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Abstract

Peripheral nerve injuries result in disrupted cellular communication between the central nervous
system and somatic distal end targets. The peripheral nervous system is capable of independent
and extensive regeneration; however, meaningful target muscle reinnervation and functional
recovery remain limited and may result in chronic neuropathic pain and diminished quality

of life. Macrophages, the primary innate immune cells of the body, are critical contributors

to regeneration of the injured peripheral nervous system. However, in some clinical scenarios,
macrophages may fail to provide adequate support with optimal timing, duration, and location.
Here, we review the history of immunosuppressive and immunomodulatory strategies to treat
nerve injuries. Thereafter, we enumerate the ways in which macrophages contribute to successful
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nerve regeneration. We argue that implementing macrophage-based immunomodulatory therapies
is a promising treatment strategy for nerve injuries across a wide range of clinical presentations.
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Introduction

Peripheral nerve injury (PNI) can affect individuals across sex, age, and socioeconomic
status and can occur as the result of trauma, iatrogenic causes, and long-term irritation.
Unlike neurons in the central nervous system (CNS), neurons in the injured peripheral
nervous system (PNS) are able to spontaneously regenerate long-projecting axons and

are capable of restoring complete physiological function. However, in many cases of

PNI, incomplete or misguided regeneration results in degeneration of denervated tissue,
prolonged or chronic pain, lifelong disability, and decreased quality of life (Wojtkiewicz et
al., 2015). Meaningful functional recovery is often limited because of the slow regenerative
pace of growing nerves (1-2 mm/day) and the diminishing window for successful
reinnervation of the distal end targets (12-18 months for motor function) (Grinsell and
Keating, 2014). Peripheral nerve recovery is affected by age (with younger individuals
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exhibiting more robust recovery); injury location (with sites close to the distal end targets
recovering more fully); and injury severity (with stretch or compression injuries recovering
better than transection or shredding injuries) (Grinsell and Keating, 2014; Menorca et al.,
2013; Rosenberg et al., 2012).

It is difficult to accurately calculate the epidemiological burden of traumatic PNI because
PNI diagnosis and treatment are not prioritized during trauma and PNI is frequently
associated with other comorbidities (Ciaramitaro et al., 2010). For example, approximately
60% of individuals presenting with a PNI also present with a traumatic brain injury (Noble
et al., 1998; Stone and Keenan, 1988). People with comorbidities including diabetes and
vascular disease may be more susceptible to nerve injury because their nerves are less
resistant to mechanical forces and because these comorbidities are associated with chronic
or dysregulated inflammation (Tezcan, 2017; Tsalamandris et al., 2019). Furthermore, it can
take up to 50 days after admission into a clinic or hospital to diagnose certain types of nerve
injuries appropriately (Noble et al., 1998).

While traumatic PNIs are complex and may significantly reduce long term quality of life,
they affect a relatively small population of individuals in comparison to other trauma
outcomes. Of the approximately 3.5 million people who experienced upper limb trauma
annually (Ootes et al., 2012), between 1-3% exhibit nerve injury (Padovano et al., 2020;
Taylor et al., 2008). In line with these numbers, a comprehensive study of Swedish data from
1998-2006 estimated that 0.0139% of the general population experienced nerve injuries with
the majority of these injuries occurring in the wrist and hand (Asplund et al., 2009). Indeed,
many studies over the last several decades conclude that the vast majority of traumatic nerve
injuries are crush injuries in the hand or wrist of males between the ages of 20-24 (Asplund
et al., 2009; Kankaanp&a and Bakalim, 1976; McAllister et al., 1996; Noble et al., 1998;
Taylor et al., 2008).

Damage to the PNS affects efferent (signal transmission from the CNS) and afferent (signal
transmission towards the CNS) nervous system communication with sensory organs, skeletal
muscle, and autonomic systems. Treatment of PNS injuries has traditionally prioritized

a hands-off approach with surgical intervention strategies being implemented in only the
most severe and unrecoverable cases without repair. However, nascent research suggests
that the immune system plays a leading role in tissue regeneration and recovery following
PNI. Immune cells such as macrophages, the primary innate immune cells of the body,
interact and influence resident Schwann cells, neurons, axons, fibroblasts, and myocytes

to enhance functional recovery. Although previously underappreciated, macrophages are
leading contributors to nerve homeostasis, regeneration, and also have an immense capacity
to supplement and enhance current treatment strategies. In this paper, we will review

the history of affecting the immune system after peripheral nerve injuries, enumerate

the ways in which macrophages beneficially contribute to nerve regeneration, list current
immunomodulatory techniques, and discuss the challenges of bringing immunoengineering
therapies into clinical use.
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2. Historic Attempts of Immunosuppression and Immunomodulation after

PNI

In the early first century, the classic tetrad of inflammation was first described by Celsus,

a Roman physician, as calor (warmth), dolor (pain), tumor (swelling), and rubor (redness/
hyperemia) (Rosenthal, 1961). Broadly, these signs result from physiological changes
necessary to protect injured tissue and facilitate regeneration. In the 1940s, early studies
by Medawar expanded on these findings by investigating the role of inflammation and
healing in a rabbit skin graft model (Medawar, 1944). He summarized that the evolution

of normal healing following skin autograft repair starts with vascularization, followed by
generalized hyperplasia or cell proliferation, and finally partial retrograde differentiation to
allow for reformation of normal skin (Medawar, 1944). In contrast, allograft repair (termed
“homografts” in older texts) resulted in acute vascularization and inflammation, but the
foreign tissue was subsequently destroyed.

In line with these experiments, surgeons in the 1940s investigated if allograft nerve repairs
could be utilized to enhance recovery following nerve injury. Disappointingly, mounting
clinical evidence reporting poor functional recovery, especially following large segmental
defects, led surgeons to consider that “the nerve [allo]graft should be regarded as an
incontrovertible failure” (Barnes et al., 1946). Similar to skin grafts, the substrate provided
by the allograft elicited an immune response, destroying the foreign tissue, and ultimately
led to graft failure. To address these complications, researchers in the 1960s demonstrated
frozen irradiated allografts for peripheral nerve repair mitigated some immune response and
increased regeneration, suggesting that further immune suppression could stimulate greater
functional recovery (Marmor, 1964a, 1964b).

Given the association between inflammation and graft failure, attention turned towards
immunosuppressive agents to enhance the efficacy of allograft repair. These efforts
exhibited varying degrees of success in early experimental and clinical studies (Ducker
and Hayes, 1970; Marmor, 1970; Marmor et al., 1967; Pollard et al., 1973; Pollard and
Fitzpatrick, 1973; Pollard and McLeod, 1971). For example, FK506 (tacrolimus) is a
potent immunosuppression agent, which may also improve functional recovery following
peripheral nerve repair (for review, see (Kuffler, 2009) and (Konofaos and Terzis, 2013)).
During the mid-1990s, FK506 gained FDA-approval to prevent rejection/prolong survival of
solid organ transplantation, including allotransplanted heart, kidney, skin, limbs, pancreas,
and duodenum tissues (Arai et al., 1989; Inamura et al., 1988; Ochiai et al., 1987b, 198743;
S. Todo et al., 1988; Sato et al., 1989). In 2002, researchers tested FK506 efficacy using
rodent models of chronic axotomy or chronic denervation. They demonstrated that FK506
administration enhanced axonal outgrowth after a chronic axotomy but exhibited minimal
effects following prolonged denervation (Sulaiman et al., 2002).

While FK506 is a promising adjunctive strategy, its clinical efficacy remains unclear. In
the U.K., phase Il clinical trials have been completed studying FK506 tolerance after nerve
repair and reported 5 patients who were treated within 7 days after nerve repair for up to 60
days post-operative. Although no adverse events were reported, no significant improvement
was detected compared to expected clinical recovery (Phan and Schuind, 2012). To the
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best of our knowledge, no double-blind placebo-controlled randomized studies have been
performed yet, with only one proposed in the U.S. in 2009 that was withdrawn in 2018 due
to lack of funding (NCT00950391). Although FK506 is widely considered a neuroenhancer,
as a potent immunosuppression agent, it may lead to unwarranted severe side effects such as
increased risk of infections. Indeed, in the last several years, researchers at the University of
Toronto have worked to develop methods to locally deliver FK506 to the injured nerve, thus
avoiding systemic immunosuppression (Tajdaran et al., 2015). These studies suggest that
local delivery of FK506 to the transection injury site promoted motor and sensory neuron
regeneration and was associated with larger numbers of myelinated axons (Tajdaran et al.,
2019). Indeed, this local FK506 delivery system also enhanced nerve regeneration through
transection injuries repaired with allografts (Zuo et al., 2021). Together, these data suggest
that control over FK506 administration and distribution could enhance the translatability of
this treatment strategy.

Other immunosuppressive strategies have been administered after nerve injury, however, like
FK506, many of these strategies simultaneously suppress healthy regeneration. For example,
treatment with high doses of minocycline, an antibiotic with potent anti-inflammatory
activity, was found to decrease macrophage recruitment and activation, reduce phagocytic
Schwann cell activation, slow Wallerian degeneration, and inhibit nerve regeneration in a rat
model of sciatic nerve injury (Keilhoff et al., 2006). Similarly, macrophages were found to
be essential for ascending afferent fiber regeneration in the CNS following a conditioning
lesion in the periphery (Aguilar Salegio et al., 2011). In this study, macrophage depletion
via clodronate liposome treatment abolished the ability of dorsal root ganglion cells to
regenerate afferent fibers after a combined sciatic nerve injury followed by dorsal column
cut in rats. Likewise, eliminating macrophages with clodronate liposomes limited regrowth
of injured nerves and reduced functional recovery of sensory and motor tasks (Chen et al.,
2015b; Mokarram et al., 2017). These findings suggest that macrophages are essential for
successful nerve regeneration after injury.

In line with these findings, attention has shifted away from immunosuppressive strategies
for promoting injured nerve regeneration. Instead, strategies aimed to employ monocyte
homing, phagocytosis, and phenotype could accelerate and/or improve the extent of tissue
regeneration following disease and trauma. This shift can be attributed at least in part to

a growing understanding of the complex role of inflammation in wound healing across
multiple tissues and organs, including PNI, that will be extensively discussed in the
following sections.

Monocyte-derived macrophages are key regulators of the innate immune response that

have been long been appreciated for their role identifying pathogens and fighting disease.
Circulating blood monocytes are derived from hematopoietic stem cells in the bone

marrow and macrophages can either be tissue-resident macrophages or monocyte-derived
macrophages. In healthy nerve development, tissue-resident macrophages come from
macrophage infiltration in late embryonic development (Amann and Prinz, 2020). The
tissue-resident macrophage population is replaced over time by infiltrating bone marrow-
derived cells. The replacement rate of macrophages in healthy nerves is inversely correlated
with age (Amann and Prinz, 2020). Upon sensing injury or disease through chemoattractant
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cues, monocytes leave the blood stream and infiltrate into damaged tissues. Indeed,
monocytes home into all tissues, including the CNS and PNS, following injury (Klyachko
et al., 2014; Tong et al., 2016). One of the most widely appreciated functions completed
by macrophages is their ability to remove pathological and necrotic components. In the
late 1800s, a Russian scientist, Elie Metchnikoff, observed and described that foreign
material could be engulfed by migratory mesodermal cells (Metchnikoff, 1887). He termed
these cells ‘phagocytes’ (meaning “eating cells’) and termed the process ‘phagocytosis’
(Kaufmann, 2008). These findings, along with other findings related to antibodies, helped
found the field of immunology in the late nineteenth century (Kaufmann, 2008).

For over one hundred years these phagocytic macrophages were appreciated exclusively

for their role in promoting inflammation and removing pathological material. However, in
1992, scientists began to learn that macrophages could exhibit a spectrum of behavioral
phenotypes depending on the environmental cues that they were exposed to (Stein et al.,
1992). Macrophages can secrete inflammatory factors, phagocytose apoptotic cells, act as
antigen presenting cells, stimulate angiogenesis, guide extracellular matrix deposition, and
influence stem cell development (Sunderkotter et al., 1994; Wynn et al., 2013; Wynn and
Vannella, 2016). These ranges of behaviors are termed phenotypes in macrophages and are
the subject of much research. Over the last couple decades a number of new behavioral
phenotypes and functional profiles have been described for macrophages (Mosser and
Edwards, 2008; Wynn and Vannella, 2016). Macrophage behavioral phenotype and function
is now understood to be a highly plastic process that varies as a function of timing, location,
and environmental context (Brown et al., 2014; Spiller et al., 2016, 2015; Wofford et al.,
2019b). Careful regulation of macrophage phenotypes can be critical for tissue regeneration
because these cells also oversee endogenous regeneration pathways (Brown et al., 2014).

Together these findings imply macrophages are major drivers of tissue regeneration

across a multitude of organ systems. Here, we aim to review the major contributions of
macrophages to PNI regeneration and to explore innovative strategies in immunoengineering
(Figure 1). Immunoengineering is a new discipline that deals with design, fabrication,

and redirection of the innate and adaptive immune systems in order to mitigate

disease and promote tissue regeneration. Immunoengineering holds immense promise in
developing therapeutics to redirect or enhance endogenous regeneration pathways. Indeed,
immunoengineering strategies that can control macrophage infiltration, activation, and
phenotype with spatial and temporal resolution could drastically improve PNI treatment.
Future immunoengineering strategies require a comprehensive understanding of the various
roles macrophages play in peripheral nerve repair. Below we will discuss several different
ways in which macrophages contribute to regeneration following PNI.

3. Macrophage Contributions to Regeneration Following PNI

3.1 Macrophages phagocytose myelin debris and axon fragments

Following mechanical trauma, axons distal to the injury site degenerate. This process of
axonal degradation is termed Wallerian degeneration because it was first described in
1850 by an English physician, Augustus Waller (Waller, 1850). Mechanical trauma to
the nerves; through either transection, crush, stretch, or irritation injury can damage the
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cytoskeletal structure in axons, which is essential for transporting proteins and nutrients
from the neuronal soma to the distal synapses of the neuron (Smith and Meaney, 2000).
Following injury, the damaged axon will undergo a neuron-autonomous process of rapid
granular disintegration of the axonal cytoskeleton. This process occurs along the entire
length of the distal axon and along the proximal axon up to the first node of Ranvier. The
time to initiation of axonal fragmentation is dependent upon fiber size with thinner axons
undergoing fragmentation more rapidly than thicker axons (Lubinska, 1977). A rapid influx
of calcium into the injured axons activates calpains which go on to cleave neurofilament,
spectrin, and tubulin (Wang et al., 2012). Degradation of the internal axonal structure
through calpain-mediated cleavage and the ubiquitin-proteasome system, which facilitates
microtubule disassembly, together can induce rapid axonal degradation (Wang et al., 2012).

Following injury but before the process of fragmentation, macrophages increase in

numbers along the length of the nerve in a complement-dependent pathway (Dailey et al.,
1998). Macrophage population size increases as a result of dividing resident endoneurial
macrophages and infiltrating blood monocytes (Rosenberg et al., 2012; Ydens et al.,

2020). Infiltrating monocytes typically arrive within 120 minutes of nerve transection (in

a zebrafish model) and closely associate with damaged, intact axons, waiting and scanning
the damaged axon until fragmentation is initiated. Immediately after axonal fragmentation
occurs (typically 145-200 minutes following a transection in this zebrafish model), these
scanning macrophages rush to phagocytose residual axonal debris and myelin fragments that
remain in the wake of the degenerating axon (Figure 1C; Rosenberg et al., 2012; Vargas and
Barres, 2007). In contrast to rapid Wallerian degeneration and myelin removal in the PNS,
Wallerian degeneration and myelin removal in the CNS is exceptionally slow (Avellino et
al., 1995). Indeed, myelin residuals in the CNS are not effectively removed and can remain
in the wound environment for months to years and are associated with delayed or thwarted
regeneration (Fawcett and Asher, 1999; Vargas and Barres, 2007).

In the past, Schwann cells have been widely believed to be responsible for monocyte
recruitment to sites of nerve injury (Vargas and Barres, 2007). However, knock out studies
in zebrafish have demonstrated that monocyte recruitment to the site of PNI can occur in the
absence Schwann cells and their chemoattractant signals (Rosenberg et al., 2012). However,
Schwann cells likely enhance the recruitment of these immune cells through paracrine
signaling (Chen et al., 2015b; Martini et al., 2008; Mueller et al., 2003). Indeed, Schwann
cells can release a number of chemoattractant signals including but not limited to CCL2
(monocyte-chemoattractant protein-1, MCP-1), leukemia inhibitory factor (LIF), interleukin
(IL)-1a, IL-1B, and pancreatitis-associated protein 111 (PAP-111) (Chen et al., 2015b).

The extent and duration of macrophage infiltration varies across animal species and injury
model. Following sciatic nerve injury crush in a rat, macrophage numbers peak in the injury
site one day after injury and gradually decrease over the next two weeks (Qian et al., 2018).
Macrophages that do persist in the nerve move distally along the degrading distal nerve
stump at a rate similar to the growth of regenerating axon growth cones (Qian et al., 2018).
In a similar model of rat sciatic nerve crush, bone-marrow derived macrophages infiltrated
into the nerve injury site and peak in numbers two weeks after the injury (Stratton et al.,
2018). Thereafter, the number of macrophages plateau from 2 to 3 weeks and could be
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detectable in the recovering nerve up to 16 weeks after injury (Stratton et al., 2018). In a
murine model of crush PNI, resident macrophages increase in numbers up until 14 days
after the injury reaching a maximum of five times the control levels (Mueller et al., 2003).
However, infiltrating monocyte-derived macrophages comprise the bulk of the macrophages
in the nerve after injury, vastly exceeding the number of resident macrophages (Amann
and Prinz, 2020; Ydens et al., 2020). Infiltrating macrophages increase in numbers up

until about 14 days after injury, reaching a maximum of twenty times the control level at
this time point (Mueller et al., 2003; Stratton et al., 2018). In a murine model of optic
nerve crush (technically a model of CNS injury that interacts with the peripheral immune
system), macrophages were detectable 3 days after nerve injury but peaked in humbers 5
days after injury (Perry et al., 1987). In a zebrafish model of laser-induced nerve ablation,
macrophages were recruited to the injury site within 1 hour and closely associate with the
distal nerve stump, where they remain until axonal fragmentation of the distal transected
nerve begins (Rosenberg et al., 2012). After human nerve injury, macrophages are found

in and distal to the nerve site for up to five months post-injury, the longest timepoint
considered in this study (Stratton et al., 2018). These studies suggest that while there is
variability in macrophage infiltration across species and injury models, a massive influx of
these cells is a conserved characteristic across several models of PNI. Because macrophage
contributions vary across injury models, it will be important for future studies to investigate
which macrophage characteristics and behaviors are conserved in clinical cases of human
nerve injury.

Perhaps the most commonly appreciated and thoroughly discussed role of macrophages

in PNI repair is their ability to phagocytose myelin fragments from the distal nerve
segment during Wallerian degeneration. Indeed, since the 1980s (Perry et al., 1987), myelin
fragment removal has been appreciated as a critical step in peripheral nerve regeneration.
Myelin removal helps establish a permissive environment for the regenerating nerve because
myelin fragments are notoriously inhibitory to axonal growth cones because they expresses
inhibitory molecules such as N1250 (Nogo) and myelin-associated glycoprotein (MAG)
(Akbik et al., 2012; Fawcett and Asher, 1999; Schnell and Schwab, 1990). Nogo prevents
axonal regrowth by causing growth cone collapse. The antibody IN-1 binds to Nogo and
blocks its expression, resulting in enhanced axonal regeneration and improved functional
recovery (Chen et al., 2000; Fawcett and Asher, 1999). Likewise, MAG is expressed in
myelin and can also inhibit some, but not all, axonal growth cones (Akbik et al., 2012;
Fawcett and Asher, 1999).

During Wallerian degeneration, Schwann cells break down myelin during the first 5-7 days
after injury and package myelin into discrete ovoid segments (Perry et al., 1995). Thereafter,
recruited and resident macrophages accelerate myelin clearance in a complement-dependent
pathway. Indeed, C3-deficient serum precludes macrophage infiltration and decreases the
extent of myelin fragments phagocytosis (Briick and Friede, 1991). Schwann cells can work
in concert with macrophages to complete myelin phagocytosis and clearance from the injury
site. While macrophages complete most of the myelin clearance, their presence may not be
critical for myelin removal. Schwann cells can complete selective autophagy of these myelin
components, termed myelinophagy, in their lysosomes by an mTOR-independent pathway
(Gomez-Sanchez et al., 2015). In a CCR2~/~ mouse model of PNI, macrophages did not
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infiltrate into the lesion site but myelin removal was initiated in the absence of macrophages
(Niemi et al., 2013). These data suggest that macrophages are the primary cells responsible
for rapidly clearing myelin, but in their absence, Schwann cells are capable of acting as
alternates to step in and complete this critical function for regeneration (Niemi et al., 2013;
Perry et al., 1995).

Removal of inhibitory myelin debris is essential for axonal regrowth into the distal nerve
and end target. However, phagocytosis of myelin debris can also promote other beneficial
effects on the injury environment’s regenerative capacity. Macrophages that phagocytose
myelin have been shown to secrete neurotrophic factors that can enhance neuronal survival
(Hikawa and Takenaka, 1996; Kroner et al., 2014). Likewise, macrophage phagocytosis

of apoptotic cells via the thrombospondin receptor (CD36) downregulates inflammatory
factors including tumor necrosis factor a (TNFa), IL-1, and IL-12 while simultaneously
promoting the immunoregulatory cytokine IL-10 (Voll et al., 1997). However, myelin
loading in macrophages is associated with prolonged inflammation when iron and TNFa
has accumulated in the local environment (Kroner et al., 2014). Thus, the balance between
the number of infiltrating cells and the amount of debris they clear is important in fostering a
regenerative environment.

3.2 Macrophages modulate fibroblast behavior and extracellular matrix organization

The extracellular matrix (ECM) of peripheral nerves is uniquely tuned to provide
mechanical support and present trophic cues for the PNS to communicate between the CNS
and distal end targets. The ECM of peripheral nerves plays a critical role in nerve injury

by acting as the primary structural component to resist mechanical forces during trauma.
Furthermore, the ECM forms trophic and molecular guides that can facilitate proliferative
Schwann cells organization, blood vessel growth, and axonal growth cone navigation.

In healthy mature nerves, fibroblasts and Schwann cells synthesize an organized ECM
comprised of type | collagen, type IV collagen, fibronectin, laminin, and proteoglycans
(Gonzalez-Perez et al., 2013). Following trauma, restructuring of the disrupted ECM is

a pre-requisite for complete regeneration. Matrix metalloproteinases (MMPs) are major
drivers of ECM degradation and their levels must be carefully regulated to prevent
indiscriminate tissue digestion. Tissue inhibitor of MMPs (TIMPs) play a critical role in
balancing MMP-driven degradation. In a model of sciatic nerve crush, MMPs are released
from Schwann cells acutely after injury (Chattopadhyay et al., 2007). At the same time,
macrophages and Schwann cells upregulate TIMP-1 (La Fleur et al., 1996). TIMP-1 secreted
by macrophages and Schwann cells modulates MMP activity and precludes collagen 1V
degradation in the sciatic nerve basement membrane (La Fleur et al., 1996). In this

way, macrophages contribute to the preservation of the basement membrane, which is an
important construct for growing blood vessels, Schwann cell organization, and navigating
axons (Figure 1D).

Following a crush or stretch nerve injury, the intact basal lamina can express membrane-
bound neurotrophic factors and adhesion molecules that guide regenerating nerves
(Gonzalez-Perez et al., 2013). However, after a more severe transection injury, the basal
lamina is disrupted. Surgical procedures can be implemented to directly suture proximal and
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distal nerve stumps together to prevent a gap from forming between the segments. However,
in the absence of surgical intervention, axons that grow out from the proximal stump can
grow toward distal end targets if the regenerating cells can locate the degenerating distal
nerve segment. During successful regeneration a fibrin mesh tethers the proximal and distal
nerve segments (Gonzalez-Perez et al., 2013). Thereafter, fibroblasts secrete collagen and
Schwann cells produce laminin. These ECM molecules are oriented longitudinally to form
a hollow bridge, which reunites the severed nerve stumps (Gonzalez-Perez et al., 2013).
Thereafter, the lumen of the bridge can be filled with neurotrophic factors to promote blood
vessel development, axonal growth, and cell survival (Gonzalez-Perez et al., 2013).

Currently, there is a paucity of research linking macrophage function to fibroblast activity
and ECM deposition in the nerve. However, macrophages have been strongly implicated
in ECM organization in a number of other tissues (Snyder et al., 2016; Witherel et al.,
2019). Indeed, recent research illustrates that secreted factors from macrophages polarized
to differing phenotypes can have differential effects on fibroblast gene expression and
ECM organization. Specifically, macrophages polarized to an inflammatory phenotype
with lipopolysaccharide (LPS) and interferon (IFN)+y caused fibroblasts to upregulate the
ECM genes COL3A1, COL5A1, DCN, HSPG2, and PDGFRA relative to fibroblasts
treated with unstimulated macrophages (Witherel et al., 2021). Macrophages polarized to
an anti-inflammatory phenotype with 1L-4 and IL-13 caused fibroblasts to upregulated
the ECM genes COL3A1, COL5A1, FN1, HSPGZ, and VCAN relative to fibroblasts
treated with unstimulated macrophages (Witherel et al., 2021). While the specific factors
secreted from the polarized macrophage populations that regulate fibroblast activity have
yet to be elucidated, gene analyses suggest that some combination of ECM-promoting
and angiogenesis-promoting cues may guide this response. These findings suggest that
macrophages in PNI can play roles in regulating basement membrane degradation, but we
suspect that future research will identify more mechanisms by which macrophages affect
nerve ECM organization.

3.3 Macrophages initiate vascularization in the injury microenvironment

During PNI, vasculature that supplies nutrients, oxygen, and waste removal to nerve may
be directly damaged. Macrophages play a key role in regrowth of functional vessels by
signaling for endothelial cells to proliferate and migrate and releasing key angiogenic
growth factors (Graney et al., 2020; Sunderkotter et al., 1994). Damaged vasculature causes
the injury microenvironment to become hypoxic. Macrophages are uniquely equipped to
sense and respond to localized vessel damage because they respond to hypoxia and can
initiate regeneration across a transected nerve gap (Cattin et al., 2015). Decreased oxygen
levels cause the transcription factor, hypoxia-inducible factor 1-alpha (HIF-1a), to initiate
transcription of vascular endothelial growth factor (VEGF)-A in macrophages. VEGF-A is
a critical driver of angiogenesis and vascular development by coordinating endothelial cell
differentiation and proliferation (Mackenzie and Ruhrberg, 2012; Spiller et al., 2014). After
a nerve injury, macrophages release VEGF, causing endothelial cells to form functional

and polarized blood vessels that span the hypoxic space between two nerve segments
(Figure 1E; Cattin et al., 2015). Infiltration of endothelial cells and subsequent blood

vessel formation decreases the hypoxia of the gap microenvironment (Cattin et al., 2015).
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Following systematic blood vessel development in the hypoxic nerve injury environment,
Schwann cells, in both the proximal and distal nerve stump migrate along the blood vessels
to create pathways for the regenerating axons (Cattin et al., 2015).

Additionally, it has been suggested that VEGF-A can promote neurogenesis, migration,
and axon guidance (Mackenzie and Ruhrberg, 2012). Indeed, VEGF-A increases the rate
and extent of axonal outgrowth from sympathetic ganglia independent of its effects on
vasculogenesis and angiogenesis (Long et al., 2009; Marko and Damon, 2008).

3.4 Macrophages stimulate Schwann cell migration and maturation in injury sites

In a healthy nerve, Schwann cells myelinate functional axons, and comprise approximately
60% of the total cell population. After a crush injury to the peripheral nerve, the number

of $100* Schwann cells within the injured nerve distal to the crush drops to half of their
healthy numbers within one day after injury (Qian et al., 2018). Over time, the S100*
Schwann cell population in the nerve increase in a logarithmic fashion, reaching baseline
numbers two weeks after injury (Qian et al., 2018). To aid in the recruitment of Schwann
cells to the injury, hypoxic macrophages upregulate the expression of CCL3, which is known
to induce Schwann cell migration and thereby, increase the numbers of immature Schwann
cells (SOX2%) in the nerve injury site (Figure 1F; Stratton et al., 2018; van Emmenis, 2018).

In addition to affecting Schwann cell recruitment, macrophages can also regulate Schwann
cell myelination. As the primary glial support cell in the PNS, Schwann cells play a lead
role in nerve homeostasis and regeneration after injury (Boliivar et al., 2020). Following
Wallerian degeneration, Schwann cells dedifferentiate to transiently adopt an immature
phenotype that is associated with the early stages of nerve repair (Bolivar et al., 2020).
Macrophages regulate Schwann cell maturation, which is necessary for remyelination, by
releasing the factor growth arrest-specific 6 (Gas6) (Figure 1G; Stratton et al., 2018). Gas6
binds with high affinity to the Schwann cell tyrosine kinase receptor, Tyro3, cueing Schwann
cell maturation and subsequent myelination of axons that express the membrane marker
neuregulin (NRG)-1 type Il (Michailov et al., 2004; Miyamoto et al., 2015). Gas6 secreted
from macrophages increases the number of mature SOX10* cells and their subsequent
myelination of regenerating axons. Thereby, Gas6 increases the conduction velocity of
action potentials in the regenerating nerves indirectly (Stratton et al., 2018). Indeed, genetic
deletion of GAS6 after PNI resulted in impaired remyelination (Stratton et al., 2018).
Together, these data implicate macrophages as a key regulator of Schwann cell recruitment,
maturation, and myelination following injury.

3.5 Macrophages prevent ectopic axon growth and cell migration

Following nerve injury, axons must navigate across any gap between proximal and distal
nerve stumps, and thereafter, through the denervated distal nerve stump in order to reach

an appropriate end target. One mechanism for PNI regenerative failure is through axonal
misdirection, or the aberrant growth of axons into ectopic locations as first described by
Ramén y Cajal (Ramon y Cajal, 1928). Axonal misdirection after PNI is difficult to correct
and is strongly associated with neuroma formation and chronic neuropathic pain that is
commonly experienced by patients with PNI (Lobato, 2008). Indeed, neuromas and chronic
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pain are some of the most impactful determinants of reduced quality of life following nerve
injury (Wojtkiewicz et al., 2015), as discussed below.

Macrophages play a critical role in preventing ectopic nerve growth following trauma by
presenting chemical guardrails to guide the distribution of Schwann cells in an injured
nerve. It has been well described that after nerve injury, Schwann cells organize themselves
into Bands of Bungner, forming regeneration tracks for regenerating axons across any
transection gap and into the distal nerve segment (Jessen and Mirsky, 2016). Because
Schwann cells direct axonal growth and targeting, macrophage control over Schwann cell
distribution can indirectly prevent axonal misdirection. Following transection injury in a
mouse, macrophages organize themselves to form a perimeter around the nerve injury site
(Dun et al., 2019). These perimeter macrophages secrete high levels of the glycoprotein
Slit3, a ligand that binds to Robo receptors. When Slit3, secreted by macrophages, binds

to Robo1l receptors on the surface of Schwann cells, fibroblasts and axons, it locally halts
cell migration and regeneration. In this way, macrophages make the outer barrier around
the regenerating gap and prevent Schwann cells, fibroblasts, and axons from growing in the
wrong direction (Figure 1H; Dun et al., 2019). Knocking out Slit3 and/or Robol resulted in
ectopic cell migration and subsequent ectopic nerve growth (Dun et al., 2019).

3.6 Macrophages accelerate axonal outgrowth

While leukocyte infiltration has long been described in the injury environment after PNI
(Ramon y Cajal, 1928), it was not until 1972 when Smith and Adrian observed that
macrophages infiltration was not confined to the PNI site, but that a large number of
macrophages also localized with the nerve ganglia after PNI (Smith and Adrian, 1972). In
the early 1990s, Lu and Richardson built on this observation and found that generating an
inflammatory response around the dorsal root ganglia after nerve injury — either by injecting
Corynebacterium parvum or isogenous macrophages — accelerated axonal regrowth (Lu and
Richardson, 1991). Indeed, in exploring the function of these immune cells, researchers have
observed that macrophage-induced inflammation near the neuronal cell bodies is associated
with increased neurite outgrowth and regeneration after PNI (Hikawa and Takenaka, 1996;
Jager et al., 2020; Niemi et al., 2016). Environmental stimuli generated by the injury may
prime macrophages to alter their behavioral profile and enhance neuronal regeneration
(Lavin et al., 2014). Research suggests that inflammatory macrophages that are allowed to
phagocytose myelin will release factors into the conditioned media that increase dorsal root
ganglion neurite outgrowth length and branching complexity (Boven et al., 2006; Kroner

et al., 2014). Furthermore, phagocytosis of apoptotic cells can lead to downregulation of
inflammation and secretion of IL-10 (\oll et al., 1997).

Research over the last couple decades has strengthened our understanding of specific

ways that macrophages contribute to axonal regeneration. Following nerve injury, CCL2,

a chemoattractant for infiltrating monocytes, is expressed in the distal nerve segment

and on neuronal cell bodies in the dorsal root of the nerve. As a result, monocytes are
recruited to both areas (Niemi et al., 2013). CCL2 expression on dorsal root ganglia (DRG)
neurons is correlated with macrophage infiltration into the ganglia and with DRG neurite
outgrowth (Niemi et al., 2016). After a sciatic nerve injury, transected neurons upregulate
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CCL2 expression and cause CCR2 expressing macrophages to upregulate both inflammatory
(CD8&6) and anti-inflammatory (ARG1, CD206, and YM1I) genes (Niemi et al., 2016).
Crosstalk between CCL2-expressing neurons and CCR2* macrophages, causes injured
neurons to upregulate regeneration-associated genes (RAGS) including /L6, GAP43, JUN,
ATF3, GAL, SMAD1, SOX11, and SPRR1a(Niemi et al., 2016). Furthermore, crosstalk
between CCL2-expressing neurons and CCR2* macrophages caused upregulation of these
RAGs and subsequently increased neurite outgrowth. Interestingly, stimulating neurons
with recombinant CCL2 or overexpression of CCL2 on neurons in the absence of CCR2
macrophages prevents the amplified neurite outgrowth from DRGs. Together, these data
suggest that macrophages can respond to injured neurons in the DRG and can stimulate
these injured cells to promote regenerative behaviors after PNI.

Leukemia Inhibitory Factor (LIF) is a pleiotropic cytokine that has be implicated as a key
factor in neuronal injury and axonal outgrowth (Nicola and Babon, 2015). LIF expression
is increased in neurons after nerve injury and is inversely correlated with sensory and
motor neuron death after injury (Cheema et al., 1994; Curtis et al., 1994). Knockout
studies removing LIF reduced sensory neuron growth capacity, which was rescued when
exogenous LIF was reintroduced (Cafferty et al., 2001). LIF can also affect macrophage
behavior and phenotype. Interestingly, LIF receptors are missing on almost all immune
cells except for macrophages (Nicola and Babon, 2015). LIF expression can act as a
chemoattractant to recruit macrophages to sites of nervous system injury (Sugiura et al.,
2000). Macrophages stimulated with inflammatory cues cause macrophages to produce and
release LIF, amplifying the amount of LIF in the injury microenvironment. Macrophages
recruited to the ganglia via CCL2 can help stimulate the biogenic response (via LIF/STAT3)
that amplifies axonal regrowth (Figure 1A; Cattin and Lloyd, 2016; Niemi et al., 2016).
Furthermore, elevated LIF levels cause macrophages to reduce reactive oxygen species
production and to also reduce TNFa production (Hendriks et al., 2008). Simultaneously,
LIF-treated macrophages significantly increase myelin phagocytosis relative to untreated
cells (Hendriks et al., 2008). Interestingly, myelin uptake by macrophages suppressed
macrophage LIF production and secretion in a dose-dependent fashion (Hendriks et al.,
2008). These data suggest that neurons, macrophages, and other support cells can produce
LIF after PNI to promote neuronal survival, axonal outgrowth, and transient myelin
clearance.

Oncomodulin is another potent factor released by macrophages that is responsible for
outgrowth of retinal ganglion axons (Yin et al., 2006, 2003). Oncomodulin signals through
calmodulin-dependent protein kinase 11 (CaMKII) to induce transcriptional changes within
damaged neurons (Yin et al., 2006). Studies that have characterized oncomodulin release
have been completed in models of optic nerve injury. Because the optic nerve injury
environment can be quite distinct from other sites of nerve injury (Ydens et al., 2020),

it will be interesting to learn whether oncomodulin is a secreted growth factor in other sites
of nerve injury.

Other macrophage-derived neurotrophic factors likely contribute to healthy nerve
regeneration after trauma. For example, macrophages stimulated with IL-1p are the driving
source of secreted nerve growth factor (NGF) after PNI (Lindholm et al., 1987). Other
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neurotrophic factors have also been reported in models of PNI including brain-derived
neurotrophic factor (BDNF), glial-derived neurotrophic factor (GDNF), and neurotrophin
(NT)-3 (Liu and Wang, 2020). While macrophages have been associated with the production
of each of these, it remains unclear if macrophages are the primary source of these factors
after nerve injury (Snyder et al., 2016).

3.7 Macrophages help develop and maintain distal end targets

Development, maturation, and upkeep of the distal end targets are crucial steps in
establishing and maintaining functional PNS connectivity, as well as reestablishing
connectivity after PNI. Peripheral nerves can innervate distal end targets as afferent
(sensory) or efferent (motor) axons of the somatic nervous system or they can integrate
with distal end targets as part of the autonomic nervous system (either sympathetic

or parasympathetic). There is emerging evidence that macrophages are involved in the
development and maintenance of these neuro-somatic interfaces following PNI (Rios et al.,
2021).

Recent research efforts out of the Snyder-Warwick laboratory have identified macrophages
as important contributors to reinnervation and neuromuscular junction (NMJ) development
after injury (Jablonka-Shariff et al., 2020; Lu et al., 2020). Their research suggests

that macrophages act in concert with terminal Schwann cells, nonmyelinating cells in

the muscle that are involved in NMJ maintenance and innervation. They observed that
changing terminal Schwann cell behavior (through conditional Gpr126 knockout mice)
resulted in reduced macrophage recruitment, reduced innervation, and motor deficits after
nerve injury (Jablonka-Shariff et al., 2020). Additionally, they observed that preventing
monocyte and macrophage recruitment to the injury site delayed innervation and decreased
functional recovery (Lu et al., 2020). When VEGF-A was conditionally knocked out from
macrophages, they observed that the extent of innervation was decreased and functional
recovery was diminished (Lu et al., 2020). Together these data suggest that macrophages
may play a significant role in re-establishing the NMJ after PNI (Figure 1B).

In addition to regulating innervation of the efferent nerves, macrophages can influence
regeneration and function of the autonomic nervous system. The autonomic PNS

innervates virtually all organ systems, including adipose tissue. Sympathetic nervous system
innervation of adipose tissue in necessary to regulate energy expenditure and metabolic

rate throughout the body. Resident macrophages in adipose tissue contribute to successful
innervation (Wolf et al., 2017). Indeed, deleting MECPZ, a nuclear transcription regulator,
in brown adipose tissue macrophages reduced the extent of sympathetic innervation which,
thereafter, caused metabolic imbalances and spontaneous obesity in the animal subjects
(Wolf et al., 2017).

Furthermore, research within the last couple years has found that macrophages play a
distinct and critical role in maintenance of distal end target homeostasis. Sympathetic
neuron-associated macrophages (SAMs) have been described as a phylogenetically distinct
group of macrophages that are involved in sympathetic innervation and function (Pirzgalska
etal., 2017). SAMs are involved in the clearance of norepinephrine from peripheral
synapses and varicosities through expression of the norepinephrine transport protein solute
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carrier family 6 member 2 (SLC6A2) and through expression of the degradation enzyme
monoamine oxidase A (MAOA) (Pirzgalska et al., 2017). Interestingly, when macrophages
collected and processed excessive norepinephrine from the synapse, the macrophages
changed their phenotypic profile to upregulate the inflammatory genes 7A/Fand /L1

and decreased the anti-inflammatory genes /L4RA and ARGI (Pirzgalska et al., 2017).
These findings suggest that in addition to initiating innervation of the regenerating PNS,
macrophages can act as detectors of excessive neurotransmitters and respond to neuron
signals by adapting their behavioral phenotype.

Together, these data implicate macrophages in reinnervation and synaptic homeostasis, but
it is feasible to speculate that macrophages could contribute to end-processes in other ways.
It is well established that microglia, the innate immune cells of the CNS, systematically
prune the synapses of billions of neurons to develop functional circuitry in the healthy brain
(Hong et al., 2016). Furthermore, microglia prune dysfunctional synapses of motor neurons
inside the spinal cord after peripheral nerve injury (Salvany et al., 2021). Although research
has enumerated the ways in which nerve macrophages are distinct from microglia (Ydens et
al., 2020), it is tempting to theorize that macrophages could play a role pruning the NMJs
and/or sensory receptor endings at the distal end targets. However, studies investigating
macrophages in this role have yet to be completed.

4. Immunoengineering Macrophages as a Strategy to Repair Injured

Nerves

Clearly, as macrophages play a critical role in tissue regeneration, several
immunoengineering strategies have emerged to harness their regenerative potential across
a number of organ systems and diseases. Indeed, each characteristic and function executed
by macrophages offers exciting opportunities for innovative tissue repair (Lee et al., 2016).
Because monocytes circulate in the blood stream, they are an exceptionally convenient
source of cells that could be collected and exogenously reprogramed as a mechanism for
autologous cell therapy. Because monocytes home to sites of injury, they could be used

to deliver cargo, such as drugs, to inaccessible or delicate tissue. Because macrophages
phagocytose debris and pathogens, they could be employed to clear up sites of necrosis,
cancer, or infection. Because macrophages exhibit a wide spectrum of phenotypes, they
could be utilized to modulate local inflammation, antigen presentation, or adaptive immune
cell activation. Alternatively, phenotype manipulation could enhance vascularization, ECM
deposition, cytokine signaling, or cellular regrowth rates.

In addition to the spectrum of phenotypes and functions that macrophages can provide to
regenerating tissues, macrophages also offer unique advantages that could increase their
utility in repairing different types of nerve injuries. Indeed, clinical nerve injuries can be
caused due to transection, crush, stretch, or irritation. Peripheral nerve regeneration research
over the last several decades has focused on developing implantable nerve conduits and
grafts that can supplement or replace autologous nerve grafts collected from sacrificial

or redundant donor nerves (the current clinical gold standard) (Pfister et al., 2011).

These strategies have made significant progress in enhancing regeneration of transected
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nerves; however, they are not appropriate treatments for many crush, stretch, or irritation
injuries. Macrophages could supplement nerve scaffolds and autografts, but they can also be
delivered as an injectable cell therapy (Chan and Viswanathan, 2019; Raheja et al., 2012).
Indeed, completed and ongoing clinical trials have administered monocytes or macrophages
through direct injection, intrathecal injection, or intramuscular injection to treat diseases and
disorders including spinal cord injury, cerebral palsy, and critical limb ischemia, respectively
(Chan and Viswanathan, 2019). These trials have had mixed results, but they offer a glimpse
into a promise of injectable cell-based therapies in the future. Indeed, another pre-clinical
study investigated if bone marrow-derived mononuclear cells (which include both immune
and progenitor cell populations) could enhance regeneration after a sciatic nerve transection
in rats. They observed a dose-dependent positive correlation between the number of bone
marrow-derived cells administered and nerve regeneration (Raheja et al., 2012). Like these
studies suggest, macrophage-based therapies could increase the percentage of treatable
nerve injuries by promoting collateral branching of intact axons (the primary mechanism
for nerve regeneration (Menorca et al., 2013)), accelerating axonal outgrowth, supporting

a regenerative injury environment, minimizing axonal misdirection, and preserving the
re-innervation capacity of distal end targets. Therapeutics aimed to enhance, guide, and
accelerate regeneration that are applicable for crush, stretch, irritation, and transection nerve
injuries are most needed to enhance clinical treatment.

5. Current Immunoengineering Strategies

Recent research efforts have shifted from immunosuppressive techniques to instead focusing
on strategies of immunomodulation as a potential means of augmenting nerve regeneration
after injury. To date, a handful of studies have been conducted that attempt to employ
biomaterial and tissue engineering technologies to control aspects of the immune response to
promote nerve regeneration.

Engineered immunomodulatory strategies that are applicable for nerve injuries can generally
be categorized as scaffold-based techniques, cellular therapy techniques, or a combinatorial
approach. Scaffold-based techniques were originally inspired as a way to enhance the
efficacy of nerve conduits (Pfister et al., 2011). Scaffold-based techniques focus on building
biomimetic implantable architecture that encourages or facilitates regeneration (Pfister et
al., 2011). These implants are most applicable for addressing transection injuries. Cellular
therapies are a newer genre of immunomodulation largely inspired by progress in the stem
cell and cancer research fields. Cellular therapies aim to hijack or direct endogenous or
exogenously reprogrammed cells in the body to enhance regeneration. Cellular therapies are
generally injectable, and thus, can be employed as either local or systemic therapeutics (Lee
etal., 2016).

Within scaffold-based techniques, the composition, structure, degradation, and drug-loading
characteristics of the implant can all be altered, as each of these can modulate the
regenerative potential. Indeed, structural materials that comprise the nerve graft can affect
macrophage adhesion and phenotype. For example, researchers employing a chitosan

nerve graft without drug loaded reported that the chitosan itself was immunomodulatory
and was associated with nerve regeneration (Stenberg et al., 2017). Additionally, many
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other materials including hyaluronic acid, alginate, and dextran have been shown to

affect macrophage phenotype (Li and Bratlie, 2021; Meng et al., 2015). Furthermore,

the structural organization of nerve scaffolds can also regulate immune cell functions.
Indeed, nerve guidance channels made from aligned nanofibers have been used to promote
pro-healing macrophage phenotypes, yielding increases in Schwann cell infiltration and
axon regeneration in rats, although fiber alignment also provides physical guidance cues to
regenerating cells (Jia et al., 2019). Constructing nerve grafts with some combination of
these materials with controlled graft architecture could help regulate immune cell behavior
in the injury environment.

Additionally, other researchers attempted to increase the regenerative efficacy of nerve grafts
by incorporating immunomodulatory drugs. In the Bellamkonda laboratory, for instance,
local delivery of IFN-y or IL-4 from nerve guidance channels was used to bias macrophage
populations towards either pro-inflammatory or pro-regenerative phenotypes (Mokarram et
al., 2012). Drug-releasing nerve guidance channels were implanted in a 15 mm rat tibial
nerve gap injury model for 3 weeks. While little differences were observed from local
delivery of IFN-y, IL-4 delivery dramatically enhanced Schwann cell infiltration and axon
regeneration as compared with controls. Within this model, a higher ratio of pro-healing

to pro-inflammatory macrophages was correlated with increased numbers of regenerating
axons. Similarly, nerve guidance channels capable of local delivery of collagen VI, an ECM
with demonstrated immunomodulatory activity (Chen et al., 2015a), affected macrophage
phenotype and promoted axon regeneration and maturation as compared with non-drug
loaded conduits when implanted in a 15 mm sciatic nerve gap in rats (Lv et al., 2017).
Finally, the Bellamkonda group has also targeted pro-healing monocyte recruitment via
local delivery of the CX3CR1 receptor ligand fractalkine (Mokarram et al., 2017). Notably,
fractalkine delivery targeted monocyte/macrophage numbers and phenotype, dramatically
increasing axonal growth into nerve guidance channels spanning a 15 mm rat sciatic nerve
gap even as compared to IL-4-releasing channels.

In contrast to scaffold-based strategies, cellular therapies generally aim to directly reprogram
a specific cell population. Importantly, cellular therapies do not require surgical intervention
at a nerve lesion site and can be injected systemically or locally at the site of crush,

irritation, stretch, or transection nerve injuries. Because macrophages play a leading role in
regeneration and pathology, researchers have worked to control these cells after disease or
damage.

For cellular therapies that are administered systemically, the engineered cells first need

to home to sites of injury and regulate cellular behavior thereafter. Several researchers

have utilized the innate homing ability of monocytes to their advantage by loading or
adhering drug-loaded particles to monocytes in other models of injury and disease. Homing
monocytes loaded with particles increased the localization of the particles to the sites of
injury (Anselmo et al., 2015a). For example, engineered nanoparticle backpacks can adhere
to the surface of immune cells. The unique geometry and mechanical properties of these
backpacks prevented phagocytic internalization but allowed particle adhesion to immune
cells (Anselmo et al., 2015b; Anselmo and Mitragotri, 2014). Thereafter, these “backpack-
loaded” monocytes could home to sites of inflammation (the skin, lungs, and brain in
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their experiments) and increase the percentage of particles in the injured tissue relative to
non-adhered particles (Anselmo et al., 2015a; Anselmo and Mitragotri, 2014). Likewise,
other researchers have utilized intracellular magnetic particles to target chemotherapeutics
to cancer sites (Nguyen et al., 2017). They found that the chemotherapeutic paclitaxel
could be released from intracellular microparticles inside macrophages at detectable levels
into the extracellular space (Nguyen et al., 2017). Because monocytes can infiltrate
tumors, the authors theorized that particle-loaded macrophages could effectively deliver
chemotherapeutic drugs (Nguyen et al., 2017). Finally, particle-loaded monocyte can

be employed to deliver the natural redox enzyme, catalase, into the injured brain by
intracellularly loading the catalase-loaded particles into homing monocytes (Brynskikh

et al., 2010; Klyachko et al., 2014). In these experiments, intracellular catalase-loaded
particles were able to infiltrate into the CNS and reduced neuroinflammation in a model
of Parkinson’s disease (Brynskikh et al., 2010; Klyachko et al., 2014). Together, these
studies exemplify the utility of employing the homing capabilities of monocytes. Building
on this work, our laboratory has collaborated to engineer a strategy to intracellularly
control macrophage phagocytosis and behavioral phenotypes in inflammatory environments
(Wofford et al., 2020; Wofford et al., 2019a). This was the first attempt to intracellularly
reprogram macrophage phenotype with a biomaterial platform (Wofford et al., 2020;
Wofford et al., 2019a). Indeed, these intracellular drug-loaded microparticles were able to
preserve an anti-inflammatory macrophage phenotype even when the cells were cultured
in inflammatory conditions (Wofford et al., 2020). We speculate that these platforms,

if implemented into a model of PNI, could guide macrophage behaviors and enhance
regeneration and functional recovery.

Separately, scientists have utilized new genetic engineering strategies to try to modulate
macrophage phenotype (Burke et al., 2002). For example, Forbes & Peppas utilized a
polycationic nanocarrier with bound siRNA to facilitate phagocytic uptake and transfection
in a murine macrophage cell line (Forbes and Peppas, 2014). Others have found that

cellular phenotype can be modulated by transfecting or knocking down specific genes within
macrophages (Cao et al., 2019; Gong et al., 2017; Kimura et al., 2016; Kitamoto et al.,
2013; Kranz et al., 2016; Ma et al., 2013). However, genetically engineering macrophage
phenotypes still presents many challenges because transfection is generally non-specific, has
low transfection efficiency, and increases the immunogenicity of genetically manipulated
cells (Burke et al., 2002). Therefore, genetic engineering strategies have yet to reach

their full translational potential. Clearly, there is a need to develop a strategy (genetic,
biomaterial, or otherwise) to modulate and maintain macrophage phenotype over time in
order to employ these reprogrammed cells as a translational cell therapy for regenerative
medicine.

Importantly, these studies represent the beginnings of a foray into immunomodulation

as a therapeutic strategy following injury. Because the immune response to injury is a
dynamic process, investigations into a single macrophage phenotype, cytokine, or drug may
ultimately lead to more complex approaches capable of directing variable immune reactions
optimized for nerve regeneration. In addition, as understanding of immune involvement in
nerve regeneration deepens, higher-level immunomodulatory strategies are likely to emerge
as excellent opportunities for improving nerve regeneration.
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Limitations of Immunoengineering

As we have discussed, macrophages contribute to peripheral nerve regeneration through

a number of pathways that can accelerate regeneration and ultimately improve functional
recovery. However, many unknowns still remain about the precise timing and phenotype of
macrophages after injury. As previously mentioned, macrophages can express a number of
different behavioral phenotypes and execute a wide range of functions. Careful synchronized
coordination across infiltrating and resident macrophages is essential for successful tissue
regeneration. One can imagine that pathology could easily be exacerbated if a pro-
inflammatory phenotype, phagocytic behaviors, chronic vascularization, excessive ECM
deposition, or inhibition of axonal regeneration were cued at the wrong time or location after
trauma. Indeed, many gaps still remain in our knowledge about the desirable phenotypes
across spatial and temporal resolution. Furthermore, engineering strategies need to be
developed in order to regulate changing phenotypes across challenging long-gap defects

and along the length of proximally injured nerves. Neither of these (often co-occurring)
clinical needs are trivial. Indeed, the immense potential of macrophage immunotherapy is
fundamentally linked with the enormous complexity of controlling the immune system.

One of the most deleterious outcomes of dysregulated nerve regeneration is the development
of chronic pain. Previous studies have associated the immune system with maladaptive
neuroma and pathological pain (Davies et al., 2020). Studies in the skin, synovium, muscle,
and deep fascia among others have reported a link between macrophages and regeneration
of afferent nerve endings. Specifically, researchers reported a positive correlation between
the extent of innervation after injury and local inflammation (Barry et al., 2019). These
findings suggest that excessive or chronic inflammation in the tissue can cause pathological
innervation, termed hyperinnervation. The resulting hyperinnervation can cause nociception
and hypersensitivity and is correlated with an abundance of macrophages in the local
environment (Barry et al., 2019).

Administration of the inflammatory agent Freund’s Complete Adjuvant in the absence of
injury can induce robust cutaneous hyperinnervation in the rodent hind paw (Chakrabarty
et al., 2013). It was reported that macrophages, along with other adaptive immune cells

(T cells), were responsible for this increased PNS response. These immune cells generated
angiotensin ll-synthesizing proteins, renin and angiotensinogen, which were critical for
sensory end target innervation and the resulting hypersensitivity (Chakrabarty et al.,
2013). Cutaneous hyperinnervation was prevented after the inflammatory challenge by
administering an angiotensin receptor Il antagonist (Chakrabarty et al., 2013).

Likewise, vestibulodynia, chronic pain in and around the vaginal opening, is characterized
by hyperinnervation. In a rat model of vestibulodynia, researchers reported that macrophages
and adaptive immune cells were responsible for producing renin-angiotensin-associated
proteins, which were critical for the resulting hyperinnervation (Chakrabarty et al., 2018).
These data implicate macrophages in sensory nerve innervation and development of
functional sensory end targets. However, it also suggests that a carefully timed and regulated
inflammatory phase is critical to balance innervation and prevent hypersensitivity or pain.
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Finally, immune system reactivity and contributions to regeneration can vary considerably
across species. Indeed, previous research suggests that the immune systems of mice (one of
the most common animal models) and humans can be quite different from one another in
the cell quantity, signaling pathways, and reactivity (Mestas and Hughes, 2004; Spiller et al.,
2016). Studies confirming that positive macrophage effects observed in lower order animal
models are conserved in clinical cases will be critical for successful translation. However,
differences in immune system functionality across species could also yield clues into how

to enhance human peripheral nervous system regeneration to mimic the robust recovery of
other animal after nerve injury.

7. Future Directions

Innovative discoveries in the last several years suggest that immunomodulation capabilities
will greatly expand in the years to come. One area for improvement in scaffold-based
nerve therapies is fabricating nerve grafts with bioresponsive materials. Much progress

has been made in the last several decades at generating materials that change in response
to local environmental or cellular stimuli. These ‘smart” biomaterials can change their
physical organization or chemical composition in response to pH, purinergic, enzymatic,
hypoxic, redox, temperature or mechanical stimuli (Lu et al., 2016). Depending on the
chemical composition of the material, stimuli can cause scaffolds to swell, assemble,
change charge, crosslink, complete a phase transition, dissociate, or release drugs. Because
immunomodulation will most likely be successful if there is both spatial and temporal
resolution, bioresponsive materials may hold the key for immunomodulatory scaffold
success. For example, researchers in the Burdick laboratory developed an injectable,
bioresponsive material that releases MMP-regulating factors (TIMPSs) only after MMP levels
become elevated (Purcell et al., 2014). After being injected into the injury environment,
these hydrogels locally release TIMPs depending on the amount of MMP-generated
degradation. In this way, the hydrogel can regulate the extent of local tissue degradation
after injury by inhibiting matrix degradation factors at the time they become most elevated
(Purcell et al., 2014). We suspect that introduction of similarly responsive biomaterials
around transected nerves could also regulate the extent of basement membrane degradation
after nerve injury by regulating the extent of MMP degradation.

Furthermore, one can speculate that enzyme-dependent drug/protein release could have
other exciting applications in nerve injury. Perhaps hypoxia-sensitive biomaterials could
release macrophage chemoattractant factors in order to recruit macrophages to lesion sites.
In this way, macrophage recruitment would diminish as the lesion site becomes vascularized.
Perhaps scaffolds could release factors that push macrophages toward a GAS6-generating
phenotype in response to elevated CCL3 levels. In this way, Schwann cells maturation
would be initiated after Schwann cell migration has peaked. Genetic engineering through
CRISPR-Cas9 has unlocked the potential of cells to be precisely modified. We imagine

that genetically engineered macrophages could be injected into distal end target sites. These
genetically engineered macrophages could be programmed to transcribe and secrete anti-
inflammatory factors when they sense increasing levels of inflammation in the environment.
In this way, these engineered macrophage sentinels could halt regenerative inflammation
before it generates hyperinnervation and chronic pain.
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In addition to bioresponsive materials, cellular reprogramming strategies hold immense
potential for future immunoengineering endeavors. Indeed, cells can be permanently or
transiently perturbed to generate a desired behavior or phenotype. One area of exciting
innovation is in modeling cells as Boolean Logic devices. We have previously reported
that microparticles stored in the intracellular spaces of macrophages can influence their
gene expression and protein production (Wofford et al., 2020). However, these polymeric
drug-releasing microparticles could be replaced with more advanced engineered materials.
For example, work from the DeForest laboratory has fabricated materials that respond to
the environment with Boolean logic responsiveness (Badeau et al., 2018). These materials
can respond to light, enzymes, or reductant stimuli to generate YES/OR/AND logic outputs.
For example, if stimulus A and stimulus B are both present, then factor X will be released.
Alternatively, if either stimulus A or stimulus B are present, then factor Y will be released.
Boolean logic material gates can also be linked together so that AND/OR combinations
work with a number of precise combinations. For example, if both stimulus A and stimulus
B are present or if stimulus C alone is present, then factor Z will be released.

Using this technology, one could envision administering particles that are crosslinked with
Boolean logic materials (sensitive to light and enzymes) inside or onto monocytes. These
loaded monocytes could then be administered to patients with a crush, transection, irritation,
or stretch nerve injury. Perhaps longwave light sources placed above the damaged nerve

(at wavelengths known to penetrate the epidermis), would allow monocytes to release their
drug payload only if they are in the region of the nerve injury and if there are enzymatic
cues in the area. While these ideas are futuristic, we believe they are feasible strategies

to modulate immune and other cell behaviors and provide a level of control that is not
currently attainable, and would directly contribute to the safety, efficacy, and consistency

of these approaches. Efforts aimed at combining advanced materials science, immunology,
neuroscience, and regenerative medicine hold immense potential for developing translational
and impactful therapies for nerve injury.

We have discussed several ways that macrophages contribute to healthy nerve regeneration.
With thoughtful deployment, we anticipate that immunoengineering strategies will be
capable of accelerating and improving nerve regeneration after trauma. Indeed, it is feasible
to imagine utilizing immunomodulatory biomaterials to supplement existing nerve conduits
and grafts. Instead of avoiding or suppressing the immune system, like previous efforts

in the 20™ century, nerve therapies that mimic desirable macrophage behaviors, control
macrophage recruitment to injury sites, or regulate macrophage phenotype could increase
the efficacy of many nerve treatment strategies.

8. Conclusions

In summary, after many decades of suppressing or avoiding the immune system, therapeutic
strategies aimed at employing innate immune cells to enhance regeneration after PNI are

on the horizon. Here, we have enumerated several ways that macrophages contribute to
tissue homeostasis, healthy regeneration, or pathology in the PNS. We suspect that this list is
not comprehensive, and that future research will identify other mechanisms of macrophage
contributions to nerve degeneration and regeneration. We posit that translational therapeutics
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that can harness the regenerative potential of macrophages could have profound implications

for the field of regenerative medicine.
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BDNF brain-derived neurotrophic factor
CaMKIllI calmodulin-dependent protein kinase Il
CCL chemokine ligand
CD cluster of differentiation
CNS central nervous system
DRG dorsal root ganglia
ECM extracellular matrix
FK506 Tacrolimus
Gas6 growth arrest-specific 6
GDNF glial-derived neurotrophic factor
HIF-la hypoxia-inducible factor 1-alpha
IFN interferon
IL interleukin
LIF leukemia inhibitory factor
LPS lipopolysaccharide
MAG myelin-associated glycoprotein
MAOA monoamine oxidase A
MCP-1 monocyte-chemoattractant protein-1
MMPs Matrix metalloproteinases
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NGF nerve growth factor
NMJ neuromuscular junction
NRG neuregulin
NT neurotrophin
PAP-I111 pancreatitis-associated protein 111
PNI Peripheral nerve injury
PNS peripheral nervous system
RAGs regeneration-associated genes
SAMs Sympathetic neuron-associated macrophages
SLC6A2 solute carrier family 6 member 2
TIMPs Tissue inhibitor of MMPs
TNFa tumor necrosis factor a
VEGF vascular endothelial growth factor
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HIGHLIGHTS
. Immunosuppressive treatments generally reduce nerve regeneration after
injury
. Macrophages exhibit diverse phenotypes to guide successful nerve
regeneration
. Immunomodulatory therapies offer promise for treating peripheral nerve

injuries
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Figure 1. Macrophages contribute to peripheral nerve regeneration.
(A) Macrophages at the dorsal root ganglia release neurotrophic factors such as leukemia

inhibitor factor (LIF) that stimulate axonal outgrowth. (B) Macrophages at the distal end
target contribute to synapse formation and neurotransmitter regulation. (C-H) Macrophages
at the injury site (C) clear myelin fragments and cellular debris, (D) regulate extracellular
matrix (ECM) organization through secreting tissue inhibitors of metalloproteinase (TIMPs),
(E) stimulate angiogenesis through secretion of vascular endothelial growth factor (VEGF),
(F) recruit Schwann cells with chemokine ligand 3 (CCL3), (G) induce Schwann cell
maturation through growth arrest specific 6 (GAS6), and (H) prevent ectopic growth with
slit homolog 3 protein (Slit3) expression.
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