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Abstract

DNA damage and type | Interferons (IFNs) contribute to inflammatory responses after
traumatic brain injury (TBI). TBIl-induced activation of microglia and peripherally-derived
inflammatory macrophages may lead to tissue damage and neurological deficits. Here, we
investigated the role of interferon (IFN)-B in secondary injury after TBI using a controlled cortical
impact model in adult male IFN-B-deficient (IFN-B”) mice and assessed post-traumatic
neuroinflammatory responses, neuropathology, and long-term functional recovery. TBI
increased expression of DNA sensors cyclic GMP-AMP synthase (cGAS) and Stimulator of
Interferon Genes (STING) in wildtype (WT) mice. IFN-B and other IFN-related and
neuroinflammatory genes were also upregulated early and persistently after TBI. TBI increased
expression of pro-inflammatory mediators in the cortex and hippocampus of WT mice, whereas
levels were mitigated in IFN-B” mice. Moreover, long-term microglia activation, motor and
cognitive function impairments were decreased in IFN-B™ TBI mice compared to their injured
WT counterparts; improved neurological recovery was associated with reduced lesion volume
and hippocampal neurodegeneration in IFN-B”" mice. Continuous central administration of a
neutralizing antibody to the IFN-o/f receptor (IFNAR) for 3 days, beginning 30 minutes post-
injury, reversed early cognitive impairments in TBI mice and led to transient improvements in
motor function. However, anti-IFNAR treatment did not improve long-term functional recovery
or decrease TBI neuropathology at 28 days post-injury. In summary, TBI induces a robust
neuroinflammatory response that is associated with increased expression of IFN-B and other
IFN-related genes. Inhibition of IFN-B reduces post-traumatic neuroinflammation and
neurodegeneration, resulting in improved neurological recovery. Thus, IFN-B may be a potential

therapeutic target for TBI.
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Significance Statement

TBI frequently causes long-term neurological and psychiatric changes in head injury patients.
TBI-induced secondary injury processes including persistent neuroinflammation evolve over
time and can contribute to chronic neurological impairments. The present study demonstrates
that TBI is followed by robust activation of type | IFN pathways, which have been implicated in
microglial-associated neuroinflammation and chronic neurodegeneration. We examined the
effects of genetic or pharmacological inhibition of IFN-B, a key component of type | IFN
mechanisms to address its role in TBI pathophysiology. Inhibition of IFN- signaling resulted in
reduced neuroinflammation, attenuated neurobehavioral deficits, and limited tissue loss long
after TBl. These pre-clinical findings suggest that IFN-B may be a potential therapeutic target

for TBI.
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Introduction

Traumatic brain injury (TBI) is the leading cause of morbidity and mortality in developed
countries (Maas et al. 2017). TBI induces delayed, secondary molecular and cellular injury
responses, including chronic neuroinflammation, which contribute to progressive tissue loss and
neurological impairments (Loane et al. 2014; Pischiutta et al. 2018). Clinical studies have
shown that TBI induces chronic neurodegeneration that is associated with cognitive
impairments and late-onset dementias (Mortimer et al. 1985; Plassman et al. 2000; Salib and
Hillier 1997). In addition, experimental models of repeated mild or moderate-to-severe TBI
result in persistent brain inflammation and neurodegeneration leading to long-term motor and
cognitive function deficits (Loane et al. 2014; Aungst et al. 2014; Dixon et al. 1999; Mouzon et
al. 2014; Pierce et al. 1998). Microglia, the primary innate immune cells in brain, are chronically
activated for months to years following moderate-to-severe TBI in humans and in animal models
(Johnson et al. 2013; Ramlackhansingh et al. 2011; Smith et al. 2013; Loane et al. 2014).
Experimental evidence demonstrates that selected, delayed anti-inflammatory therapies reduce
post-traumatic microglial activation and mitigate behavioral deficits and tissue loss after TBI
(Byrnes et al. 2012; Piao et al. 2013).

Detection of nucleic acids by the innate immune system is essential for the host response
during a viral infection. A number of immune sensors capable of recognizing cytosolic DNA
have been identified, including the PHYIN family members AIM2, IFI16 (mouse homolog
IFI1204), and the enzyme cyclic GMP-AMP Synthase (cGAS). Activation of cGAS leads to
activation of Stimulator of Interferon Genes (STING) and the induction of type | interferons
(IFNs) (Almine et al. 2017). Type | IFNs are the main regulators of the host anti-viral response;
in the absence of IFN signaling, mice are more susceptible to viral infection (Muller et al. 1994;
Pinto et al. 2014). Following central nervous system (CNS) injury, damage associated
molecular patterns, such as cytosolic and mitochondrial DNA, are released from injured neurons

and initiate innate immune signaling that activates glia and drives secondary neuroinflammation
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(Chin 2019; Walko et al. 2014; Wang et al. 2019). Microglia and astrocytes express members
of the PHYIN family, which are upregulated during neurodegenerative disease (Cox et al. 2015).
Inhibition of STING signaling reduces neuroinflammation and neurodegeneration in an
experimental model of prion disease (Nazmi et al. 2019). In addition, type | IFNs contribute to
the inflammatory response during normal aging and in age-related neurodegenerative disorders
(Baruch et al. 2014; Taylor et al. 2014; Roy et al. 2020). However, the role of type | IFNs within
the CNS is model-dependent; whereas IFNs in neurodegenerative models appear to be
detrimental (Taylor et al. 2014), IFN-B ameliorates neuroinflammatory responses in Multiple
Sclerosis (MS) (Owens et al. 2014; Prinz et al. 2008), possibly by reducing production of IL-12
(Byrnes, McArthur, and Karp 2002), and is the first disease-modifying drug approved for
relapsing-remitting MS (Paty and Li 1993; Jacobs et al. 2000).

Although several studies have implicated type | IFNs in models of age-related
neurodegeneration, the role of type | IFNs following CNS injury is poorly understood. One study
reported that inhibition of type | IFN signaling is protective during the acute phase after TBI
(Karve et al. 2016). However, their role in development of chronic neurological deficits and
progressive neurodegeneration following TBI has not been studied. Work in prion models
indicate that neurodegeneration is IFN-dependent, with peripheral inflammation further
increasing |IFN-related gene expression and exacerbating disease progression (Field et al.
2010; Nazmi et al. 2019). Given this recent evidence, we examined the role of IFN-B in the
development of neuroinflammation, chronic neurodegeneration, and neurological impairments in

a well-characterized rodent TBI model, using genetic and pharmacological approaches.
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Material and Methods

Animals: Studies were performed using adult male (10-12-week-old) IFN-B-deficient (IFN-B";
provided by Stefanie Vogel, UMB, Baltimore, MD, Maryland), or age-matched C57BL/6J (WT)
male mice (Jackson Laboratories, Bar Harbor, ME). IFN-B” mice have a targeted mutation in
the gene that encodes IFN-B (Deonarain et al. 2003). |IFN-B” mice were originally obtained
from Dr. Eleanor Fish (University of Toronto) and were backcrossed to approximately N = 10 to
C57BL/6J mice. Mice were housed in the Animal Care facility at the University of Maryland
School of Medicine under a 12 h light-dark cycle, with ad libitum access to food and water. All
surgical procedures were carried out in accordance with protocols approved by the Institutional
Animal Care and Use Committee (IACUC) at the University of Maryland School of Medicine.

Controlled cortical impact (CCI): Our custom-designed CCIl device consists of a

microprocessor-controlled pneumatic impactor with a 3.5 mm diameter tip as described (Loane
et al. 2009). Briefly, mice were anesthetized with isoflurane evaporated in a gas mixture
containing 70% N,O and 30% O, administered through a nose mask. Mice were placed on a
heated pad and core body temperature was maintained at 37°C. The head was mounted in a
stereotaxic frame, a 10-mm midline incision was made over the skull and the skin and fascia
were reflected. A 5-mm craniotomy was made on the central aspect of the left parietal bone.
The impounder tip of the injury device was then extended to its full stroke distance (44 mm),
positioned to the surface of the exposed dura, and reset to impact the cortical surface.
Moderate-level CCl was induced using an impactor velocity of 6 m/s and deformation depth of 2
mm. After injury, the incision was closed with interrupted 6-0 silk sutures, anesthesia was
terminated, and the animal was placed into a heated cage to maintain normal core temperature
for 45 minutes post-injury. Sham animals underwent the same procedure as CCI mice except
for the impact.

Intracerebroventricular (i.c.v.) guide cannula implantation and osmotic pump infusion:

Prior to CCl, the right lateral ventricle of the mouse was stereotaxically perforated with a brain
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infusion kit 3 (ALZET, DURET Corporation, Cupertino, CA, USA; coordinates: 0.7 mm posterior
to the bregma, 1.5 mm lateral to the bregma, 2 mm deep). Immediately following CCI on the left
parietal cortex, the infusion cannula was connected to an osmotic minipump (ALZET; pump
model: 1007D) that was implanted subcutaneously (s.c.) in the animal’s back, just behind the
scapula. Osmotic pumps were primed for approximately 8 h prior to implantation and were
either filled with 0.5 mg/ml alFNAR neutralizing antibody (MAR1-5A3; Invitrogen, USA) or an
equal concentration isotype control mouse IgG1 (clone Mg1-45; Biolegend, San Diego, CA).
Once implanted, the pumps continually infused alFNAR or control IgG1 into the lateral ventricle
for 3 days at a rate of 0.5 uL/h.

Study 1: WT sham-injured or CCIl mice (n=5-6) were anesthetized (100 mg/kg sodium
pentobarbital, I.P.) at 3 post-injury (dpi). Mice were transcardially perfused with ice-cold 0.9%
saline (100 ml). Ipsilateral cortical and hippocampal tissue were rapidly dissected and snap-
frozen on liquid nitrogen for RNA or protein extraction. An additional group of WT sham-injured
or CCl mice (n=7) were anesthetized (100 mg/kg sodium pentobarbital, I.P.) at 60 dpi, ipsilateral
cortical tissue was rapidly dissected and snap-frozen on liquid nitrogen for RNA extraction.
Study 2: WT and IFN-B” sham-injured (n=6) or CCl (n=6) of mice were anesthetized (100
mg/kg sodium pentobarbital, I.P.) at 3 days post-injury (dpi) and transcardially perfused with ice-
cold 0.9% saline (100 ml). Ipsilateral cortical and hippocampal tissue were rapidly dissected
and snap-frozen on liquid nitrogen for RNA and protein extraction.

Study 3: WT and IFN-B” sham-injured or CCI (n=8-15) mice were anesthetized (100 mg/kg
sodium pentobarbital, I.P.). All animals underwent motor function testing (beam walk) on 1, 3,
7, 14, 21 and 28 dpi (Henry et al. 2019). Cognitive function was assessed using the Y-maze (8
dpi) (Henry et al. 2019) and the Novel Object Recognition test (NOR; 18 dpi) (Piao et al. 2013).
At 28 dpi animals were anesthetized (100 mg/kg sodium pentobarbital, I.P.) and transcardially

perfused with ice-cold 0.9% saline (100 ml), followed by 300 ml of 4% paraformaldehyde.
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Brains were removed and post-fixed in 4% paraformaldehyde overnight, and cryoprotected in
30% sucrose for histological analysis.

Study 4: Antibody to the type | IFN receptor (alFNAR; 0.5 mg/ml) or isotype control IgG1 was
delivered i.c.v. via osmotic pump infusion to WT CCI mice (n=7-9/group). The dose of alFNAR
was chosen based on prior studies demonstrating neutralization of type I IFN in a mouse model
of aging (Baruch et al. 2014). Sham WT mice (n=6) were used as control. All animals
underwent motor function testing (beam walk) on 1, 3, 7, 14, 21 and 28 dpi, and cognitive
function was assessed using the Y-maze (8 dpi) and Novel Object Recognition test (NOR; 18
dpi). At 28 dpi animals were anesthetized (100 mg/kg sodium pentobarbital, I.P.) and
transcardially perfused with ice-cold 0.9% saline (100ml), followed by 300 ml of 4%
paraformaldehyde. Brains were removed and post-fixed in 4% paraformaldehyde overnight,
and cryoprotected in 30% sucrose for histological analysis.

Quantitative Real-time PCR (qRT-PCR): Total RNA was extracted from snap-frozen sham and

TBI cortical tissue from WT and IFN-B”" mice using an RNeasy isolation kit (Qiagen, Valencia,
CA) with on-column DNase treatment (Qiagen). cDNA synthesis was performed using a Verso
cDNA RT kit (Thermo Scientific, Pittsburg, PA) according to the manufacturer's instructions.
gRT-PCR was performed using TagMan gene expression assays (IFN-B, Mm00439552_s1;
IRF1, Mm01288580_m1; IRF3, Mm00516784_m1; IRF4, MmO00516431_m1; IRFS,
MmO00496477_m1; IRF7, Mm00516793_g1; ISG15, Mm01705338_s1; Mx1, Mm00487796_m1;
IFI204, MmO00492602_m1; NOX2, Mm01287743_m1; TNFa, MmO00443258_m1; IL-6,
MmO00446190_m1;  IL-18, MmO01336189_m1; CCL5, Mm01302427_m1; CXCL10,
MmO00445235_m1; ITGAM (CD11b), MmO00434455 m1; GFAP, MmO01253033_m1; Ym1,
MmO00657889_m1;  Arg1, MmO00475988 m1; SOCS3, Mm00545913 s1; IL-4Ra,
MmO00446186_m1; TGF-B, MmO00441724_m1; and GAPDH, Mm99999915 g1; Applied
Biosystems, Carlsbad, CA) on an ABI 7900 HT FAST Real Time PCR machine (Applied

Biosystems). Samples were assayed in duplicate in one run (40 cycles), composed of 3 stages:
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50°C for 2 min, 95°C for 10 sec for each cycle (denaturation), and finally the transcription step at
60°C for 1 min. Gene expression was calculated relative to the endogenous control sample
(GAPDH) to determine relative expression values, using the 2-AACt method (where Ct is the
threshold cycle) (Livak and Schmittgen 2001).

Western blot analysis: Proteins from ipsilateral cortical and hippocampal tissue were extracted

using RIPA buffer, equalized, and loaded onto 5-20% gradient gels for SDS PAGE (Bio-Rad;
Hercules, CA). Proteins were transferred onto nitrocellulose membranes, and then blocked for
1hin5 % milk in 1 x TBS containing 0.05 % Tween-20 (TBS-T) at room temperature. The
membrane was incubated in rabbit anti-cGAS (1:1000; Cell signaling Danvers, MA), rabbit anti-
STING (1:500; Cell signaling), rabbit anti-STAT1 (1:1000; Cell signaling) or mouse anti-B-Actin
(1:5000; Sigma-Alrich) overnight at 4°C, then washed three times in TBS-T, and incubated in
appropriate HRP-conjugated secondary antibodies (Jackson ImmunoResearch Laboratories,
West Grove, PA) for 2 h at room temperature. Membranes were washed three times in TBS-T,
and proteins were visualized using SuperSignal West Dura Extended Duration Substrate
(Thermo Scientific, Rockford, IL). Chemiluminescence was captured ChemiDoc™ XRS+
System (Bio-Rad), and protein bands were quantified by densitometric analysis using BioRad
Molecular Imaging Software. The data presented reflects the intensity of target protein band
normalized to the intensity of the endogenous control for each sample (expressed in arbitrary
units).

Immunofluorescence Imaging: Coronal brain sections from sham and CCIl mice at ~ -1.70

mm from the bregma were selected, and standard immunostaining techniques were employed
(Henry et al. 2019). Briefly, 20-um brain sections were washed 3 times with 1x PBS, blocked
for 1 h in goat serum containing 0.4% Triton X-100, and incubated overnight at 4 °C with a
combination of primary antibodies, including mouse anti-gp91°"™* (NOX2, 1:1000; BD
Biosciences) and rat anti-CD68 (1:1000; AbD Serotec, Inc., Raleigh, NC). Sections were

washed 3 times with 1x PBS and incubated with appropriate Alexa Fluor-conjugated secondary
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antibodies (Life Technologies) for 2 h at room temperature. Sections were washed 3 times with
1x PBS, counterstained with 4',6-diamidino-2-phenylindole (DAPI; 1 pg/ml; Sigma, Dorset, UK),
and mounted with glass coverslips using hydromount solution (NationalDiagnostics,
Atlanta,GA). Images were acquired using a fluorescent Nikon Ti-E inverted microscope (Nikon
Instrument, Inc., Melville, NY), at 10 x (Plan Apo 10x NA 0.45) or 20 x (Plan APO 20x NA 0.75)
magnification. Exposure times were kept constant for all sections in each experiment. All
images were quantified using Nikon ND-Elements software (AR 4.20.01). Analysis was
performed via Nikon’s NIS-Elements software to identify nuclei count (DAPI), CD68+ and
NOX2+ cells on the best focused image per region (automatically determined via software). For
quantification, the total signal intensity of NOX2 within CD68+ regions was summed across
each field and normalized to the nuclear count per field. The normalized sum intensity data

from at least three fields was averaged for each animal.

Stereology:

Lesion volume: Sixty um coronal sections from mice were stained with cresyl violet (FD
NeuroTechnologies, Baltimore, MD), dehydrated, and mounted for analysis. Lesion volume was
quantified based on the Cavalieri method of unbiased stereology using Stereoinvestigator
Software (MBF Biosciences, Williston, VT) as described (Kumar et al. 2013). Briefly, lesion
volume was quantified by outlining the missing tissue on the injured hemisphere using the
Cavalieri estimator with a grid spacing of 0.1 mm. Every 8" section from a total of 96 sections

was analyzed beginning from a random start point.

Neuronal cell loss: Cresyl violet stained 60 um coronal sections were used to quantify neuronal

densities in the dentate gyrus region of the hippocampus of both sham and CCI mice. The
optical fractionator method of stereology was employed as previously described (Kumar et al.
2016). Briefly, every fourth 60 pm section between -1.22 and -2.54 mm from bregma was

analyzed beginning from a random start point. A total of 5 sections were analyzed. The optical

10
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dissector had a size of 50 x 50 ym in the x-axis and the y-axis, respectively, with a height of 10
pUm and a guard zone of 4 um from the top of the section. The sampled regions of the dentate
gyrus was demarcated in the injured hemisphere and cresyl violet-positive cells were counted
using Stereoinvestigator Software (MBF Biosciences). The volume of the dentate gyrus was
measured using the Cavalieri estimator method with a grid spacing of 50 ym. The number of
surviving neurons in each field was divided by the volume of the region of interest to obtain the

cellular density expressed in counts/mm?.

Neurobehavioral testing:

Beam walk: Motor function recovery was assessed using a beam walk test as described (Loane
et al. 2009). The beam walk tests fine motor coordination differences and consists of a narrow
wooden beam (5 mm wide and 120 mm in length), which is suspended 300 mm above a
tabletop. Mice were placed on one end of the beam, and the number of foot faults of the right
hind limb recorded over 50 steps. Mice were trained on the beam walk for 3 days prior to CCI

and tested through 28 dpi.

Y-maze spontaneous alternation: The Y-maze test assesses spatial working memory and was

performed as previously described (Kumar et al. 2016). Briefly, the Y-maze (Stoelting Co.,
Wood Dale, IL) consisted of three identical arms, each arm 35 cm long, 5 cm wide, and 10 cm
high, at an angle of 120° with respect to the other arms. One arm was randomly selected as the
“start” arm, and the mouse was placed within and allowed to explore the maze freely for 5 min.
Arm entries (arms A—C) were recorded by analyzing mouse activity using ANY-maze software
(Stoelting Co., Wood Dale, IL). An arm entry was attributed when all four paws of the mouse
entered the arm, and an alternation was designated when the mouse entered three different
arms consecutively. The percentage of alternation was calculated as follows: total alternations
x 100/(total arm entries — 2). If a mouse scored >50% alternations (the chance level for

choosing the unfamiliar arm), this was indicative of spatial working memory.

11
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Novel object recognition (NOR): NOR was performed on 17-18 dpi to assess non-spatial

hippocampal-mediated memory, as previously described (Piao et al. 2013). Mice were placed
in an open field (22.5 cm X 22.5 cm) and two identical objects were placed near the left and
right corners of the open field for training (familiar phase). Mice were allowed to freely explore
until they spent a total of 20 sec exploring the objects (exploration was recorded when the front
paws or nose contacted the object). The time spent with each object was recorded using Any-
Maze software (Stoelting Co.). After 24 h, object recognition was tested by substituting a novel
object for a familiar training object (the novel object location was counterbalanced across mice).
Because mice inherently prefer to explore novel objects, a preference for the novel object (more
time than chance [15 sec] spent with the novel object) indicates intact memory for the familiar
object.

Statistical analysis: Mice that were ear tagged and housed five per cage were randomly

removed one at a time from the cage and assigned to groups until sufficient numbers were
reached for each group. Blinding was performed as follows: a) individual who administered
drugs was blinded to treatment group, and b) behavioral and stereological analyses were
performed by individuals blinded to injury or treatment groups. Quantitative data were
expressed as mean + standard errors of the mean (s.e.m.). Normality testing was performed
and data sets passed normality (D’Agostino & Pearson omnibus normality test), and therefore
parametric statistical analysis was performed. Statistical analysis was carried out using a two-
way analysis of variance (ANOVA) with Tukey post-hoc tests, or one-way ANOVA followed by
Tukey post-hoc analysis to identify differences between groups. When comparisons were made
between two conditions, an unpaired Student’s f test was performed. Statistical analyses were
performed using GraphPad Prism Program, Version 8 for Windows (GraphPad Software, San

Diego, CA, USA). Significance level was set as p<0.05.

12
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Results
3.1. TBI results in the activation of cGAS/STING pathway and the induction of type | IFN
responses in the injured cortex and hippocampus.

Ipsilateral cortical and hippocampal tissue were collected at 72 hours after moderate-
level CCI for expression analysis of IFN-B and IFN-stimulated genes (ISGs). Activation of cGAS
and STING induces the production of type | IFNs (Cheng et al. 2018; Almine et al. 2017).
Therefore, we evaluated the cortical expression of cGAS and STING by Western blot (Fig.1A)
and demonstrated that TBI increased protein expression of cGAS (t=4.395, p=0.0023 vs.
sham, t test; Fig.1B) and STING (t=6.202, p=0.0003 vs. sham; Fig.1C). In addition, IFN-
mRNA expression was also increased in the cortex at 72 hours post-injury (tg=3.885, p=0.006
vs. sham; Fig.1D). We next examined upregulation of genes required for downstream signaling
pathways. STAT1 is a mediator of type | IFN-mediated responses (Ivashkiv and Donlin 2014).
STAT1 protein was increased in the cortex of TBI mice (t=3.442, p=0.0088 vs. sham; Fig.1E).
We also evaluated Interferon Regulatory Factors (IRFs), transcription factors that induce type |
IFNs (IRF3, IRF7) and propagate type | IFN responses (IRF1, IRF4 and IRF5) (Honda,
Takaoka, and Taniguchi 2006; Lazear et al. 2013; Gunthner and Anders 2013). TBI increased
mRNA expression of IRF3 (t=7.064, p=0.0002 vs. sham; Fig.1F) , IRF1 (t=5.047, p=0.002
vs. sham; Fig.1G), IRF4 (t=3.165, p=0.016 vs. sham; Fig.1H), IRF5 (t=6.935, p=0.0002 vs.
sham; Fig.1l) and IRF7 (tg=2.417, p=0.046 vs. sham; Fig.1J). Similar protein and mRNA
expression patterns were observed in the ipsilateral hippocampus at 72 hours post-injury

(Fig.1K-T).

3.2. IFN-B deficiency attenuates type | IFN signature in the brain following TBI
Having demonstrated a type | IFN signature in the cortex and hippocampus following
TBI, we investigated the possible role of IFN-B on the inflammatory response after TBI, using

mice with a targeted mutation in IFN-B (designated IFN-B”). At 72 hours post-injury, TBI
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increased cGAS (F1,19=43.71, p<0.0001; two-way ANOVA,; Fig.2B) and STING (F,19=32.15;
p<0.0001; Fig.2C) protein expression comparably in both WT and IFN-B" mice compared to
sham operated counterparts. TBI also increased STAT1 protein expression in the cortex of WT
mice (F(,19=16.06, p=0.0008; Fig.2D), but levels were reduced in IFN-B"‘ mice. There was a
significant effect of genotype (F(119=8.866, p=0.0077), and post-hoc analysis demonstrated a
significant reduction in STAT1 protein expression in IFN-B” TBI mice (p=0.024, WT TBI vs IFN-
B TBI).

We next assessed IRF expression patterns in WT and IFN-B” mice. TBI significantly
increased mMRNA expression of IRF1 (F(119=108.1, p<0.0001; Fig.2E), IRF3 (F(,19=4.4,
p=0.0478; Fig.2F), IRF4 (F(119=6.3, p=0.0208; Fig.2G), IRF5 (F(1,19=42.5, p<0.0001; Fig.2H),
and IRF7 (F,19=73.45, p<0.0001; Fig.2l). While the TBI-induced increase in the expression of
IRF3, IRF4 and IRF5 was comparable in WT and IFN-B” mice, there was a significant effect of
genotype on IRF1 (F(1,19=12.5, p=0.0025) and IRF7 (F1,19=72.82, p<0.0001) mRNA expression,
as well as a significant interaction between TBI and genotype (IRF1, F(19=8.274, p=0.0097;
IRF7, F(1,19=54.58, p<0.0001). Post-hoc analysis demonstrated that IRF1 and IRF7 mRNA
expression was significantly decreased in IFN-B” TBI mice (IRF1 [p=0.0016], IRF7 [p<0.0001],
WT TBI vs. IFN-p” TBI). We then examined mRNA expression of genes associated with IFN-
mediated antiviral responses, including ISG15, MX1, and IFI204. TBI increased mRNA
expression of ISG15 (F,19=17.78, p=0.0005; Fig.2J), MX1 (F(1,19=102.1, p<0.0001; Fig.2K)
and IF1204 (F(119=126.0, p<0.0001; Fig.2L) in the cortex of WT TBI mice, but not IFN-p TBI
mice. There was a significant genotype effect on all genes (ISG15 (F(4,19=32.07, p<0.0001),
MX1 (F1,19=93.98, p<0.0001) and IFI204 (F,19=66.29, p<0.0001)), and an interaction between
TBI and genotype for ISG15 (F(119=12.06, p=0.0025), MX1 (F(1,19=79.23, p<0.0001) and IFI204

(F1.19=63.07, p<0.0001). Post-hoc analysis revealed that ISG15, MX1, IFI204 mRNA

14



s
O
p-
@)
7p)
-
-
®
=
O
D
e
O
)
@)
O
<
@)
0p)
O
| -
-
)
Z
-

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

expression was significantly decreased in IFN-B” TBI mice (ISG15, p<0.0001; MX1, p<0.0001;
and IF1204, p<0.0001; WT TBI vs. IFN-B” TBI).

In the hippocampus, cGAS and STING protein expression were also increased in WT
TBI mice at 72 hours post-injury (cGAS, F1,16=43.07, p<0.0001 (Fig.2M); STING, F(415=35.66,
p<0.0001; (Fig.2N)). In contrast to the cortex, however, there was a significant genotype effect
(cGAS, F1,16=12.52, p=0.0027; STING, F16=14.09, p=0.0017) and a significant interaction
between TBI and genotype (cGAS, F(16=13.01, p=0.0024; STING, F=14,47 p=0.0016).
Hippocampal cGAS and STING protein expression was significantly decreased in IFN-p” TBI
mice (cGAS, p=0.0007, STING, p=0.0004, WT TBI vs. IFN-B” TBI). Similarly, TBl-induced
STAT1 protein expression was attenuated in IFN-B” TBI mice (Fig.20). There were main
effects of TBI (F(16=14.82, p=0.0014), and genotype (F(15=12.95, p=0.0024), but no
significant interactions between them. Post-hoc analysis demonstrated that hippocampal
STAT1 protein expression was significantly reduced in IFNB” TBI mice (p=0.0073, WT TBI vs.
IFN—B"' TBI). Furthermore, TBI increased hippocampal mRNA expression of IRF7 (F1,16=14.66,
p=0.0015; Fig.2P), 1ISG15 (F1,16=11.77, p=0.0034; Fig.2R), MX1 (F(16=26.01, p=0.0001;
Fig.2S) and IFI1204 (F11=10.48, p=0.0052; Fig.2T) in WT mice. There was a significant
genotype effect on all genes (IRF7 (F,16=17.05, p=0.0008), ISG15 (F(1,16=12.61, p=0.0027),
MX1 (F1,19=21.99, p=0.0002) and IFI204 (F16=7.187, p=0.0164)), and a significant interaction
between TBI and genotype (IRF7 (F(,16=13.80, p=0.0019), ISG15 (F1,16=13.69, p=0.0019),
MX1 (F,16=21.18, p=0.0003) and IFI1204 (F 1 16=7.195, p=0.0164). Post-hoc analysis revealed
that hippocampal IRF7, ISG15, MX1, and IFI204 mRNA expression was significantly reduced in
IFNB” TBI mice (IRF7, p=0.0002; ISG15, p=0.0006; MX1, p<0.0001; and IFI204, p=0.0078; WT
TBI vs IFN-B™ TBI). Overall, these data demonstrate that IFN-B plays an important role in the

development of the type | IFN gene signature in the cortex and hippocampus acutely after TBI.

3.3. IFN-B deficiency results in an altered inflammatory response following TBI

15



s
O
p-
@)
7p)
-
-
®
=
O
D
e
O
)
@)
O
<
@)
0p)
O
| -
-
)
Z
-

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

We next examined classical neuroinflammatory responses following TBI.  Cortical
expression of pro-inflammatory genes, TNF-a, NOX2, IL-6, IL-13, CCL5, CXCL10, and markers
of glial activation, ITGAM (CD11b, for microglia) and GFAP (for astrocytes), were assessed in
WT and IFN-B” mice at 72 hours post-injury. TBI induced a robust increase in the mRNA
expression of TNF-a (F(1,19=72.63, p<0.0001; Fig.3A), NOX2 (F,19=48.53, p<0.0001; Fig.3B),
IL-6 (F419=14.01, p=0.0014; Fig.3C), IL-1B (F(1,19=36.13, p<0.0001; Fig.3D), CCL5
(F119=266.7, p<0.0001; Fig.3E), CXCL10 (F(119=29.99, p<0.0001; Fig.3F), ITGAM
(F(1,19=159.3, p<0.0001; Fig.3G), and GFAP (F,19=286.2, p<0.0001; ANOVA; Fig.3H). There
was a significant genotype effect on TNF-a (F(119=6.355, p=0.0208), NOX2 (F1,19=8.937,
p=0.0075), CCL5 (F1,19=27.37, p<0.0001), and CXCL10 (F,9=24.73, p<0.0001), and a
significant interaction of TBI and genotype for all genes (TNF-o (F(1,19=6.121, p=0.0230), NOX2
(F(1,19=9.189, p=0.0069), CCL5 (F(119=28.72, p<0.0001) and CXCL10 (F19=23.36,
p<0.0001)). Post-hoc analysis demonstrated a significant reduction in TNF-a, NOX2, CCL5 and
CXCL10 mRNA expression in IFN-B” TBI mice (TNF-a, p=0.0131; NOX2, p=0.0027; CCLS5,
p<0.0001; CXCL10, p<0.0001; WT TBI vs. IFN-p” TBI). Interestingly, both ltgam (CD11b)
mRNA and GFAP mRNA were upregulated in WT and IFN-B” TBI mice to a comparable extent
(Fig.3G,H). Similar effects of IFN-B” genotype on mRNA expression patterns of TNF-a, NOX2,
CCL5 and CXCL10 were observed in the ipsilateral hippocampus at 72 hours post-injury
(Fig.3l-L). Overall, our data suggest a role for IFN-B in the induction of classical pro-
inflammatory response acutely after TBI.

Previously, we demonstrated that a decrease in the pro-inflammatory response after TBI
concurrently resulted in increased expression of pro- and anti-inflammatory genes (Kumar et al.
2016; Barrett et al. 2017). Thus, we assessed the mMRNA expression of genes associated with
anti-inflammatory responses, such as Arg1, YM1, IL-10, SOCS3 and TGF, in the cortex at 72

hours post-injury. TBI increased cortical expression of Arg1 (F19=21.73, p=0.0002; Fig.4A),
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YM1 (F1,19=56.16, p<0.0001; Fig.4B), IL-10 (F(119=60.13, p<0.0001; Fig.4C), SOCS3
(F(1,19=46.25, p<0.0001; Fig.4D) and TGFB (F(1,19=131.7, p<0.0001; Fig.4E) in WT mice
compared to sham mice. There was a genotype effect for YM1 (F(4,16=9.669, p=0.0058), and
IL-10 (F(1,16=24.55, p<0.0001) only, and a significant interaction between TBI and genotype for
YM1 (F,16=9.415, p=0.0063) and IL-10 (F(,16=23.63, p=0.0001). YM1 and IL-10 mRNA
expression was significantly reduced in the cortex of IFN-B” TBI mice (YM1, p=0.0022; IL-10,
p<0.0001; WT TBI vs. IFN-B” TBI). Similar effects of IFN-B” genotype on mRNA expression
patterns of Arg1, YM1, SOCS3, and TGF@ were observed in the ipsilateral hippocampus at 72
hours post-injury (Fig.4F-l). IL-10 mRNA expression was undetectable in the hippocampus of

all animals.

3.4 IFN-B deficiency improves long-term motor and cognitive function recovery after TBI

To investigate the long-term consequences of IFN-f genetic deletion on TBI outcomes,
we evaluated motor and cognitive recovery in sham and TBI WT and IFN-B™~ mice through 28
days post-injury (dpi). We performed a beam walk task to assess deficits in fine-motor
coordination. TBI produced significant motor function impairments in WT TBI mice, with 50 + 0
footfaults (FF) at 1 dpi and persistent footfaults through 28 dpi (47+1 FF; p<0.0001 vs. WT
sham; RM-ANOVA, Fig.5A). In contrast, IFN—B"' TBI mice exhibited improved motor
performance with a reduced number of footfaults at 7 (32+2 FF; p<0.0001 vs. WT TBI), 14,
(31+2 FF; p<0.0001 vs. WT TBI), 21, (31+3 FF; p<0.0001 vs. WT TBI) and 28 dpi (36%3 FF;
p<0.0001 vs. WT TBI).

Hippocampal-dependent spatial working memory was also assessed using a Y-maze
test at 8 dpi. TBI resulted in deficits in working memory in TBI mice (F 1 35=6.660, p=0.0137;
Two-way ANOVA, Fig. 5B), but only WT TBI mice had significantly decreased spontaneous

alternations (p=0.0151 vs. WT sham). Each group of mice had equivalent numbers of arm
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entries in the Y-maze test. To assess hippocampal-dependent non-spatial learning, we used a
novel object recognition (NOR) test at 17 and 18 dpi. During the familiar phase of the test, there
was no difference between groups with regard to time spent with either the right or left objects,
indicating no side preference. Twenty-four hours later, mice were retested with a novel object.
Compared to WT sham mice (61.8 + 1.8%), WT TBI mice spent less time with the novel object
(49.3 + 1.7%; Fig.5C). In contrast, both IFN-B~~ sham and TBI mice spent an increased amount
of time with the novel object (62.2.0 + 2.4% and 64.3 + 1.8%, respectively; TBI effect,
F(138=16.48, p=0.0008; genotype effect, F(135=12.01, p=0.0013; interaction, F35=8.464,

p=0.0060; WT TBI vs IFN-B” TBI comparison, adjusted p<0.0001, Fig.5C).

3.5 IFN-B deficiency reduces microglial activation and neurodegeneration after TBI

To assess the effects of IFN-B deficiency on post-traumatic neuroinflammation we
evaluated NOX2 expression in reactive microglia/macrophages (CD68+ cells) in the injured
cortex at 28 dpi. TBI induced robust NOX2 expression in CD68+ microglia/macrophages in the
cortex of WT and IFN-B™~ TBI mice (F(1,10=30.12, p=0.0003; two-way ANOVA; Fig. 6A). There
was a significant genotype effect (F1,10)=5.420, p=0.0422), and post-hoc analysis demonstrated
that IFN-B deficiency was associated with reduced NOX2 expression in the injured cortex
(p=0.0207 IFN-p™~ TBI vs. WT TBI).

In order to examine the effects of IFN-f deficiency on neurodegeneration, we examined
TBl-induced lesion volume and neuronal loss at 28 dpi. TBl-induced lesion volume was
significantly reduced in IFN-B"‘ TBI mice (2.620.35 mm?®) when compared to WT TBI mice
(4.17+0.29 mm3; t11=3.399, p=0.003, t-test; vs. WT TBI; Fig. 6B). Furthermore, TBI resulted in
hippocampal neurodegeneration with a significant loss of neurons in the dentate gyrus when
compared to sham WT mice (F1,15=4.86, p=0.0435; two-way ANOVA; Fig.6C). There was a

significant genotype effect (F115=22.53, p=0.0002) and an interaction of TBI and genotype
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(F¢,15=16.05, p=0.0011), with neuronal density being equivalent to sham levels in the IFN-p™”
TBIl mice. Notably, hippocampal neuronal loss was reduced in IFN-B”~ TBI mice
(932,580+£32,045 ceIIs/mm3) compared to WT TBI mice (621,054+37,628 cells/mm?; p=0.0001
vs. WT TBI). Overall, these data demonstrate that IFN-B deficiency results in improvements in
long-term motor and cognitive function recovery and reduced NOX2-associated microglial

activation and related neurodegeneration after TBI.

3.6 Central administration of neutralizing alFNAR improves acute phase neurological
function, but fails to improve long-term neurological recovery or reduce
neurodegeneration after TBI

We next investigated whether post-injury treatment of TBI mice with a neutralizing type |
IFN receptor antibody (alFNAR) could improve functional recovery. The absence of drug-based
interventions that can specifically target IFN-f limited our ability to mimic the genetic knockout.
Because IFNAR is a shared IFN-a/$ receptor, our treatment regime using alFNAR inhibits more
broad range type | IFN responses, with the advantage of potentially increasing therapeutic
relevance. CCIl mice received a central infusion of alFNAR (12 ng/day) or an equal
concentration of an isotype-matched control antibody (IgG1) via contralateral ICV administration
using Alzet pumps, beginning at 30 minutes post-injury and continuing through 3 dpi. Motor and
cognitive function recovery were assessed up to 28 dpi, and TBI neuropathology was also
evaluated at 28 dpi.

When compared to sham mice, TBI resulted in fine-motor coordination deficits in 19G-
treated TBI mice, with 50 + 0 footfaults at 1 dpi that persisted through 28 dpi (42+2 FF;
p<0.0001 vs. sham; RM-ANOVA; Fig.7A). Administration of alFNAR significantly improved
motor function recovery at 14 dpi (3413 FF; p=0.0431 vs. TBI+IgG), although this improvement

was not sustained. We also assessed hippocampal-dependent spatial working memory at 8 dpi
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using a Y-maze test. TBI induced cognitive deficits in the Y-maze test (F,15=5.723; p=0.0119,
ANOVA; Fig.7B), such that IgG-treated TBI mice had reduced spontaneous alternations
(p=0.0245 vs. sham; Fig.7B). In contrast, alFNAR-treated TBI mice exhibited increased
spontaneous alternations (p=0.0282 vs. IgG-treated TBI mice; Fig.7B), and performed to similar
level as sham mice in this cognitive task. Each group of mice had approximately equal numbers
of arm entries in the Y-maze test.

We then assessed hippocampal-dependent non-spatial learning after TBI using NOR
test at 17 and 18 dpi. During the familiar phase of the test, there was no difference between
groups with regard to time spent with either the right or left objects, indicating no side
preference. Twenty-four hours later, mice were retested with a novel object. Compared to WT
sham mice (76.6 + 2.3%; Fig.7C), IgG-treated and alFNAR-treated TBI mice spent less time
with the novel object (53.8 + 2.8% and 57.5 + 2.1%, respectively; Fig.7C). However, central
administration of alFNAR failed to improve working memory in this test (TBI effect, F15=19.78,
p<0.0001 IgG-treated TBI mice vs. sham; p=0.002 alFNAR-treated TBI mice vs. sham). Finally,
we quantified TBI-induced lesion volume in the ipsilateral cortex of IgG- and alFNAR-treated
TBI mice at 28 dpi. alFNAR treatment failed to reduce TBI-induced lesion volume (3.6+0.69

mm?®) when compared to IgG-treated TBI mice (4.1+0.54 mm?; Fig.7D).

3.7 Type | IFN genes are chronically elevated in the injured cortex following TBI

The failure of short-term alFNAR neutralization to reduce chronic neurological
impairments and neurodegeneration after TBI indicates that IFN-related pathways are active for
prolonged periods after TBIl. Therefore, we set out to assess their expression during the chronic
phase of TBI. Ipsilateral cortical tissue was collected at 60 days post-injury to quantify the
expression of ISGs and pro-inflammatory genes. We determined that key ISGs and pro-
inflammatory genes remain significantly upregulated in the chronically injured cortex. While

there was no effect of TBI on cGAS gene expression (Fig. 8A), we found that TBI increased
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mRNA expression of STING (t12=4.593, p=0.0006 vs. sham; Fig.8B) , STAT1 (t12=3.929,
p=0.0020 vs. sham; Fig.8C), IRF1 (t42=3.197, p=0.0077 vs. sham; Fig.8D), IRF7 (t12=3.647,
p=0.046 vs. sham; Fig.8E), CXCL10 (t42=3.220, p=0.0074 vs. sham; Fig.8F), ISG15
(t12=2.616, p=0.0225 vs. sham; Fig.8G) and IFI204 (t(12=5.132, p=0.0002 vs. sham; Fig.8H).
Chronic TBI also increased mRNA expression of pro-inflammatory TNF-a (t12=3.006, p=0.0101
vs. sham; Fig.8l), NOX2 (t(12=4.591, p=0.0005 vs. sham; Fig.8J), CCL5 (t2=3.642, p=0.003
vs. sham; Fig.8K), and glial activation markers CD11b (t(12=5.867, p<0.0001 vs. sham; Fig.8L),
CD68 (t(12=5.353, p=0.0001 vs. sham; Fig.8M), and GFAP (t12=5..381, p=0.0001 vs. sham;

Fig.8N).
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Discussion

Prior pre-clinical studies have shown that IFNAR1 (IFN-a and - receptor) knockout mice
have reduced lesion size and pro-inflammatory cytokine expression as well as increased levels
of anti-inflammatory mediators following TBI (Karve et al. 2016). This indicates that type | IFNs
contribute to secondary neuroinflammation after TBI, and inhibiting these pathways will result in
neuroprotection. However, studies based on IFNAR signaling cannot pinpoint the functional
contribution of IFN-o. and IFN-B during neuroprotection. Moreover, similar to its protective
actions in MS (Scheu et al. 2019), exogenous administration of IFN-f following spinal cord injury
improves functional recovery in mice, in part by reducing lipid peroxidation and inflammatory
cytokines (Gok et al. 2007; Sandrow-Feinberg et al. 2010). This highlights the complex role of
IFN-B during secondary injury and CNS repair. Here, our pre-clinical studies using IFN-f
knockout mice demonstrate that IFN-p drives secondary neuroinflammation because genetic
deletion of IFN-B results in improved motor and cognitive function recovery following TBI and
reduces chronic neurodegeneration. As such, this is the first study to implicate IFN-B in the
development of neurological dysfunction and neurodegeneration following TBI.

DNA released from dying cells can act as an alarmin, resulting in the activation of the
immune response (Almine et al. 2017). We demonstrate that cGAS and STING, critical
components of the cytosolic DNA sensing machinery, are robustly upregulated in the injured
cortex and hippocampus within 72 hours of brain trauma. Others have shown that STING
mRNA is induced immediately after TBI, and is associated with elevated expression of IFN-
related and inflammatory genes (Abdullah et al. 2018). Activation of cGAS-STING pathway in
our model was accompanied by a robust increase in IFN-f mRNA expression in the injured
brain. While a recent study demonstrates that neurons under ER stress upregulate IFN-B after
TBI (Sen et al. 2020), it is also likely that other cells, including glia (Cox et al. 2015), produce

IFN-B during secondary neuroinflammation. Importantly, it has also been reported that IFN-B

22



s
O
p-
@)
7p)
-
-
®
=
O
D
e
O
)
@)
O
<
@)
0p)
O
| -
-
)
Z
-

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

mRNA is highly upregulated after 6 hours of TBI in human postmortem tissue, and specifically in
the injured hemisphere (Karve et al. 2016).

We also found that STAT1, a key mediator of type | IFN responses (lvashkiv and Donlin
2014), was also upregulated in the injured brain. IRFs are involved in the induction and
amplification of type | IFN responses (Honda and Taniguchi 2006). IRF3 is required for the
production of IFN-B (Honda and Taniguchi 2006; Hatesuer et al. 2017; Akira, Uematsu, and
Takeuchi 2006), whereas IRF1 and IRF5 contribute to the propagation of pro-inflammatory
responses (Takaoka et al. 2005; Liu et al. 2003; Xie et al. 2016). Furthermore, IRF4 is involved
in the induction of anti-inflammatory cytokines, IL-4 and IL-10 (Ahyi et al. 2009), while IRF7
amplifies type | IFN responses, such that deletion of IRF7 diminishes responses to inflammatory
stimuli (Honda et al. 2005; Tanaka et al. 2015). We determined that IRF1, IRF3, IRF4, IRFS5,
and IRF7 mRNA expression were significantly upregulated within 72 hours of brain trauma.
Notably, TBI-induced STAT1 expression was significantly reduced in IFN-B'/' TBI mice, as were
expression levels of IRF1 and IRF7 mRNA. The latter observation is in agreement with a
previous report that IRF7 mRNA expression was decreased in IFNAR1 knockout mice (Karve et
al. 2016). Interestingly, lipopolysaccharide-induced STAT1, IRF1, and IRF7 changes have been
shown to be reduced in IFN-B”" macrophages compared to WT macrophages (Sheikh et al.
2014; Thomas et al. 2006). We also demonstrated that the TBI-related increase in viral
response genes (ISG15, MX1 and IFI204) was significantly reduced in IFNB” TBI mice.

Levels of pro-inflammatory cytokines and chemokines (TNF-o, NOX2, IL-6, CCLS5,
CXCL10) were reduced in the injured cortex of IFNB” mice compared to their WT counterparts.
These findings support prior reports that decreased type | IFN signaling is associated with
decreased inflammatory gene expression during the acute phase after TBI (Abdullah et al.
2018; Karve et al. 2016). Inhibition of type | IFNs also reduce chronic neuroinflammation in

models of AD (Minter et al. 2016), Parkinson’s disease (Main et al. 2016), and prion disease
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(Nazmi et al. 2019). Although anti-inflammatory markers, Arg1, SOCS3 and TGFB mRNA
expression levels were similar in the cortex WT and IFNB™ mice, the expression levels of the IL-
10 and YM1 were significantly decreased in IFN-B” TBI mice. IL-10 production in the CNS is
dependent upon IFN-B activity (Lobo-Silva et al. 2017), and inhibition of type | IFN signaling in a
model of prion disease reduces IL-10 expression levels (Nazmi et al. 2019). Furthermore, in a
respiratory syncytial virus model, YM1 expression in peripheral macrophages also appears to
be dependent upon IFN-B (Shirey et al. 2010). Overall, these findings suggest that IFN-3
contributes to neuroinflammatory responses by promoting both pro- and anti-inflammatory gene
expression.

Pro-inflammatory gene expression was also significantly reduced in the hippocampus of
IFN-B” TBI mice suggesting that IFN-B actively contributes to the propagation of post-traumatic
inflammatory responses at distant sites to the primary lesion. Thus, targeted inhibition of IFN-B
may limit the spread of damaging inflammatory cascades to other brain regions, thereby
reducing functional loss (cognitive deficits). TBI-induced effects on STAT1 and IRF7 were also
significantly decreased in the hippocampus of IFNB"' mice, along with a significant decrease in
viral response genes (ISG15, MX1 and IFI204). Our data suggests that IFN-B upregulates
IF1204, which may contribute to detrimental inflammatory processes and functional impairments
in the hippocampus through a positive feed-forward induction of type | IFNs (Almine et al. 2017;
Storek et al. 2015). Although we demonstrated increased chronic expression of type | IFN
related genes at 60 days post-injury, the current study was primarily focused on acute changes
including the early transcriptional regulation of type | responses after TBI; future studies will
examine chronic mechanisms involved in type | IFN activation, including protein level changes
and cell-specific responses.

The long-term impact of selectively inhibiting type | IFNs on functional recovery and TBI

neuropathology is unknown (Roselli, Chandrasekar, and Morganti-Kossmann 2018). Here, we
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demonstrated that IFN-B”~ TBI mice had improved long-term motor and cognitive function
recovery, which was accompanied by reduced microglial activation and neurodegeneration.
We, and others, have shown that NOX2 is a key inflammatory mediator in post-traumatic
neurodegeneration, as decreased NOX2 expression is associated with improved neurological
function and attenuated neurodegeneration (Kumar et al. 2016; Zhang et al. 2012; Ma et al.
2017; Dohi et al. 2010). In the present study, we show that NOX2 expression in microglia was
significantly reduced in IFN-B” mice compared to WT mice, suggesting that neuroprotection
conferred by IFN-B” is mediated in part through reduced chronic microglial activation. IFNAR1
knockout mice also have improvements in motor function recovery through 7 days post-TBI
(Karve et al. 2016) due to loss of IFNAR signaling. Our neurobehavioral analysis through 28
days post-injury demonstrated sustained improvements in motor function in injured IFN-B” mice.
Whereas previous work reported that inhibition of type | IFN signaling can improve cognitive
function in normal aging (Baruch et al. 2014) and in AD models (Minter et al. 2016), our study is
the first to demonstrate the long-term beneficial effects of IFN-f inhibition on cognitive function
after TBI.

To evaluate the translational potential of our genetic studies, we treated TBI mice with a
type | IFN neutralizing antibody, alFNAR. Central administration of alFNAR initiated at 30
minutes post-injury and continued for 72 hours improved neurological recovery during the sub-
acute phase. Others have shown that alFNAR treatment reduces the production of IFN-a and
IFN-B, as well as decreases the production of IL-1B and IL-6 acutely after TBI (Karve et al.
2016). In our study, we show that alFNAR treatment leads to improved motor and cognitive
function recovery after TBI; however, beneficial effects were not sustained beyond 14 days
post-injury, and treatment did not reduce lesion volume at 28 days post-injury. One possible
explanation for the non-sustained improvements in functional recovery was that the duration of

alFNAR treatment was too short (0-3 days post-injury), allowing IFN-mediated signaling to be
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restored. Interestingly, RNA sequencing and pathway analyses indicate that immune responses
associated with IFN-o and IFN- signaling are chronically upregulated in isolated microglia up to
90 days post-TBI (Makinde et al. 2019). This suggests that type | IFN-related pathways are
active for prolonged periods after TBI, and chronic administration of inhibitors will be required to
improve long-term neurological recovery. Indeed, our data demonstrate that type | IFNs and
microglial activation genes remain chronically elevated up to 60 days post-injury. It is also
possible that central infusion of alFNAR failed to reduce type | IFN-mediated changes in
peripheral immune cells. In fact, previous data suggests that ablation of IFNAR signaling on
hematopoietic cells is critical for neuroprotection following TBI (Karve et al. 2016). The use of a
constitutive IFN-B knockout mouse model is likely to have impacted peripheral immune
responses, and this may have contributed to sustained neuroprotection in our genetic studies.
Additional studies will be needed to investigate the functional role of IFN-$, and related type |
IFNSs, in peripheral immune cells following TBI.

In summary, TBI induces a robust neuroinflammatory response that is associated with
increased expression of IFN- and other IFN-related genes. Inhibition of IFN-B reduces post-
traumatic neuroinflammation and neurodegeneration resulting in long-term motor and cognitive
function recovery. These pre-clinical studies suggest that therapeutic inhibition of type | IFNs,
and IFN-B in particular, may limit persistent neuroinflammation and the development of motor

and cognitive function deficits following moderate-to-severe TBI.
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Figure Legends

Figure 1. Type | Interferon (IFN) response in the injured brain following moderate-level
controlled cortical impact. Cortical expression of cGAS and STING protein was assessed by
Western immunoblotting (representative blot shown in A) in the ipsilateral cortex sham and TBI
mice at 72 h post-injury. TBI increased cortical expression of cGAS (p=0.0023, B) and STING
(p=0.023, C) protein compared to sham mice. TBI significantly increased the expression of IFN-
B mRNA in the cortex of TBI mice (p=0.006, D). The expression of STAT1 protein was
significantly increased in the cortex of TBI mice compared to sham mice (p=0.006, E)
(representative blot shown in a). mRNA expression of IRF family members was assessed, TBI
significantly increased cortical IRF1 (p=0.002, F), IRF3 (p=0.0002, G), IRF4 (p=0.016, H), IRF5
(p=0.0002, 1) and IRF7 (p=0.046, J) mRNA expression. Expression of cGAS and STING protein
was assessed by western immunoblotting (representative blot shown in K) in the hippocampus
of sham and TBI mice at 72 h post-injury. TBI increased expression of cGAS ((tg)=3.645,
p=0.0065, L) and STING (tg=2.956, p=0.0182, M) protein compared to sham mice. IFN-8
mRNA expression was significantly increased in the hippocampus of TBI mice (1(8)=5.447,
p=0.0006, N). The expression of STAT1 protein was significantly increased in the hippocampus
of TBI mice compared to sham mice (1(8)=3.134, p=0.014, O). mRNA expression of IRF family
members was assessed, TBI significantly increased hippocampal IRF1 (1(8)=9.671, p<0.0001,
P), IRF3 ((t=3.523, p=0.00078, Q), IRF4 (t=8.455, p<0.0001, R) IRF5 (t(8)=11.92, p<0.0001,
S) and IRF7 (1(8)=3.921, p=0.0044, T) mRNA expression. Data expressed as Mean + SEM

(n=5/group). *p<0.05, **p<0.01, ***p<0.001, Student’s t test.

Figure 2 Type | IFN response following TBI is reduced in IFN-B” mice. Cortical expression
of cGAS and STING protein was asessed by Western immunoblotting (representative blot
shown in a) in the ipsilateral cortex WT and IFN-B”sham and TBI mice at 72 h post-injury. TBI

significantly increased cortical expression of cGAS (p<0.0001, B) and STING (p<0.0001, C)
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protein in WT and IFN-B” mice. The expression of STAT1 protein was significantly increased in
the cortex of TBI mice compared to sham mice (p=0.0004, D), this TBI effect was significantly
reduced in IFN-B” mice (p=0.015, WT TBI vs IFN-B” TBI). TBI significantly increased mRNA
expression of IRF1 (p<0.0001, F), IRF3 (p=0.0478, E), IRF4 (p=0.0208, G), IRF5 (p<0.0001, H)
and IRF7 (p<0.0001, 1) in WT and IFN-B” mice. The TBl-induced increase in IRF1 and IRF7
was significantly reduced in IFN-B"' mice (IRF1 [p=0.0016] and IRF7 [p<0.0001], WT TBI vs
IFN-B” TBI). TBI significantly increased the expression of the viral response genes ISG15
(p=0.0005, J), MX1 (p<0.0001, K) and IFI204 (p<0.0001, L) in WT and IFN-B” mice. This TBI
effect was significantly reduced in IFN-B” mice, 1ISG15 (p<0.0001, WT TBI vs IFN” TBI), MX1
(p<0.0001, WT TBI vs | IFN-B” TBI) and IFI204 (p<0.0001, WT TBI vs IFN-B” TBI). Expression
of cGAS (I) and STING (m) protein was assessed by western immunoblotting (representative
blot shown in j) in ipsilateral hippocampal sham and TBI mice at 72 h post-injury. TBI increased
expression of cGAS (p<0.0001, N) and STING (p<0.0001, O) protein compared to sham mice,
this TBI effect was significantly reduced in IFN-B™ mice (cGAS [p=0.0007, WT TBI vs IFN-B™
TBI] and STING [p=0.0004, WT TBI vs IFN-B” TBI]). The expression of STAT1 protein was
significantly increased in the hippocampus of TBI mice compared to sham mice (p=0.0014, P),
the expression of STAT1 was significantly attenuated in IFN-B” TBI mice compared to WT TBI
mice (p=0.0073). TBI significantly increased hippocampal IRF7 (p=0.0015, Q), I1SG15
(p=0.0034, R), MX1 (p=0.0001, S) and IFI204 (p=0.0052, T) mRNA expression. The TBI effect
on all of these genes was significantly reduced in IFN-B” mice, IRF7 (p=0.0002, WT TBI vs IFN-
B TBI), ISG15 (p=0.0006, WT TBI vs IFN-B” TBI), MX1 (p<0.0001, WT TBI vs IFN-B” TBI) and
IFI204 (p=0.0078, WT TBI vs IFN-B” TBI). Data expressed as Mean + SEM. *p<0.05, **p<0.01,
*+*p<0.001 vs. sham (effect of TBI) and *p<0.05, *"p<0.01, ***p<0.001 WT TBI vs IFN-B” TBI.

Two-way ANOVA, (n=6/group).
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Figure 3 IFNB deficiency reduces the pro-inflammatory response following TBI. Cortical
expression of a number of pro-inflammatory genes was assessed in sham and TBI at 72 h post-
injury. TBI significantly increased cortical mRNA expression of TNFa (p<0.0001, A), NOX2
(p<0.0001, B), IL-6 (, p=0.0014, C), IL-1B (p<0.0001, D), CCL5 (p<0.0001, E), CXCL10
(p<0.0001, F), ITGAM (p<0.0001, G) and GFAP (p<0.0001, H) in WT and IFN-B” mice. The
TBl-induced increase in TNFa, NOX2, CCL5 and CXCL10 was significantly reduced in IFN-B™"
mice (TNF [p=0.0131], NOX2 [p=0.0027], CCL5 [p<0.0001] and CXCL10 [p<0.0001], WT TBI vs
IFN-B™ TBI). Hippocampal mRNA expression of TNF, NOX2, CCL5 and CXCL10 was measured
in sham and TBI mice at 72 h post-injury. TBI significantly increased hippocampal mRNA
expression of TNFa (F(116=9.745, p=0.066, 1), NOX2 (F(,16=11.33, p=0.0039, J), CCL5
(Fi1.19=15.08, p=0.0013, K) and CXCL10 (F(s19=22.82, p=0.0002, L) in WT and IFN-B” mice.
There was a genotype effect on these genes (NOX2 [F(16=4.975, p=0.0404], CCL5
[F(1,16=5.200, p=0.0366] and CXCL10 [F16=20.79, p=0.0003]), and a significant interaction
between TBI and genotype (NOX2 [F4,16=5.736, p=0.0292], CCL5 [F(1,16=5.839, p=0.0280] and
CXCL10 [F1,16=18.94, p=0.0005]). The expression of all genes was significantly reduced in IFN-
B” TBI mice compared to WT TBI mice ((TNFo p=0.0458], NOX2 [p=0.0224], CCL5 [p=0.0203]
and CXCL10 [p<0.0001], WT TBI vs IFN-B” TBI). Data expressed as Mean + SEM. **p<0.01,
***p<0.001 vs. sham (effect of TBI) and *p<0.05, “*p<0.01, ***p<0.001 WT TBI vs IFN-B” TBI.

Two-way ANOVA, (n=6/group).

Figure 4 IFN-B deficiency alters the inflammatory response after TBI. Cortical mRNA
expression of Arg1, YM1, IL-10, SOCS3 and TGFB was assessed in WT and IFN-B” sham and
TBI mice. TBI significantly increased cortical mRNA expression of Arg1 (p=0.0002, A), YM1
(p<0.0001, B), IL-10 (p<0.0001, C), SOCS3 (p<0.0001, D) and TGFp (p<0.0001, E) in WT and

IFN-B™" mice. The effect of TBI on YM1 (p=0.0022, WT TBI vs IFN-B” TBI) and IL-10 (p<0.0001,
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WT TBI vs IFN-B” TBI) was significantly reduced in IFN-B” TBI mice compared to WT TBI mice.
Hippocampal mRNA expression of Arg1, YM1, SOCS3 and TGF@ was assessed in WT and
IFN-B” Sham and TBI mice. TBI significantly increased hippocampal mMRNA expression of Arg1
(F1,16=11.70, p=0.0035, F), YM1 (F(1,16=6.131, p=0.0248, G), SOCS3 (F1,16=9.001, p=0.0085,
H) and TGFB (F(1,16=28.69, p<0.0001, I) in WT and IFN-B™ mice. There was a genotype effect
on YM1 (F,16=4.737, p=0.0449) and SOCS3 (F,16=4.907, p=0.0416), as well as a significant
interaction between TBI and genotype for YM1 (F11,=4.578, p=0.0481) and SOCS3
(F(1,16=5.153, p=0.0374). Post-hoc analysis demonstrated decreased YM1 and SOCS3
expression in IFN—B'/' TBI mice (YM1 [p=0.0345] and SOCS3 [p=0.0273], WT TBI vs IFN-B™"
TBI). Data expressed as Mean + SEM. *p<0.05, **p<0.01, ***p<0.001 vs. sham (effect of TBI)

and *p<0.05, *'p<0.01, **p<0.001 WT TBI vs IFN-B”~ TBI. Two-way ANOVA, (n=6/group).

Figure 5 IFN-B deficiency improves motor and cognitive function recovery after TBI.
Beam walk analysis of sham and TBI WT and IFN—B"' mice. In WT mice TBI induced persistent
deficits in fine motor coordination through 28 days post-injury (dpi) (p<0.0001, sham vs. TBI, A).
In contrast, IFN-B'/' TBI mice had significantly reduced fine motor coordination deficits at 14 dpi,
21 dpi, and 28 dpi (p<0.0001, WT TBI vs. IFN-B” TBI). TBI induces a significant decrease in the
% spontaneous alterations in the Y maze task in WT TBI mice when compared to WT sham
counterparts (p=0.0134, B), at 8 dpi. In addition, there was no significant differences between
groups in the number of entries in each arm of the Y maze task. In order to assess non-spatial
hippocampal-mediated memory, the NOR task was carried out at 18 dpi. TBI mice exhibited a
significant decrease in % time spent with the novel object, when compared to sham
counterparts (p=0.0008, C). However, the % time IFN-B” TBI mice spent with the novel object
was comparable to sham animals and spent a significant more % of time with the novel object

compared to WT TBI mice (p<0.0001). Data expressed as Mean + SEM. * p < 0.05, ***p<0.001
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vs. sham (effect of TBI) and ***p<0.001 WT TBI vs IFN-B” TBI. (A) Two-way repeated measures

ANOVA (n=8-13/group) and (B,C) Two-way ANOVA (n=8-13/group).

Figure 6 IFN-B deficiency reduces lesion volume and hippocampal neurodegeneration
after TBI. Immunofluorescence analysis of NOX2 (green) and CD68 (red) demonstrates that
injury-induced NOX2 expression in reactive microglia/macrophages was significantly decreased
in IFN-B” TBI mice compared to WT TBI mice at 28 dpi (A). Scale bar = 50 um. Representative
images of cresyl violet stained coronal sections from WT and IFN-B” TBI mice at 28 dpi (B).
Quantification of lesion volume in WT and IFN-B” TBI mice at 28 dpi. IFN-B™ resulted in a
significant reduction in TBI lesion volume (p=0.003, A). Quantification of hippocampal
neurodegeneration in WT and IFN-B™ TBI mice at 28 dpi (B). In WT mice TBI resulted in
significant loss of hippocampal neurons when compared to the WT sham group. In contrast, TBI
in IFN-B™ mice resulted in reduced neuronal loss, which was significantly different to the WT TBI
group. Data expressed as Mean + SEM. * p < 0.05, ***p<0.001 vs. sham (effect of TBI) and
**p<0.001 WT TBI vs IFN-B” TBI. (A) Two-way ANOVA (n=4-5/group) (B) Student’s t test (n=6-

7/group), and (C) Two-way ANOVA (n=4-5/group).

Figure 7 Early post-injury inhibition of type | IFN signaling provides transient
improvements in neurological function following TBI that are lost at later time points.
Beam walk analysis of sham, |gG- and alFNAR-treated TBI mice at 28 dpi. TBI induced
persistent deficits in fine motor coordination in IgG- and alFNAR-treated TBI mice through 28
dpi (p<0.0001, vs. Sham; A). TBI induces a significant decrease in the % spontaneous
alterations in the Y maze task in IgG-treated TBI mice when compared to sham counterparts
(p=0.0281, vs Sham; B), at 8 dpi. No injury effect was observed in alFNAR-treated TBI mice, in
addition to this, alFNAR-treated TBI mice exhibited a significant improvement in performance

when compared to IgG-treated TBI mice (p=0.0331 vs IgG-treated TBI mice). No significant
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differences were observed between groups in the number of entries in each arm of the Y maze
task. In order to assess non-spatial hippocampal-mediated memory, the NOR task was carried
out at 18 dpi. TBI induced a significant decrease in % time IgG-treated- and alFNAR-treated
TBI mice spent with the novel object, when compared to sham counterparts (TBI+IgG
[p<0.0001] and TBI+alFNAR [p=0.0002], vs Sham; C). There was no effect of treatment.
Representative images for lesion volume in IgG-treated- and alFNAR-treated TBI mice at 28
dpi. Stereological analysis revealed lesion volume to be similar in IgG-treated- and alFNAR-
treated mice. Data expressed as Mean + SEM. **p<0.01, ***p<0.001 vs. Sham (effect of TBI)
and ""p<0.001 TBI + IgG vs TBI+IFNAR. (a) Two-way ANOVA (n=5-9/group), (b,c) One-way

ANOVA (n=5-9/group) and (d) Student’s t test, (n=8/9group).

Figure 8 Type | IFN genes are chronically elevated in the injured cortex following TBI.
Cortical mMRNA expression of Type | IFN related genes was assessed at 60 days post-injury.
While there was no effect of TBI on cGAS gene expression (A), TBI significantly increased
cortical STING (p=0.0006, B), STAT1 (p=0.0020, C), IRF1 (p=0.0077, D), IRF7 (p=0.046, E),
CXCL10 (p=0.0074, E), 1ISG15 (p=0.0225, E) and IFI204 (p=0.0002, J) mRNA expression.
Chronic TBI also increased mRNA expression of TNFa (p=0.0101, 1), NOX2 (p=0.0005, J),
CCL5 (p=0.003, K), CD11b (p<0.0001, L), CD68 (p=0.0001, M), and GFAP (p=0.0001, N). Data

expressed as Mean + SEM (n=7/group). *p<0.05, **p<0.01, ***p<0.001, Student’s t test.
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