Brain, Behavior, and Immunity 111 (2023) 298-311

: - ; - = N,
Contents lists available at ScienceDirect BEHE{{/%%

and IMMUNITY
e

Brain Behavior and Immunity

FI. SEVIER

journal homepage: www.elsevier.com/locate/ybrbi

L)

Check for

Intrathecal administration of conditioned serum from different species ol
resolves Chemotherapy-Induced neuropathic pain in mice via
secretory exosomes

Thomas Buchheit ™" "% Yul Huh>“', Andrew Breglio®, Sangsu Bang®, Jing Xu?,
Yutaka Matsuoka °, Ran Guo“, Andrey Bortsov“, Julio Reinecke I Peter Wehling ™.
Tony Jun Huang ¢, Ru-Rong Ji %"

& Center for Translational Pain Medicine, Department of Anesthesiology, Duke University Medical Center, Durham, NC 27710, USA
b Anesthesiology Service, Durham Veterans Affairs Health Care System, Durham, NC 27705, USA

¢ Department of Cell Biology, Duke University Medical Center, Durham, NC 27710, USA

4 ORTHOGEN AG, Diisseldorf, Germany

€ Department of Mechanical Engineering and Materials Science, Duke University, Durham, NC 27710, USA

fDepa.rr:ment of Neurobiology, Duke University Medical Center, Durham, NC 27710, USA

ARTICLE INFO

Keywords:

ACS (autologous conditioned serum)
CIPN (chemotherapy-induced peripheral
neuropathy)

conditioned serum (CS)

Exosomes, glial cells

IL-1Ra (interleukin-1 receptor antagonist)
non-conditioned serum (NCS)
Neuroinflammation

Spinal cord

ABSTRACT

Chemotherapy-induced peripheral neuropathy (CIPN) is the most prevalent neurological complication of
chemotherapy for cancer, and has limited effective treatment options. Autologous conditioned serum (ACS) is an
effective biologic therapy used by intra-articular injection for patients with osteoarthritis. However, ACS has not
been systematically tested in the treatment of peripheral neuropathies such as CIPN. It has been generally
assumed that the analgesic effect of this biologic therapy results from augmented concentrations of anti-
inflammatory cytokines and growth factors. Here we report that a single intrathecal injection of human condi-
tioned serum (hCS) produced long-lasting inhibition of paclitaxel chemotherapy-induced neuropathic pain
(mechanical allodynia) in mice, without causing motor impairment. Strikingly, the analgesic effect of hCS in our
experiments was maintained even 8 weeks after the treatment, compared with non-conditioned human serum
(hNCS). Furthermore, the hCS transfer-induced pain relief in mice was fully recapitulated by rat or mouse CS
transfer to mice of both sexes, indicating cross-species and cross-sex effectiveness. Mechanistically, CS treatment
blocked the chemotherapy-induced glial reaction in the spinal cord and improved nerve conduction. Compared
to NCS, CS contained significantly higher concentrations of anti-inflammatory and pro-resolving mediators,
including IL-1Ra, TIMP-1, TGF-p1, and resolvins D1/D2. Intrathecal injection of anti-TGF-f1 and anti-Il-1Ra
antibody transiently reversed the analgesic action of CS. Nanoparticle tracking analysis revealed that rat
conditioned serum contained a significantly greater number of exosomes than NCS. Importantly, the removal of
exosomes by high-speed centrifugation largely diminished the CS-produced pain relief, suggesting a critical
involvement of small vesicles (exosomes) in the beneficial effects of CS. Together, our findings demonstrate that
intrathecal CS produces a remarkable resolution of neuropathic pain mediated through a combination of small
vesicles/exosomes and neuroimmune/neuroglial modulation.

1. Introduction

Chemotherapy-induced polyneuropathy (CIPN) is particularly prob-
lematic, affecting>50% of individuals treated with paclitaxel (Grisold

Peripheral neuropathies are common, resulting from metabolic dis- et al., 2012; Seretny et al., 2014; Sisignano et al., 2014), potentially
eases such as diabetes, and exposure to toxins such as chemotherapy. limiting therapeutic doses of cancer treatments. Chemotherapy causes a
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Fig. 1. (A) Schematic of blood collection and
blood incubation in human, rat, and mouse
samples. (B) Schematic of serum correction
for conditioned serum (CS) and non-
conditioned serum (NCS) from humans (hCS
and hNCS), rats (rCS and rNCS), and mice
(mCS and mNCS). (C) Schematic of a mouse
model of chemotherapy-induced peripheral
neuropathy (CIPN) by four injections of
paclitaxel on days 1, 3, 5, and 7 in CD1 mice.
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loss of epidermal innervation, infiltration of inflammatory cells, neu-
roinflammation, and neuropathic pain (Chang et al., 2018; Krukowski
et al., 2016; Li et al., 2018; Luo et al., 2019; Pachman et al., 2011;
Robinson et al., 2014; Sisignano et al., 2014; Zhang et al., 2016). CIPN
also produces robust activation of glial cells (e.g., astrocytes and
microglia) in the spinal cord and satellite glial cells in the dorsal root
ganglion (DRG), leading to upregulation of proinflammatory cytokines
and chemokines that promote neuropathic pain (Hu et al., 2018; Jiet al.,
2013; Luo et al., 2021; Robinson et al., 2014). There are several
commonly used medications for neuropathic pain, such as gabapente-
noids, tricyclic antidepressants, and serotonin-norepinephrine reuptake
inhibitors. Unfortunately, these pharmacologic options commonly pro-
duce side effects and demonstrate limited effectiveness in the treatment
of CIPN (Hammack et al., 2002; Kautio et al., 2009; Price et al., 2022;
Rao et al., 2007). These limitations have led to the search for novel
analgesic agents for the treatment of chronic neuropathic pain.
Biologically based regenerative therapies such as platelet-rich
plasma (PRP), autologous conditioned serum (ACS), and mesenchymal
stem cells (MSCs) are used with increasing frequency in the treatment of
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osteoarthritis and musculoskeletal disorders (Buchheit et al., 2020). PRP
is one of the more commonly applied biologic therapies; it can be pro-
duced relatively easily from blood samples. However, this therapy re-
mains controversial because of variable processing techniques and
inconsistent outcomes (Bennell et al., 2021; Buchheit et al., 2022). MSC
treatments are also commonly performed in the US, especially from bone
marrow aspiration. Although mechanisms of action of MSC therapies
were initially thought to be secondary to cellular replacement of carti-
lage and other damaged tissues, recent research supports that analgesia
from MSC therapies is primarily driven by growth factors, anti-
inflammatory cytokines, and neuroimmune modulation (Boukelmoune
et al., 2021; Buchheit et al., 2020; Chen et al., 2015; Evans et al., 2016;
Guo et al., 2011; Huh et al., 2017; Liu et al., 2017). We have shown that
the intrathecal administration of bone marrow stromal/stem cells
(MSCs) produces long-term analgesia via TGF-fl-mediated neuro-
immune modulation (Chen et al., 2015). However, these MSC tech-
niques require multiple steps, including tissue harvest, cell culture, and
the potential safety concerns of systemic or intrathecal cellular injection.
For these reasons, our lab has been studying a blood-derived, cell-free
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biologic therapy, ACS, with the goal of an easily deployable and effective
treatment for nerve injury pain.

ACS is currently in clinical use in the US and Europe and has been
shown to be effective in the treatment of osteoarthritis and degenerative
musculoskeletal conditions (Baltzer et al., 2009; Damjanov et al., 2018;
Meijer et al., 2003). ACS has also been used to successfully treat
neuropathic spine disease (lumbar and cervical radiculopathy) (Becker
et al., 2007; Goni et al., 2015) and trigeminal neuralgia (Aghamo-
hammadi et al., 2022). The analgesic effect of this biologic therapy has
been presumed secondary to the augmented concentrations of IL-1Ra,
TGF-f, HGF, IL-10, and other anabolic cytokines (Evans et al., 2016).
In particular, IL-1Ra is dramatically increased in the generation of ACS
and was thought to be one of the predominant analgesic cytokines.
However, when recombinant IL-1Ra is injected in a similar manner for
the treatment of OA, it does not provide significant analgesia (Chevalier
et al., 2009).

Although effective in the treatment of radicular and trigeminal
nerves, trials using ACS for polyneuropathies such as CIPN are still
lacking. To investigate the mechanisms by which ACS generates benefits
in this neuropathic pain condition, we conducted a series of experiments
to assess cross-species behavioral effects (human-mouse, rat-mouse,
mouse-mouse, Fig. 1), changes in neurologic function with treatment,
and the analgesic impacts of ACS-contained neuroimmune factors and
small vesicles such as exosomes. Since we conducted cross-species
comparison in this study, we used the term “conditioned serum (CS)”,
instead of “autologous conditioned serum (ACS)”. We also included non-
conditioned serum (NCS) as control for the CS treatment.

2. Materials and methods
2.1. CS incubation from human, rat, and mouse blood

Human CS was generated after collecting blood samples from 3
volunteers (IRB protocol Pro00077946). Blood was collected under
aseptic conditions and subsequently incubated for 24 h at 37 °C
(Fig. 1A). The incubated product was then transferred under strict
aseptic conditions in a biological safety cabinet to a centrifuge tube and
spun at 3000g for 10 min. The supernatant was then removed, filtered
with a 0.22y filter, and aliquoted into cryo tubes for storage. The incu-
bated serum was stored in a —20° freezer until ready for use. Rat CS was
generated after collecting blood samples via transcardial puncture. Rat
CS (from up to 5 mL of serum per rat) or mouse CS (from up to 1 mL of
serum per mouse) was prepared in a parallel manner to human CS
preparation, with volume-reduced equipment. Exosomes were removed
from rat ACS samples by high-speed centrifuge (100,000 rpm, 2 x 90
min).

2.2. Reagents

We ordered paclitaxel from Sigma-Aldrich (T7191-25MG), which
comes as a 25 mg bottle of powder. Paclitaxel was dissolved by adding
0.7 mL DMSO directly to the powder. Dissolved paclitaxel was then
mixed in 100% ethanol and Cremophor EL (Millipore/Sigma) at 1:1
ratio. Anti-TGF-pl antibody was obtained from R&D Systems (Chen
etal., 2015), and anti-IL-ra neutralizing antibody was ordered from R&D
Systems (AF-480-SP).

2.3. Animals, neuropathic and postoperative pain models, and drug
administration

Adult CD1 mice (8-10 weeks old, males and females) and Sprague
Dawley Rats (200-250 g, males) were purchased from Charles River
Laboratories. Animals were randomly assigned to each group. All ani-
mals were maintained by the Division of Laboratory Animal Resources
(DLAR) at the Duke University Animal Facility. All animal experiments
were approved by the Institutional Animal Care and Use Committees
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(IACUC) of Duke University. Peripheral neuropathy by chemotherapy
was induced in mice by four intraperitoneal injections of paclitaxel at a
dose of 2 mg/kg on days 1, 3, 5, and 7. Neuropathic pain was also
induced in rats and mice by spared nerve injury (SNI) surgery (Decosterd
and Woolf, 2000). Mice and rats were anesthetized with isoflurane, and
a 5.0 silk tight ligation of the tibial and common peroneal nerves was
performed, followed by transection and removal of a 3-mm to 5-mm
portion of the nerve. Notably, the sural nerve, the third peripheral
branch of the sciatic nerve, was left intact, and any contact with or
stretching of the sural nerve was carefully avoided. Postoperative pain
was induced by plantar incision, wherein a 1-cm longitudinal incision of
the left plantar aspect of the hind paw, beginning 0.5 cm from the end of
the heel, was made with a number 11 surgical blade through the skin,
fascia, and plantaris muscle (Brennan et al., 1996; Matsuda et al., 2017).
For intrathecal (i.t.) or intraplantar injections, mice were briefly anes-
thetized with isoflurane (2%), and 10 pl of reagents were injected using
a 30G needle. For intrathecal injection, a lumbar puncture was per-
formed between the L5 and L6 spinal levels, and a successful injection
was validated by a brisk tail-flick.

2.4. Behavioral analysis

Hind paw sensitivity was tested with the use of von Frey filament.
These analyses were performed after animals were habituated for at
least 2 days in boxes on an elevated metal mesh floor under stable room
temperature and humidity. Logarithmically-graded von Frey fibers
(0.02-2.56 g, Stoelting) were applied to the plantar surface of the hind
paw. Paw withdrawal threshold was calculated following the previously
reported protocol using the up-down method (Luo et al., 2018). Paw
withdrawal frequency was measured by applying a 0.16 or 0.4 g von
Frey filament to the plantar surface of the hind paw ten times, with the
number of paw withdrawals divided by the ten applications and re-
ported as the withdrawal frequency. Motor function was evaluated by
the rotarod test using a rotarod system (IITC Life Science). Mice un-
derwent a two-day training period (2 trials per mouse, 5 rpm rotarod for
10 min per trial) before the test. During rotarod testing, the speed of
rotation was accelerated from 5 to 15 rpm over 60 s with a testing period
cut-off of 300 s for each trial and 2 total trials performed. The fall latency
of each mouse was recorded and averaged. The experimenter was
blinded to the treatments given to each mouse. Cold sensitivity was
assessed by acetone test. Through the mesh floor two acetone applica-
tions (20 pl/application) were gently applied to the bottom of a hind
paw using a pipette. Responses to acetone were calculated as duration
(seconds) of pain-like behaviors (lifting/licking). Mechanical pain in
rats was assessed by an electronic von Frey Anesthesiometer (IITC Life
Science Inc.). A hind paw was stimulated with increasing force (0-50 g)
of a von Frey filament, presented perpendicularly to the plantar surface
(Tao et al., 2021).

2.5. Immunohistochemistry

Mice were anesthetized with isoflurane and perfused through the
ascending aorta with PBS followed by 4% paraformaldehyde. After
perfusion, spinal cord tissues were post-fixed, dehydrated with 30%
sucrose solution, embedded, and sliced into 30 pm free-floating sections
with a cryostat. The sections were blocked with 5% goat serum for 1 h at
room temperature and incubated overnight at 4 °C with primary anti-
body against IBA1 (rabbit, 1:800, Wako, 019-19741) and GFAP (mouse,
1:400, Millipore Sigma, G3893). After washing, the sections were
incubated with secondary anti-rabbit Alexa Fluor 488 and anti-Mouse
Alexa Fluor 555 antibody (1:400, Invitrogen) for 1 h at room tempera-
ture. Stained tissue sections were examined using a Nikon fluorescence
microscope. For high-resolution imaging, sections were also captured by
a Zeiss LCM 880 confocal microscope. To quantify immunofluorescence,
integrated density was measured within laminae I-III of the spinal cord
dorsal horn in each optic field by Image J (Version: k1.53). Three to four
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| Human CS intrathecal injection into PTX mice |

Fig. 2. Intrathecal injection of human CS

(hCS, from a male donor) alleviates neuro-
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spinal cord sections were analyzed per mouse and five mice were
included per group.

2.6. ELISA

ELISA kits for human IL-1Ra (Catlog#DRAO0OB) and TIMP-1 (Cat-
log#DY970-05), Human/Mouse/Rat/Porcine/Canine TGF-f§ (Cat-
log#DB100B) were purchased from R&D Systems. ELISA kits for RvD1
(Catlog#500380) and RvD2 (Catlog#501120) were purchased from
Cayman Chemical. Rat IL-10 (Catlog#EK0418) and TIMP-1 (CalLo-
g#EK0583) ELISA kits were purchased from Boster Bio (Pleasanton,
CA). ELISA tests were performed with human and rat serum samples,
according to the manufacturer’s instructions. For each ELISA assay, 10
pl of serum (CS and NCS) were used. The standard curve was included in
each experiment. Cytokines were quantified by using a sandwich ELISA
method and measuring OD450 absorbance. RvD1 or RvD2 levels were
quantified by using a competitive ELISA method and measuring OD420
absorbance.
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2.7. Nerve conduction velocity measurement

In vivo electrophysiology was performed to evaluate sensory nerve
conduction velocity (SNCV). Mice were anesthetized with urethane
(500 mg/kg, i.p.) to record afferent fibers. Two stimulating electrodes
were placed on the fifth toe and ankle (distance measured was 1 cm) and
a recording cuff electrode was placed on the sciatic nerve. The delay
time was measured (ms/cm) based on the difference between the peak
times of the spike waveforms by electrical stimulation at the first site
(toe) and the second site (ankle). The amplitude (uV) was measured from
the first positive spike to the last negative spike. The filter was set to 20
Hz to 5 kHz, and electrical stimulation of 10 V was applied every 60 s for
1 ms intervals. We obtained 15 spikes for each mouse and averaged
them. Electrical signals were recorded by an 1800 AC amplifier (A-M
Systems) and converted to a digital signal by a Digidata 1440A (Mo-
lecular Devices). Raw data were analyzed using pClampl10 (Molecular
Devices).
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Fig. 3. Intrathecal human CS (hCS, from a male
donor) treatment significantly improves nerve con-
duction velocity in male and female mice with CIPN.
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2.8. Nanoparticle tracking analysis (NTA) for exosomes

NTA was developed to define the physical characteristics of vesicles
and determine their concentrations (McNicholas and Michael, 2017).
NTA uses light scattering to track Brownian particle motion and calcu-
lates particle size and concentration. We used NTA with NanoSight
(Fig. 8A) to quantify exosome concentrations in rat serum. The con-
centrations and errors were averaged from 5 measurements for each
sample, and each measurement takes 60 s. The auto analyses were
performed in NanoSight NTA Software 3.2 and the detection threshold
was set to 3 for all experiments.

2.9. Statistics

All data in this study are expressed as mean + SEM. All sample sizes
are included in figure legends. The sample sizes were based on our
previous study for paw withdrawal threshold, with a minimum sample
size of n = 5 for each sex (Luo et al., 2021). This is also based on the
assumption for an RM ANOVA analysis for alpha = 0.05 and power =
0.8. The Sample sizes are increased to 8-10 when males and females are
combined in Supplementary Figs. 1-6. Animals were randomly assigned
to each experimental group. The results of the behavioral tests were
analyzed with two-way ANOVA, or one-way ANOVA, followed by
Bonferroni’s post-hoc test, or by unpaired Student’s t-test. Differences
between groups were deemed statistically significant if the p-value
was<0.05. Statistical significance was labeled as *p < 0.05, **p < 0.01,

**¥p < 0.001, and ****p < 0.0001.

3. Results

3.1. Intrathecal transfer of human CS to mice produces long-term pain
relief and improves nerve conduction in a mouse model of CIPN

We prepared human CS (hCS) and human non-conditioned serum
(hNCS), i.e. non-incubated serum (control serum) from two healthy
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male donors and one healthy female donor (Fig. 1). We then tested the
analgesic actions of hCS and hNCS in a murine model of CIPN. To
determine the specific effects of hCS, we compared the differences of
hCS and hNCS from the same donor. We measured mechanical allody-
nia, a cardinal feature of neuropathic pain, using von Frey filaments for
both paw withdrawal threshold (PWT) and paw withdrawal frequency
(PWF, % response to a subthreshold 0.4 g filament). Paclitaxel (PTX)
induced rapid (<7 days) and sustained (>6 weeks) mechanical allody-
nia, as shown by a reduction of PWT (Fig. 2A) and an increase in PWF
(Fig. 2B). One week after the first PTX treatment, we administered either
hCS or hNCS via intrathecal injection (i.t., 10 pl), as the intrathecal route
can target both dorsal root ganglia (DRG) and spinal cord in the pain
pathway (Kawasaki et al., 2008). A single i.t. injection of hCS produced
significant reduction of mechanical allodynia for > 6 weeks, as shown by
increased PWT (Fig. 2A) and reduced PWF (Fig. 2B), compared to hNCS.
PTX also produced cold hypersensitivity in the acetone test, but this cold
pain was not affected by the hCS treatment (Fig. 2C), suggesting a se-
lective effect of hCS on mechanical pain. This result also indicates that
paw movement for cold response was unaltered after the hCS treatment.
Furthermore, open-field testing showed comparable traveling distance
of mice treated by hCS or hNCS, indicating no alterations of motor
function or activity in the hCS treated animals (Fig. 2D). Because recent
studies have shown sex dimorphism in glial and immune modulation of
pain (Sorge et al., 2015; Taves et al., 2016), we also generated the CIPN
model in female mice. Notably, i.t. injection of hCS was also effective in
reducing mechanical allodynia pain in female mice (Supplementary
Fig. 1A) and males and females combined (Supplementary Fig. 1B).
CIPN is additionally characterized by impairment of nerve conduc-
tion (Sisignano et al., 2014). We therefore conducted in vivo electro-
physiology to measure the sensory nerve conduction velocity (NCV) of
the sciatic nerve in naive and PTX-treated animals (Fig. 3A-D).
Compared to naive control mice, the paclitaxel dose used in this study
resulted in a mild reduction in NCS (Fig. 3C). Intrathecal hCS treatment
significantly increased NCV (p < 0.01, unpaired t-test, Fig. 3B,C),
without changing the amplitude of NCV (Fig. 3B,D). This finding
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| rCS intrathecal injection into PTX mice |

Fig. 4. Intrathecal injection of rat CS (rCS) alle-
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indicates that hCS not only relieves pain symptom (mechanical allody-
nia) but also improves peripheral neurologic function.

3.2. Intrathecal administration of rat CS resolves mechanical pain and
inhibits spinal cord glial reaction in CIPN mice

Next, we tested the hypothesis that CS prepared from rats is also
effective in suppressing pain in mice. We prepared rat CS (rCS) and rNCS
in a parallel manner to the hCS/hNCS processing with the use of volume-
reduced processing equipment. We then intrathecally injected 10 pl of
rCS to paclitaxel-treated mice. Similar to the effects of hCS, we found
that rCS injection resulted in long-lasting pain inhibition. rCS signifi-
cantly increased PWT for the entire duration of our testing, from 3hto 3
weeks (p < 0.05, Two-Way ANOVA, Fig. 4A). rCS also significantly
decreased PWF from 1 h to 3 weeks (p < 0.05, Two-Way ANOVA,
Fig. 4B). Furthermore, i.t. injection of rCS effectively reduced mechan-
ical allodynia in female mice (Supplementary Fig. 2A,B) and males and
females combined (Supplementary Fig. 2C,D). Spared nerve injury
(SNI), a commonly used animal model to study neuropathic pain, is
characterized by the rapid development of mechanical and cold allo-
dynia (Decosterd and Woolf, 2000). We found that rCS was also effective
in reducing SNI-induced mechanical allodynia in male rats
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(Supplementary Fig. 3A), female rats (Supplementary Fig. 3B), and
males and females combined (Supplementary Fig. 3C) compared to
control serum (rNCS).

CIPN is known to produce reactive changes in glial cells, such as
astrocytes and/or microglia in the spinal cord dorsal horn (Hu et al.,
2018; Jiet al.,, 2013; Luo et al., 2021; Robinson et al., 2014). Mounting
evidence supports a critical role of glial cells in different types of path-
ological pain conditions (Chiang et al., 2012; Milligan and Watkins,
2009; Ren and Dubner, 2010; Salter and Stevens, 2017). We conducted
immunohistochemistry of the astroglial marker GFAP and the microglial
marker IBA1 in the spinal cord sections of rCS and rNCS-treated mice
with CIPN. We measured the intensity of immunofluorescence in the
superficial dorsal horn (laminae I-III) where the majority of GFAP
staining was observed (Fig. 5A, B). Compared to rNCS, the rCS treatment
resulted in significant decreases in GFAP immunostaining (p < 0.05, t-
test, Fig. 5C) and IBA1 immunostaining (p < 0.01, t-test, Fig. 5D). Thus,
CS may resolve neuropathic pain via inhibition of chemotherapy-evoked
microglial and astroglial reactions in the spinal cord.
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|rCS intrathecal injection into male PTX mice|

Fig. 5. Intrathecal rat ACS (rCS) treatment
inhibits glial reaction in the spinal cord

A B

dorsal horn of male mice with CIPN. (A,B)
Double immunofluorescence staining of the
lumbar spinal dorsal horn sections showing
GFAP and IBA1 immunostaining following
rNCS (A) and rCS treatment (B) in PTX mice.
(C-D) Quantification of the integrated den-
sity of GFAP (C) and IBA1 (D) in the lumbar
spinal dorsal horn of PTX mice treated with
rNCS and rCS (n = 5/group). *p < 0.05, **p
< 0.01 vs. control serum (rNCS). Unpaired
two-tailed Student’s t test. Spinal cord tissues
were harvested one week after the rCS
treatment. Male donors and recipients were
tested.
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3.3. Anti-inflammatory and pro-resolving mediators are enriched in hCS
and rCS

Cytokines play a critical role in the pathogenesis of pain via pe-
ripheral and central modulation (Sommer and Kress, 2004; Watkins
et al., 2001). Previous studies have revealed that after incubation,
human ACS contains higher levels of anti-inflammatory cytokines such
as IL-1Ra (Meijer et al., 2003). We first used ELISA to measure serum
levels of IL-1Ra in 3 hCS samples, collected from 3 healthy donors (2
males and 1 female). We found profound increases in IL-1Ra levels in all
three hCS samples (p < 0.001, vs. hNCS, paired t-test, Fig. 6A). Our
earlier report also showed that tissue inhibitor of matrix metalloprotease
1 (TIMP-1) is an endogenous inhibitor of MMP-9 and potently inhibited
neuropathic pain in mice and rats (Kawasaki et al., 2008). Notably,
TIMP-1 levels increased in all 3 hCS samples (p < 0.05, vs. hNCS, paired
t-test, Fig. 6B). Resolvins, including D-series resolvins RvD1 and RvD2,
belong to a superfamily of specialized pro-resolving mediators (SPMs)
and possess potent analgesic actions (Ji, 2022; Serhan, 2014). We used
commercial ELISA kits to measure RvD1 and RvD2 levels in hCS and
hNCS (Fig. 6C-F). We observed a tendency of increased RvD1 levels in all
samples (Fig. 6D, p = 0.2218 vs. hNCS, n = 3, paired two-tailed t-test)
and found a significant increase of RvD2 levels (Fig. 6E, p = 0.0249, vs.
hNCS, n = 3, paired two-tailed t-test).

We also used commercial ELISA kits to measure TGF-f1 and TIMP1
levels in rCS and rNCS samples and found significant increases in levels
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I I
PTX+rNCS PTX+rCS
(n=5)

(n=4)

of both TGF-p1 (p < 0.0001, rCS vs. rNCS, n = 5, Fig. 6G) and TIMP (p <
0.05, rCS vs. rNCS, n = 5, Fig. 6H). Collectively, these results suggest
that an increase in anti-inflammatory and pro-resolving mediators in
hCS and rCS may be responsible for the rapid analgesic effects of the
intrathecal CS treatment.

Because our earlier research showed that MSC-induced relief of
neuropathic pain is mediated by TGF- p1 (Chen et al., 2015), we tested
the effect of intrathecal injection of anti-TGF-p1 neutralizing antibody,
given 7 days after the rCS treatment. Compared to control IgG, TGF-p1
neutralizing antibody significantly but transiently decreased PWT at 1 h
(p < 0.05, (Fig. 7A). TGF-B1 antibody also significantly increased PWF at
1 h (p < 0.01, Fig. 7B). Furthermore, we found IL-Ira neutralizing
antibody transiently reversed the anti-allodynic effect of rCS in CIPN
mice (Fig. 7C, D). These data suggest that CS-induced acute pain relief is
mediated by TGF-p1 and IL-Ira.

3.4. Intrathecal or intraplantar administration of mouse CS inhibits
neuropathic and postoperative pain in mice of both sexes

We prepared mouse CS (mCS) and mNCS in a parallel manner to the
hCS processing with the use of volume-reduced processing equipment
(approximately 1.5 mL of mCS and mNCS were acquired from 5 naive
mice respectively). We first conducted mCS treatment one week after
SNI in both male and female mice. We found that i.t. mCS injection (10
pl) significantly reduced SNI-induced mechanical allodynia (increasing
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Fig. 6. ELISA analyses of human and rat CS (hCS, rCS) and NCS (hNCS, rNCS). (A-F) Human concentrations of cytokines and resolvins in hCS and control serum
(hNCS). (A) IL-1Ra levels in hCS and hNCS. (B) TIMP-1 levels in hCS and hNCS. (C,E) Standard curves of RvD1 and RvD2 ELISA. (D,F) RvD1 and RvD2 levels in hCS
and hNCS. *p < 0.05, ***p < 0.001; paired Student’s t-test. n = 3 samples from two healthy male donors (blue) and one healthy female donor (red). (G, H) Rat serum
concentrations of TGF-f1 (G) and TIMP-1 (H) in rCS and control serum (rNCS). *p < 0.05, ****p < 0.0001; n = 8 (rNCS), n = 8 (rCS), unpaired Student’s t-test.

PWT and decreasing PWF) and cold allodynia in male mice, female mice,
and males and females combined (Supplementary Fig. 4A-I). In addition
to neuropathic pain models, we also tested the analgesic effect of mCS in
a mouse model of postoperative pain by plantar incision. mCS (10 pl)
was administrated to the incision site immediately after paw incision.
Intraplantar mCS treatment prevented the development of postoperative
pain by increasing PWT and decreasing PWF in male mice, female mice,
and males and females combined (Supplementary Fig. 5A-F). Finally, we
prepared mCS and mNCS from female mice and found that intrathecal
injection of female mCS significantly inhibited paclitaxel-induced me-
chanical allodynia by increasing PWT and decreasing PWF in males,
females, and males and females combined (Supplementary Fig. 6A-F).
Together, these results suggest that CS is an effective pain therapy for
cross-sex treatment.

3.5. Secreted small vesicles/exosomes are increased in CS

To investigate the mechanism underlying long-term pain relief by CS
treatment, we measured small vesicles/exosomes in rCS and rNCS.
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Exosomes have historically been difficult to quantify due to their small
size. Recently, however, nanoparticle tracking analysis (NTA) has been
successfully employed to define the physical characteristics and con-
centrations of these small vesicles (McNicholas and Michael, 2017). We
used NTA with NanoSight (Fig. 8A) to quantify exosome concentrations
in rCS and rNCS (control serum) from each of five rats. We observed
similar particle sizes of rCS and rNCS, ranging from 80 to 200 nm
(Fig. 8B). This range of small vesicles is indicative of exosomes, as
30-150 nm extracellular vesicles (Jean-Toussaint et al., 2020). Intrigu-
ingly, the concentration of particles was increased in all 5 rCS samples
(Fig. 8B). We found an approximately 2-fold increase in particle con-
centration in 24-hour rCS compared to rNCS (p < 0.001, One-Way
ANOVA, Fig. 8C, D).

3.6. Secreted small vesicles/exosomes are essential for the analgesic
actions of CS

To determine the role of small vesicles/exosomes in CS for the res-
olution of pain, we depleted serum exosomes by ultracentrifugation at
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| TGF-B1 Ab intrathecal injection into PTX+rCS mice |

Fig. 7. Anti-TGF-B1 and anti-IL1ra neutralizing anti-
bodies transiently reverses the anti-allodynic effects
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induced analgesia at 1-3 h post-injection with 4 ug of
anti-IL-1ra antibody. Intrathecally-injected IgG was
included as control. *p < 0.05, **p < 0.01, ***, p <
0.001, n = 5 per group, two-way ANOVA, followed by
Bonferroni posthoc test. Male donors and receivers
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100,000 rpm for 2 x 90 min (Fig. 9A). This method effectively removed
95% of small vesicles in ACS (Fig. 8C, D). Next, we compared the
analgesic effects of rCS, ultracentrifuged rCS (U-rCS), and ultra-
centrifuged rNCS (U-rNCS). We found that the analgesic actions of rCS
were partially lost in animals treated with U-rCS (Fig. 9B,C). PWT testing
showed significant differences between rCS and U-rCS groups at all the
time points tested, including 1, 3, 5, 14, and 28 days (p < 0.0001) after
treatment (Fig. 9B). PWF testing also showed significant differences
between U-rCS and U-rNCS groups at these time points (Fig. 9C),
including 1, 3, 5, 14, and 28 days (p < 0.0001) after rCS treatment.
Exosome-depleted U-rCS was still able to produce mild and transient
pain relief, but its analgesic efficacy was greatly diminished (Fig. 9B,C).
Collectively, these findings suggest that exosomes are critically required
for sustained pain relief by CS.

4. Discussion
To our knowledge, this is the first pre-clinical study to investigate the

analgesic and neurologic response after the cross-species and cross-sex
application of conditioned serum. We reported several interesting

Time after i.t. injection
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findings in this study. First, cross-species transfer of hCS, rCS, mCS via a
single intrathecal injection resulted in profound inhibition of
chemotherapy-induced mechanical allodynia in mice, without impair-
ing motor function. Intrathecal rCS or mCS treatment was also effective
in reducing SNI-induced neuropathic pain in rats and mice. By contrast,
the same intrathecal injection of human or rodent non-conditioned
serum (NCS) had no effects on mechanical pain in the rodent CIPN
and SNI models, implying that the analgesic effects of the serum are
acquired in the conditioning process. We did not see noticeable sex
differences in CS treatment; both sexes showed significant responses to
hCS, rCS, and mCS. Strikingly, the analgesic effects of hCS and rCS could
sustain for several weeks. Second, rCS treatment significantly inhibited
the chemotherapy-induced glial reaction (GFAP and IBA1l upregula-
tions) in the spinal cord dorsal horn and improved the chemotherapy-
evoked slowdown of nerve conduction velocity in mice, suggesting
that CS may ameliorate neuroinflammatory changes and improve
neurologic function in CIPN. Third, rCS contains not only greater con-
centrations of anti-inflammatory and pro-resolving mediators, but it also
holds significantly larger numbers of exosomes than NCS. Finally, the
depletion of exosomes from rCS by ultracentrifugation largely abolished
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Fig. 8. Nanoparticle tracking analysis showing increased exosome concentration in male rat CS (rCS). (A) Paradigm of nanoparticle tracking analysis. (B) Size
distribution and concentrations of extracellular vesicles in rNCS and rCS in each of five rats and all rats combined. (C) Particle density per mL of rNCS, rCS, and U-rCS
and (D) normalized extracellular vesicle (EV) concentrations as a percentage of rNCS. **p < 0.01, ***p < 0.001, n = 5 rats, one-way ANOVA, followed by Bonferroni
posthoc test. U-rCS, rat CS after ultracentrifugation. Note that EV content is depleted in U-rCS.
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| rCS or U-rCS intrathecal injection into male PTX mice|

Fig. 9. Effects of ultracentrifugation on rCS-induced
analgesia in CIPN mice. (A) Schematic of ultracen-
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trifugation (100,000 x g, 120 min, 4 °C). (B, C) Von
Frey tests for paw withdrawal threshold (B) and
withdrawal frequency (C). Ultracentrifuged rCS (U-
rCS) showed significantly decreased analgesic effects
versus rCS for all measured timepoints up to 28 days
following intrathecal injection in CIPN mice. Intra-
thecally injected ultracentrifuged rNCS (U-rNCS) was
used as control. *p < 0.05, **p < 0.01, ****p <
0.001, **p < 0.0001, n = 5 per group, two-way
ANOVA, followed by Bonferroni posthoc test. Male
donors and receivers were tested.
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the analgesic actions of rCS in mice, indicating a significant functional
contribution of exosomes in CS.

It was generally believed that ACS relieves pain via augmented
concentrations of anti-inflammatory cytokines (e.g., IL-1Ra, IL-4, IL-10,
TGF-p1) and growth factors (e.g., HGF) (Evans et al., 2016). Consistent
with prior work, we demonstrated significant increases in the concen-
trations of IL-1Ra in hCS samples. Functionally, intrathecal adminis-
tration of anti-TGF-B1 neutralizing antibody transiently reversed CS-
induced analgesia. We also observed that hCS and rCS had higher con-
centrations of TIMP1. As an endogenous inhibitor of MMP-9, TIMP1 has
been shown to potently suppress nerve injury-induced neuropathic pain
in rodents (Kawasaki et al., 2008). Furthermore, the CS conditioning
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process produced higher concentrations of SPMs, including resolvins D1
and D2 (Norris et al., 2017). Mounting evidence suggests that RvD1 and
RvD2 potently inhibit inflammatory and neuropathic pain via modula-
tion of inflammation, glial activation, and ion channels such as TRPA1
and TRPV1 (Ji, 2022). We also found that rCS had significantly higher
TGF-f1 levels than rNCS and that the intrathecal administration of anti-
TGF-p1 neutralizing antibody transiently reversed CS-induced anal-
gesia. Thus, TGF-p1 signaling, which is involved in the analgesic benefits
of MSCs (Chen et al., 2005), also appears to play a role in ACS analgesia.
Collectively, it appears that these anti-inflammatory and pro-resolving
mediators play a role in ACS-mediated analgesia in animal models of
neuropathy.
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However, it is important to point out that a single administration of
these anti-inflammatory and pro-resolving mediators may only produce
short-term pain relief for hours to days (Chen et al., 2015). The actions of
these mediators alone are insufficient to account for the long-lasting
analgesic effectiveness of CS in animals with neuropathic pain. Our
animal data is consistent with human clinical studies where CS has
demonstrated significant improvements in pain and longer-term supe-
riority to corticosteroid injections when tested in the treatment of
lumbar and cervical radiculopathy (Becker et al., 2007; Goni et al.,
2015). The potential therapeutic role of CS-derived exosomes may
explain some of the prolonged analgesic responses in the treatment of
neuropathy. Our results show that ultracentrifugation depletes small
vesicles and exosomes while leaving soluble growth factors and cyto-
kines, allowing us to distinguish the responses of these various factors in
the treatment of CIPN. The drastic reduction in analgesic response with
the use of ultracentrifuged ACS implies a significant therapeutic effect
from exosomes and small particles.

Secretome-based therapies such as ACS remain an attractive option
for the treatment of degenerative orthopedic and neurologic conditions.
Secretomes contain exosomes, growth factors, cytokines, lipids, nucleic
acids, antioxidants, and are largely devoid of immunogenic MHC anti-
gens found in cell-based therapies (Harrell et al., 2019). The CS secre-
tome, likely through multiple mechanisms, has been shown to
significantly reduce biomarkers of lipid peroxidation and joint inflam-
mation when compared with PRP for the treatment of osteoarthritis
(Shirokova et al., 2020). This reduction in reactive oxygen species may
also play a role in the improvement of neuropathy pain in our animal
models. Exosomes, nanovesicles with a diameter ranging from approx-
imately 30-150 nm, are part of the secretome of several biologic ther-
apies and are known to play a role in the analgesic effects of MSCs (Shiue
etal., 2019). Secretomes have been shown to reduce neuropathic pain in
animal models of diabetic neuropathy (Brini et al., 2017) and to promote
nerve regeneration after injury (Sumarwoto et al., 2021). Their cell-free
nature allows for sterile filtration, potentially reducing contamination
risks (Laggner et al., 2020). Our results support the important role of the
exosomal component of the CS secretome in the reversal of neuropathic
pain.

Exosome release is modulated quantitatively and qualitatively by
cellular stress, like the one that occurs during CS processing (Yang and
Robbins, 2012). These small vesicles contain various miRNAs such as
miR-21, miRNA-186, miR-146a, miR-146b, miR-146a-5p, miR-124,
miR-124a, miR-let-7, and miR-30c-5p, and miR-544-3p, known to
regulate the expression of ion channels and cytokines and contribute to
neural and glial responses to injury (Gallo et al., 2012; Kalluri and
LeBleu, 2020; Park et al., 2014; Recchiuti et al., 2011; Simeoli et al.,
2017; Tramullas et al., 2018). Exosomal miRNA is able to suppress
cartilage degradation by inhibiting MMP activity and promote cartilage
growth through increased production of collagen proteins (Mao et al.,
2018). In the treatment of diabetic neuropathy, exosome-based treat-
ments have been shown to increase myelin and axonal thickness and
improve nerve conduction velocity in mice (Fan et al., 2020). Our data
support an important exosomal role in the prolonged analgesic effect of
CS. It will be of great interest to investigate exosome profiles in ACS and
NIS and further define the molecular pathways involved in analgesic and
anabolic tissue responses.

In summary, our research provides evidence that CS, a whole blood
secretome, potently attenuates neuropathic pain in animal models of
CIPN. Further, the prolonged analgesic effectiveness of CS is largely
abolished by the ultracentrifugation of non-soluble factors such as
exosomes, supporting the critical role of these small vesicles in the long-
term benefits of this therapy. It is also notable that the improvements in
animal pain behavior were associated with cellular changes (inhibition
of glial reactivity) and functional recovery (increase in conduction ve-
locity). These findings demonstrate that CS treatment may not only
resolve chronic pain but also improve neuroinflammation and neural
function in CIPN. Future studies are required to further define the
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exosomal, epigenetic, and analgesic impacts in different animal models,
administration routes, and tissue types.
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