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Learning Objectives

> Describe new mechanistic understanding of
nociceptive sensitization through neuroimmune
interactions

» Describe state-of-the-art understanding of the
mechanisms of regenerative medicine

> Present key pre-clinical evidence of regenerative
medicine in pain management



REVIEW The Journal of Clinical Investigation

Neuroimmune modulation of pain and regenerative
pain medicine

Thomas Buchheit,"? Yul Huh,"? William Maixner,' Jianguo Cheng,* and Ru-Rong )i'*5
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Regenerative pain medicine, which seeks to harness the body’s own reparative capacity, is rapidly emerging as a field
within pain medicine and orthopedics. It is increasingly appreciated that common analgesic mechanisms for these
treatments depend on neurcimmune modulation. In this Review, we discuss recent progress in mechanistic understanding
of nociceptive sensitization in chronic pain with a focus on neuroimmune modulation. We also examine the spectrum of
regenerative outcomes, including preclinical and clinical outcomes. We further distinguish the analgesic mechanisms of
regenerative therapies from those of cellular replacement, creating a conceptual and mechanistic framework to evaluate

future research on regenerative medicine.




State-of-the-Art, Mechanism-guided
Pain Medicine

Cheng J, Huh Y, Ji RR. (2022). Mechanism-Based Treatment and
Precision Medicine, Practical Management of Pain, 6™ Edition,
(Benson et al. Eds), Mosby /Elsevier, Philadelphia, USA.



Nociceptive sensitization through
neuroimmune interactions

Buchheit T, Huh Y, Maixner W, Cheng J, Ji RR. Neuroimmune modulation of pain and
Regenerative Pain Medicine. Journal of Clinical Investigation. 2020;130(5):2164-2176.
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Modulation of neuroinflammation in the PNS and CNS
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Mechanisms of Regenerative Medicine

Buchheit T, Huh Y, Maixner W, Cheng J, Ji RR. Neuroimmune modulation of pain and Regenerative
Pain Medicine. Journal of Clinical Investigation. 2020;130(5):2164-2176.

Cheng J, Huh Y, Ji RR. (2020). Mechanism-Based Treatment and Precision Medicine, Practical
Management of Pain, 6! Edition, (Benson et al. Eds), Mosby /Elsevier, Philadelphia, USA.
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Mechanisms of stem cell therapy

1. MSGCs replace, rescue, and/or repair injured
cells and tissues by diverse mechanisms

2. Paracrine function, immunomodulatory and
antiinflammatory mechanisms

Spees JL, Lee RH, Gregory CA. Mechanisms of mesenchymal stem/stromal cell function. Stem Cell Res Ther. 2016;7:125.



d. Differentiation of MSCs to replace cells. €. Paracrine activity of MSCs that promotes tissue rescue/repair.
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Preclinical Evidence for Stem Cell Therapy

» Degenerative joint pain
» Neuropathic pain
» Opioid tolerance

Buchheit T, Huh Y, Maixner W, Cheng J, Ji RR. Neuroimmune modulation of pain and Regenerative Pain Medicine. Journal of Clinical
Investigation. 2020;130(5):2164-2176.

Cheng J, Huh Y, Ji RR. (2020). Mechanism-Based Treatment and Precision Medicine, Practical Management of Pain, 6™ Edition, (Benson et
al. Eds), Mosby /Elsevier, Philadelphia, USA.
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Intrathecal bone marrow stromal cells inhibit
neuropathic pain via TGF-p secretion

Gang Chen,*? Chul-Kyu Park,"® Rou-Gang Xie,* and Ru-Rong i'®

'Department of Anesthesiology, Duke University Medical Center, Durham, North Carolina, USA. Jiangsu Key Laboratory of Neuroregeneration, Co-Innovation Center of Neuroregeneration,
Nantong University, Nantong, China. “Department of Physiology, College of Medicine, Gachon University, Incheon, South Korea. *Department of Anesthesiology and Pain Management, Xijing Hospital, and
*Institute of Neuroscience, Fourth Military Medical University, Xian, China. ®Department of Neurobiology, Duke University Medical Center, Durham, North Carolina, USA.

Neuropathic pain remains a pressing clinical problem. Here, we demonstrate that a local, intrathecal (i.t.) injection of bone
marrow stromal cells (BMSCs) following lumbar puncture alleviates early- and late-phase neuropathic pain symptoms, such
as allodynia and hyperalgesia, for several weeks in murine chronic constriction injury (CCl) and spared nerve injury models.
Moreover, i.t. BMSCs reduced CCl-induced spontaneous pain and axonal injury of dorsal root ganglion (DRG) neurons and
inhibited CCl-evoked neuroinflammation in DRGs and spinal cord tissues. BMSCs secreted TGF-p1into the cerebrospinal fluid,
and neutralization of TGF-pB1, but not IL-10, reversed the analgesic effect of BMSCs. Conversely, i.t. administration of TGF-p1
potently inhibited neuropathic pain. TGF-p1 acted as a powerful neuromodulator and rapidly (within minutes) suppressed CCI-
evoked spinal synaptic plasticity and DRG neuronal hyperexcitability via TGF-p receptor 1-mediated noncanonical signaling.
Finally, nerve injury upregulated CXCL12 in lumbar L4-L6 DRGs, and this upregulation caused migration of i.t.-injected BMSCs
to DRGs through the CXCL12 receptor CXCR4, which was expressed on BMSCs. BMSCs that migrated from the injection site
survived at the border of DRGs for more than 2 months. Our findings support a paracrine mechanism by which i.t. BMSCs
target CXCL12-producing DRGs to elicit neuroprotection and sustained neuropathic pain relief via TGF-B1 secretion.
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RESEARCH ARTICLE

Intravenous administration of human
mesenchymal stem cells derived from
adipose tissue and umbilical cord improves
neuropathic pain via suppression of neuronal
damage and anti-inflammatory actions in rats

Kanako Miyano'*, Minori Ikehata®, Kaori Ohshima'?, Yuki Yoshida*, Yasuhiro Nose?,
Sei-ichi Yoshihara?, Katsuyuki Oki2, Seiji Shiraishi®, Miaki Uzu®, Miki Nonaka',
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Immunoclogy and Microbiology, Graduate School of Medicine, The University of Tokyo, Hongo, Bunkyo-ku,
Tokyo, Japan, 4 Laboratory of Molecular Pathology and Metabolic Disease, Faculty of Pharmaceutical
Sciences, Tokyo University of Science, Yamazaki, Moda, Chiba, Japan, 5 Division of Cancer
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Abstract

Mesenchymal stem cells (MSCs), which are isolated from adipose tissue (AD-MSCs),
umbilical cord (UC-MSCs), or bone marrow, have therapeutic potential including anti-inflam-
matory and immunomodulatory activities. It was recently reported that MSCs are also effec-
tive as a therapeutic treatment for neuropathic pain, although the underlying mechanisms



Human AD- and UC-MSCs significantly improved mechanical pain
threshold and weight distribution of the hind paws
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AD- and UC-MSCs significantly suppresses the increase in
ATF-3-positive neurons induced by PSNL in the DRG
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AD- and UC-MSCs significantly suppress the PSNL-induced
accumulation of macrophages in the DRG
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UC-MSCs improved demyelination of the sciatic nerves
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Opioid Tolerance

> Opioids often lead to opioid tolerance (OT) and opioid-induced hyperalgesia
(OIH).

> OT: the body adjusts to frequent opioid exposure and requires escalating
doses to achieve the same effect.

» OIH: individuals taking opioids develop an increased sensitivity to noxious
stimuli (hyperalgesia).

> OT and OIH limit the efficacy of opioid therapy, compromise safety, and
often lead to drug overdose, abuse, and even death. Prescription Opioid

overdose claimed >15,000 deaths in 2015 in the US (CDC).
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‘Mesenchymal Stem Cells Reversed
Morphine Tolerance and Opioid-
induced Hyperalgesia

Received: 19 February 2016 Zhen Hua'%*, LiPing Liu*", Jun Shen!, Katherine Cheng?, Aijun Liu!, JingYang?, LinaWang?,
Accepted: 02August 2016 - Tingyu Qu’, HongNaYang’, Yan Li°, Haiyan Wu', John Narouze', YanYin' & Jianguo Cheng'

Published: 24 August 2016 ¢
: More than 240 million opioid prescriptions are dispensed annually to treat pain in the US. The use of

: opioids is commonly associated with opioid tolerance (OT) and opioid-induced hyperalgesia (OIH),

: which limit efficacy and compromise safety. The dearth of effective way to prevent or treat OT and OIH
: is amajor medical challenge. We hypothesized that mesenchymal stem cells (MSCs) attenuate OT and
¢ OlHinrats and mice based on the understanding that MSCs possess remarkable anti-inflammatory

properties and that both OT and chronic pain are associated with neuroinflammation in the spinal




DISCOVERY

The Use of Stem Cell Therapy to Reverse Opioid

Tolerance

Fei Li"?, LiPing Liu’, Kathleen Chengz, Zhongbo Chen' and Jianguo Cheng2

Opioid tolerance (OT) and opioid-induced hyperalgesia (OIH)
are major challenges in medicine. Here we report that trans-
plantation of mesenchymal stem cells (MSCs) prevented and
reversed OT and OIH in rats and mice. The preventive and
therapeutic effects were long-lasting and consistent across dif-
ferent assessment schemes. Both intrathecal and intravenous
transplantations were effective and safe. This emerging thera-
peutic strategy has thus shown promise to impact clinical prac-
tice and improve the cfﬁcacy and safcty of opioid thcrapy.

The use of opioids in pain management is often associated with

chronic pain as a public health issue and the opioid epidemic as

a national crisis.

MSC TRANSPLANTATION (MSC-TP) TO TREAT OT AND OIH

Neuroinflammation is closely associated with neuropathic pain,
OT, and OIH. Discrete molecular mechanisms of neuroinflam-
mation have been linked to the development of OT and OIH,
which are two closely related but clinically different entities
(Figure 1). Morphine can directly activate Toll-like recepror 4
on microglia and cause OT*1In contrast, OIH is mediated by -

raranrar_danandanr aviraccian Aaf DYYA recanrare and ralasaca Af

Err——
Chinical Pharmacology
& Therapeutics ==




MSC iIsolation and characterization

Adlpogene5|s ~ Osteogenesis

Oil red A Alizarin red O



Count

CD45

0 50IK 10(I)§82:EBQK 206K 25dK

CD31

250K ]

200K ]
2 150K |
% 100K ]

50K 4

0 SdK 106FS clj?}( 206K 250IK

CD11b

CD44H

CD90.1

0 50rK 10658&22}( 20(')K 25(;K

CD29

A

/

/

f

s

Labeling intensity

BM cells

BM-MSC

AD-MSC



Development of OT
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MSC-TP inhibited microglial and astrocyte activation
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HEALTH AND MEDICINE

Shattering barriers toward clinically meaningful
MSC therapies

Oren any1 * Rui Kuai''?*, Erika M. J. Siren¥, Deepak Bhere??, Yuka Milton', Nabeel Nissar?,
Michael De Biasio', Martina Heinelt', Brock Reeve?, Reza Abdi’, Meshael Alturki®”’,
Mohanad Fallatah’, Abdulaziz Almalik®’, Ali H. Alhasan®’, Khalid Shah2'3'4+, Jeffrey M. Karp"z""*rr

More than 1050 clinical trials are registered at FDA.gov that explore multipotent mesenchymal stromal cells
(MSCs) for nearly every clinical application imaginable, including neurodegenerative and cardiac disorders, perianal
fistulas, graft-versus-host disease, COVID-19, and cancer. Several companies have or are in the process of com-
mercializing MSC-based therapies. However, most of the clinical-stage MSC therapies have been unable to meet
primary efficacy end points. The innate therapeutic functions of MSCs administered to humans are not as robust
as demonstrated in preclinical studies, and in general, the translation of cell-based therapy is impaired by a myriad
of steps that introduce heterogeneity. In this review, we discuss the major clinical challenges with MSC therapies,
the details of these challenges, and the potential bioengineering approaches that leverage the unique biology of
MSCs to overcome the challenges and achieve more potent and versatile therapies.

Copyright ©@ 2020

The Authors, some
rights reserved;
exclusive licensee
American Association
for the Advancement
of Science. No claim to
original U.S. Government
Works. Distributed
under a Creative
Commons Attribution
NonCommercial
License 4.0 (CC BY-NC).

THE LANDSCAPE OF MSC THERAPIES loaded submicrometer extracellular vesicles (EVs), and immune-
Multipotent mesenchymal stromal cells (MSCs) have been extensively  mediated phagocytosis (6-9), which can lead to long-term effects.
investigated as a cell therapy, showing promlse in treating an array  In line with this, many studies have shown that secreted biologics
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Table 2. MSC products that have received regulatory approval.

Name MSC type Indication Country of approval (year) Company
Alofisel Human AT-MSC Complex perianal fistulas in Europe (2018) TiGenix NV/Takeda

CcD
Prochymal HumanBM-MSC Y . Canada(2012) Osiris Therapeutics Inc./
(remestemcel-L) New Zealand (2012) Mesoblast Ltd.
Temce”Hst ...................................... Human BMMSC ....................................................... G VHD .................................................... Japan {2015} .................................. JCRpharmaceut|ca|5 ..........

Queence" ............................................... HumanAT_Msc ................................ 5ubcutaneous t|55uedefect5 ...................... southKoreang) ............................. Antemgen coLtd ............

cuplstem ................................................ HumanAT_Msc ............................................... crOh nsﬁgtu|a ..................................... southKorean 2) .............................. A merogencoud .............

Neu mnata_R ........................................ Human BMMSC ................................ Amwmphl Clateralmems's ....................... southKorean 4) ................................... C Orestem |nc .................

camstem ................................................ H uma nucmsc ...................................... Knee amcmar carmage ............................ southKorean 2) ............................... M ed|p05tco|_td ..............
defects

5tem|rac ................................................. Human BMMSC ........................................... 5 pma|cord mj ury ....................................... Japan {2013) ............................................ |\||pr0 corp ....................

5tempeuce| .......................................... Human BMMSC ....................................... c r|t|ca|||mb| schemm ...................................... | ndla {2016) .............................. 5 tempeums Researchpv‘r

Cellgram-AMI Human BM-MSC Acute MI South Korea (2011) Pharmicell Co. Ltd.



Summary

Neuroimmune modulation is an active area of research that
provides new insight into the mechanisms of pain and
regenerative pain medicine.

New treatments with biologics may reduce pain and modify
disease process through neuroimmune modulation.

Regenerative medicine has shown promise and evidence in pain
management.

MSC therapy is a current reality in many countries.
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