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Abstract Spinal cord injury (SCI) is a highly debilitating
pathology that has irreversible impacts and results in function-
al loss. We evaluated the anti-inflammatory and immunologic
role of antibody-mediated depletion of B cells through the
glycoengineered anti-muCD20 antibody (18B12) in an exper-
imental model of spinal cord compression, in vivo and ex vivo.
Intraperitoneal 18B12 was administered at a dose of 30 mg/kg,
1 h and 6 h after SCI, and mice were sacrificed 24 h after
trauma. We demonstrated, in vivo, that 18B12 slowed severe
hindlimb motor dysfunction (Basso Mouse Scale score) and
neuronal death by histological evaluation in SCI mice, as well
as decreased expression of nuclear factor-kB, inducible nitric
oxide synthase, cytokines, and glial fibrillary acidic protein.
Also, 18B12 reduced expression of microglia, just as it
lowered the expression of B and T lymphocytes. Moreover,
in spinal cord organotypic cultures, pretreatment with 18B12
significantly reduced nitric oxide expression and protected
cells from cell death [3-(4,5- dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide assay]. In this study, we showed that
18B12 treatment reduces the development of inflammation
and tissue injury by alteration of the immune system associ-
ated with SCI. This study increases the current knowledge that

B-cell depletion is able to exert immunomodulating actions in
damaged spinal cords.
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Introduction

Spinal cord injury (SCI) is a central nervous insult that causes
mortality and morbidity worldwide, representing a major so-
cial and health problem [1]. SCI is damage of the spinal cord
at the end of the spinal canal, characterized by neurological
dysfunction, due to the progressive destruction of neuronal
networks, resulting from tissue damage and subsequent cellu-
lar and biochemical reactions. The initial physical trauma is
followed by a secondary degenerative process that leads to the
destruction of axonal tracts that control motor, sensory, and
autonomic functions. Experimental studies and clinical obser-
vations showed that spinal cord lesions are greatly worsened
by a process defined as secondary cell death [2]. Post-
traumatic inflammatory reaction may play a decisive role in
the secondary injury processes after SCI [3]. In particular,
secondary damage results in a large number of cellular and
biochemical cascades, and in a local inflammatory response.
The cellular mechanisms remain uncertain, but might com-
prise dendritic remodeling, axonal sprouting, and local neuro-
nal circuit reorganization. SCI studies mainly focus on pre-
vention of secondary mechanisms after SCI, and many phar-
macological agents are still under trial [4]. Many pharmaco-
logic therapies have been assessed for the treatment of SCI,
although none has met with substantial success.

Despite progress, a definitive agent for treatment of SCI
has not yet been provided; therefore, SCI remains a very com-
plex medical and psychological challenge.
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It is known that the immune system plays remarkable func-
tional roles in regeneration after SCI. The central nervous
system (CNS) was considered immune privileged because of
its inability to set off an immune response and process anti-
gens [5]; however, evidence has reconsidered the CNS as
being an Bimmunologically quiescent^ rather than an immune
privileged site [6]. This quiescent state is strongly altered in
the injured spinal cord, where circulating immune cells invade
the environment, activate resident microglia and astrocytes,
and express classic immune and inflammatory mediators [7].
The immune response that accompanies SCI contributes to
both injury and reparative processes, causing infiltration of
leukocytes and glial activation, oxidative stress, and tis-
sue damage, and subsequently modulating locomotor re-
covery [8].

Human and animal studies have both demonstrated that
trauma unleashes an endogenous repertoire of CNS-reactive
lymphocytes. The level of T lymphocytes reactive to myelin
proteins is amplified in the serum of patients with SCI [9];
collectively, these data indicate the functional activation of
autoreactive T and B cells. SCI disrupts the balance between
immune effectors and regulatory cells, and allows the antigen-
specific CD4+ T cells to become activated and contribute to
pathology. Mechanisms by which immune cells contribute to
pathology include the production of proinflammatory cyto-
kines and chemokines, and the promotion of a proinflamma-
tory phenotype in macrophages [10]. Recent evidence sug-
gests that leukocytes, especially lymphocytes and neutrophils,
penetrate the injured spinal cord and are directly implicated in
the pathogenesis and extension of SCI [11].

The immune response to SCI involves an intricate interplay
of immune system cells, such as neutrophils, macrophages
and microglia, and T and B lymphocytes [12]; it clearly dem-
onstrated that trauma of moderate severity leads to a particu-
larly robust B-cell response that produces pathogenic antibod-
ies [13].

T cells can have direct effects on neurons or glia [14], or
indirect effects on other CNS cells following the production of
proinflammatory cytokines, such as tumor necrosis factor
(TNF)-α and interleukins (ILs), that play a major role in cy-
totoxic cell damage [15]. It is suggested that increased cyto-
kine production at the injury site is correlated with the aug-
mentation of neural injury [16]. However, production of auto-
antibodies and activation of numerous inflammatory path-
ways causes activated B-cell accumulation at the SCI region,
correlated with the pathological events after SCI [17].

Current therapeutic strategies address divergent methods,
including early immune blockade and vaccination with im-
mune cells to prevent early tissue damage [18]. B-cell deple-
tion as a neuroprotective treatment is a significantly viable
option for SCI, as therapies that mark the B cell or obstruct
the effects of pathogenic antibodies have demonstrated
considerable promise in clinical trials for neurological

autoimmune diseases, and rituximab has been approved for
the treatment of rheumatoid arthritis [19, 20]. Because it has
been demonstrated that anti-CD20 treatment eliminates
pre-existing B-cell activity in human autoimmunity [21], the
purpose of the current proposal has been to evaluate the effects
of treatment with glycoengineered anti-CD20 antibody 18B12
in mice subjected to SCI [22], in an attempt to investigate the
anti-inflammatory and immunological potential of this anti-
CD20 drug. 18B12 has been glycoengineered to make a
nonfucosylated Fc region that substantially enhances the abil-
ity to attach and recruit effector cells, and hence to an in-
creased antibody-dependent cell-mediated cytotoxicity and
antibody-dependent cell phagocytosis compared with
nonglycoengineered fully fucosylated antibodies [23, 24].

In this study, we assessed the role of B-cell depletion
through the glycoengineered muCD20 antibody 18B12 on
inflammatory cytokines, such as TNF-α and ILs, and on glial
cells, that are overexpressed after SCI [25]. As B cells have a
role in the trafficking of T cells into the CNS [26], this study
also aimed to provide information on immune receptors, such
as CD19+ (present on B cells), CD4+ (a co-receptor that assists
the T-cell receptor in communicating with an antigen-
presenting cell), CD45R+ (a member of the protein tyrosine
phosphatase family, expressed in activated and memory T
lymphocytes), CD8β+ (co-receptor predominantly expressed
on the surface of cytotoxic T cells), and forkhead box P3
transcription factor (Foxp3).

Materials and Methods

In Vivo Procedures

Animals

Male adult CD1 mice (25–30 g; Envigo, Udine, Italy) were
housed in a controlled environment and supplied with stan-
dard rodent chow and water. Mice were housed in stainless
steel cages in a room kept at 22±1 °C with a 12-h light/12-h
dark cycle. Mice were acclimatized to their environment for
1 week and had ad libitum access to tap water and rodent
standard diet. The study was approved by the University of
Messina review board for the care of animals. All animal
experiments were carried out in agreement with Italian (DM
116192) and European Union regulations (OJ of EC L 358/1
12/18/1986).

Materials

All compounds were obtained from Sigma-Aldrich (Milan,
Italy). For B-cell depletion, a glycoengineered muIgG2 ver-
sion of the murine CD20 antibody 18B12 was applied and
produced by transient transfection [22]. All chemicals were
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of the best commercial grade available. All stock solutions
were prepared in nonpyrogenic saline (0.9 % NaCl; Baxter,
Lurago D’erba, Italy). Tissue preparation was performed in
aseptic conditions using sterile instruments.

SCI

We used the clip compression model as previously described
(see Supplementary data 1) [27].

Experimental Groups

Mice were randomly allocated to the following groups: 1)
sham+vehicle group (n=10)—mice were subjected to the
surgical procedures except for the aneurysm clip, which was
not applied, and these mice were administered saline (admin-
istered i.p., 1 h and 6 h after SCI); 2) sham+18B12 group
(n=10)—identical to sham+vehicle group except for the ad-
ministration of 18B12 (at a dose of 30 mg/kg, i.p., 1 h and 6 h
after SCI); 3) SCI+vehicle (n=10)—mice were subjected to
laminectomy and the aneurysm clip was applied; 4) SCI+
18B12 (n=10)—mice were subjected to SCI and adminis-
tered 18B12 (at a dose of 30mg/kg, i.p., 1 h and 6 h after SCI).

The dose of 18B12 (30 mg/kg) used here was based on that
used in a previous study [23]; the dose–response and time-
course studies were previously done at our laboratory (data
not shown).

To evaluate the various parameters, mice (n=10 from each
group) were sacrificed at 24 h after SCI.

In a separate set of experiments, another 10 animals in each
group were observed until 10 days after SCI, to evaluate the
motor score.

Tissue Processing and Light Microscopy

Spinal cord tissues from the perilesional zone were taken 24 h
after trauma and processed, as previously described, for he-
matoxylin and eosin coloration (see Supplementary data 2)
[28]. Representative images are shown. Quantitative assess-
ments of histopathologic inflammation were made and were
scored on a 9-point scale [29]. The scores from all sections of
every spinal cord were averaged to give a final score for dis-
tinct mice. Each histological analyses was completed in a
blinded fashion.

2.6 Grading of Motor Disturbance

The motor function of animals subjected to compression trau-
ma was evaluated once a week for 6 weeks after injury.
Recovery from motor disturbance was graded using the
Basso Mouse Scale (BMS) open-field score as the BMS has
been shown to be a valid locomotor rating scale for mice [30].
The BMS scale ranges from 0 (indicating complete paralysis)

to 9 (indicating normal hindlimb function), and rates locomo-
tion on such aspects of hindlimb function as weight support,
stepping ability, coordination, and toe clearance.

Western Blot Analysis for IkB-α, Nuclear Factor Kappa B,
Glial Fibrillary Acidic Protein, IL-1β, IL-12A, and Inducible
Nitric Oxide Synthase

The levels of IkB-α, nuclear factor kappa B (NF-kB), glial
fibrillary acidic protein (GFAP), IL-1β, IL-12A, inducible ni-
tric oxide synthase (iNOS), lamin a/c, and β-actin were cal-
culated, as previously described, in cytosolic and nuclear frac-
tions from spinal cord tissue collected at the end of the exper-
iment, with minor modifications (see Supplementary data 3)
[31]. Bands were detected with a chemiluminescence system
(Thermo, Waltham, Massachusetts, USA), visualized with the
Chemi Doc XRS (Bio-Rad, USA) and analyzed by using
Image Lab 3.0 software (Bio-Rad, Hercules, CA, USA). The
expression levels of β-actin and lamin A/C served as an
internal control for protein loading.

Immunohistochemical Localization of CD19, CD8β, CD4,
CD45, CD11β, IL-1β, TNF-α, GFAP, and Foxp3

Immunohistochemical localization of CD19, CD8β, CD4,
CD45, CD11β, IL-1β, TNF-α, GFAP, and Foxp3 was carried
out as previously described (see Supplementary data 4) [28].
The immunohistochemical pictures were collected by a Zeiss
microscope using Axio Vision software. For graphic exempli-
fication of densitometric analysis, we measured the intensity
of positive staining (brown staining) by computer-assisted
color image analysis (QWin V3; Leica, Milton Keynes UK).
The percentage area of immunoreactivity (determined by the
number of positive pixels) was expressed as percentage of
total tissue area (red staining). Replicates for each experimen-
tal condition and histochemical staining were obtained from
each mouse in each experimental group. In sham-operated
mice, the central areas of equivalent tissue sections were taken
as reference points and a comparable number of optical fields
were counted [32]. All histological examinations were carried
out in a blinded fashion.

Immunofluorescence

Detection of GFAP, TNF-α, IL-1β, Iba-1, CD4, and Foxp3
was carried out as previously described (see Supplementary
data 5) [28]. All images were digitalized at a resolution of 8
bits into an array of 2560×1920 pixels. Sections were viewed
and photographed with a Leica DM2000 microscope. Optical
sections of fluorescence samples were obtained using an Ar
laser (458 nm), a HeNe laser (543 nm), and an ultraviolet laser
(361–365 nm) at a 1-min, 2-s scanning speed with up to 8
averages; 1.5-μm sections were obtained using a pinhole of
250. Contrast and brightness were established by examining
the most brightly labeled pixels and applying settings that
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allowed clear visualization of structural details while keeping
the highest pixel intensities close to 200. The same settings
were used for all images obtained from the other samples that
had been processed in parallel. Digital images were cropped
and figure montages prepared using Adobe Photoshop CS5
(Adobe Systems, Palo Alto, CA, USA).

Ex Vivo Procedures

Preparation of Spinal Cord Organotypic Slice Cultures

Spinal cord slice cultures were staged from mouse spinal cord
at postnatal day 6, as previously described [33].

Treatments

Cell cultures were divided into the following groups, after
7 days of stabilization of growth: 1) control (Ctr)—

undamaged spinal cord slices were cultured with normal cul-
turemedium and treated with vehicle only; 2) damage—spinal
cord slices were cut sagittally with a blade, under microscopic
control; 3) damage+18B12—spinal cord slices were cut sag-
ittally, as described, and 18B12 was applied at a concentration
of 4.35 μg/μl and placed in culture medium 1 h before injury.

In all of the groups, the compounds were left in a culture
medium for 24 h after injury. Spinal cord slices were then used
for Western blot analysis and 3-(4,5- dimethylthiazol-2-yl)-2,
5-diphenyltetrazolium bromide (MTT) assay.

Viability of Organotypic Cultures

At 24 h after mechanical damage, viability of organotypic
cultures was assessed by using a mitochondria-dependent
dye for live cells (tetrazolium dye; MTT), as previously de-
scribed [34].

Fig. 1 Effect of 18B12 treatment on histological alterations and
behavioral disturbance after spinal cord injury (SCI). An important
injury to the spinal cord was observed in (b) SCI mice compared with
(a) sham and (c) 18B12-treated mice. The severity of tissue damage was
enhanced in tissue sections obtained from (b) injured mice and from (c)
18B12-treated mice. (d) Histological score was prepared by an

independent observer. (e) The motor function of mice subjected to
trauma was evaluated up to 6 weeks after damage. Recovery from
motor disturbance was graded using the Basso Mouse Scale. Each data
are expressed as mean ± SEM of 10 mice for each group. ***p< 0.001 vs
sham; ###p < 0.001 vs SCI. (a, b) Hematoxylin and eosin ND = not
detectable
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Measurement of Nitrite Levels

Total nitrite levels, as an indicator of nitric oxide (NO) syn-
thesis, were measured in the supernatant as previously de-
scribed [35].

Statistical Evaluation

All values in the figures and text are expressed as mean
±SEM of n observations. For the in vivo studies, n repre-
sents the number of animals studied. In the histology or
immunohistochemistry experiments, the figures shown are
representative of at least 3 experiments performed on dif-
ferent days. The results were analyzed by 1-way ANOVA

followed by a Bonferroni post-hoc test for multiple com-
parisons. A p-value < 0.05 was considered significant.
BMS scale data were analyzed by the Mann–Whitney test
and considered significant when p< 0.05.

Results

18B12 Reduces the Severity of SCI

The severity of trauma in the perilesional area, assessed
by the presence of edema, as well as estimation of alter-
ations of white matter, was evaluated by hematoxylin
and eosin staining 24 h after trauma. Significant damage

Fig. 2 Effect of 18B12 treatment on nuclear factor kappa B (NF-kB)
pathways and inducible nitric oxide synthase (iNOS) expression.
Western blot analysis for IkB-α, NF-kB, and iNOS proteins in the
spinal cord were detected at 24 h after SCI. (a) IkB-α levels were
reduced substantially in 18B12 tissues compared with spinal cord injury
(SCI) mice. (b) NF-kB p65 levels in the SCI mice were increased
significantly compared to sham mice. Low levels of NF-kB p65 were

found in 18B12-treated animals. (c) A substantial increase in expression
of iNOS was found in SCI mice compared with control; 18B12
considerably reduced iNOS expression. Data were normalized on the
basis of β-actin and Lamin A/C levels. A representative blot of lysates
obtained from 5 animals/group is shown and densitometry analysis is
reported for all animals. Data are expressed as mean ± SEM of 10 mice
from each group. *p< 0.1 vs sham; #p < 0.1 vs SCI
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to the spinal cord was observed in tissue from mice sub-
jected to SCI (Fig. 1b; see histological score, Fig. 1d)
when compared with sham-operated mice (Fig. 1a; see
histological score, Fig. 1d). Notably, a significant pro-
tection against SCI was shown in 18B12-treated mice
(Fig. 1c; see histological score, Fig. 1d). To evaluate
whether histological damage to the spinal cord was as-
sociated with a loss of motor function, was used the
BMS open-field score. Motor function was not altered
in sham mice. SCI mice showed significant deficits in
hindlimb movement (Fig. 1e), starting with the first eval-
uation performed 1 week after trauma. In the 18B12-
treated mice group, the neurological score was signifi-
cantly enhanced after acute administration compared
with the SCI vehicle mice (Fig. 1e).

Effect of 18B12 on IkB-α Degradation, NF-kB p65
Nuclear Localization, and iNOS Expression

To analyze the molecular mechanisms by which 18B12
treatment may attenuate the development of SCI, we
assessed by Western blot analysis the classical NF-kB
pathway, evaluating IkB-α levels and NF-kB nuclear lo-
calization. Also, to determine the levels of NO produced
during SCI, iNOS expression was evaluated by Western
blotting analysis in the spinal cord sections 24 h after SCI.
A basal level of IkB-α was detected in the spinal cord
sections from sham-operated mice (Fig. 2a), whereas
SCI substantially reduced IkB-α levels (Fig. 2a). 18B12
prevented the SCI-induced IkB-α degradation and re-
stored IkB-α to levels similar to those in sham-operated

Fig. 3 Effect of 18B12 treatment on cytokine expression. (e, f)
Homogenized spinal cord sections were evaluated by Western blot
analysis. Injury caused a significant increase in interleukin (IL)-1β and
IL-12A expression compared with the control group. Treatment with
18B12 significantly reduced cytokine levels. Spinal cord sections were
also processed for immunohistologic staining for IL-1β. (a, d) No
positive staining for IL-1β was found in the spinal cord tissue from
sham-operated mice. (b, d)A substantial increase in IL-1β expression

was found in spinal cord tissues from spinal cord injury (SCI) mice
24 h after SCI. (c, d) 18B12 treatment significantly attenuated IL-1β
levels in the spinal cord. Data were normalized on the basis of β-actin
levels. A representative blot of lysates obtained from 5 animals/group is
shown and densitometry analysis of all animals is reported. Data are
expressed as mean ± SEM of 10 mice from each group. **p< 0.01 and
*p< 0.1 vs sham; #p< 0.1 and ##p< 0.1 vs SCI ND= not detectable
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mice (Fig. 2a). In addition, SCI mice resulted in a signif-
icant increase in nuclear NF-kB p65 levels compared with
sham-operated mice (Fig. 2b). 18B12 treatment signifi-
cantly decreased NF-kB p65 expression (Fig. 2b).
Moreover, an increased expression of iNOS was observed
in mice subject to SCI compared with the control group
(Fig. 2c), while treatment with 18B12 reduced iNOS ex-
pression significantly (Fig. 2c).

Effect of 18B12 on IL-12A and IL-1β Expression

To test whether 18B12 modulates inflammatory development
through the regulation of the secretion of cytokines, we ana-
lyzed spinal cord expression and levels of the proinflammato-
ry cytokines IL-12A and IL-1β. A substantial increase in IL-
12A and IL-1β expression was found in the spinal cord tissues
collected 24 hours after SCI (Fig. 3b, d–f). 18B12 treatment
reduced SCI expression of IL-1β in injured mice and lowered
the expression of IL-12A (p<0.01) (Fig. c–f).

Effect of 18B12 on Astrocyte Activation and TNF-α
Expression in Spinal Cord Tissue

It has been known that after SCI astrocytes become reactive as
a response to damage. In this study, using GFAP staining, we
mean a glial response mediated by damage, which reflects that
astrocytes become activated, as indicated by staining for
GFAP cells in injured animals compared with sham animals
(Fig. 4e and d, respectively; see densitometric analysis,
Fig. 4g). Instead, treatment with 18B12 decreased the number
of reactive astrocytes (GFAP-activated astrocytes) (Fig. 4f; see
densitometric analysis, Fig. 4g). To test whether 18B12 regu-
lates the inflammatory process through the secretion of proin-
flammatory cytokines, we analyzed the spinal cord levels of
TNF-α by immunohistochemical staining. There was no
staining for TNF-α in spinal cord obtained from sham mice
(Fig. 4a; see densitometric analysis Fig. 4g). A substantial
alteration in TNF-α expression was found in the spinal cord
tissues collected from mice at 24 h after SCI (Figs. 4b, b1; see
densitometric analysis, Fig. 4g). Spinal cord expression of

Fig. 4 Effects of 18B12 treatment on astrocyte activation and tumor
necrosis factor (TNF)-α expression in spinal cord tissue. Spinal cord
sections were processed to determine the immunohistologic staining for
glial fibrillary acidic protein (GFAP) and TNF-α expression. (a, g) No
positive staining for TNF-α was found in the spinal cord tissue from the
sham group. (b, g) TNF-α expression increased in spinal cord tissues
from spinal cord injury (SCI) mice 24 h after SCI. (c, g) 18B12
treatment significantly attenuated TNF-α levels in the spinal cord. (d,

g) Moreover, sham animals never expressed GFAP, but (e, g) the
number of GFAP+ cells was significantly increased after induction of
SCI. (f, g) 18B12 significantly decreased the activation of astrocyte
GFAP+ cells. The figure is representative of at least 3 experiments
performed on different experimental days. Data are expressed as
percentage of total tissue area. Data are mean± SEM of 10 mice from
each group. ###p< 0.001 vs sham; ***p< 0.01 vs SCI ND= not detectable

886 Casili et al.



TNF-α was significantly attenuated in 18B12-treated SCI
mice compared with SCI animals (Fig. 4c, c1; see densitomet-
ric analysis, Fig. 4g).

Moreover, to confirm astrogliosis and TNF-α and IL-1β
expression, we performed immunofluorescence staining.
Sections of spinal cord were double stained with antibodies

against GFAP (green), Iba1 (green), TNF-α (red), and IL-1β
(red). Spinal cord sections revealed amplified astrogliosis
(GFAP+cells) in SCI mice (Figs. 5d, f and 6d, f) such as
activation of the microglia (Figs. 5o, q and 6o, q). GFAP
immunoreactivity and microglia activation were significantly
reduced in SCI-treated mice (Figs. 5g, i, r, t and 6g, i, r, t). The

Fig. 5 Effects of 18B12 treatment on colocalization of glial fibrillary
acidic protein (GFAP)/tumor necrosis factor (TNF)-α and Iba1/TNF-α
after spinal cord injury (SCI). (a, c, l, n) Results are shown for sham-
operated mice. (d, f, o, q) Mice with SCI and (g, i, r, t) mice with SCI
treated with 18B12. Spinal cord sections were double stained with
antibodies against GFAP (a, d, j; green), Iba1 (l, o, r; green), and TNF-

α (b, e, h, m, p, s; red). (d, o) Spinal cord sections revealed increased
astrogliosis (GFAP+ cells) in SCI mice. (g, r) GFAP immunoreactivity
was reduced in 18B12-treated mice.(i, t) Yellow spots indicate
colocalizations and revealed a high colocalization between GFAP/TNF-
α and Iba1/TNF-α double staining

Fig. 6 Effects of 18B12 treatment on colocalization of glial fibrillary
acidic protein (GFAP)/interleukin (IL)-1β and Iba1/IL-1β after spinal
cord injury (SCI). (a, c, l, n) Results are shown for sham-operated mice,
(d, f, o, q) mice with SCI, and (g, i, r, t) mice with SCI treated with
18B12. Spinal cord sections were double stained with antibodies
against (a, d, j; green) GFAP, (l, o, r; green) Iba1, and (b, e, h, m, p, s;

red) IL-1β. (d, o) Spinal cord sections revealed increased astrogliosis
(GFAP+ cells) in SCI mice. (g, r) GFAP immunoreactivity was reduced
in 18B12-treated mice.(i, t) Yellow spots indicate colocalizations and
revealed high colocalization between GFAP/IL-1β and Iba1/IL-1β
double staining
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yellow spots indicate the colocalization between TNF-α and
GFAP (Fig. 5f, i) and the colocalization between IL-1β and
GFAP (Fig. 6f, i), as well as between TNF-α and Iba1
(Fig. 5q, t), and IL-1β and Iba1 (Fig. 6q, t). Images are repre-
sentative of triplicate experiments.

Effect of 18B12 on Immune Response

To determine whether 18B12 treatment affected the im-
mune response in the acute phase after SCI, we evaluated
B and T lymphocyte markers in the spinal cord tissues
collected 24 h after SCI. We studied B-cell infiltration
(by anti-CD19 staining) and other leukocyte infiltration
via CD11β staining (a marker involved in the innate im-
mune system and microglia activation). We found that
expression of CD19+ B lymphocytes was considerably
higher in SCI mice (Fig. 7b, g) than in the sham group
(Fig. 7a, g). Also, spinal cord sections from control mice
did not stain for CD11β (Fig. 7d, g) whereas SCI sections
exhibited positive staining for CD11β expression
(Fig. 7e, g). 18B12 treatment reduced CD19 and CD11
β-cell infiltration (Fig. 7c, f, g).

In seeking to provide direct evidence that regulatory Tcells
(Tregs; CD8β+, CD4+, and CD45+) are required for CNS

maintenance of the day-to-day need to cope with traumatic
events, we evaluated their expression. We found that T lym-
phocytes (CD8β+, CD4+, and CD45+) were considerably
more expressed in SCI mice (Fig. 8d, e, f, l, m, n) than in
the sham group (Fig. 8a–c, l, m, n). 18B12 treatment reduced
positive staining for CD8β+ (Fig. 8g, l), for CD4+ (Fig. 8h,
m), and for CD45+ (Fig. 8i, n).

In addition, as Foxp3+ cells are regarded as an important
component of the immune system, we analyzed Foxp3 ex-
pression by immunohistochemistry. We found that Foxp3
was considerably more expressed in SCI mice (Fig. 9m; see
densitometric analysis, Fig. 9o) than in the control group
(Fig. 9l; see densitometric analysis, Fig. 9o). 18B12 treatment
significantly reduced positive staining for Foxp3 (Fig. 9n; see
densitometric analysis, Fig. 9o). Also, as Foxp3 is a critical
component of CD4+ Treg development and function, we per-
formed immunofluorescence staining for both CD4 and
Foxp3. Spinal cord sections were double stained with antibod-
ies against CD4+ (green) and Foxp3+ (red). Spinal cord sec-
tions revealed a significant increase in cells expressing the
Treg markers CD4+ and Foxp3+ in the SCI group (Fig. 9b,
e, h) compared with the sham group (Fig. 9a, d, h). Foxp3 and
CD4 immunoreactivity were considerably reduced in SCI-
treated mice (Fig. 9c, f, i).

Fig. 7 Effects of 18B12 treatment on CD19 and CD11β. (a, d, g) Spinal
cord sections from sham-operatedmice did not stain for CD19 or CD11β.
(b, e, g) Sections obtained from vehicle-treated animals after spinal cord
injury (SCI) demonstrate positive staining for CD19 and for CD11β,
mainly localized in inflammatory cells. (c, f, g) 18B12 treatment

reduced the degree of positive staining both for B lymphocytes and for
CD11β. The figure is representative of at least 3 experiments carried out
on different experimental days. Data are expressed as percentage of total
tissue area. Data are mean ± SEM of 10 mice from each group.**p< 0.01
vs sham; #p< 0.1 vs SCI
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Effect of 18B12 on Cell Viability in Spinal Cord Slices
and on Nitrite (NO2

–) Concentration

Slices were cultured for up to 7 days. During this time, slices
conserved their morphology and structure with clear differen-
tiation of white and gray matter (data not shown). Viable cells
within the slices, detected using MTT tetrazolium dye, were
observed under light microscopy. The grade of cell death was
assessed in each slice 24 h after injury. Spinal cord
organotypic slice cultures were treated with 18B12.
Mechanical damage induced a significant reduction in viabil-
ity compared with the uninjured group (Fig. 10a). We clearly
showed that pretreatment with 18B12 significantly reduced
cell death compared with the damage group (Fig. 10a).
Moreover, this effect was confirmed by nitrite (NO2

–) concen-
tration; we assessed the levels of nitrite released into the cul-
ture medium by Griess reagent. The untreated control group
released low levels of NO2

–; instead, injury significantly en-
hanced the levels of NO2

–production (Fig. 10b). 18B12

treatment decreased damage-induced NO production in the
medium in a concentration-dependent manner (Fig. 10b).

Discussion

SCI is one of the most disturbing of all traumatic conditions
that can be experienced by patients. Over the last few years,
much research has been performed on elucidating the mecha-
nisms of SCI that, with its pathological sequelae, result in
permanent neurological deficit. The importance of the im-
mune response in functional recovery after traumatic SCI
has been investigated in adult mammals under various condi-
tions in different experimental model systems. The inflamma-
tory response in the acutely injured cord is the main defense
mechanism, which is designed to eliminate invading patho-
gens and tissue debris [36]. It has been proposed that the
immune system can have both beneficial and adverse impacts
on regeneration after trauma [37]. Results from clinical trials

Fig. 8 Effects of 18B12 treatment on T lymphocytes. (a, l) Spinal cord
sections from sham-operated mice expressed basal levels for CD8β, (b,
m) for CD4, and (c, n) for CD45. (d, e, f, g, h, i, l,m, n) 18B12 treatment
reduced the amount of positive staining for T lymphocytes with respect to

spinal cord injury (SCI) mice. The figure is representative of at least 3
experiments performed on different experimental days. Data are
expressed as percentage of total tissue area. Data are mean ± SEM of 10
mice from each group.**p< 0.01 vs sham; #p< 0.1 vs SCI
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testing the beneficial effects of B cell reduction in various
CNS autoimmune conditions cautiously support the approach
[38]. Because the involvement of various components of the
immune system in the regeneration after SCI has been studied
in various experimental paradigms [39], in the present work,
we evaluated the anti-inflammatory and immunologic role of
B-cell depletion using the muCD20 antibody 18B12 in an
experimental model of compression injury of the mouse spinal
cord.

In this study, we used a clip compression model because
only compression injury produces an outcome similar to that
found in human SCI [40, 41]. SCI results in a necrotic district
of cavitation that progressively increases, promoted by acute
inflammation, apoptosis, and glial scarring. The acute loss of
motor neurons and degeneration of white matter tracts results

most often in irreversible motor dysfunction [42]. In this
work, we clearly demonstrated that 18B12 treatment, admin-
istered 1 h and 6 h postinjury, attenuates the degree of second-
ary inflammation and reduced the loss of motor function as-
sociated with histological damage. This treatment is based on
the assumption that glucocorticoids, given within the first 8 h
of injury and continued for 24–48 h, are regarded as part of the
standard treatment regimen [3, 43]. Many studies suggest that
activation of the transcription factor NF-kB plays a central
role in the generation of mediators or proteins involved in
secondary inflammation associated with SCI [44]. As has
been demonstrated, we confirmed that 18B12 inhibits consti-
tutive NF-kB signaling pathways by reducing the phosphory-
lation of the components of the NF-kB pathway [45]. In this
study, we report that SCI is associated with important IkB-α

Fig. 9 Effects of 18B12 treatment on regulatory Tcell (Treg) expression.
(l, o) Spinal cord sections from sham-operated mice expressed basal
levels for forkhead box P3 transcription factor (Foxp3). 18B12
treatment reduced the degree of positive staining for (n, o) Foxp3 with
respect to (m, o) spinal cord injury (SCI) mice. The figure is
representative of at least 3 experiments performed on different
experimental days. Data are expressed as percentage of total tissue area.

Data are mean ± SEM of 10 mice from each group.**p< 0.01 vs sham.
##p< 0.01 vs SCI. Also, spinal cord sections were double stained with
antibodies against CD4 (green) and Foxp3 (red). (b, e) Increased Treg cell
expression was revealed in SCI mice, (c, f) while Foxp3 and CD4
immunoreactivity was reduced in 18B12-treated mice.Yellow arrows
indicate CD4 and Foxp3 expression
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degradation and augmented nuclear expression of p65 in spi-
nal cord tissues 24 h after injury. Treatment with 18B12 sig-
nificantly reduced IkB-α degradation and NF-kB localization.
NF-kB is one of the pivotal regulators of proinflammatory
gene expression and induces transcription of proinflammatory
cytokines, chemokines, and adhesion molecules [46]. NF-kB
is greatly activated at sites of inflammation in various immu-
nological diseases and this activation is accompanied by en-
hanced recruitment of inflammatory cells and production of
proinflammatory mediators like iNOS, IL-1β, IL-12A, and
TNF-α. In addition, B lymphocytes were noted at the injury
site within the first week of SCI and subsequent secretion of
cytokines plays a major role in cytotoxic cell damage. In par-
ticular, IL-12 directs human T-cell differentiation towards
more mature cells, delineating an important role of IL-12A
in the activation of damage [47]. However, the activation of
numerous inflammatory pathways determines activated B-cell
accumulation at the SCI region and is undoubtedly correlated
with pathological events after SCI. This mechanism was sim-
ilar to neuroinflammatory cell damage, which is a significant
mechanism for autoimmune neurological diseases [48].
Therefore, the inhibition of the production of proinflammatory
mediators by 18B12 described in this study can most probably
be attributed to the inhibitory effect of the activation of NF-
kB. Moreover, preceding studies have shown that TNF-α ac-
tivates iNOS and causes the generation of the NO radical from
L-arginine [49]. NO generation is a common aspect of im-
mune cells, including neutrophils, monocytes, macrophages,
and NK cells, including endothelial cells. This study demon-
strates that 18B12 attenuates the expression of iNOS in the

tissue from SCI-treated mice when compared with control
group mice. In this study, we have found that the damage
induced by SCI is associated with intense immunostaining
for TNF-α and IL-1β. Trauma was noted to increase expres-
sion of TNF-α and IL-1 in neuronal and glial cells of spinal
cord; we clearly observed that 18B12 treatment significantly
prevents the appearance of staining of TNF-α and IL-1β.

It is known that microglia and astrocytes play a special role
in sustaining the immune response [50], so we evaluated the
effect of 18B12 on microglial and astrocytic markers.
Microglial Iba1 and astrocytic GFAP expression are usually
used as markers of glial cells, though their use as markers of
cellular activation has been increasingly questioned.
Augmented levels of GFAP have been associated with in-
creased neurological disease activity and, in particular, with
disability [51, 52]. Astrocytes respond to various neurodegen-
erative insults rapidly, causing vigorous astrogliosis [53], so
we questioned the use of GFAP, demonstrating that 18B12 has
effects on astrocytes and potentially on their activation state.
Also, as microglia become activated within minutes to hours
after SCI and are transformed into macrophages [54], using
CD11β that regulates activation of microglia, in this work we
studied microgliosis, demonstrating that CD11β and Iba1 im-
munoreactivity was significantly increased in SCI mice 24 h
after the trauma, whereas the treatment with 18B12 reduced its
expression.

Because SCI has been identified to trigger a systemic, neu-
rogenic immune syndrome [55], we analyzed fluctuations of
immune cell populations and proved that SCI induces immune
suppression. Regulatory B and T cells control CNS

Fig. 10 Percentage of cell death and nitrite levels in spinal cord injury
slices. Viable cells, identified using 3-(4,5- dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide, were visualized under light microscopy.
The level of cell death was evaluated in each slice at 7 days. Cell death
in injured groups was considerably higher compared with the control
group. (a) Cell death was significantly attenuated by 18B12

pretreatment. ***p <0.001 vs control (CTR); ###p < 0.001 vs damage.
(b) Indeed, an augmented formation of nitrite levels was observed in
the damage group, while the pretreatment with 18B12 decreased injury-
induced nitric oxide (NO) production. ***p< 0.001 vs CTR; #p< 0.1 vs
damage
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autoimmune disease, independently of each other [56]. The
role of B cells and autoimmunity as factors that contribute to
neurological outcomes following SCI is poorly understood.
The alteration of the local cytokine environment during SCI
favors B-cell autoimmunity [57], and B cells produce patho-
genic antibodies that impair lesion repair [58], resulting in
worse neurological outcome. Therapies that target the B cell
or obstruct the effects of pathogenic antibodies have
demonstrated to be effective [20, 59].

Thus, in this study we analyzed the role of 18B12 on
CD19+ B lymphocytes, confirming the observation that
18B12 effectively reduced B cells in inflamed tissues and
lymphoid organs [60]. Previous studies have indicated that
18B12 may affect T-cell responses through downregulation
of its activation. This effect was attributed to decreased anti-
gen presenting function of B cells after 18B12 treatment [61].

Experimental SCI also induced depletion of CD45+ T lym-
phocytes. An invasion of T lymphocytes occurs early after
injury, forming clusters around B lymphocyte infiltrates that
persist during the chronic phase [62]. This study showed that
CD45+, CD4+, and CD8+ T cell and Foxp3+ expression de-
creased in response to 18B12, compared with their presence in
damage. Thus, we have confirmed that 18B12 provides sig-
nificant protection in SCI-induced autoimmunity at the sites of
inflammation. CD4+Foxp3+ Tregs have been considered crit-
ical in controlling immune system homeostasis [63], and their
derangement is frequently associated with autoimmunity.
Identification of Tregs is, however, difficult because most
markers, including Foxp3, are expressed by recently activated
T cells [64]. Therefore, we confirmed the presence of prolif-
erating Foxp3+ and CD4+ cells in SCI mice and showed a
significant decrease owing to 18B12 treatment in SCI-
treated mice; however, we did not observe a Foxp3+CD4+

colocalization.
In this study, to confirm our in vivo observation, we also

tested the efficacy of 18B12 using spinal cord organotypic
slice cultures. We showed a significant reduction in cell death
following 18B12 pretreatment. Cell death and neuron degen-
eration, which occur after the injury, are a consequence of an
increase in reactive oxygen species and NO production. NO is
a unique molecule involved in a variety of physiological pro-
cesses in the CNS [65]. The effects of NO on spinal cord
damage are correlated with several factors, such as concentra-
tion of NO production, activity of different synthase isoforms,
cellular source of production, and time of release [35]. In this
study, we demonstrated increased NO expression after injury,
reduced by 18B12 pretreatment.

Conclusion

Research to evaluate possible new molecules that participate
in neuroprotection has become more important, particularly

with regard to protecting nervous tissue from inflammatory
and immunological events in neuroinflammatory and neuro-
degenerative disease. In this study, we clearly showed that B-
cell depletion by 18B12 treatment reduces the increase of
inflammation and tissue injury, such as the alteration of the
immune system associated with SCI. Moreover, this study
enhances current understanding that B-cell depletion exerts
immunomodulating actions, offering the possibility of pursu-
ing new therapeutic strategies involving therapeutic CD20
antibodies such as rituximab or obinutuzumab as a new ap-
proach in the treatment of inflammatory and immunological
effects associated with SCI.
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