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Neurobiology of Disease

Attenuating Neurogenic Sympathetic Hyperreflexia Robustly
Improves Antibacterial Immunity After Chronic Spinal Cord
Injury

Eugene Mironets,' “Roman Fischer,? Valerie Bracchi-Ricard,? Tatiana M. Saltos,' Thomas S. Truglio,’

Micaela L. O’Reilly,! Kathryn A. Swanson,? John R. Bethea,> and “Veronica J. Tom'
Department of Neurobiology and Anatomy, Drexel University College of Medicine, Philadelphia, Pennsylvania 19129, and 2Department of Biology,
Drexel University, Philadelphia, Pennsylvania 19104

Spinal cord injury (SCI) disrupts critical physiological systems, including the cardiovascular and immune system. Plasticity of spinal
circuits below the injury results in abnormal, heightened sympathetic responses, such as extreme, sudden hypertension that hallmarks
life-threatening autonomic dysreflexia. Moreover, such sympathetic hyperreflexia detrimentally impacts other effector organs, including
the spleen, resulting in spinal cord injury-induced immunodeficiency. Consequently, infection is a leading cause of mortality after SCI.
Unfortunately, there are no current treatments that prophylactically limit sympathetic hyperreflexia to prevent subsequent effector
organ dysfunction. The cytokine soluble tumor necrosis factor a (STNFc) is upregulated in the CNS within minutes after SCI and remains
elevated. Here, we report that commencing intrathecal administration of XPro1595, an inhibitor of sTNFq, at a clinically feasible,
postinjury time point (i.e., 3 d after complete SCI) sufficiently diminishes maladaptive plasticity within the spinal sympathetic reflex
circuit. This results in less severe autonomic dysreflexia, a real-time gauge of sympathetic hyperreflexia, for months postinjury. Remark-
ably, delayed delivery of the sTNF« inhibitor prevents sympathetic hyperreflexia-associated splenic atrophy and loss of leukocytes to
dramatically improve the endogenous ability of chronic SCI rats to fight off pneumonia, a common cause of hospitalization after injury.
The improved immune function with XPro1595 correlates with less noradrenergic fiber sprouting and normalized norepinephrine levels
in the spleen, indicating that heightened, central sSTNFa signaling drives peripheral, norepinephrine-mediated organ dysfunction, a
novel mechanism of action. Thus, our preclinical study supports intrathecally targeting sSTNFa as a viable strategy to broadly attenuate
sympathetic dysregulation, thereby improving cardiovascular regulation and immunity long after SCI.
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Spinal cord injury (SCI) significantly disrupts immunity, thus increasing susceptibility to infection, a leading cause of morbidity
in those living with SCI. Here, we report that commencing intrathecal administration of an inhibitor of the proinflammatory
cytokine soluble tumor necrosis factor « days after an injury sufficiently diminishes autonomic dysreflexia, a real time gauge of
sympathetic hyperreflexia, to prevent associated splenic atrophy. This dramatically improves the endogenous ability of chroni-
cally injured rats to fight off pneumonia, a common cause of hospitalization. This preclinical study could have a significant impact
for broadly improving quality of life of SCI individuals. j

ignificance Statement

Introduction
The incidence of infection and cardiovascular disease is higher in
the spinal cord injury (SCI) population, particularly those with
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severe, high-level SCI, than in the able-bodied population
(Garshick et al., 2005; Krassioukov and Claydon, 2006; Failli et
al., 2012; Brommer et al., 2016). One major reason thought to
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underlie these potentially fatal issues is dysregulation of the sym-
pathetic nervous system after SCI that results in pathological
changes of multiple organ systems, including the spleen and vas-
culature (Alan et al., 2010; Zhang et al., 2013; Sauerbeck et al.,
2015; Brommer et al., 2016; Priiss et al., 2017; Mironets et al.,
2018). After SCI, plasticity within the spinal cord results in in-
creased excitability of the spinal sympathetic reflex (SSR) circuit
that produces excessive sympathetic output. We and others have
shown that this sympathetic hyperreflexia, which is often trig-
gered by below-level sensory stimuli (e.g., bladder and bowel
distension), contributes to autonomic dysreflexia (AD), a life-
threatening cardiovascular disorder marked by episodes of ex-
treme hypertension in response to sensory stimuli below the
injury (Curt et al., 1997; West et al., 2015; Partida et al., 2016;
Mironets et al., 2018), and splenic atrophy and dysimmunity, i.e.,
SCI-induced immunodeficiency syndrome (Zhang et al., 2013;
Ueno et al., 2016; Priiss et al., 2017; Mironets et al., 2018).
Unfortunately, there are no preventative treatments currently
available.

The SSR circuit is comprised of neurons that relay sensory
information to sympathetic preganglionic neurons (SPNs),
the output neurons of the sympathetic nervous system that
reside in thoracolumbar cord and project out of the spinal
cord. In an intact CNS, SPN activity is coordinated by input
from neurons within the brain and the spinal cord. If the level
of SCI is high, the vast majority of the sympathetic nervous
system is void of descending control and is regulated primarily
by intraspinal input below the lesion. Additionally, injury
induces maladaptive plasticity within the SSR circuit itself;
increased arborization of mechanosensitive afferents and sec-
ond order propriospinal interneurons may be responsible for
recruitment of excitatory interneurons into the SSR circuit
(Krenz and Weaver, 1998; Krenz et al., 1999; Weaver et al.,
2001, 2002; Krassioukov et al., 2002; Hou et al., 2008; Ueno et
al., 2016). While there is increasing understanding of what
changes occur in the SSR circuit after SCI (Cameron et al.,
2006; Rabchevsky et al., 2011), the mechanisms by which in-
jury induces these changes remains unclear.

Cytokine signaling has been postulated to contribute to excit-
ability of circuits. In addition to orchestrating immune function,
cytokines play important roles in modulating synaptic function
during development (Wheeler et al., 2014) and disease (Cerri et
al., 2017). Isit possible that upregulated cytokine signaling, which
is seen after SCI (Lee et al., 2000; Donnelly and Popovich, 2008),
mediates plasticity of the SSR circuit to result in sympathetic
hyperreflexia? Indeed, we demonstrated that persistent, proin-
flammatory soluble (s) TNFa/TNFRI1 signaling below a high-
level complete SCI is a critical mediator of SSR circuit plasticity
(Mironets et al., 2018). However, sSTNFa is upregulated within
minutes after SCI (Wang et al., 1996; Bethea et al., 1999), so it can
impact SSR circuit almost immediately. Here, we assessed
whether commencing administration of XPro1595, a biologic
that inhibits sTNFa binding to TNFR1 (Steed et al., 2003) at a
realistic, clinically feasible time frame, i.e., 3 d after SCI, prophy-
lactically attenuates SCI-induced sympathetic hyperreflexia and
ensuing immunodeficiency to improve the endogenous ability of
chronic SCI rodents to fend off bacterial pneumonia.
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Materials and Methods

Animal use. Adult, female Wistar rats (~225-250 g; Charles River Labo-
ratories) were used for all experiments. Animals were given unlimited
access to food and water and used in accordance with Drexel University
Institutional Animal Care and Use Committee and National Institutes of
Health guidelines for experimentation with laboratory animals. Animals
acclimated for a least 1 week after arrival before any procedure was done
and before being randomly assigned to treatment groups. All surgical
procedures were performed under aseptic conditions using sterilized in-
struments. During surgery, animals were given 3 ml Lactated Ringer’s,
ampicillin (200 mg/kg), and slow-release buprenorphine (ZooPharm;
0.05 mg/kg) or meloxicam (Putney; 1 mg/kg) for analgesia. After surgery,
animals were placed in a postoperative cage on a heating pad and mon-
itored until they became alert and responsive. All animals with spinal
transections had their bladders manually expressed at least twice a day for
the duration of the study.

Radiotelemeter implantation to monitor hemodynamics. As we did pre-
viously (Hou et al., 2013; Mironets et al., 2018), radiotelemeter pressure
transducers (model HD-S11; Data Sciences International) were surgi-
cally transplanted into the descending aorta via the femoral artery to
detect cardiovascular parameters of naive animals at least 1 week before
spinal transection (Tx) to give the animals ample recovery time after the
implantation surgery (Rabchevsky et al., 2012). Blood pressure was mon-
itored to ensure patency of the probes and to obtain preinjury baseline
data.

Thoracic spinal transection and osmotic minipump implantation. One
week after telemeter implantation, animals were deeply anesthetized us-
ing isoflurane, and the spinal cord at thoracic level 3 (T3) was exposed by
dorsal laminectomy of the T2 vertebral processes [overlying T3 spinal
cord level; (Wu et al., 2015; Xu et al., 2015)]. After a small incision was
made in the dura overlying T3 using a microknife, a ~2 mm long seg-
ment of the spinal cord was removed by vacuum aspiration using a pulled
glass micropipette. Lesion completeness was verified visually.

Three days after Tx, a small incision was made in the dura above T8
spinal cord. As we did before (Mironets et al., 2018), an intrathecal cath-
eter (ReCathCo) attached to an osmotic minipump (Alzet, no. 2002)
containing saline or XPro1595 (10 mg/ml; provided by Inmune Bio) was
carefully threaded subdurally until the end lay just caudal to the Tx site to
continuously deliver saline or 60 ug per day of XPro1595. This daily dose
successfully inhibits intraspinal plasticity below a complete SCI (Mir-
onets etal., 2018). Because the pumps have 28-day delivery durations, the
osmotic minipumps were replaced 4 weeks after implantation.

Blood pressure recordings to assess naturally occurring autonomic dysre-
flexia. Rodents (n = 18—24/group) were individually placed in cages and
positioned on telemetry receivers (RC-1; Data Sciences International).
Baseline recordings of all animals after telemeter implantation but before
SCI were obtained to ensure that HR and MAP values were within a
normal range, confirming that the catheters were not occluded. At every
other week from 2 to 8 weeks post-SCI, MAP and HR were monitored
continuously while animals moved freely in their cages for 24 h (MAP
and HR values sampled every 2 s; Dataquest A.R.T. acquisition software,
Data Sciences International). As we did previously (Mironets et al.,
2018), to identify naturally occurring AD events, these data from indi-
vidual animals at each time point were analyzed in MATLAB. Rolling
MAP and HR baselines were established by continuously averaging a 6
min period. AD events were defined as when MAP was at least 20mmHg
greater than baseline for at least 30 s and was accompanied by bradycar-
dia of at least 20 beats per minute (bpm). All “detected” events were
visually verified by a blinded observer according to the criterion de-
scribed above. All false-positive events were disregarded. Any events that
occurred within 2 min of each other were considered to be 1 event. Any
detected events within 15 min of manual bladder expression were not
included in additional comparative analyses. Once an event was verified,
the average MAP during the event, the change in MAP from baseline, the
HR during the event, and the duration of the bout was calculated.

Colorectal distension to induce autonomic dysreflexia. At 2, 4, 6 and 8
weeks post-transection, BP and HR were monitored before, during, and
after colorectal distension (CRD) in unanesthetized rats, a well estab-
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lished technique that reliably induces an AD episode (Mayorov et al.,
2001; Cameron et al., 2006). As we did previously (Hou et al., 2013;
Mironets et al., 2018), a silicone balloon-tipped catheter (2-way pediatric
Foley cathether, 10 French, 3 cc, Coloplast) was inserted 2 cm inside the
rectums of all T3Tx rats treated with saline or XPro1595 and secured to
the tails with tape. Animals were acclimated to the catheter for at least 30
min. AD was induced by inflating a balloon catheter with 2.0 ml of air for
1 min. Two or three trials were conducted per animal per time point, with
an intertrial interval of at least 20 min. The difference between the base-
line MAP and the CRD-induced MAP and the time it took for BP to
return to baseline values was calculated for each trial and averaged per
animal per time point.

Streptococcus pneumoniae infection post-SCI. S. pneumoniae is a
strain of bacteria that successfully infects Wistar rats (Feldman et al.,
1991; Brandt et al., 2008). Serotype 3 S. pneumoniae [(Klein) Chester;
ATCC 6303] was grown in BHI medium to an optical density (OD,,,) of
0.4 to 0.6 and diluted to the appropriate concentration in sterile PBS. The
bacteria suspension was plated on blood agar plates to confirm quantity
and viability of the bacteria. The exact concentration of the bacteria
suspension was used to normalize the bacterial loads in the lungs. For
infection, uninjured rats or T3Tx-Saline or -XProl595 rats 8 weeks
postinjury (n = 5-7/group) were anesthetized with isoflurane and then
suspended at a 60° angle by the two front upper teeth by a wire attached
to a Plexiglas support. A 16G peripheral venous catheter (Braun) was
used as a tubus and a 0.5 mm optical fiber (Biotex, Inc) attached to a cold
light source was used for illumination (MacDonald et al., 2009). The
tongue was pulled out with a small spatula and the rat was carefully
intubated. S. pneumoniae [5000 colony-forming units (CFUs) in 100 ul]
was then administered into the lung. The size of the inoculum was con-
firmed by quantitative cultures. After intubation, animals were placed in
heated cages for 10 d. Body temperature, weight, and respiratory rate
were recorded daily (at 24 h intervals postinfection) to track sickness
behavior. Animals that lost >15% body weight were killed.

Ten days after infection, animals were killed. Lungs were extracted and
homogenized in 1 ml of sterile PBS and plated on blood agar plates
(Hardy Diagnostics) in serial dilutions of 1:10, 1:100, and 1:1000. CFUs
were counted after 48 h incubation and the total number of CFUs per
lung was calculated. To quantify CFUs, images of blood agar plates were
thresholded. The image was then converted to a binary image to count
individual particles (Image]).

FluoroGold (FG) and pseudorabies virus injections. One week before
being killed, T3Tx rodents (n = 4-5/group) were injected 0.4 ml intra-
peritoneally of 0.5% FG (diluted in 0.9% sterile saline) to label SPNs
(Derbenev et al., 2010). To label sympathetically associated neurons,
attenuated pseudorabies virus-Bartha encoding for a GFP-reporter
(PRV-152; NIH-supported Center for Neuroanatomy with Neu-
rotrophic Viruses) was injected bilaterally into the kidneys 4 d before
being killed, similar to what was done in (Duale et al., 2009). Bilateral
incisions were made and kidneys were exposed. With the aid of a dissect-
ing stereomicroscope, 3 ul of PRV-152 (10® plaque-forming units/ml)
was slowly injected into 3 sites along the longitudinal midline of the
convex surface of the kidney of each kidney of T3Tx rats using a 30G
Hamilton syringe with a pulled glass micropipette with a beveled tip.
Animals were killed and perfused 96 h later.

Intermittent colorectal distension to activate the SSR circuit and induce
cFos expression. To activate the SSR circuit (as indicated by histological
assessment of cFos induction; see histology description below), some
T3Tx-Saline or T3Tx-XPro1595 animals (n = 4/group) were given inter-
mittent CRD over an extended period of time at 8 weeks postinjury
(Landrum et al.,, 2002; Hou et al., 2008; Ueno et al., 2016). Briefly, a
balloon catheter inserted into the rectum was inflated with 2.0 ml of air
for 30 s and then deflated for 60 s. This 90 s cycle was repeated 30 times for
a total of 45 min. 1.5 h after the last round of CRD, animals were killed
and perfused with ice-cold 0.9% saline followed by 4% paraformalde-
hyde in PBS.

Flow cytometry. Flow cytometry analysis was performed as we did pre-
viously (Mironets et al., 2018). Rats (n = 5-7/group) were killed 8 weeks
after SCI, spleens were extracted, dissociated through a 40 um cell
strainer and collected in 10 ml MACS buffer (PBS, 0.5% BSA, 2 mMm
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EDTA). Splenocytes were harvested by centrifugation (300 X g, 5 min),
washed once with 10 ml of MACS buffer and incubated in 3 ml of ACK
Lysing Buffer (Thermo Fisher Scientific) for 5 min to deplete red blood
cells. After washing with 10 ml of MACS buffer, splenocytes were then
stained for different immune cell markers using fluorescence-labeled
antibodies (Miltenyi Biotec). For staining of cytoplasmic proteins, the
FoxP3 Staining Buffer Set was used according to manufacturer’s instruc-
tions (Miltenyi Biotec; #130—093-142). Data were acquired usinga FACS
Canto (BD Biosciences) and analyzed with Flow]Jo (TreeStar).

ELISA. Naive, T3Tx-Saline, or T3Tx-XPro1595 rats at 8 weeks post-
SCI (n = 3-7/group) were killed and fresh lumbar spinal cord or spleen
tissue was immediately extracted and flash-frozen in liquid nitrogen and
stored at —80°C until further processing. As previously described
(Bethea et al., 1999; Bracchi-Ricard et al., 2013), samples were homoge-
nized in RIPA buffer (0.01 M sodium phosphate pH 7.2, 0.15 M NaCl, 1%
NP40, 1% sodium deoxycholate, 0.1% SDS, 2 mm EDTA) supplemented
with Roche complete protease inhibitor mixture, mixed end-over-end at
4°C for 30 min, and centrifuged at 14,000 rpm for 10 min at 4°C. The
supernatants were transferred to fresh tubes and stored at —80°C. Pro-
tein quantification of each sample was performed using DC Protein As-
say (Bio-Rad). TNFa (Abcam), corticosterone (ENZO), and NE
(MyBioSource) ELISA kits and were used to measure expression levels of
sTNFe, corticosterone and NE per the manufacturer’s instructions.
Samples were measured at an absorbance of (450) nm cuvettes were
washed five times with washing buffer [PBS, pH 7.4, containing 0.1%
(v/v) Tween 20] after each step. As a reference for quantification, a stan-
dard curve was established by a serial dilution.

Histology. Naive animals and T3Tx-Saline and -XPro1595 animals 8
weeks post-SCI (n = 4-5/group) were killed and perfused with 0.9%
saline followed by 4% paraformaldehyde. The spinal cords and spleens
were dissected out, postfixed overnight at 4°C, and cryoprotected in
sucrose before cutting 30 wm transverse sections of lumbar spinal cord
and spleen or 30 uwm longitudinal sections of T8-T13 cord on a cryostat.
Sections were blocked in 5% normal goat serum, 10% BSA, 0.1% Triton
X-100 in PBS for 1 h.

After blocking, sections were incubated with appropriate primary an-
tibodies overnight at 4°C. Longitudinal lower thoracic sections (T8—
T13) were incubated anti-c-Fos (Santa Cruz Biotechnology) to visualize
neurons activated by CRD and anti-GFP (Millipore) to visualize neurons
trans-synaptically traced via PRV-152. SPNs were labeled via intraperi-
toneal FG injections and were visible microscopically under UV excita-
tion without any staining. Transverse lower lumbar sections (L6) were
incubated with anti-GFP, anti-c-Fos, anti-CGRP (Peninsula Laborato-
ries) to visualize nociceptive primary afferents axons. Transverse spleen
sections were incubated with anti-CD45 (Novus) and anti-tyrosine hy-
droxylase (TH; Millipore) to visualize splenocytes and noradrenergic
fibers, respectively. Sections were washed in PBS, incubated with appro-
priate AlexaFluor-conjugated secondary antibodies (Invitrogen) for 2 h
at room temperature, washed in PBS, mounted onto slides, and cover-
slipped with FluorSave (EMD Chemical). Sections were stained at the
same time. For each of the antibodies listed above, images of 4 equivalent
sections per animal were captured on Olympus BX51 and Leica
DM5500B epifluorescent microscopes and a Leica TCS SP2 confocal
microscope equipped with a Leica DMRE microscope using the same
exposure time per antibody.

All image analyses were conducted using Image]. In thoracic sections
containing FG * GFP ™, and cFos " near the IML and central canal or
lumbar sections containing GFP */cFos ¥ near the dorsal horn and/or
around the central canal, an intensity threshold was applied to each
image. The same threshold values were used for each antibody. We as-
sessed the extent of immunoreactivity for cFos by counting the number
of cFos * nuclei in identically sized regions of dorsal horn and around the
central canal (in lumbar sections) or in intermediate gray adjacent to the
IML. To assess the extent of GFP and FG immunoreactivity, all GFP *
and FG * cells within a circumscribed area in thoracic cord through the
section plane were counted.

To quantify CGRP immunoreactivity, thresholded pixel areas were
determined in equally sized regions encompassing laminae I-IV or lam-
ina VII/X (i.e., dorsal gray commissure around the central canal).
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Table 1. Summary of animal numbers for each experimental outcome measure

No. of animals
Experimental outcome measure per group
ELISA 3-7
CGRP + histology 3-4
Assessment of recruitment and activation of neurons in the SSR circuit 4
Assessment of autonomic dysreflexia 18-24
Spleen and splenocyte analysis 5-6
Spleen histology 4-5
S. pneumoniae infection challenge 5-7

To quantify white pulp area, white pulp regions were outlined and
assessed for area (in square micrometers). To quantify TH ™ axonal ar-
bors in splenic white pulp regions, thresholded pixel areas were deter-
mined in selected white pulp regions. TH * splenocytes were excluded.

Experimental design and statistical analyses. Animals were randomly
assigned to treatment groups. Sample sizes were determined based upon
our previous published studies using similar techniques (summarized in
Table 1). All analyses were performed blinded to treatment group. To
determine differences between two groups, a Student’s ¢ test was per-
formed. A two-way ANOVA and post hoc Fisher’s LSD tests were
performed to ascertain differences between groups over time, i.e., hemo-
dynamic recording analyses. A one-way ANOVA and post hoc Fisher’s
LSD tests were performed to assess for differences between three or more
groups in which time was not a consideration, i.e., histological and bio-
chemical analyses. A p-value <0.05 was considered significant. All statis-
tical tests were performed using GraphPad Prism 7.

Results

TNFa is chronically upregulated below a T3Tx

We assessed whether TNFa levels was persistently upregulated in
lumbar cord, where we and others have observed enhanced plas-
ticity of SSR circuits associated with AD and immunosuppression
after a T3Tx (Krenz et al., 1999; Cameron et al., 2006; Hou et al.,
2009; Kroner et al., 2014; Mironets et al., 2018). Using ELISA, we
found that there was some TNFa in naive lumbar tissue (533.1 =
104.8 pg/mg tissue) but that expression was significantly higher
inlumbar tissue 8 weeks after T3Tx (1682.0 * 108.7 pg/mg tissue;
tg) = 6.284, p = 0.0002).

Delayed sTNFa« inhibition decreases plasticity of CGRP *
primary afferents after chronic SCI

After SCI, the SSR circuit becomes more sensitive to and is acti-
vated by noxious sensory stimuli below the injury. One of the
maladaptive changes thought to underlie this is increased density
of calcitonin-gene related peptide (CGRP) ™, nociceptive pri-
mary afferents in deeper layers of spinal cord (Marsh et al., 2002;
Cameron et al., 2006) where they synapse on interneurons that
then relay nociceptive information to the SPNs in the IML (Joshi
et al., 1995; Hou et al., 2008). Indeed, the degree of CGRP*
expression positively correlates with the magnitude of AD epi-
sodes; inhibiting injury-induced plasticity of CGRP * fibers at-
tenuates AD (Krenz et al., 1999; Weaver et al., 2001; Marsh et al.,
2002; Cameron et al., 2006). We sought to determine whether
inhibiting sTNFa diminishes plasticity of these sensory fibers
known to activate the SSR circuit. To do this, we initiated intra-
thecal administration of the sTNFa dominant-negative biologic
XProl595 at a clinically feasible, post-SCI time point (i.e., 3 d
after complete T3Tx).

We examined CGRP * immunoreactivity in lower lumbar spi-
nal cord from naive or T3Tx-Saline and T3Tx-XPro1595 animals
8 weeks post-SCI. We focused on this region because primary
afferents carrying sensory information from the colon, whose
activation is a common prompt for sympathetic events in the
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human SCI population and in rodent SCI models [e.g., with colo-
rectal distension (CRD)], enter the spinal cord at these levels
(Landrum et al., 2002). CGRP ¥ afferents normally project to
superficial Rexed Laminae (I-II) of dorsal horn and, to a lesser
degree, to deeper dorsal horn laminae (Fig. 1a) and Laminae
VII/X around the central canal (Fig. le). All groups (naive, T3Tx-
Saline, T3Tx-XPro1595) had a similar extent of CGRP " immu-
noreactivity in the dorsal horn (Fig. 1a—d; p = 0.5528). However,
T3Tx-Saline animals had more CGRP immunoreactivity around
the central canal compared with both naive and T3Tx-XPro1595
animals (Fig. le-h; F, 55, = 4.376, p = 0.0245, post hoc vs naive
p =0.0322,vs T3Tx-XPro1595 p = 0.0128). Furthermore, T3Tx-
XPro1595 animals had similar levels to naive animals (Fig. 1e,g,h;
p = 0.8200). These data indicate that injury-induced sTNFa« sig-
naling may increase sensitivity of the SSR circuit by triggering
CGRP * plasticity onto interneurons around the central canal
and that delivering XPro1595 3 d after SCl is sufficient to prevent
this increase in CGRP ™ labeling density.

Delayed sTNFa inhibition reduces the recruitment

and activation of interneurons in the spinal sympathetic
reflex circuit

After SCI, the SSR circuit becomes more sensitive to sensory
stimuli below the injury. One change that has been implicated in
hyperexcitability of the SSR circuit is the recruitment and activa-
tion of interneurons into the circuit (Krassioukov et al., 2002;
Landrum et al., 2002; Hou et al., 2008; Ueno et al., 2016). We
sought to determine whether inhibiting sSTNFa starting 3 d after
SCI decreases injury-induced, increased activation of interneu-
rons in the SSR circuit. We injected PRV-152 into the kidneys of
T3Tx-Saline and T3Tx-XPro1595 animals at 8 weeks post-SCI to
transsynaptically trace sympathetically associated neurons. We
also injected FG intraperitoneally, an established means to label
SPNs (Hou et al., 2008). To further identify neurons that are
within the SSR circuit, the same animals were subjected to CRD
4 d after PRV injection, just before being killed. CRD is an estab-
lished means to activate the SSR circuit and induce cFos, a marker
of neuronal activation (Landrum et al., 2002; Hou et al., 2008), in
sympathetically correlated neurons. Thus, we were able to iden-
tify SPNs (FG ) or interneurons (FG ™) that are associated with
sympathetic function (PRV ©) that were activated by the visceral
sensory stimulus (cFos ).

Lumbar interneurons in laminae VII/X that receive afferent
input relay that sensory information rostrally toward the SPNs in
the IML (Clarke et al., 1998; Matsushita, 1998; Tang et al., 2004;
Hofstetter et al., 2005; Cameron et al., 2006). We found signifi-
cantly more PRV ¥ neurons in lumbar spinal cord in T3Tx-Saline
animals than in T3Tx-XPro1595 ones (Fig. 2a,d,g; t(,,, = 2.989,
p = 0.0068), indicating that XPro1595 diminishes the recruit-
ment of interneurons into the SSR circuit at this level. There were
also more interneurons that responded to CRD in the saline-
treated animals (Fig. 2b,e,h; t(,,) = 4.546, p = 0.0002). Moreover,
in XProl595-treated animals, there were fewer lumbar sympa-
thetically associated interneurons (i.e., PRV */cFos *) that were
activated by CRD (Fig. 2¢,fii; t(,,) = 2.197, p = 0.0389).

In thoracic spinal cord, there were more sympathetically as-
sociated interneurons in close proximity to SPNs within the IML
that were activated by CRD (i.e., PRV */cFos "/FG ) in T3Tx-
Saline animals than in T3Tx-XPro1595 ones (Fig. 2j-r; t,;) =
2.096, p = 0.0456). Although the number of activated SPNs was
similar between groups (Fig. 2s; p = 0.4891), the total number of
activated interneurons in the SSR circuit as well as the ratio acti-
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Delayed inhibition of sSTNF v after T3Tx diminishes CGRP ™ afferent plasticity near the central canal in lower lumbar cord. Representative images of transverse sections of L6 lumbar cord
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vated interneurons to SPNs was higher in the T3Tx-Saline ani-
mals (Fig. 2r,t; t,;) = 2.067, p = 0.0485).

Altogether, these data indicate that inhibiting sTNFa with
XPro1595 decreases the recruitment and excitability of lumbar
and thoracic interneurons in the SSR circuit after SCI.

Initiating intrathecal administration of XPro1595 3 d after
SCI diminishes the severity of sympathetic hyperreflexia
While the data above suggest blocking sTNFa after T3Tx atten-
uates anatomical plasticity of the SSR circuit, does this have func-
tional implications? To determine this, we took advantage of the
fact that activation of the SSR circuit in T3Tx animals manifests
almost immediately as an AD episode. Thus, we can use hemo-
dynamic measures to not only assess sympathetically mediated
AD but to also serve as a virtually instantaneous readout of SSR
circuit activity.

We implanted a radiotelemetry pressure transducer into the
descending aortas of adult rats before T3Tx and intrathecal treat-
ment with saline or XPro1595, allowing for longitudinal moni-
toring of mean arterial pressure (MAP) and heart rate (HR) in the
same animals at multiple time points. Hemodynamics were as-
sessed before injury and at biweekly time points up to 8 weeks
after SCI. SCI resulted in a decrease in baseline MAP at 8 weeks
for both T3Tx-Saline and T3Tx-XProl1595 animals (Fig. 3a;
Fi4116) = 12.91, p < 0.0001; post hoc, vs 8 weeks T3Tx-Saline p <
0.0001; vs 8 weeks T3Tx-XPro1595 p = 0.0271), similar to what
we saw previously (Mironets et al., 2018). There were no differ-
ences in MAP between experimental groups at any time point.
SCI also resulted in increased HR at 8 weeks for both groups
compared with preinjury baseline (Fig. 3b; F, |, = 6.355, p =
0.0001; post hoc, vs 8 weeks T3Tx-Saline p = 0.0145; vs 8 weeks
T3Tx-XProl595 p = 0.0003).

We also examined hemodynamic parameters before, during
and after subjecting the T3Tx-Saline and -XPro1595 animals to
CRD, a well established experimental technique used to activate

the SSR circuit and trigger AD virtually instantaneously (Kras-
sioukov and Weaver, 1995; Krenz et al., 1999; Cameron et al.,
2006; Hou et al., 2013). CRD quickly elicited AD events in both
T3Tx-Saline and T3Tx-XPro1595 animals (Fig. 3¢—d). In T3Tx-
Saline animals, there was a significant increase in the magnitude
of CRD-induced hypertension between 2 and 8 weeks (Fig. 3e;
F5.102) = 5.976, p = 0.0009; post hoc, 2 weeks T3Tx-Saline vs 8
weeks T3Tx-Saline p = 0.0099). The magnitude of CRD-induced
MAP spikes in T3Tx-XPro1595 animals also progressively in-
creased over the course of weeks 2 through 8 (Fig. 3e; F(5 1, =
5.976, p = 0.0009; post hoc, 2 weeks T3-XPro1595 vs 8 weeks
T3Tx-XPro1595 p = 0.0040). However, the MAP spikes in the
XPro1595-treated animals were significantly smaller compared
with those in the T3Tx-Saline rats at all post-SCI time points (Fig.
3e; Fy 102y = 35.89, p < 0.0001; post hoc, at 2 weeks p = 0.0025, at
4 weeks p <0.0001, at 6 weeks p = 0.0145, at 8 weeks p = 0.0221).
XPro1595 treatment also markedly reduced the time to return to
baseline MAP after the CRD was relieved at all time points (Fig.
3f, F( 118 = 40.57, p < 0.0001, post hoc, at 2 weeks p = 0.0052, at
4 weeks p = 0.0004, at 6 weeks p = 0.0195 at 8 weeks p = 0.0001).
We also found that T3Tx-XPro1595 animals had significant less
reflexive bradycardia during the hypertensive AD than T3Tx-
Saline animals at 4- and 6-weeks after injury (Fig. 3g; F(; 102 =
13.83, p = 0.0003, post hoc at 4 weeks p = 0.0303, at 6 weeks p =
0.0006).

People (and rodents) with high-level injuries often experience
numerous AD events per day due to common complications as-
sociated with SCI [e.g., pressure sores, full bladders, constipation;
(Rabchevsky etal., 2012; Zhangetal., 2013; West et al., 2015)]. To
further assess the degree to which XPro1595 diminishes AD, we
determined the number of daily “naturally occurring”, nonex-
perimentally induced AD bouts. At each biweekly time point, we
recorded animals’ MAP and HR over a continuous 24 h period
while they moved freely in their cages. AD events were detected
using an established algorithm (Mironets et al., 2018) that sifts
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Figure2. Delayed inhibition of spinal STNFcx decreases the recruitment and colorectal distension-elicited activation of interneurons in the SSR circuit. PRV (green) was used to identify neurons
within the SSR circuit and FG (blue) was used to label SPNs. Repeated, intermittent CRD was given to T3Tx-Saline or -XPro1595 animals 8 weeks post-SCl to activate neurons within the SSR circuit,
visualized with immunostaining for cFos (red), just before being killed. a—i, Representative images of transverse, L6 spinal cord sections are shown. There were more total cFos ™ neuronsand PRV
neurons in lumbar spinal cords of T3Tx-Saline animals than in T3Tx-XPro1595 (a, b, d, e, g, h). There were also fewer sympathetically associated neurons activated (Figure legend continues.)
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through the 24 h recordings for paroxysmal hypertension and
reflexive bradycardia (Fig. 3h—k). Both T3Tx-Saline and T3Tx-
XPro1595 animals had similar numbers of events at 2 weeks (Fig.
3j; p = 0.1468). AD in the T3Tx-Saline animals intensified over
time — the number of detected events increased between 2 and 8
weeks post-SCI (Fig. 3j; F(; 156, = 20.37, p < 0.0001, post hoc, p =
0.0089), corroborating the progressive intensification of AD over
time described previously (Krassioukov and Weaver, 1995;
Zhang et al., 2013; West et al., 2015). In contrast, there was no
change in the frequency of AD events in T3Tx-XPro1595 animals
over time. Additionally, T3Tx-XPro1595 animals had signifi-
cantly fewer naturally occurring events at 4, 6, and 8 weeks post-
SCI (Fig. 3j; F(1 156 = 20.37, p < 0.0001, post hoc, at 4 weeks p =
0.0366, post hoc, at 6 weeks p = 0.0107, post hoc, at 8 weeks p =
0.0046). We also found that T3Tx-Saline animals had signifi-
cantly greater peak MAP per AD event at each time point (Fig. 3k;
Fi 481y = 52.01, p < 0.0001, post hoc, at 2 weeks p = 0.0229, at 4
weeks p = 0.0162, at 6 weeks p < 0.0001, at 8 weeks p = 0.0165).
Collectively, these data indicate that inhibiting spinal sSTNFa
starting 3 d after injury below SCI attenuates the severity and
progressive exacerbation of AD.

Delayed spinal sTNFa inhibition improves splenic leukocyte
profile after complete high thoracic SCI

People with SCI often have compromised immune systems and
are at higher risk for infection (Failli et al., 2012). Moreover, those
with high-level injuries who experience AD, indicative of height-
ened SSR circuit activation and sympathetic hyperreflexia, are at
even higher risk of infection (Zhang et al., 2013; Brommer et al.,
2016). This is likely a consequence of increased sympathetic ac-
tivity in immune-related effector organs, such as the spleen. In-
deed, recurrent activation of the SSR circuit after high-level SCI
results in splenic atrophy and diminished B cell numbers (Zhang
et al., 2013). Because XPro1595 treatment attenuates AD devel-
opment, suggestive of diminished activation of the SSR circuit,
we wanted to determine whether XPro1595 treatment also atten-
uates peripheral immune dysfunction resultant from sympa-
thetic hyperreflexia (Zhang et al., 2013; Ueno et al., 2016).

We first evaluated leukocyte and lymphocyte levels within the
spleen, a major secondary lymphoid organ involved in regulating
the immune system that receives sympathetic input. Spleens
from uninjured animals, T3Tx-Saline and -XPro1595 animals 8
weeks post-SCI were harvested and splenocytes were counted and
characterized via flow cytometry.

As reported previously, chronic T3Tx results in dramatic
splenic atrophy. We observed that T3Tx-Saline animals had
smaller spleens (Fig. 4a,b; F, 1, = 6.306, p = 0.0112, post hoc, vs
naive p = 0.0137) and fewer total splenocyte numbers than naive
animals (Fig. 4¢; F(, 14y = 5.239, p = 0.0199, post hoc, vs naive p =
0.0201). Treatment with XPro1595 prevented the SCI-induced
splenic atrophy; T3Tx-XPro1595 animals had spleen weights that
were higher than T3Tx-Saline animals and were similar to naive

<«

(Figure legend continued.) by CRD (i.e., cFos */PRV *) in T3Tx-Saline animals than T3Tx-
XPro1595 animals (¢, f.i). j—t, Representative images of the IML in longitudinal, T8 —T13 spinal
cord sections are shown. While there was no difference in the number of SPNs within the SSR
circuit that were activated by CRD (i.e., PRV */cFos * /FG *; see m’") between the two groups
(7—q.5), there were more sympathetically associated interneurons that were activated by CRD
(i.e., PRV ™ /cFos /FG ~ cells; see m”) in T3Tx-Saline animals (j—m) than in T3Tx-XPro1595
animals (n—r). As a result, the ratio of CRD-responsive interneurons to SPNs within the SSR
circuit in T3Tx-XPro1595 animals was less than in saline-treated animals (f). n = 4/group.
Mean = SEM *p << 0.05; **p << 0.01; ***p << 0.001. Scale bars, 100 um.
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animals (Fig. 4a,b; F, 14 = 6.306, p = 0.0112, post hoc, vs T3Tx-
Saline p = 0.0059). T3Tx-XPro1595 animals also had normal
(i.e., similar to naive) numbers of splenocytes that were higher
than T3Tx-Saline (Fig. 4¢; F, 14y = 5.239, p = 0.0199, post hoc, vs
T3Tx-Saline p = 0.0111).

We also found striking differences in the profile of the spleno-
cytes, as determined by flow cytometry (the gating strategy is
depicted in Fig. 4d). T3Tx-XPro1595 animals had more CD68 *
monocytes compared with uninjured animals (Fig. 4e; F, ;) =
2.468, p = 0.1208, post hoc, vs naive p = 0.0492). Corresponding
to the splenocyte count numbers in Figure 4¢, T3Tx-Saline ani-
mals had fewer CD45R * B cells (Fig. 4f; F(, 4 = 4.045, p =
0.0411, post hoc, vs naive p = 0.0405, vs T3Tx-XPro1595 p =
0.0211), CD3 * T cells (Fig. 4g; F(5 14 = 7.5, p = 0.0061, post hoc,
vs naive p = 0.0077, vs T3Tx-XPro1595 p = 0.0034), CD8 * T
cells (Fig. 4h; F(, 1,y = 10.55, p = 0.0016, post hoc, vs naive p =
0.0381, vs T3Tx-XPro1595 p = 0.0004), and CD4 * T cells (Fig.
4i; F, 14) = 6.083, p = 0.0065, post hoc, vs naive p = 0.0015, vs
T3Tx-XProl595 p = 0.0388) than either naive or T3Tx-
XPro1595 animals. Notably, numbers of CD45R ™ B cells, CD3 *
T cells, CD8* T cells, and CD4" T cells in T3Tx-XPro1595
spleens were similar to those seen in naive animals. Last, we found
that T3Tx-XPro1595 animals had more CD4*/FoxP3 " Tyxq
cells than either naive or T3Tx-Saline animals (Fig. 4j; F(, 14, =
6.312, p = 0.0111, post hoc, vs naive p = 0.0434, vs T3Tx-Saline
p = 0.0036).

Collectively, these data indicate that SCI detrimentally alters the
profile of splenocytes in a way suggestive of a compromised immune
system. Moreover, inhibiting sSTNFa centrally with XPro1595 atten-
uates these changes, implying improved immune function.

Intrathecal administration of XPro1595 does not affect
splenic corticosterone levels but does diminish the surge in
NE expression and sprouting of adrenergic fibers within the
spleen after SCI

Increased glucocorticoid and noradrenergic signaling within the
spleen have been implicated in the decrease in splenocyte number
after high-level SCI (Lucin et al., 2009; Zhang et al., 2013), such as
what we saw in our studies here (Fig. 4). Does intrathecal admin-
istration of XPro1595 diminish levels of corticosterone (CORT)
or norepinephrine (NE) in the spleen? We found that both T3Tx-
Saline and -XProl595 treated animals 8 weeks after SCI had
splenic CORT levels that strongly trended higher than that in
spleens from uninjured animals. There was no difference in
CORT levels between the T3Tx groups (Fig. 5a; naive vs T3Tx-
Saline p = 0.0607, naive vs T3Tx-XPro1595 p = 0.0656). How-
ever, we did see a treatment effect in splenic NE levels. Spleens
from T3Tx-Saline animals had higher levels of NE than spleens
from either uninjured or T3Tx-XPro1595 animals (Fig. 5b; F, ;)
= 10.17, p = 0.0032, post hoc, vs naive p = 0.0014, vs T3Tx-
XPro1595 p = 0.0062). T3Tx-XPro1595 animals had similar NE
levels to naive animals. We also found that the extent of TH ¥,
sympathetic postganglionic fibers innervating the spleen corre-
lated with NE levels. T3Tx-Saline animals had more TH ™ fibers
in lymphocyte-rich, CD45* white pulp regions than naive or
T3Tx-XPro1595 animals (Fig. 5¢-m1; F, 30y = 5.897, p = 0.0058,
post hoc, vs naive p = 0.0024; vs T3Tx-XProl595 p = 0.013).
Furthermore, the CD45 regions were smaller in the T3Tx-
Saline animals (Fig. 5; F, 39y = 6.314, p = 0.0042, post hoc, vs
naive p = 0.0011; vs T3Tx-XPro1595 p = 0.0337), corroborating
the loss of lymphocytes observed in our flow analyses (Fig. 4).
T3Tx-XPro1595 and uninjured animals had similar TH " immu-
noreactivity in similarly sized CD45% white pulp regions
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Figure3.  XPro1595 treatment initiated 3 d post-injury is sufficient to attenuate autonomic dysreflexia, a gauge of sympathetic hyperreflexia. a, b, Baseline mean arterial pressure (MAP) and

heart rate (HR) were assessed preinjury and at biweekly time points after T3Tx. In both groups, the injury itself resulted in a persistent decrease in MAP. There was no difference in MAP between T3Tx
animals treated with saline or XPro1595 (a). Injury also resulted in higher HR in both groups. At 2 and 8 weeks post-T3Tx, XPro1595 animals had faster HR than saline treated animals (b). c—g, AD
events were experimentally induced via T min of colorectal distension (CRD). Representative beat-to-beat arterial traces from (c) T3Tx-Saline animals and (d) T3Tx-XPro1595 treated animals 8 weeks
after injury are shown. The white line indicates MAP. Although both groups exhibit a sharp increase in MAP in response to CRD, T3Tx-Saline animals had far greater responses than T3Tx-XPro1595
animals at every time point (e) that took longer to return to baseline MAP after CRD ended (f). In both T3Tx-Saline and -XPro1595 animals, the CRD-induced AMAP increased over time, suggesting
that AD progressively worsens (e). T3Tx-XPro1595 animals also exhibit less reflexive bradycardia than T3Tx-saline animals at 4 6-weeks post-injury (f). h—k, Continuous 24 h hemodynamic
recordings were conducted to assess naturally occurring AD events. Representative MAP traces from T3Tx-Saline (h) or T3Tx-XPro1595 (i) animals over 24 h at 8 weeks post-SCl are shown. Naturally
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(Figure legend continued.)  and 8 weeks post-SCl (). The number of events increased over
time in T3Tx-Saline animals but not XPro1595-treated animals between 2- and 8-weeks (j). The
peak MAP per event was lower in T3Tx-XPro1595 animals compared with saline-treated con-
trols (k). n = 18 —24/group. Mean = SEM *p << 0.05; **p << 0.01; ***p << 0.001; ****p <
0.0001.

Regs than both naive and saline-treated animals (j). n = 5- 6/group. Mean = SEM *p << 0.05; **p < 0.01;***p << 0.001.

(Fig. 5¢—m), again correlating with our flow and NE ELISA data.
These data suggest that intrathecal XPro1595 prevents splenic
atrophy after SCI via a CORT-independent, NE-dependent
mechanism.

Delayed intrathecal XPro1595 treatment improves immunity
against bacterial pneumonia after chronic SCI

We wanted to more directly assess whether T3Tx-XPro1595 an-
imals had improved immunity against infection. As respiratory
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infections (e.g., pneumonia) are prevalent
in the SCI population, we were specifically
interested in how animals with T3Tx re-
spond to infection with the bacteria S.
pneumoniae. T3Tx-Saline and -XPro1595
animals were infected with S. pneumoniae
intratracheally at 8 weeks post-SCI. Age-
matched, uninjured animals were infected
similarly. No animals were administered
antibiotics and all animals were moni-
tored daily for 10 d postinfection.

Although no uninjured animals died
after S. pneumoniae infection (Fig. 6a),
they all became ill. They lost a significant
amount of weight (Fig. 6b), had high body
temperatures (Fig. 6c¢), and exhibited
tachypnea (Fig. 6d). All uninjured, in-
fected animals recovered by 8 d, as indi-
cated by a return of body weight, body
temperature, and respiratory rate to base-
line levels (Fig. 6b—d; Table 2). On the
contrary, 3 of 8 T3Tx-Saline animals
(37.5%) died within 5 d after infection
(Fig. 6a). The T3Tx-Saline animals that
survived the entire 10-day assessment pe-
riod had persistent weight loss (Fig. 6b).
Additionally, these animals had higher
body temperatures (Fig. 6¢) and respira-
tory rates early on (Fig. 6d), indicating
that they were sicker than the uninjured
animals (Table 2). Remarkably, intrathe-
cal administration of XPro1595 improved
immunity against S. pneumoniae infec-
tion. While infected, uninjured and in-
fected, T3Tx-XProl595 animals had
similar elevations in body temperature
(Fig. 6¢), T3Tx-XProl595 animals did
lose more weight (Fig. 6b) and displayed
increased respiratory rate (Fig. 6d), indi-
cating that T3Tx-XPro1595 animals got
sicker. However, unlike T3Tx-Saline ani-
mals, all infected, T3Tx-XPro1595 ani-
mals survived (Fig. 6a) and returned to
baseline parameters by 10 d postinfection
(Fig. 6b—d).

To determine how well the immune
system was able to clear the bacteria, lungs
were harvested from all surviving animals
10 d postinfection, homogenized, and
cultured on blood agar plates for 48 h.
Lungs from uninjured, uninfected ani-
mals were also harvested for comparison.

<«

axons (d, e). T3Tx-Saline animals had smaller (D45 ™ white
pulp regions than naive animals (f), that were innervated by
more TH™ fibers (g, /, m). (D45 white pulp in T3Tx-
XPro1595 spleens were similar in size to naive animals and
were larger than those in saline-treated animals (7, I). More-
over, TH™ immunostaining in white pulp in T3Tx-XPro1595
animals was similar to naive animals and was less than that in
T3Tx-Saline animals (j, m). n = 4-5/group. Mean = SEM
*p < 0.05; **p < 0.01. Scale bar, 50 wm.
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Figure 6. Delayed intrathecal XPro1595 treatment after T3Tx improves antibacterial immunity in chronic SCI animals. At 8 weeks post-SCl, T3Tx-Saline and T3Tx-XPro1595 animals were
intracheally administered S. pneumoniae and sickness behavior was tracked for 10 d. Uninjured animals were similarly infected for comparison. a, After infection, 37.5% (3/8) of T3Tx-Saline animals
died. No uninjured (0/6) or T3Tx-XPro1595 (0/7) animals died after infection — these latter groups had a 100% survival rate. b—d, Uninjured, infected animals exhibited decreased body weight,
increased body temperature, and increased respiratory rate, indicative of sickness. T3Tx-Saline animals exhibited an even greater degree of weight loss, fever, and tachypnea than uninjured and
T3Tx-XPro1595 animals. T3Tx-Saline animals were unable to recover to normal bodyweight (b) but recovered back to normal body temperature (c) and respiratory rate (d). T3Tx-XPro1595 animals
also exhibited sickness behavior but they recovered to normal bodyweight (b) and did not have as high a peak body temperature (c) or respiratory rate (d). ei, Lungs were harvested 10 d after
infection and homogenates were plated onto blood agar plates. Lungs from naive (i.e., uninfected, uninjured) animals were also harvested and cultured as an additional control. Colony forming units
(CFU) were counted 48 h later. There were some CFU in lung cultures from infected, uninjured animals, suggesting that S. pneumoniae was not completely cleared from the lungs (f,4). Cultures from
T3Tx-Saline animals’ lungs (g) had more CFUs than those from uninjured-infected animals (f), indicating that T3Tx reduces bacterial clearance, indicative of diminished immune function. Cultures
from XPro1595-treated animals (h) had fewer CFUs than saline-treated animals and were similar to uninjured-infected animals (i). n = 5-7/group. Mean == SEM **p << 0.01; ***p < 0.001.

There were some colonies in the cultures using lungs from in-  animals, indicating that there was still a significant bacterial pres-
fected, uninjured animals (Fig. 6f,i), indicating there was some  ence in their lungs (Fig. 6g,5; F 5 50y = 7.366, p = 0.0016, post hoc,
bacteria present in these animals’ lungs at the time of harvest.  vs naive p = 0.0004, vs uninjured-infected p = 0.0007). Cultures
There were many more colonies in the cultures from T3Tx-Saline ~ from T3Tx-XPro1595 animals had fewer colonies than those
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Table 2. Comparison of outcomes over 10 d after S. pneumoniae infection
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Experimental group

Body weight

Temperature

Respiratory rate

Uninjured-infected over time (compared with pre-infection baseline)

T3Tx-Saline + infection over time (compared with pre-infection baseline)

T3Tx-XPro1595 + infection over time (compared with pre-infection baseline)

T3Tx-Saline + infection versus uninjured-infected

T3Tx-XPro1595 + infection versus Uninjured-infected

T3Tx-Saline + infection versus T3Tx-XPro1595 + infection

*p =0.0147 atday 1
*p = 0.0116 at day 2
NS at days 3-10

*p < 0.05 at days 2-10

*p < 0.05at day 1-9
NS at day 10

NS at days 0-3
*p =10.0117 at day 4

**%%1 <0.0001 at days 5-10

NS at days 0-3
**p =0.0016 at day 4

**¥%p <0.0001 at days 5-6

**%p = 0.0003 at day 7
*p << 0.05 at days 89
NS at day 10
NSatday0-8

*p = 0.0293 at day 9
**p = 0.0067 at day 10

*p<0.05atdays1,4-5
**p < 0.01atdays 2,7
NS at days 3,8-10

**p = 0.0078 at day 1
**¥%1 = 0.0007 at day 2
*p=10.0169 at day 7

NS at days 3-6,8-10
*p < 0.05atdays 1,7
**p =0.0031at day 2
NS at days 3-6,8-10

*p =0.0384 at day 2
NS atdays 1,3-10

NS at days 1-10

NS at days 1-10

*p < 0.05atdays 1,5

*¥p < 0.01 at days 2-3
NS at days 4,6-10

**p < 0.01at days 1-2
*¥¥p < 0.001 at days 3— 4
*p < 0.05 at days 5-9

NS atday 10

*¥p < 0.01atdays 1,4,6
**¥p < 0.001 at days 2-3
*p=0.0101atday 5

NS at days 7-10

**¥p =0.0001 at day 1

**¥¥p < 0.0001 at days 2— 4

**p =0.0015 at day 5
NS at days 6,810

*p = 0.0454 at day 7

*p = 0.0367 at day 1
*¥¥¥p < 0.0001 at day 2
**p < 0.01at days 3-4
NS at days 5-10

NS at days 1,3-10
**p = 0.0085 at day 2

NS, nonsignificant.

from T3Tx-Saline animals and were similar to both uninjured
groups, regardless of whether they were infected (Fig. 65,3 F 5 5,
= 7.366, p = 0.0016, post hoc, vs naive p = 0.2374, vs uninjured-
infected p = 0.3266, vs T3Tx-Saline, p = 0.0044). These data
indicate that inhibiting sSTNFa centrally post-SCI dramatically
attenuates SCI-induced immunosuppression and improves im-
munity in chronic SCI animals.

Discussion

Regulation of sympathetic activity is critical for maintaining nor-
mal function of organs that receive sympathetic input. Thus, it is
not surprising that organ dysfunction commonly occurs after SCI
(Alan etal., 2010; Zhang et al., 2013; Sauerbeck et al., 2015; Kigerl
etal., 2016; Ueno et al., 2016; Priiss et al., 2017). These detrimen-
tal secondary, systemic consequences of SCI are even more severe
with high-level injuries (Alan et al., 2010; Zhang et al., 2013;
Sauerbeck et al., 2015; Ueno et al., 2016; Priiss et al., 2017), sug-
gesting that loss of descending modulation of spinal sympathetic
output plays a major role. Furthermore, considerable evidence
suggests that SCI induces intraspinal plasticity that renders SSR
circuitry more excitable. This results in sympathetic hyperreflexia
that manifests as AD and drives immunodeficiency (Weaver et
al., 2001; Priiss et al., 2017). The mechanisms by which SSR cir-
cuits become hyperexcitable after injury remain elusive. Addi-
tionally, the degree to which plasticity of SSR circuits causes
secondary consequences of SCI (e.g., AD and dysimmunity) is
also poorly understood. We surmised that persistent neuroim-
mune signaling below an injury influences activity of the SSR
circuit to profoundly impact the organs innervated by the sym-
pathetic nervous system. Here, we set out to determine whether
administering XPro1595 to inhibit sTNFa beginning at a clini-
cally feasible, post-SCI time point (3 d) could sufficiently blunt
plasticity of the SSR circuit to therapeutically hamper AD devel-
opment and improve immunity months after SCI. Furthermore,
we also wanted to assess whether intrathecal XPro1595 treatment

improved chronic SCI animals’ immunity sufficiently enough to
fend off a clinically relevant S. pneumoniae infection challenge.
We found that delayed sTNFa inhibition decreased the sever-
ity of AD when compared with the saline-treated controls (Fig.
3), similar to what we saw when XPro1595 was administered just
after SCI (Mironets et al., 2018), indicating that sSTNFa-mediated
SSR circuitry plasticity occurs or becomes functional at some
point after 3 d. This bolsters the notion of XPro1595 as a prophy-
lactic treatment for this life-threatening syndrome, a gauge of
sympathetic hyperreflexia. However, unlike what we saw previ-
ously, we also observed that CRD-induced AD intensified be-
tween 2 and 8 weeks (West et al., 2016) post-T3Tx, even with
XProl1595 treatment, albeit to a far lesser degree that saline-
treated animals (Fig. 3c). This suggests that factors other than
sTNFa signaling play a role in AD development. Future work will
identify mechanisms independent of sTNF« that potentiate AD.
Importantly, we observed that delayed pharmacological inhi-
bition of spinal sTNFa signaling dramatically attenuated SCI-
induced immune suppression (Figs. 4,6). T3Tx-Saline animals
became noticeably sicker after S. pneumoniae infection than un-
injured or T3Tx-XPro1595 animals—some even succumbed to
the infection. These data corroborate the concept that high-level
SCI results in a dysregulated sympathetic system that leads to
immunodeficiency. Notably, while all T3Tx-XPro1595 animals
got sick, they were more capable of clearing the bacteria from
their lungs and all recovered substantially better than T3Tx-
Saline animals. The improved immunity seen in the XPro1595
animals directly correlated with the prevention of SCI-induced
splenic atrophy. Moreover, the leukocyte profile in uninjured
and T3Tx-Saline and -XPro1595 animals 8 weeks post-SCI (i.e.,
time of S. pneumoniae application) accurately predicted immu-
nity against infection. XPro1595 animals had more normal levels
(i.e., similar to those in naive, uninjured animals) of total spleno-
cytes, B cells, and T cells. Fascinatingly, XPro1595-treated ani-
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mals had higher numbers of Ty, cells, important regulators of
immune function particularly in disease contexts (Sakaguchi et
al., 2010; Mohr et al., 2019), than both uninjured and T3Tx-
Saline animals. This is somewhat surprising, as increases in Tg,,
cells are commonly associated with inhibiting lymphocyte func-
tion (Sabbagh et al., 2018). However, despite elevations in Tg,,
cells, XPro1595 animals had relatively normal levels of lympho-
cytes that may ultimately improve immunity against infection.
This apparent discrepancy is likely due to contextual differences.
Many studies investigating the regulatory roles of T, cells are in
the context of autoimmune pathologies (Chen et al., 2005; Yang
et al., 2018a; Mohr et al.,, 2019). In a SCI setting that typically
causes an overall loss of lymphocytes, Ty, cells may function
differently to increase/protect this important population. We can
address the role of increased Tg,, cell number in the improved
immunity we observed by selectively deleting FoxP3 cells after
SCI and assessing whether XPro1595 treatment still diminishes
dysimmunity. Moreover, as those living with SCI are also prone
to viral infections (Soden et al., 2000; Bracchi-Ricard et al., 2016),
we can also determine whether XPro1595 improves antiviral im-
munity after SCI to more broadly gauge how well XPro1595 at-
tenuates SCI-induced immunodeficiency.

Dysimmunity after SCI is strongly associated with a nonspe-
cific loss of splenic leukocytes that is thought to be driven, in part,
by aberrant levels of circulating stress hormones (Lucin et al.,
2009; Zhang et al., 2013; Priiss et al., 2017). Indeed, we observed
increased levels of splenic CORT after injury (Fig. 54). However,
despite elevated CORT levels in both T3Tx-XPro1595 and -Saline
animals, T3Tx-XPro1595 animals had normal splenocyte num-
bers and white pulp size (Figs. 4c, 5¢,i,]). One possibility may be
that increased noradrenergic signaling after SCI, suggested by
increased TH ™ axon density in splenic white pulp and elevated
levels of NE in the spleen (Fig. 5), may play a more direct role in
leukocyte toxicity. The sympathetic nervous system is critically
important for regulating immune function, but not much is
known as to how these mechanisms may change after injury to
the CNS. Perhaps with SCI, paroxysmal spikes in NE may have
toxic effects on leukocytes that then contribute, independently or
in combination with circulating stress hormones, to exacerbate
immunosuppression (Zhang et al., 2013). The observed increase
in TH ™ axons after injury also indicate that plasticity of adrener-
gic, sympathetic postganglionic neurons also play a role in
heightened sympathetic reflexes after injury. Future studies will
investigate whether this is an indirect effect of sSTNFa-mediated
changes to SSR circuitry.

The mitigated AD and immune dysfunction observed in the
T3Tx-XPro1595 correlated well with histological evidence that
XPro1595 diminished plasticity implicated in increasing excit-
ability of the SSR circuit. Normally, CGRP " nociceptors pre-
dominantly synapse on neurons in superficial dorsal horn
laminae that then project up the spinothalamic tract to relay
nociceptive information to the brain (Bokiniec et al., 2018). We
know from current and previous experiments that sSTNFa drives
plasticity of nociceptors (Wheeler et al., 2014; Mironets et al.,
2018). Indeed, we saw more CGRP * afferent fibers near the cen-
tral canal caudal to the SCI in lumbar cord (Fig. 1). Moreover,
there is a direct correlation between CRD-induced hypertension
and CGRP " immunoreactivity around the central canal (F,, 5, =
7.946,p = 0.0372, R> = 0.6138). Interneurons around the central
canal in lumbosacral spinal cord relay sensory information ros-
trally, including to the SPNs (Hofstetter et al., 2005; Hou et al.,
2008). Inhibiting sSTNFa signaling decreased the number of neu-
rons in this region that were recruited into the SSR circuit and
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that responded to CRD, an established trigger of the SSR circuit
(Fig. 2a—i). This suggests that injury-induced sTNFa causes plas-
ticity of CGRP " afferents onto nearby interneurons, resulting in
the recruitment of these rostrally projecting, lumbar interneu-
rons into the circuit. Additionally, injury results in more in-
terneurons in thoracic cord near SPNs being activated by a
below-level sensory stimuli to drive SPN activity and sympathetic
output (Krassioukov etal., 2002; Ueno et al., 2016) (Fig. 2j—t). We
found that T3Tx-XPro1595 treated animals had fewer sympa-
thetically associated interneurons activated by CRD in close
proximity to SPNs. These data demonstrate that injury-induced
sTNFa mediates the recruitment of interneurons into the SSR
circuit as well as their increased excitability.

sTNFa may promote neuron recruitment into the circuit by
enhancing synaptic strength onto these neurons. Interestingly,
sTNFa signaling has been associated with increasing trafficking
of calcium-permeable glutamatergic receptors and decreasing
levels of inhibitory GABAergic receptors at the cell membrane
(Beattie etal., 2002; Stellwagen et al., 2005; Stiick et al., 2012; Patel
etal.,2017). Future experiments will examine the direct influence
of sTNFa on phenotypically distinct neurons within the SSR cir-
cuit in more depth.

Another possibility is that plasticity of SSR circuits is an indi-
rect consequence of glial mechanisms that alter synaptic connec-
tivity (Korn et al., 2005; Domercq et al., 2006; Tilleux and
Hermans, 2008; Gruber-Schoffnegger et al., 2013; Liu et al,
2017). Glia have been implicated in TNFR1-mediated effects on
synaptic activity (Beattie et al., 2002; Stellwagen et al., 2005; Stiick
etal.,2012; Patel etal., 2017). Further experiments will dissect out
the role of reactive microglia or astrocytes in SSR circuit plasticity
after injury.

Unlike current FDA approved TNF-inhibitors, XPro1595
specifically targets the soluble form of TNFe, leaving transmem-
brane TNFa« signaling — which is thought to mediate repair and
immune modulation (Madsen et al., 2016; Atretkhany et al.,
2018; Pegoretti et al., 2018; Yang et al., 2018b) — intact. In fact,
XProl1595 is already currently in clinical trials as a treatment for
Alzheimer’s Disease (ClinicalTrials.gov, 2019), possibly shorten-
ing the time for XPro1595 to be used as a treatment for SCI.
Additionally, as other medications, e.g., baclofen and morphine,
are delivered intrathecally in humans (Kofler et al., 2009; Narain
et al., 2015), intrathecal delivery of XPro1595, as we did here, is
feasible. We intrathecally delivered XPro1595 to best contain its
actions within the CNS, as systemic use of TNF-inhibitors is com-
monly associated with increased infection (Raychaudhuri et al.,
2009). While it is possible that some XPro1595 may have escaped
the CNS into the periphery via a permeabilized blood-spinal cord
barrier (Noble and Wrathall, 1989; Popovich et al., 1996) or lym-
phatic drainage (Aspelund et al., 2015; Louveau et al., 2015), it is
unlikely that this occurred to a significant extent given that we
saw improved immunity in XPro1595-treated animals.

One limitation of this study is that we do not yet fully know the
effective time window for XPro1595. While we know that delay-
ing initiation of XProl1595 treatment for 3 d is still effective,
would XProl1595 need to be administered indefinitely or can
treatment be discontinued while benefits persist? Additional
studies are needed to determine optimal timing and dosing.

This study demonstrates that XPro1595 therapeutically di-
minishes SSR circuit plasticity to attenuate sympathetic hyperre-
flexia and mitigate secondary consequences of SCI-induced
sympathetic dysregulation, such as immunodeficiency. To our
knowledge, this would be the first prophylactic therapy that
broadly improves sympathetic regulation after SCI, despite being
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delivered centrally days after injury, to attenuate life-threatening
effector organ dysfunction.
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