turned out afterwards to be essential in limit-
ing the progression of tissue injury and in promoting tissue
repair (Kotter et al., 2005; Ulrich et al., 2017). Thus, instead
of strictly categorizing microglia and macrophage differenti-
ation into M1 and M2, it seems more relevant to specifically
define their functional properties. Here, we demonstrate that
the homeostatic marker P2RY12 was promptly downregu-
lated in a longstanding manner after SCI. Simultaneously,
microglia/macrophages responded to the acute traumatic in-
jury (Fleming et al., 2006; Beck et al., 2010; Krasemann
et al., 2017) with an upregulated expression of molecules
involved in oxygen species generation (iNOS, p22phox),
antigen presentation (MHC 1I), phagocytosis (enlarged
CD68™" lysosomes) and increased levels of IL-18. This in-
flammatory pattern endures the early phases (stage I and II)
and persists during the late sub-acute (stage III) and is evi-
dent even until chronic stages (stage IV) reflecting a chronic
inflammatory state and possibly exacerbating of tissue in-
jury. Prominent expression of CD163 in macrophages sug-
gests that these cells are instrumental in the removal of
haemoglobin from the lesion site; this is further supported
by the detection of enhanced iron accumulation in a subset
of macrophages/microglia. Accumulation of iron in oligo-
dendrocytes, other glial cells and neurons, which in general
occurs in the vicinity of haemorrhagic lesions in the brain
(Hametner et al., 2013; Glushakova et al., 2014), was sparse
or even absent in SCI lesions. Noteworthy, detection of
interleukins via immunohistochemistry in archival formalin-
fixed paraffin-embedded tissue is known to be challenging.
However, the here applied panel of pro/anti-inflammatory
cytokines has already been successfully applied in inflamma-
tory CNS conditions (Machado-Santos et al, 2018;
Troscher et al., 2019), which is why we are confident that
the absence of IL-1B and IL-10 expression in myeloid cells is
indeed representative.

Oxidative activation and oxidative
injury after human spinal cord
injury

Neuropathological studies have previously shown neuronal
oxidative injury in inflammatory brain lesions in humans
(Haider et al., 20115 Fischer et al., 2013). Experimental SCI
studies indicate that reactive oxygen species produced by
myeloid cells contribute to protracted tissue damage (Bao
et al., 2004; Pajoohesh-Ganji and Byrnes, 2011). Here, we
analysed the intracellular deposition of oxidative phospholi-
pids via e06 immunohistochemistry as an established marker
for oxidative injury (Haider et al., 2011). This was promin-
ently seen in the rim surrounding the necrotic core of the le-
sion. This indicates that oxidative injury is a major
contributor of tissue damage, not only in the initial stages of
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injury, but even progressing during the following months
(Hausmann, 2003; Bastani et al., 2012).

Lymphocytes are present during
tissue remodelling and sustained
injury

Lymphocytes have previously been described to populate the
lesion site in comparatively low numbers after experimental
SCI (Sroga et al., 2003). Similarly, we only detected moder-
ate numbers in our SCI cohort. A more detailed character-
ization revealed CD8* T cells as the dominant lymphocyte
population within spinal cord lesions. The dominance of
CD8* T cells is, however, not specific for SCI, but has al-
ready been seen in other inflammatory or neurodegenerative
diseases of the human CNS. Even in the non-diseased brain
the sparse parenchymal T cells compose of CD8* over
CD4* cells. (van Nierop et al., 2017; Machado-Santos
et al., 2018). Whether these cells play an active role in
human SCI lesions or are passively recruited to the site of tis-
sue damage remains unresolved.

Mice who are devoid of B cells showed better recovery
after experimentally induced SCI (Ankeny et al, 2009).
Moreover, the production of auto-antibodies has been dem-
onstrated in experimental models; injection of IgG fractions
from SCI animals into naive spinal cords subsequently trig-
gered considerable neurotoxicity (Ankeny et al., 2009). In
humans, auto-antibodies directed against CNS antigens have
been found in the serum after SCI (Hayes et al., 2002;
Zajarias-Fainsod et al., 2012; for a review see Schwab et al.,
2014). In a previous study, B cells could not be detected in
the affected areas after SCI in humans (Fleming et al., 2006).
In our study cohort comprising 22 SCI cases, we observed
CD79a" B cells and CD138" plasma cells in the lesioned
spinal cords in two patients. CD138" plasma cells were
IgG* (Fig. 6L) indicating active antibody synthesis.
Although B cells and plasma cells were very rare in the ma-
jority of SCI lesions, we nevertheless provide neuropatho-
logical evidence that, at least in a subpopulation of SCI
patients: (i) B cells infiltrate the lesioned cord; (ii) convert
into plasma cells; and (iii) begin to synthesize antibodies.
Furthermore, complement deposition was observed within
those and three additionally cases. Thus, B cell- and anti-
body-mediated neurotoxic immune mechanisms may con-
tribute to tissue injury in a subset of SCI patients.

Several factors should be considered in the interpretation
of our data. First, we do not have data on any treatment of
our patients with methylprednisolone in the acute phase of
injury. Methylprednisolone might have impacted on the in-
flammatory kinetics leading to a shift of the inflammatory
response and potentially impacting on oxidative injury
(Hall, 1993). If anything, it might have led to an attenuation
of the acute inflammatory phase and thus, to an underesti-
mation of the observed inflammatory neuropathology evi-
dent in our study cohort. As methylprednisolone is still
occasionally applied to SCI patients, our findings might
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represent the actual treatment situation and the actual path-
ology in ‘partly treated—partly untreated’ SCI patients very
well. As another limitation of the study, it was not possible
to determine in our SCI cohort, whether the degree of in-
flammation within the lesions was influenced by the severity
of SCI as measured by the Asia Impairment Scale (AIS). A
difference in AIS values within the four groups (stages I-IV)
may modify the quantitative assessments but not the qualita-
tive findings as such. We therefore refrained from further
correlative analyses and focused on qualitative assessments.
It should be noted that earlier reports (Fleming et al., 2006)
do not provide this information either.

Conclusion

Our data revise and amend the chronological order of pro-
and anti-inflammatory cellular mediators upon traumatic
SCI in humans. In this immunohistochemical study, we pro-
vide evidence for differing myeloid responses developing
within the lesion core and the lesion rim post-SCI. The core
mainly harbours blood-derived monocytes/macrophages,
which further adopt an intermediate pro- and anti-inflamma-
tory phenotype, while microglia within the rim locally prolif-
erate and show a predominantly pro-inflammatory profile.
Similarly, neuronal oxidative injury in the lesion core
declines within months post-SCI, while it persisted in the le-
sion rims until the latest time points analysed (1.5 years
post-SCI). The here-described long-lasting preservation of
oxidative tissue injury might be a substantial contributor to
(i) an impaired response to rehabilitation; (ii) overall failure
of recovery; or (iii) delayed loss of recovered function. The
different inflammatory cellular composition and activation
in the lesion core compared with its rim results in distinct in-
flammatory milieus of relevance for topical cell transplant-
ation, but also neuroprotective, or immunomodulatory
interventions in SCI patients.
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