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Neurobiology of Disease

Identifying the Role of Complement in Triggering
Neuroinflammation after Traumatic Brain Injury
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The complement system is implicated in promoting acute secondary injury after traumatic brain injury (TBI), but its role in chronic
post-traumatic neuropathology remains unclear. Using various injury-site targeted complement inhibitors that block different comple-
ment pathways and activation products, we investigated how complement is involved in neurodegeneration and chronic neuroinflam-
mation after TBI in a clinically relevant setting of complement inhibition. The current paradigm is that complement propagates post-TBI
neuropathology predominantly through the terminal membrane attack complex (MAC), but the focus has been on acute outcomes.
Following controlled cortical impact in adult male mice, we demonstrate that although inhibition of the MAC (with CR2-CD59) reduces
acute deficits, inhibition of C3 activation is required to prevent chronic inflammation and ongoing neuronal loss. Activation of C3
triggered a sustained degenerative mechanism of microglial and astrocyte activation, reduced dendritic and synaptic density, and
inhibited neuroblast migration several weeks after TBI. Moreover, inhibiting all complement pathways (with CR2-Crry), or only the
alternative complement pathway (with CR2-fH), provided similar and significant improvements in chronic histological, cognitive, and
functional recovery, indicating a key role for the alternative pathway in propagating chronic post-TBI pathology. Although we confirm a
role for the MAC in acute neuronal loss after TBI, this study shows that upstream products of complement activation generated predom-
inantly via the alternative pathway propagate chronic neuroinflammation, thus challenging the current concept that the MAC represents
a therapeutic target for treating TBI. A humanized version of CR2fH has been shown to be safe and non-immunogenic in clinical trials.
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Complement, and specifically the terminal membrane attack complex, has been implicated in secondary injury and neuronal loss
after TBI. However, we demonstrate here that upstream complement activation products, generated predominantly via the
alternative pathway, are responsible for propagating chronic inflammation and injury following CCI. Chronic inflammatory
microgliosis is triggered by sustained complement activation after CCI, and is associated with chronic loss of neurons, dendrites
and synapses, a process that continues to occur even 30 d after initial impact. Acute and injury-site targeted inhibition of the
alternative pathway significantly improves chronic outcomes, and together these findings modify the conceptual paradigm for
targeting the complement system to treat TBIL. j

ignificance Statement

Introduction and restricts acute and chronic recovery (Blennow et al., 2012;

Traumatic brain injury (TBI) results in a complex multiphasic ~ Kumar and Loane, 2012). Inflammation is thought to be one
pathophysiological response that exacerbates the initial injury ~ component of the progressive degenerative events that take place
after TBI, and the complement system has been recognized as one
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ucts in the CSF and increased deposition of complement activa-
tion products in the perilesional brain (Kossmann et al., 1997;
Stahel et al., 1998, 2001; Bellander et al., 2001, 2011).

Complement can be activated via the classical, lectin or alter-
native pathway, with the alternative complement pathway (ACP)
also serving as an amplification loop. Complement activation
leads to the deposition of opsonins, generation of anaphylatoxins
and assembly of the terminal membrane attack complex (MAC).
Nearly all studies in preclinical models have investigated how
complement deficiency or inhibition affects acute outcomes after
TBI (Kaczorowski et al., 1995; Kossmann et al., 1997; Stahel et al.,
1998,2001; Bellander et al., 2001, 2011; Hicks et al., 2002; Leinhase et
al., 2006a, 2007; Ruseva et al., 2015; Rich et al., 2016), and current
evidence implicates the MAC as a major mediator of damage
(Leinhase et al., 2006a, 2007; Stahel et al., 2009; Fluiter et al., 2014;
Ruseva et al., 2015). However, the role of complement and of the
MAC in chronic pathology and outcomes remains unclear.

A limitation of previous work investigating the role of the
MAC in TBI s thelack of assessment of outcomes beyond the first
week of injury. Also, the previous focus on acute gross motor
recovery using clinical scores limits the ability to assess key hall-
marks of the disease, including cognitive deficits (Leinhase et al.,
2006a, 2007; Stahel et al., 2009; Ruseva et al., 2015). We have
recently demonstrated that although transient inhibition of com-
plement locally at the site of injury after stroke significantly im-
proves acute and subacute outcomes, deficiency in complement
C3 does notresult in sustained protection beyond the acute phase
and is associated with suppression of neurogenesis (Alawich et
al., 2015a,b). Here, we investigated the role of complement in
long-term outcomes after TBI in a clinically relevant paradigm of
complement inhibition using a panel of complement inhibitors
linked to CR2. The CR2 moiety targets the complement inhibitor
to sites of complement activation and C3d deposition (Song et al.,
2003; Atkinson et al., 2005). The complement inhibitors used were
as follows: Crry (inhibits all pathways at C3 activation), factor H (fH;
inhibits the ACP), and CD59 (inhibits the MAC; Song et al., 2003;
Atkinson et al., 2005; Huang et al., 2008; Marshall et al., 2014).
Using the murine model of controlled cortical impact (CCI), we
demonstrate that although inhibition of the MAC is sufficient to
achieve acute neuroprotection, it is not sufficient to prevent
chronic neurodegenerative inflammation. We present evidence
implicating upstream complement components generated via
the ACP in promoting chronic activation of astrocytes and mi-
croglia, with neuronal loss occurring chronically with associated
cognitive and functional deficits. While acknowledging the limi-
tations of preclinical models of TBI, including the CCI model,
our data challenge the previously held concept that the MAC
represents a therapeutic target for TBI. Data show that specifi-
cally inhibiting the ACP, a less immunosuppressive approach
than inhibiting all complement pathways, prevents both acute
and chronic neurodegeneration following CCI without inter-
rupting regenerative and reparatory processes.

Materials and Methods

Statistics. Statistical analyses were performed using GraphPad Prism 6.0.
Parametric testing was used unless otherwise specified. Group analyses
were performed using one-way ANOVA (or two-way ANOVA for mul-
tiple time points) followed by multiple-comparison analyses, repeated-
measures ANOVA for matched data. P values <0.05 were considered
significant. Student’s ¢ test was used to compare two groups and was
always used as two-tailed. Pearson correlation coefficients were used to
compute correlations. Data are reported as mean *+ SEM unless other-
wise specified. Sample size was estimated based on an effect size deter-
mined for each outcome measure by pilot and prior studies. G*Power 3
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(Universitdt Diisseldorf, Germany) was used to compute sample size
using an acceptable power range of 80-90%. Before surgery, animals
were randomly assigned to treatment groups and a double-blinded strat-
egy was used in scoring and assessment thereafter. Treatment groups
were coded for each animal and was not accessible to surgeons and in-
vestigators performing outcome assessment. Behavioral assessments (open
field, anxiety, and Barnes maze) were scored using automated devices or
video-analysis tools. Details for statistical analyses for each figure are pro-
vided here:

Figure la: two-way ANOVA was used with Bonferroni test for multi-
ple comparisons. Overall effect comparing the four different treatment
groups was computed. ANOVA statistics: F(3 gy = 10.28,p < 0.0001. All
combinations were compared using Bonferroni test for multiple compari-
sons. Vehicle versus CR2Crry: p < 0.0001; Vehicle versus CR2fH: p < 0.001;
Vehicle versus CR2CD59: p < 0.01. Figure 1b: one-way ANOVA was used
with Bonferroni test for multiple comparisons. Brown—Forsythe test for
homogeneity of variance was not significant: F; ,o) = 0.6546; p =
0.5839. ANOVA statistics: F(5 49y = 5.72, p = 0.0019. All combinations
were compared using Bonferroni test for multiple comparisons. Vehicle
versus CR2Crry: p < 0.001; Vehicle versus CR2fH: p < 0.05; Vehicle
versus CR2CD59: p < 0.05. Figure 1¢: one-way ANOVA was used with
Bonferroni test for multiple comparisons. Brown—Forsythe test for ho-
mogeneity of variance was significant: F; 49, = 7.249; p = 0.004. ANOVA
statistics: F; 49, = 0.1374, p = 0.9372. Due to a significant Brown—
Forsythe test, groups were also analyzed using the Kruskal-Wallis (KW)
test (nonparametric) showing no significant difference (KW = 0.4503,
p =0.9297). Figure 1d: survival was analyzed using the log rank (Mantel—
Cox) test; x> = 2.368; p = 0.4997. No significant differences were ob-
served. Figure 2a—c: one-way ANOVA was used with Bonferroni test for
multiple comparisons; a: Brown—Forsythe test for homogeneity of vari-
ance was not significant: F; 4oy = 1.004; p = 0.3992. ANOVA statistics:
F(3 49) = 6.104, p = 0.0013. All combinations were compared using Bon-
ferroni test for multiple comparisons. Vehicle versus CR2Crry: p <
0.001; Vehicle versus CR2fH: p < 0.01; Vehicle versus CR2CD59: p =
0.45; b: Brown—Forsythe test for homogeneity of variance was not signif-
icant: F(5 49 = 0.9035; p = 0.4463. ANOVA statistics: F(5 49, = 3.505,p =
0.0221. All combinations were compared using Bonferroni test for mul-
tiple comparisons. Vehicle versus CR2Crry: p < 0.05; Vehicle versus
CR-2fH: p < 0.05; Vehicle versus CR2CD59: p = 0.5208; ¢: Brown—
Forsythe test for homogeneity of variance was not significant: F; 49y =
1.444; p = 0. 2414. ANOVA statistics: F; 49 = 1.636, p = 0.1931. All
combinations were compared using Bonferroni test for multiple compar-
isons. No significant results detected. Figure 2d: repeated-measures (RM)
two-way ANOVA was used with Bonferroni test for multiple comparisons.
Overall effect comparing the four different treatment groups was com-
puted. ANOVA statistics: F; 44) = 17.21, p < 0.0001. All combinations
were compared using Bonferroni test for multiple comparisons. Vehicle
versus CR2Crry: p < 0.001; Vehicle versus CR2fH: p < 0.001; CR2Crry
or CR2fH versus CR2CD59: p < 0.05. Figure 2e: one-way ANOVA was
used with Bonferroni test for multiple comparisons. Brown-Forsythe
test for homogeneity of variance was not significant: F; ,,) = 1.749%; p =
0.1708. ANOVA statistics: F3 44y = 19.23, p < 0.001. All combinations
were compared using Bonferroni test for multiple comparisons. Figure
2f: RM two-way ANOVA was used with Bonferroni test for multiple
comparisons. Overall effect comparing the four different treatment
groups was computed. ANOVA statistics: F; 44y = 19.55, p < 0.0001. All
combinations were compared using Bonferroni test for multiple com-
parisons. Vehicle versus CR2Crry: p < 0.001; Vehicle versus CR2fH: p <
0.001; CR2Crry and CR-fH versus CR2CD59: p < 0.05. Figure 2g: RM
two-way ANOVA was used with Bonferroni test for multiple compari-
sons. Overall effect comparing the four different treatment groups was
computed. ANOVA statistics: F(5 44y = 35.8, p < 0.0001. All combina-
tions were compared using Bonferroni test for multiple comparisons.
Vehicle versus CR2Crry: p < 0.001; Vehicle versus CR2fH: p < 0.001;
CR2Crry and CR-fH versus CR2CD59: p < 0.05. Figure 3d: one-way
ANOVA was used with Bonferroni test for multiple comparisons. Brown—For-
sythe test for homogeneity of variance was significant: F; ;o) = 4.197;p = 0.01.
ANOVA statistics: F5 49, = 21.72, p < 0.0001. Due to a significant
Brown-Forsythe test, groups were also analyzed using the KW test (non-
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Figure 1.  Acute recovery and complement deposition in the brain after CCl and targeted complement inhibition. @, Monitoring of weight loss acutely after CCl showing a significant reduction in

weight loss over the 3 d period in animals treated with CR2Crry, CR2fH, or CR2CD59 compared with vehicle controls. ANOVA for overall effect with Bonferroni's test for multiple comparisons. **p <
0.01.n = 8/group. b, Acute assessment of forearm laterality on corner task showing that all three targeted inhibitors result in significant reduction in laterality on day 3 after CCl compared with
vehicle controls. One-way ANOVA with Bonferroni's. *p << 0.05, **p << 0.01. ¢, Total distance moved by animals in open-field ambulation test showing that targeted complement inhibition does
notinfluence the total distance moved by animals on day 3 compared with vehicle. One-way ANOVA with Bonferroni's. d, Kaplan—Meyer survival curve over 30 d period. Log rank (Mantel—Cox) test
was used. No significant difference between groups on pair comparisons. e, IF staining for (5b-9 (MAG, green) and (3d (red) deposition in the perilesional brain 24 h after CCl. Scale bars, 100 m.

parametric) with Dunn’s multiple comparisons showing similar results
(KW = 35,56, p < 0.0001). Figure 3e: one-way ANOVA was used with
Bonferroni test for multiple comparisons. Brown—Forsythe test for ho-
mogeneity of variance was significant: F5 44, = 6.683; p = 0.0007. ANOVA
statistics: F3 4, = 10.85, p < 0.0001. Due to a significant Brown—Forsythe
test, groups were also analyzed using the KW test (nonparametric) with
Dunn’s multiple comparisons showing similar results (KW = 29.83, p <
0.0001). Figure 4a: two-way ANOVA was used with Bonferroni test for
multiple comparisons. Overall effect comparing the four different treat-
ment groups was computed. ANOVA Statistics: F(5 4,5y = 11.78, p <
0.0001. All combinations were compared at each day during training and
retention using Bonferroni test for multiple comparisons. Figure 4b:
two-way ANOVA was used with Bonferroni test for multiple compari-

sons. Overall effect comparing the four different treatment groups was
computed. ANOVA Statistics: F(; 4, = 18.32, p < 0.0001. All combina-
tions were compared at each day during training and retention using
Bonferroni test for multiple comparisons. Figure 4d: one-way ANOVA
was used with Bonferroni test for multiple comparisons. Brown—For-
sythe test for homogeneity of variance was not significant: F; 4o, =
0.5538; p = 0.6486. ANOVA statistics: F(; 40, = 0.5578, p = 0.6460. All
combinations were compared using Bonferroni test for multiple com-
parisons. Figure 5e: one-way ANOVA was used with Bonferroni test for
multiple comparisons. Brown—Forsythe test for homogeneity of variance
was not significant: F5 5 = 0.6833; p = 0.5751. ANOVA statistics:
F(3,16) = 14.15, p < 0.0001. All combinations were compared using Bon-
ferroni test for multiple comparisons. Figure 5f. one-way ANOVA was
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used with Bonferroni test for multiple compar-
isons. Brown—Forsythe test for homogeneity of
variance was not significant: F(5 ), = 0.6833;
p = 0.5751. ANOVA statistics: F5 ) = 29.82,
p < 0.0001. All combinations were compared
using Bonferroni test for multiple compari-
sons. Figure 5¢: one-way ANOVA was used
with Bonferroni test for multiple comparisons.
Brown—Forsythe test for homogeneity of vari-
ance was not significant: F; ,4) = 1.767; p =
0.1940. ANOVA Statistics: F3 15, = 0.6857, p =
0.5738. All combinations were compared using
Bonferroni test for multiple comparisons.
Figure 5j: one-way ANOVA was used with
Bonferroni test for multiple comparisons.
Brown-Forsythe test for homogeneity of vari-
ance was not significant: F; ;4 = 0.9022; p =
0.4553. ANOVA statistics: F(3 ;4 = 17.68, p <
0.0001. All combinations were compared using
Bonferroni test for multiple comparisons.
Figure 5k: one-way ANOVA was used with
Bonferroni test for multiple comparisons.
Brown—Forsythe test for homogeneity of vari-
ance was not significant: F; ,¢) = 0.006; p =
0.9993. ANOVA statistics: F; 1) = 8.640, p <
0.005. All combinations were compared using
Bonferroni test for multiple comparisons.
Figure 6f one-way ANOVA was used with
Bonferroni test for multiple comparisons.
Brown-Forsythe test for homogeneity of vari-
ance was not significant. ANOVA Statistics:
F = 0.043, p = 0.9877. All combinations were
compared using Bonferroni test for multiple
comparisons. Figure 6¢: one-way ANOVA was
used with Bonferroni test for multiple compar-
isons. Brown—Forsythe test for homogeneity of
variance was not significant. ANOVA statistics:
F = 21.31, p < 0.0001. All combinations were
compared using Bonferroni test for multiple
comparisons. Figure 6h: one-way ANOVA was
used with Bonferroni test for multiple compar-
isons. Brown—Forsythe test for homogeneity of
variance was not significant. ANOVA statistics:
F =9.179, p = 0.002. All combinations were
compared using Bonferroni test for multiple
comparisons. Figure 6i: one-way ANOVA was
used with Bonferroni test for multiple compar-
isons. Brown—Forsythe test for homogeneity of
variance was not significant. ANOVA statistics:
F = 8.541, p < 0.0026. All combinations were
compared using Bonferroni test for multiple
comparisons. Figure 6j: one-way ANOVA was
used with Bonferroni test for multiple compar-
isons. Brown—Forsythe test for homogeneity of
variance was not significant. ANOVA statistics:
F = 14.44, p = 0.0003. All combinations were
compared using Bonferroni test for multiple
comparisons. Figure 7¢g: one-way ANOVA was
used with Bonferroni test for multiple compar-
isons. Brown—Forsythe test for homogeneity of
variance was not significant. ANOVA Statis-
tics: F = 6.893, p = 0.0102. All combinations
were compared using Bonferroni test for multi-
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Figure2.  Motor recovery after CCl and treatment with complement inhibitors. a—c, Performance on corner task was assessed
weekly after CCl showing that CR2fH and CR2Crry, but not CR2CD59, resulted in significantly faster recovery of forearm laterality
compared with vehicle. One-way ANOVA with Bonferroni’s multiple comparisons. *p << 0.05, **p << 0.01, ***p << 0.001. d, Motor
scores on ladder task were assessed weekly after CCl showing that CR2fH and CR2Crry, but not CR2(D59, resulted in significantly
high motor scores throughout 28 d of recovery compared with both vehicle controls and animals treated with CR2(D59. RM
two-way ANOVA with Bonferroni’s test for multiple comparisons. *p << 0.05, **p << 0.01, ***p < 0.001. Error bars = mean =+
SEM. e, Motor scores on day 28 after CCl showing significantly higher scores in CR2Crry and CR2fH-treated mice, but not CR2(D59-
treated mice compared with vehicle controls. One-way ANOVA with Bonferroni’s multiple comparisons. *p << 0.05, **p < 0.01,
*¥%p < 0.001. £, g, Forelimb and hindlimb errors showing a significant reduction in the number of errors after CR2Crry or CR2fH
therapy compared with both CR2CD59 and vehicle. RM two-way ANOVA with Bonferroni's test for multiple comparisons. *p <<
0.05, **p << 0.01, ***p < 0.001. Error bars = mean = SEM.

significant: F, ;5) = 0.6302; p = 0.5438. ANOVA statistics: F, 14) =

ple comparisons. Figure 7h: one-way ANOVA was used with Bonferronitest ~ 10.59, p < 0.0001. All combinations were compared using Bonferroni
for multiple comparisons. Brown-Forsythe test for homogeneity of variance  test for multiple comparisons. Figure 8b: one-way ANOVA was used with
was not significant. ANOVA statistics: F = 16.29, p = 0.0004. All combi-  Bonferroni test for multiple comparisons. Brown—Forsythe test for ho-
nations were compared using Bonferroni test for multiple comparisons. ~ mogeneity of variance was not significant: F, ;4 = 2.895; p = 0.0812.
Figure 8a: one-way ANOVA was used with Bonferroni test for multiple ~ ANOVA statistics: F, 5, = 10.57, p < 0.0001. All combinations were
comparisons. Brown-Forsythe test for homogeneity of variance was not ~ compared using Bonferroni test for multiple comparisons. Figure 8c:
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mean = SEM.

one-way ANOVA was used with Bonferroni test for multiple compari-
sons. Brown—Forsythe test for homogeneity of variance was not signifi-
cant: F(, 4y = 0.3455; p = 0.7125. ANOVA statistics: F(, 15) = 6.41,p <
0.001. All combinations were compared using Bonferroni test for multi-
ple comparisons. Figure 84: two-way ANOVA was used with Bonferroni
test for multiple comparisons. Overall effect comparing treatment groups to
controls was computed. ANOVA statistics: F(, ,4) = 18.91, p < 0.0001. All
combinations were compared at each day during training and retention
using Bonferroni test for multiple comparisons.

Recombinant proteins. Recombinant complement inhibitor CR2fH
used in this study was constructed, expressed, and purified as previously
described (Huang et al., 2008). All proteins used in these experiments
were subjected to quality control for complement inhibitory activity
using chicken red blood cell lysis assay and zymosan assay as described
previously (Huang et al., 2008).

Animal surgeries and treatment. Adult male C57BL/6 were obtained
from The Jackson Laboratory and allowed 1 week of acclimation before
use. Adult animals were 12 weeks old at the time of CCI surgeries that
were performed as previously described (Smith et al., 1995; Fox et al.,
1998). Following anesthesia using ketamine (80-100 mg/kg, i.p.) and
xylazine (10 mg/kg, i.p.), the mouse head was shaved, prepped with
Betadine, and fixed on a stereotactic frame using (Kopf Instruments). A
longitudinal midline incision was performed to expose the skull. Using a

p

Effect of targeted complementinhibition on lesion volume and scarring after CCl. a, Representative Nissl stained brain
section from the different treatment groups. b, 3D-reconstructed brains showing lesion (red) and scarring (orange) 30 d after TBI.
Brains were reconstructed from Nissl quantification as described in Materials and Methods, Lesion volume reconstruction. Yellow,
Cortex; blue, hippocampus; green, basal ganglia; gray, white matter. ¢, Similar to b but showing only scarring in the same brains
shownin b.d, e, Quantification of lesion volume and scarring at 30 d after CCl showing significant reduction in lesion volume across
the different treatment groups compared with vehicle controls. However, CR2fH and CR2Crry resulted in more effective reduction
in overall lesion compared with CR2CD59. d, CR2Crry and CR2fH were effective at reduction in scarring 30 d after TBI, but not
CR2CD59. One-way ANOVA with Bonferroni’s multiple comparisons. n = 12-17/group. *p << 0.05, ***p << 0.001. Error bars =
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CR2CD59 cotton applicator, the surface of the skull was
cleaned and left to dry for 1 min. Using a drill

. (RWD Life Sciences), a hole was drilled halfway
o 3 between lambda and bregma with a diameter
It of 4 mm situated 0.5 mm lateral to midline. A

7 thin layer of the bone was kept on top of dura

to prevent cutting through the brain, then us-
ing a forceps, the bone was cleared from the top
of the brain exposing the dura. Contusions
were made with a pneumatic impactor device
(Infinite Horizon, Precision Scientific). The
impactor parameters were set to tip size of 3
mm, depth of 2.5 mm (moderate CCI), velocity
of 5.25 m/s, dwell time of 100 ms, and a 10°
angle. The impact was then delivered to the
brain on intact dura. Sham operated mice under-
went a craniotomy only. Animals with bone hits
were excluded. Wounds were sutured and,
upon recovery from anesthesia, animals were
be placed in their home cages and given ad
libitum access to soft food and water. All surgical
procedures were performed under aseptic condi-
tions, and body temperature was monitored by a
rectal probe and maintained at 37 = 0.5°C with a
heating pad.

At 1 hafter CCI, vehicle (PBS), CR2Crry (10
mg/kg), CR2fH (16 mg/kg), or CR2CD59 (6
mg/kg) were administered intravenously as a
single dose via the tail vein. CR2Crry and CR2fH
treatments were also administered 12 h after
CCIL. Doses were determined based on prior
dose-response experiments that determined
minimum dose required for providing maxi-
mum protection against ischemia reperfusion
injury (Atkinson et al., 2005; Huang et al,,
2008; Marshall et al., 2014). The same studies
determined that the circulatory half-life of each
protein was similar and in the range of 6.6—8.8
h. Animals were killed at 30 d after TBI for
histological analyses unless a humane endpoint
determined by loss of >15% of total body
weight over 48 h is reached, at which time
animals would be killed and therefore ex-
cluded from histological analyses at 30 d.
There were no procedure-related mortali-
ties, and three animals (2 from vehicle group
and 1 from CR2CD59 group) were killed be-
fore 30 d for reaching the humane endpoint.

Lesion volume reconstruction. Lesion size including scarring was esti-
mated using Nissl staining of serial brain sections. Brains were harvested
at 30 d after CCI following cardiac perfusion with ice-cold PBS and 4%
paraformaldehyde (PFA). Brains were then cryoprotected using 30%
sucrose in PFA and then cut into 40 wm thick coronal sections. Serial
sections 200 wm apart were mounted and stained using cresyl violet as
previously described (Tiireyen et al., 2004). Slides were then imaged
using Olympus BX61 light microscope with Visiopharm image acquisi-
tion and analysis software. To quantify and anatomically locate lesions,
Nissl-stained images were aligned to Paxinos’ brain atlas, and lesion
location (infarct and astrogliosis) was mapped to the atlas sections.
Following lesion mapping, 3D reconstruction of lesions and brains
was conducted on Amira 6.2 (FEI), and volume was computed in
cubic millimeters.

Assessment of motor recovery. Forelimb asymmetry was measured using
corner test as described previously (Zhang et al., 2002). Laterality was
measured at baseline and after surgery. Normalized laterality index was
calculated as [ (laterality at time #) + 2]/[(baseline laterality) +2)]. Open-
field locomotor testing was performed as described previously (Alawieh
et al., 2015b). Animals were videotaped and videos were analyzed using
Autotyping toolbox (University of Pennsylvania). Total distance moved
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and the duration of movement were computed to assess ambulation, and
time spent at the center versus periphery was used to assess differences in
anxiety levels. The ladder walk task was performed as previously de-
scribed (Metz and Whishaw, 2009). Animals were tested for three trials
per session and a total of 40 steps are scored per animal per trial. Each paw
placement was scored on a scale from 0 to 6 as follows: 0, total miss; 1,
deep slip; 2, slight slip; 3, replacement; 4, correction; 5, partial placement;
6, correct placement. The average score of all steps and the number of
errors are recorded as the ladder motor score per trial. The average of
three trials is used for each animal. The ladder task was performed at
baseline and at designated times after CCL

Assessment of cognitive recovery. Barnes maze was used to assess spatial
learning after TBI using a previously described protocol (Patil et al.,
2009). Animals were trained for two trials per day for 5 d starting at day
23 after CCI while being video-recorded. Videos were then automatically
analyzed using Autotyping toolbox (University of Pennsylvania) to com-
pute the total path length and the number of error pokes before animals
reach the escape box.

Immunohistochemical staining. For immunohistochemical (IHC) staining,
brains were harvested after mice were intracardially perfused with PBS
followed by 4% paraformaldehyde, fixed overnight, and then cryopro-
tected in 30% sucrose. Brains were then cut into 40 wm sections using a
cryostat, and sections between 0 and —2 mm relative to bregma were
used for staining. Free-floating sections were incubated with 3% H,0,
followed by 0.1% Triton-X in PBS, blocked in 5% donkey serum, and
incubated with primary antibodies overnight. Sections were then washed,
incubated with HRP-conjugated secondary antibodies, and developed
using DAB (ImmPress DAB, Vector Laboratories). Sections were
mounted on slides, counterstained with hematoxylin, and imaged using
an Olympus BX61 light microscope with Visiopharm image acquisition and
analysis software (Visiopharm). Antibodies used in ITHC studies were anti-
C3d (R&D Systems, AF2655; 1:50), anti-IgM (Sigma-Aldrich, A8786;
1:200), anti-Ibal (Abcam, ab5076; 1:200), and anti-PSD95 (Abcam,
ab18258; 1:100) with HRP-conjugated anti-rabbit or anti-goat secondary
(Vector Laboratories).

Immunofluorescence staining and imaging. A similar approach was used to
stain 40 wm sections as outlined above. Primary antibodies used include
anti-C3d (R&D Systems, catalog #AF2655; 1:50), anti-Ibal (Abcam, catalog
#ab5076; 1:200), anti-Mac2 (R&D Systems, catalog #AF1197; 1:300—1:400),
anti-GFAP (Invitrogen, catalog #13-0300; 1:200), anti-C5b-9 (Calbiochem,
catalog #204903; 1:100), anti-MAP2 (Abcam, catalog #ab32454; 1:200), anti-
Dcx (Abcam, catalog #ab18723; 1:200), anti-BrdU (Abcam, catalog #ab6326;
1:100), and anti-NeuN (Millipore, catalog #MAB377; 1:200). Secondary
antibodies used were as follows: donkey anti-goat AlexaFluor 488 and
555 nm; donkey anti-rabbit AlexaFluor 488, 555, and 647 nm; and don-
key anti-rat AlexaFluor 488 and 555 nm. DAPI (Vector Laboratories) was
used as nuclear stain. Slides were mounted with Vectashield mounting
media (xDAPI) before microscopy. Epifluorescence microscopy was
used to image full brain sections using an Olympus BX61 light microscope
with Visiopharm image acquisition and analysis software. Intensity-based
analysis was automatically computed by using MATLAB (MathWorks)
by normalizing the intensity of signal to the area of tissue displayed per
random filed. Super-resolution imaging was performed using a Zeiss
LSM 880 confocal microscope, and Airy Scan was used for high-reso-
lution fields. Fields were imaged using 40X water and 63X oil objectives.
Sequential imaging was performed for multiple channels, and a stack
covering 30 um thickness was acquired at 1 pum resolution. 3D-
reconstructed images of the full stack or 2D slices of the maximal inten-
sity focal point were shown. Image analysis was performed using both
ZEN (Zeiss) and Image] (NIH).

Results

C3 activation via the ACP exacerbates chronic deficits after
CCI in a MAC-independent mechanism

We first investigated the effect of site-targeted inhibition of all
complement pathways (CR2Crry), the alternative pathway (CR2fH),
or the MAC (CR2CD59), administered 1 h after CCI, on general
health (weight) and motor function over 28 d postinjury (Fig. 1).
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The three interventions resulted in a significant reduction in
acute weight loss up to 3 d after TBI compared with vehicle con-
trols (Fig. 1a), and resulted in significant reduction in forearm
laterality on corner task (Fig. 1b). Although, there was not a sig-
nificant difference between the three inhibitors, the protective
effects of CR2Crry were quantitatively higher than CR2fH or
CR2CD59 on both measures (Fig. 1a,b). As anticipated from a
moderately severe CCI, animals did not develop severe motor
disability, and the total ambulation distance was not significantly
increased by complement inhibition compared with vehicle con-
trols acutely after TBI (Fig. 1¢). Similarly, targeted complement
inhibition did not affect survival after CCI during the 28 d of
recovery period, although CR2fH and CR2Crry-treated animals
trended toward lower 28 d mortality compared with both CR2CD59
and vehicle controls (Fig. 1d). We then used immunofluores-
cence staining to assess the efficacy of the different constructs in
inhibiting complement in vivo (Fig. le). All three inhibitors re-
duced the deposition of the terminal MAC (C5b-9) in the perile-
sional brain compared with vehicle controls. However, unlike
CR2Crry and CR2fH, CR2CD59 did not reduce the deposition of
C3 activation products (C3d) 24 h after CCI and treatment (Fig.
le). These inhibitors therefore allow us to dissect the role of early
versus terminal complement activation products, and whether
their selective inhibition is sufficient to maintain neuroprotec-
tion after CCI.

We next assessed whether the neuroprotective effects of com-
plement inhibition by each inhibitor persists over 28 d of recov-
ery. Despite significant recovery, animals treated with CR2fH or
CR2Crry showed a sustained reduction in forearm laterality on
corner task up to 14 d after injury. In contrast, animals treated with
CR2CD59 were not significantly different from controls starting 7 d
after TBI (Fig. 2a—c). There was no significant difference in fore-
arm laterality at 28 d after TBI across all groups due to the signif-
icant recovery of the vehicle-treated animals and the lack of
sensitivity of the corner task at later time points. We next used a
more sensitive assessment of motor recovery, namely the ladder
walking task, to assess coordinate forelimb and hindlimb use and
paw placement after TBI (Fig. 2d—g). Control animals showed a
robust reduction in overall motor scores defined as described
previously (Metz and Whishaw, 2009) and an increase in the
number of errors by ipsilateral limbs, which persisted over 28 d of
assessment (Fig. 2d—g). Treatment with either CR2Crry or CR2fH
significantly increased motor scores resulting in a more promi-
nent and faster recovery compared with vehicle control, an effect
that was significant even 28 d after initial injury and treatment
(Fig. 2d,e). In contrast, CR2CD59 did not significantly improve
recovery in motor scores compared with vehicle controls between
7 and 28 d after injury, and the overall recovery in motor scores in
CR2CD59-treated mice was significantly lower compared with
CR2Crry or CR2fH (Fig. 2d). We also assessed the number of
errors (or limb faults), and demonstrated that both CR2Crry and
CR2fH treatment resulted in a significant reduction in forelimb
and hindlimb errors compared with vehicle and CR2CD59-
treated animals (Fig. 2f,g). This indicates that although inhibition
of the MAC by CR2CD59 facilitates acute motor recovery after
TBI similar to C3 inhibition, this protection is not sustained
chronically, except when C3 cleavage is inhibited by CR2Crry or
CR2fH.

C3 activation promotes secondary lesion expansion and
scarring after CCI predominantly via the ACP

Previous studies have shown that inhibition of C3 or MAC result
in significant acute reduction in acute injury after TBI (Leinhase
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etal., 2006a,b, 2007; Stahel et al., 2009; Ruseva et al., 2015; Rich et
al., 2016); therefore, we assessed whether acute inhibition of dif-
ferent complement pathways can differentially affect secondary
lesion expansion and astrogliosis that occurs chronically after
TBI. Using 3D reconstruction of serial brain sections stained by
Nissl, both lesion volume and the extent of tissue scarring were
assessed (Fig. 3). Targeted inhibition of the MAC significantly
reduced lesion volume but did not significantly inhibit astrogli-
otic scarring 30 d after CCI (Fig. 3a—e). However, inhibition of C3
convertase by CR2Crry or inhibition of the ACP by CR2fH sig-
nificantly reduced lesion volume compared with controls, more
effectively than CR2CD59 (Fig. 3d). Both CR2Crry and CR2fH
also resulted in significant reduction in astrogliotic scarring at 30 d
after injury compared with controls (Fig. 3e). These data show that
inhibition of the MAC may be sufficient to prevent tissue loss after
TBI, but this effect is less robust compared with inhibition of C3-
convertase activity that provides optimal histopathological protection.

Targeted inhibition of C3 activation but not of MAC
formation improves cognitive recovery after CCI

TBI is associated with significant cognitive impairments that are
often more prominent than motor deficits in both human pa-
tients and animal models (Fox et al., 1998; Arciniegas etal., 2002).
Therefore, we assessed the effect of complement inhibition on
spatial learning and retention of spatial memory acquired 24-27
d after CCI using the Barnes maze. Compared with vehicle con-
trols, only animals treated acutely with CR2fH and CR2Crry showed
significantly faster learning curves and a significantly lower num-
ber of errors during both acquisition and retention of spatial
memory (Fig. 4a—c). Animals treated with CR2CD59 were indis-

Retention d

Targeted inhibition of (3-cleavage significantly improves cognitive recovery after CCl. a—c, Spatial learning and
memory were assessed using the Barnes maze task. a, Path length traveled by the animal before reaching the escape hole and
(b) the number of error pokes each animal made before reaching the scape hole. Treatment with CR2Crry and CR2fH but not
CR2CD59 resulted in significant improvement compared with vehicle controls. RM two-way ANOVA with Bonferroni’s multiple
comparisons. n = 7-12/group. *p << 0.05, **p << 0.01, ***p < 0.001. d, Anxiety level was assessed using the percentage time
spent at the periphery of an open field. Animals among the different groups did not show significant differences in anxiety levels.
One-way ANOVA with Bonferroni’s multiple comparisons. n = 7—12/group. Data shown as mean = SEM.
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tinguishable from controls during both ac-
quisition and retention phases. To control
for potential differences in anxiety levels in
the different groups before the task, animals
were assessed for time spent at the periphery
versus center of an open field as a surrogate
marker of anxiety levels. No differences
were seen between the different groups (Fig.
4d). Therefore, inhibition of C3 acutely is
required to facilitate and potentiate cogni-
tive recovery whereas acute MAC deposi-
tion does not relate to delayed cognitive
recovery after TBI.
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Targeted inhibition of C3 activation but
not of MAC formation inhibits chronic
neuroinflammation after CCI

The complement system is responsible for
initiation and amplification of neuroin-
flammation in stressed and injured CNS.
Therefore, we assessed the effect of inhibit-
ing different complement pathways on
chronic neuroinflammation after CCI by
immunostaining for a panel of neuroin-
flammatory markers. Inflammation in the
CNS is associated with deposition of IgM
and C3 breakdown products (C3d op-
sonins) that tag injured and stressed cells
and mediate activation of immune cells in
the brain. Acute treatment with CR2Crry
and CR2fH significantly reduced both
IgM and C3d deposition in the perile-
sional cortex 30 d after TBI indicating
suppression of ongoing neuroinflammation (Fig. 5a,b). Treat-
ment with CR2CD59 was not associated with as significant re-
duction in these markers (Fig. 5a,b). Deposition of IgM and C3d
in vehicle and CR2CD59-treated animals was associated with ac-
cumulation of Ibal+ microglia/macrophages in the perilesional
cortex that exhibited predominantly an amoeboid rather than
branched morphology consistent with a proinflammatory phe-
notype (Fig. 5¢,e,f). CR2Crry and CR2fH treatment were associ-
ated with significant inhibition in the number of Ibal+ cells as
well as a lower percentage of those cells exhibiting an amoeboid
morphology (Fig. 5¢.e,f). To assess whether there is a continued
deposition of the MAC in the perilesional brain 30 d after TBI
similar to C3d, we used immunofluorescent (IF) staining for the
C5b-9 complex and show a less prominent MAC deposition com-
pared with C3d deposition that was not significantly different across
the different treatment groups (Fig. 5d,g).

Activation of microglia and ongoing astrocytic expansion are
markers of continuous noxious insults to the brain, and in vehicle-
treated animals, we show significant and robust microgliosis and
astrogliosis with continuous infiltration of proliferating (Mac2+) mi-
croglia/macrophages and GFAP+ astrocytes into the perilesional
cortex, basal ganglia and hippocampus (Fig. 5h—k), which often
extended to the opposite hemisphere. A similar response to vehi-
cle was also observed in CR2CD59-treated mice indicating that
inhibiting the MAC is not sufficient to limit the propagation of
neuroinflammation chronically after TBI. However, inhibition of
all pathways or the ACP by CR2Crry or CR2fH, respectively,
significantly reduced the number of Mac2+ and GFAP+ cells in
the perilesional brain indicating a faster resolution of inflamma-
tion in these animals (Fig. 5h—k).
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Targeted inhibition of (3 activation limits chronic neuroinflammation after CCl. a—c, Representative IHC staining of IgM deposition (a), (3d deposition (b), and Iba1+ cells (c) in the

perilesional brain 30 d after CCl. Scale bars, 50 wm. d, Representative IF images of brain sections stained for (5b-9 (MAC) showing minimal MAC deposition 30 d after TBI. Red squares,
High-magnification confocal microscopy of perilesional brain regions stained for (5b-9. Scale bars, 50 um. e, f, Quantification of number and morphology of Iba1+ cells showing significantly lower
number of Iba1+ cells and percentage of amoeboid Iba1+ cellsin CR2Crry and CR2fH-treated animals. One-way ANOVA with Bonferroni’s multiple comparisons. n = 5/group. *p << 0.05, ***p <
0.001. g, Quantification of C5b-9 deposition in the perilesional brain from the high fields shown in d demonstrating no significant difference in mean intensity of (5b-9 between vehicle-treated
animals and the other treatment groups. One-way ANOVA with Bonferroni’s multiple comparisons. n = 5/group. p = 0.573. h, i, Representative full-brain IF staining for Mac2 and GFAP 30 d after
(Cl.j, k, Quantification of f and g showing significant reduction in Mac2 + cells and GFAP+ cells in animals treated with CR2Crry or CR2fH but not CR2CD59. One-way ANOVA with Bonferroni's
multiple comparisons. n = 7-9/group. *p << 0.05, **p << 0.01, ***p < 0.001. All error bars represent mean = SEM.

Inhibiting C3 activation increases neuroblast migration and
does not interfere with SVZ neurogenesis

Previous work has implicated a role for C3 in neurogenesis and
neuronal migration after brain injury (Rahpeymai et al., 2006).
We have also shown that maintaining a low level of complement
activation in the brain after ischemic stroke results in increased
neurogenesis and neuronal migration compared with comple-

ment deficiency (Alawieh et al., 2015b). Therefore, we assessed
whether inhibition of complement using CR2Crry or CR2fH nega-
tively impacts neurogenesis and neuronal migration after TBI. We
used intraperitoneal BrdU injections administered every other
day starting on day 3 after CCI for birth-dating newly formed
neurons, and brain sections were then stained for doublecortin
(Dcx) and BrdU to assess both neurogenesis and migration of
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CR2Crry and CR2fH significantly increase neuroblast migration from the SVZ 30 d after CCl. a, IF staining for BrdU+/Dcx+ cells in and around the subventricular zone 30 d after CCl

showing similar pattern of neurogenesis across the different groups. Scale bars, 50 rm. b—e, Representative Dcx-stained sections of the lesion area (b), perilesional cortex (c), basal ganglia (d), and
hippocampus (e) showing significantly higher number of Dcx+ neuroblasts migrating to the lesion site, as well as to perilesional brain in animals treated with CR2Crry and CR2fH compared with
both vehicle and CR2CD59. Scale bars, 50 wm. f—j, Quantification of a showing that CR2Crry and CR2fH do not affect SVZ neurogenesis but significantly increase neuronal migration after TBI.
One-way ANOVA with Bonferroni’s multiple comparisons. n = 5/group. *p << 0.05, **p << 0.01, ***p < 0.001. Error bars = mean = SEM.

newly formed neuroblasts. Assessed by the number of SVZ
BrdU+/Dcx+ neuroblasts, SVZ neurogenesis was not affected
by complement inhibition with any of the different targeted in-
hibitors (Fig. 6a,f). Because neuronal migration from the SVZ to
the ipsilateral regions of injury and recovery is key for the neu-
roreparatory effects of neurogenesis, we investigated neuronal
migration to the ipsilateral lesion site (Fig. 6b), and to the perile-
sional cortex (Fig. 6¢), basal ganglia (Fig. 6d), and hippocampus
(Fig. 6e). Animals treated with CR2Crry or CR2fH had a signifi-
cantly higher number of migrating Dcx+ neuroblasts in the ip-
silateral hemisphere compared with vehicle-treated animals, an

effect that was not observed in animals treated with CR2CD59
(Fig. 6¢).

Acute inhibition of C3 activation, and specifically the ACP,
inhibits chronic neurodegeneration after TBI

We finally assessed whether the chronic neuroinflammation ob-
served in vehicle-treated animals and that is reduced by C3 inhi-
bition is associated with more pronounced neurodegeneration at
30 d after injury. High resolution IF staining of fields from differ-
ent stereotactic locations relative to the CCI insult for NeuN and
Mac2 was used to assess the relation of microgliosis to neuronal
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Figure7. Interaction between chronic neuroinflammation and neurodegenerative processes after CCl. a, Representative Niss| stained brain section showing the location of field selection from
the perilesional brain for immunostaining shown in this figure. b, Correlation between the number of NeuN+ neurons and the number of Mac2 + microglia in perilesional microscopic fields
showing a significant negative correlation. Pearson correlation R? = 0.813, p < 0.0001. Blue dots, Vehicle controls; red dots, CR2Crry; green dots, CR2fH. ¢, Representative high resolution fields
showing higher number of Mac2+ cells and lower numbers of NeuN+ neurons in the perilesional cortex in vehicle controls compared with CR2fH or CR2Crry-treated animals. Scale bars, 50 m.
d, Heat map of intensity of PSD95 staining in full brain sections from the different treatment groups. e, Super-resolution IF staining of dendritic arborization (MAP2, green) and complement
deposition (C3d, red) in perilesional hippocampal sections showing significantly higher complement deposition on neurons and less elaborate dendritic arborization in vehicle controls compared
with CR2Crry or CR2fH-treated animals. f, Higher-magnification fields of e stained for MAP2, NeuN, and (3d showing significantly higher deposition of (3d and loss of dendrites in vehicle compared

with sham and to CR2Crry and CR2fH-treated mice. g, h, Quantification of staining in e and f. One-way ANOVA with Bonferroni’s multiple comparisons. n = 5/group. *p << 0.05, **p << 0.01. Error
bars = mean = SEM.

density in the peri-injury brain (Fig. 7a,b). Vehicle-treated ani- =~ Mac2+ cells and the number of NeuN+ cells per field indicating
mals showed significantly lower neuronal density in the peri-injury  that microgliosis is associated with degenerative loss of neurons
brain compared with CR2Crry or CR2fH-treated mice, with an as-  in the perilesional brain (Fig. 7b). Supporting these findings, im-
sociated significantly higher density of Mac2+ cells (Fig. 7¢). Asig-  munostaining for PSD95, a marker of synaptic density, showed a
nificant negative correlation was observed between the number of  significant loss of synaptic density in the perilesional basal ganglia
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demonstrate a relatively long window of ef-
ficacy of these inhibitors and enhance their
potential utility in clinical settings.

Discussion
Previous studies implicated the MAC as a
key player in promoting pathology after
TBI, and specific inhibition of the MAC
has been regarded as a therapeutic approach
to reduce post-TBI neuropathology. How-
ever, most previous studies only investi-
gated the role of complement in acute
outcomes after TBI (Kaczorowski et al.,
1995; Stahel etal., 1998, 2009; Leinhase etal.,
2006a,b, 2007; Fluiter et al., 2014; Ruseva et
al.,, 2015). Here, we investigated the role of
different complement pathways and the rel-
ative contribution of the MAC versus up-
stream activation products on both acute
and chronic neurodegeneration after TBI.
We confirmed previous data showing a
role for the MAC in mediating acute in-
|* jury after TBL. However, we found it is
necessary to inhibit upstream at C3 acti-
vation to prevent the amplification of a
feedforward mechanism of cerebral neu-

-+ Vehicle (N=7)
-+~ CR2Crry (N=7)
-#- CR2fH (N=7)

70 T T 0 T T T
& 23 24 25

Figure 8.

and cortex of control animals, with the amount of loss signifi-
cantly reduced in animals treated with CR2Crry or CR2fH (Fig.
7d). We also assessed the extent of dendritic arborization in relation
to areas of chronic complement activation in the perilesional brain.
Vehicle-treated animals showed significant complement deposition
in the perilesional brain that colocalized with the neuronal marker
NeuN, which was associated with significant loss of dendritic
arborization assessed by MAP2 immunostaining. Animals treated
with CR2fH or CR2Crry showed significantly less C3d deposition on
neurons, as well as more elaborate dendritic arborization compared
with vehicle controls (Fig. 7e-h).

Delayed inhibition of C3 activation is ameliorates motor and
cognitive deficits, and improves histopathological outcomes
after TBI

To determine whether the effects or CR2fH or CR2Crry are pre-
served when administered at a later time after TBI, we adminis-
tered a single dose at 12 h after CCI, and assessed outcomes over
30 d. There was a significant improvement in motor and cogni-
tive deficits in animals treated with either CR2Crry or CR2fH
after CCI compared with vehicle, as assessed by the ladder rung
task (Fig. 8a) and the Barnes maze task (Fig. 8b). In addition, both
inhibitors were associated with a significant reduction in lesion
expansion and gliosis that mimic, albeit to a lesser extent, the effect
of earlier administration of inhibitors (Fig. 8¢,d). These findings

26 27 30
Days after TBI

Targeted inhibition of (3 activation is also protective at 12 h after CCl. @, b, Quantification of lesion volume and
scarring at 30 d after CCl showing significant reduction in lesion volume in animals treated with CR2Crry or CR2fH at 12 h after CCl
compared with vehicle controls. One-way ANOVA with Bonferroni’s multiple comparisons. **p << 0.01. ¢, Motor scores on day 28
after CCl showing significantly higher scores in CR2Crry and CR2fH-treated mice compared with vehicle controls. One-way ANOVA
with Bonferroni’s multiple comparisons. *p << 0.05. d, Barnes maze task: path length traveled by the animal before reaching the
escape hole showing that treatment with CR2Crry and CR2fH resulted in significant reduction in path length during acquisition and
retention of spatial memory compared with vehicle controls. Two-way ANOVA with Bonferroni’s multiple comparisons. *p << 0.01.

roinflammation that persists throughout
the chronic phase (30 d after injury). In-
hibition of C3 activation, but not of MAC
formation, achieved sustained neuropro-
tection (mechanism illustrated in Fig. 9).
Furthermore, the fact that CR2Crry and
CR2fH provided similar levels of protec-
tion indicate an important role for the
ACP in TBI pathology.

Complement activation results in the
generation of complement opsonins (C3
degradation products), anaphylatoxins (C3a
and C5a), and the MAC. These compo-
nents have been show to contribute to different aspects of neuro-
pathology after brain injury (for review, see Alawieh etal., 2015a).
Complement opsonins can tag stressed and salvageable neurons
for phagocytosis by microglia, mediate phagocytic synaptic loss, and
activate microglia and other resident and infiltrating immune cells.
Complement anaphylatoxins recruit and activate immune cells,
whereas the MAC can contribute to both cell lysis and exacerbation
of excitotoxic insult to neurons (for review, see Alawieh and Tom-
linson, 2016). Previous work has shown that inhibition of C3 activa-
tion at the C3-convertase level (Kaczorowski et al., 1995; Leinhase et
al., 2006a), inhibition of the ACP (Leinhase et al., 2006b, 2007), or
inhibition of the MAC (Stahel et al., 2009; Ruseva et al., 2015) can all
lead to acute neuroprotection after TBL. However, these studies did
not assess the role of complement on aspects of neuropathology and
functional recovery chronically after TBL.

In a previous work, inhibition of MAC using CD59-2a-CRIg,
an injury-site targeted MAC inhibitor, resulted in reduction of
acute neuronal loss, inhibition of acute microglial activation, in-
hibition of mitochondrial stress and improved recovery 3 d after
injury (Ruseva et al., 2015). However, here we report that the
neuroprotective effects of MAC inhibition are not sustained
chronically after TBI, and our data indicate a role for upstream
complement activation products, such as C3 opsonins and ana-
phylatoxins, in chronic neurodegeneration after TBI. Supporting
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this conclusion, previous studies have reported sustained activa-
tion of complement 3-7 d after TBI, including elevated anaphy-
latoxin levels and increased C3d and MAC deposition (Leinhase
et al., 2006a,b, 2007; Stahel et al., 2009). In fact, the work of
Ruseva et al. (2015) also demonstrated that inhibition of the
MAC by CD59-2a-CRIg did not interrupt C3d deposition, and
we show here that C3d deposition continues for at least 30 d after
TBIL, even in the context of MAC inhibition. This chronic C3d
deposition is associated with a potent neuroinflammatory re-
sponse in the brain that interrupts chronic motor and cognitive
recovery after TBI, and results in increased microgliosis and tis-
sue damage. It is possible that sustained C3 cleavage may be
associated with sustained MAC deposition that drives the pathol-
ogy; however, we observed only low levels of MAC deposition at
30 d after TBI in vehicle-treated animals, which was not affected
by the different treatments. A possibility is that opsonins and
anaphylatoxins contribute to chronic neuroinflammation in a
MAC-independent manner by directly activating microglia and
immune cells.

CR2-mediated targeting has been previously characterized in
the context of ischemic stroke, and has been shown to specifically
target sites of C3d deposition in the brain. CR2-targeted comple-
ment inhibitors have also been shown to transiently inhibit com-
plement without interrupting complement activation beyond the
acute phase (Alawieh et al., 2015b). This controls the duration of
complement inhibition and prevents inhibition of complement
in recovery, where complement may be important for clearance
of debris and neuroregeneration after the acute phase. In addi-
tion, the specificity of C3d deposition to sites of injury limits
systemic adverse effects of complement inhibition, which could
otherwise increase susceptibility to infection, a major concern for
TBI patients. A previous strategy described above to deliver a
complement inhibitor to the injured brain was via a CRIg-CD59
fusion protein (CD59-2a-CRIg). The CRIg moiety targets sites of
C3Db deposition (Ruseva et al., 2015). Although C3b and C3d are
both cleavage fragments of C3 breakdown and are specific mark-
ers of sites of injury, CR2 recognizes both iC3b and the longer-
lived fragment C3d, whereas CRIg recognizes only iC3b (Carroll,
1998; Janeway et al., 2001; Holers and Boackle, 2004; Morgan,

Interaction of different complement activation products with post-TBI pathology. Numbers in circles indicate the reference to figures that provide evidence on the associated step.

2013). Thus, there is likely a very different pharmacodynamic of
complement inhibition depending on the targeting strategy used,
and it is difficult to predict how this would translate to therapeutic
efficacy since it is not clear how long C3 activation needs to be inhib-
ited to optimally break the cycle leading to chronic inflammation.
To establish the therapeutic efficacy of our strategy, we used a
battery of cognitive and motor tasks to assess different aspects of
recovery after CCI. Since complement has been implicated in
neuronal regeneration and rewiring after brain injury (for review,
see Alawieh et al., 2015a), assessment of the impact of complement
inhibition on neurogenesis, neuroblast migration, neuronal rewir-
ing and synaptic plasticity, and cognitive recovery beyond the acute
phase is needed; these assessments can establish whether acute neu-
roprotection comes at the cost of inhibition of regeneration. Pan
inhibition of C3 activation (CR2Crry) or inhibition of C3 ampli-
fication (CR2fH) resulted in a sustained motor and cognitive
improvement for 28 d after TBI compared with vehicle controls.
This was associated with a significant increase in neuroblast mi-
gration from the subventricular zone and enhanced dendritic and
synaptic density in the perilesional brain. We note that these data
do notalone provide evidence of a link between complement and
neurogenesis after TBI, and many aspects of this response remain
uncharacterized; however, the data do indicate that acute and
transient inhibition of complement by either CR2Crry or CR2fH is
not associated with inhibition of regenerative processes, which is a
consideration for potential translation. We demonstrate the pres-
ence of a robust neuroinflammatory response in the perilesional
brain that is sustained chronically after TBI, and that is associated
by ongoing complement deposition, microgliosis, and astroglio-
sis, leading to continuous loss of neurons and neuronal connections
in the perilesional area. In addition, sustained neuroinflammation
can also create a negative drive on neurogenesis and neuroblast
migration, which may explain the suppression of neuroblast mi-
gration in animals treated with vehicle or CR2CD59 compared
with CR2Crry or CR2fH. Our data demonstrate that inhibition of
complement activation resulted in suppression of microgliosis
and astrogliosis after TBI, and was associated with improved cog-
nitive and motor performance. Nevertheless, these findings need
to be put in the context of prior work on the neuropathology of
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TBI that has shown that a multitude of inflammatory cascades are
triggered after the initial injury, and include components of in-
nate and adaptive immunity (Amor and Woodroofe, 2014).
Complement activation, one of the early danger-sensing systems
in response to injury, is one of multiple mechanisms and does not
alone represent the full repertoire of neuroinflaimmatory re-
sponses after TBI. However, the fact that complement inhibition
significantly reduced neuroinflammation and functional deficits
after TBI indicate that complement is an important contributor
to secondary injury, although the pathophysiologic process of
complement activation is not alone likely to explain all functional
and histopathological deficits after TBI. Thus, a limitation of this
work is the focus on complement, and future work investigating
a combination of complement inhibition with other modulators
of inflammation may identify an optimal strategy to improve
recovery after TBI (Xiong et al., 2013; Amor and Woodroofe,
2014).

In this study, we used the CCI model of TBI that reflects
multiple aspects of the histopathological and functional changes
that occur after human TBI, but it uses different injury biome-
chanics consisting of a craniotomy followed by dural impact.
Thus, CCI has relatively lower fidelity in modeling concussion
and traumatic axonal injury compared with weight drop and
other closed head injury models, although it is more reliable in
modeling other pathophysiological changes in TBI such as con-
tusions and traumatic brain hemorrhages. As reviewed by Xiong
et al. (2013), current animal models of TBI, including CCI, still
provide an incomplete reflection of the pathophysiological pro-
cesses that occur in human TBI, which represents a challenge and
a limitation in preclinical research on brain injury. Thus, al-
though this work demonstrates the efficacy of translational com-
plement inhibitors in one murine model of TBI, more work will
be required before humanized counterparts could be investigated
in clinical trials, such as evaluation in different TBI models and
across different animal species. In addition to the limitations of
preclinical models, our work did not address gender, comorbidi-
ties, and age-related effects on outcome of complement inhibi-
tion in TBI, and did not investigate the effect of complement
modulation with different TBI severity measures. However, the
work here still addresses important aspects of preclinical TBI
research, including targeting anti-inflammatory therapy specifi-
cally to the site of injury and thus limiting systemic effects, the
administration of inhibitors up to 12 h after the onset of TBI
rather than before or just after insult, the assessment of outcomes
atleast 4 weeks after TBI, and the use of a diverse battery of motor
and cognitive tasks. Also of note, recent data show that a human-
ized version of CR2fH is safe and non-immunogenic in human
subjects (Risitano et al., 2015).
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