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Immunomodulatory approaches to
CNS injury: extracellular matrix and
exosomes from extracellular matrix
conditioned macrophages

After central nervous system (CNS) injury, a pro-inflammatory,
innate immune response contributes to permanently lost neuronal
function by promoting changes in the micro-environment and ex-
tracellular matrix (ECM) that lead to CNS neuronal degeneration
and death and permanent scarring. This pro-inflammatory immune
response is largely due to activated resident microglia and infiltrating
macrophages adopting a predominantly pro-inflammatory, M1-like,
phenotype. Activated, M1-like, microglia and macrophages release
additional pro-inflammatory factors, including cytokines and mi-
crovesicles like exosomes, that recruit additional cell types, including
activated microglia and astrocytes and naive blood macrophages,
MO, that enter the injured tissue and polarize toward M1-like pheno-
types that can lead to secondary tissue damage and increased scar-
ring (Figure 1A). After the initial inflammatory response resolves,
M1-like macrophages and microglia persist due to pro-inflammatory
cytokine signaling cascades that act by both autocrine and paracrine
signaling mechanisms to maintain pro-inflammatory signaling, ul-
timately leading to permanent scarring. Scar tissue also appears to
promote persistent inflammatory signaling. Thus, a logical approach
to treating CNS injuries is to develop immunomodulatory strategies
that interrupt cyclical pro-inflammatory signaling cascades while
promoting anti-inflammatory, M2-like, signaling, ultimately altering
the default healing response in the CNS from tissue destruction and
scarring toward positive tissue and ECM remodeling.

Immunomodulation is increasingly recognized as a promising
approach in mitigating CNS trauma and disease. However, current
clinically approved immunomodulatory approaches rely on broad
based steroids that suppress both the pro- and anti-inflammatory
activities of the innate immune response. Generalized immuno-
suppression may limit secondary tissue damage due to decreased
inflammation. However, general immunosuppression may also
suppress beneficial anti-inflammatory activities of the innate im-
mune response necessary to promote positive tissue remodeling in
the CNS. Therefore, a more targeted immunomodulatory approach
that promotes anti-inflammatory, pro-repair microglial and mac-
rophage signaling may lead to positive tissue remodeling and better
functional outcomes (Figure 1B). To modulate the innate immune
system toward an anti-inflammatory phenotype in adult mammals,
a number of new approaches are showing promise in suppressing
pro-inflammatory signaling. Here we discuss immunomodulation
using ECM technology and the potential for using ECM technolo-
gy directly and indirectly to advance macrophage pre-polarization
therapies and exosome based approaches (Figure 2).

Extracellular matrix technology: ECM is the unique, tissue-specific
protein and glycosaminoglycan matrix located around cells in all tis-
sues and organs. Regenerative medicine strategies using ECM tech-
nology have been widely successful, both pre-clinically and clinically,
in promoting positive tissue repair in various organs and tissues
throughout the body, including muscle, connective, epithelial, and
peripheral nervous system tissues. Initial studies using ECM tech-
nology in nervous system tissues are also now showing encouraging
results (Massensini et al., 2015). ECM technology uses xenogeneic
ECM bioscaffolds, derived by decellularizing healthy tissues or or-
gans from primarily porcine or equine sources, to decrease scarring
and to promote site-appropriate tissue repair in tissues the body
cannot repair by default. ECM provides mechanical and biochemical
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support, facilitates intercellular communication, and modulates cel-
lular and metabolic functions in a tissue-appropriate manner. When
prepared properly, ECM is a flexible biocompatible platform that can
be derived from numerous tissue sources and used in various forms,
including powders, sheets, and injectable hydrogels, which can all be
further tuned mechanically and biochemically based on the nature
and severity of the injury (Keane and Badylak, 2015).

Though the mechanisms are not completely understood, ECM
appears to fundamentally alter the default healing response, in part,
by releasing factors that modulate the innate immune response
toward an anti-inflammatory phenotype. Specifically, ECM is hy-
pothesized to increase anti-inflammatory signaling at the injury
site by increasing the M2/M1 macrophage ratio at the injury site;
a low ratio M2/M1 is thought to promote inflammation and scar-
ring, whereas a high M2/M1 ratio appears to promote positive tis-
sue remodeling. ECM appears to increase the M2/M1 macrophage
ratio, in part, by releasing protein degradation products, termed
matricryptic peptides (Agrawal et al., 2011), as infiltrating immune
system cells degrade ECM bioscaffolds. In addition to modulating
the innate immune response, matricryptic peptides are hypothe-
sized to regulate several components of the healing response, either
directly or indirectly, including angiogenesis, stem cell recruitment
and differentiation, and neurogenesis, with ECM from younger ho-
mologous tissue sources often increasing positive tissue remodeling
over older, non-homologous tissue sources. Macrophages polarized
toward an alternatively activated, M2-like, phenotype secrete cy-
tokines and neurotrophic factors, and express cell-surface markers
consistent with antigen-presenting activity, indicating ECM bios-
caffolds have the potential to influence nerve, immune, and glial
cell activities by modulating macrophage phenotypes. In agreement
with this idea, pre-clinical investigation by us and others suggest
ECM hydrogel bioscaffolds can promote positive tissue remodeling
in rodent CNS injury models.

A long-standing question in the use of ECM bioscaffolds in tis-
sue remodeling, including the CNS, is whether homologous tissue
sources are more effective at promoting site appropriate cellular mi-
gration, differentiation, and tissue remodeling. We have successfully
derived ECM from fetal porcine CNS tissues, including brain, spinal
cord, retina, and optic nerve (Ren et al., 2015) and are currently in-
vestigating whether fetal tissue derived ECMs increase primary CNS
neuron survival and axon regeneration, as well as site-appropriate
tissue remodeling in the CNS over the default healing response scar-
ring. Indeed, in preliminary studies, fetal homologous tissues appear
to contain higher hyaluronic acid and sulfated glycosaminoglycan
levels compared to adult versions, typical of pro-developmental
tissues. Moreover, fetal derived CNS and non-CNS ECMs appear to
significantly reduce glial fibrillary acidic protein (GFAP), an activat-
ed astrocyte marker, expression following optic nerve crush, suggest-
ing fetal ECMs are successful in mediating the immune response af-
ter injury, though further studies are required to determine whether
ECMs can also increase primary CNS neuron survival and promote
axon regrowth in vivo. Nevertheless, these initial observations are
consistent with previous studies comparing young versus older tis-
sue derived ECM bioscaffolds (Sicari et al., 2012) and suggest fetal
ECMs, derived from developing tissues, have the potential to advance
positive tissue remodeling in the CNS.

ECM and autologous monocyte/macrophage polarization tech-
nology: ECM’s ability to positively modulate macrophage polar-
ization toward an M2-like phenotype supports the idea that using
autologous macrophages polarized ex vivo by ECM and then rein-
troduced to the donor subject may be a viable immunomodulatory
approach where ECM bioscaffolds alone are not optimal, such as
in treating diseases or injuries via the circulatory, ventricular, or
lymphatic systems. In previous autologous monocyte/macrophage
conditioning studies, monocytes purified from blood, have been
conditioned ex vivo with regenerative tissues, like skin or anti-in-
flammatory cytokines, toward an anti-inflammatory macrophage
phenotype. These conditioned or pre-polarized macrophages have
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shown some pre-clinical and clinical success when re-injected di-
rectly into the spinal cord (Schwartz and Yoles, 2006) or indirectly
intrathecal into the ventricular system of the CNS to treat difficult
to access regions of the CNS, as in stroke (Chernykh et al., 2015).
Once injected, pre-polarized macrophages are hypothesized to tar-
get the injury site and release factors that promote an anti-inflam-
matory, pro-repair response in the microenvironment, like anti-in-
flammatory cytokines and growth factors. However, injecting cells
in general are fraught with caveats including cellular dedifferentia-
tion, non-targeted localization, improper timing, and the inability
of pre-polarized macrophages to properly respond to molecular
cues released in the microenvironment from injured tissues, which
may help explain recent inconsistencies in clinical trials (Lammertse
et al., 2012). Pro-inflammatory cytokines secreted at the injury site
may simply repolarize macrophages toward an M1-like phenotype.
Since ECM can polarize macrophages toward an M2 phenotype,
injecting pre-polarized macrophages within an ECM matrix may
be a solution for at least direct tissue injection applications.

ECM and exosome therapy: Another, perhaps, more attractive
option is to use the anti-inflammatory secreted products from
ECM conditioned macrophages, like microvesicles or exosomes. An
emerging concept in neuro-protection, -inflammation, and -regen-
eration is that microvesicle crosstalk within and between cellular
populations mediates tissue level remodeling. Thus, an alternative
approach to injecting cells directly into CNS tissue is injecting the
positive immunomodulatory factors released from ECM polarized
macrophages, like microvesicles, which are increasingly recognized
as regulators of neuroinflammation and the default healing re-
sponse in the CNS. Thus, instead of using ECM with or without live
cells, microvesicles like exosomes may enable the beneficial secreted
products released from anti-inflammatory, pro-repair microglia or
macrophages to be delivered without the negative side-effects often
associated with using whole cells or difficulties of injecting ECM
directly into circulatory fluids.

Exosomes are nanometer sized (10-100 nm) microvesicles orig-
inally described as secreted products from lymphocytes (Raposo et
al., 1996) but are now known to be secreted from virtually all cells,
including CNS neurons and glia, under both normal and pathologi-
cal conditions. Exosomes play critical roles in intercellular communi-
cation by transferring nucleic acids, lipids, and cytosolic proteins, not
only locally, but also through fluids like the lymphatic, ventricular,
and circulatory systems. Once internalized, exosomes can release their
unique cargoes, delivering bioactive signaling molecules that can
significantly alter the cellular activities and phenotypes of recipient
cells. Macrophage and microglial secreted exosomes change in com-
position under inflammatory conditions and recent studies suggest
microglial and macrophage derived exosomes directly regulate astro-
cyte activation and the secretion of scar tissues components into the
ECM, thus regulating wound healing (Gupta and Pulliam, 2014).

How do ECM bioscaffolds known to regulate microglia and
macrophage phenotypes also regulate exosome signaling within
immune system cells and glial populations in the CNS to regulate
healing, and can distinct exosome populations be used to regulate
inflammation and healing in the CNS? One of the consistent issues
with persistent inflammation in the CNS is the disruption of the cy-
clical pro-inflammatory signaling cascades, which makes the mini-
mally invasive “anti-inflammatory” exosomes or microvesicle-based
therapies attractive approaches for modulating CNS inflammation
and healing. In theory, by adding anti-inflammatory exosomes to
injured CNS tissues, we may be able to downregulate the typical
M1-like, pro-inflammatory response, preventing ECM degradation
and scarring, while also promoting functional tissue reconstruc-
tion by promoting the M2-like pro-repair response in CNS tissues.
Though a description of specific studies is beyond this perspective,
an increasing number of studies have shown that exosomes can
deliver cargoes to recipient cells that can regulate neuronal growth
and function. In agreement, our preliminary data suggest exosomes
derived from specific embryonic tissues can significantly increase

axon regeneration at least in vitro. Exosomes are internalized by
CNS neuron growth cones, transported into growing axons, and
exosomes derived from different cellular sources differentially
modulate axon growth rates. Exosomes are easily transfected and
thus can be engineered to deliver specific nucleic acid and signaling
molecule cargoes that can potentially modulate inflammation and/
or axon growth in a minimally invasive platform via regulation of
the expression of cell surface receptors and intracellular signaling
(Lee et al., 2014). Thus, combinatorial therapies employing engi-
neered and/or ECM induced microvesicles or exosomes secretions
may provide a minimally invasive, more comprehensive tissue level
approach to treating CNS injury.

Conclusion: The innate immune response plays a large role in the
inability of the CNS to regenerate after injury in higher mammals.
New immunomodulatory technologies that take advantage of nat-
urally derived biologic factors are emerging as potential, rapidly
translatable tools for preventing or even restoring lost neurologic
function in the CNS. By ameliorating the pro-inflammatory re-
sponse to injury in the CNS without suppressing the anti-inflam-
matory, positive tissue remodeling activities of the immune system,
functional recovery in the CNS is increasingly becoming an attain-
able goal. Though combinatorial therapies focused on targeting
multiple intracellular signaling pathways within specific cellular
populations have shown that CNS neurons can regenerate long dis-
tances to re-innervate targets in the brain, these approaches fail to
address changes within the ECM microenvironment that prohibit
axon growth and lead to scarring. Thus, combinatorial therapies
acting on multiple cell types to alter the default healing response
may lead to a more robust and comprehensive level of tissue re-
modeling. Additionally, just as ECM can be loaded with macro-
phages or other cell types, ECM can also potentially be loaded with
exosomes engineered to target different cellular populations. One
of the major hurdles in treating neuro-inflammatory disorders in
the CNS has been the lack of an optimized delivery strategy that al-
lows the drugs to cross the blood brain barrier or penetrate deeper
regions of the CNS. ECM stimulated exosomes have the potential
to serve as an attractive drug delivery vehicle owing to their desir-
able properties such as low immunogenicity, ability to effectively
transport a range of biomolecules, interaction with a host of target
cells, and importantly, delivery of their cargoes by systemic or even
intrathecal injection into the CNS.
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Figure 1 Optic nerve model of acute CNS injury.

(A) Optic nerve model of acute CNS trauma resulting in a pro-inflam-
matory response and the degeneration of retinal ganglion cell axons, CNS
neuron axons that carry visual information from the retina to the brain. 1.
Pro-inflammatory cytokines are released from the injury site in the optic
nerve. 2. Pro-inflammatory cytokines attract resident blood macrophages
that polarize toward the pro-inflammatory M1-like macrophage phenotype
as they migrate to the injury site in the optic nerve (3). 4. M1 macrophages
release pro-inflammatory cytokines and microvesicles like exosomes that
increase inflammation, astrocyte activation, and scarring, activating res-
ident microglia and astrocytes (5) that in turn adopt pro-inflammatory
phenotypes (6), which causes chondroitin sulfate proteoglycan (CSPG)
deposition and scar formation. 7. Pro-inflammatory signaling and changes
in the ECM lead to progressive axon degeneration, retraction, and RGC
death, resulting in permanent loss of function. (B) Immunomodulation
following nerve injury. 1. Inmunomodulatory factors are delivered by ex-
tracellular matrix, pre-polarized macrophages, or exosomes to the injury
site. 2. Immunomodulatory factors modulate the ratio of pro-inflammatory
MI-like macrophages and anti-inflammatory M2 macrophage phenotype.
3. Anti-inflammatory signaling released by M2-like macrophages suppresses
microglia and astrocyte activation (4) preventing microglial and astrocyte
process retraction, migration, and proliferation, maintaining the native
ECM environment. Anti-inflammatory macrophages and microglia release
factors (5) that promote and support RGC survival and regeneration (6).
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Figure 2 Immunomodulatory approaches to treating CNS trauma.

Adult or fetal porcine tissue is decellularized to remove all nuclei and cellu-
lar components. The resulting biologic scaffolds are composed of ECM that
can be used in a variety of forms, including ECM sheets or nerve wraps and
temperature sensitive hydrogels (Ren et al., 2015). These devices contain
unique combinations of proteoglycans, glycoproteins, glycosaminogly-
cans, proteins, growth factors, chemokines, and cytokines, depending on
the tissue source and ECM processing methods. 2. Macrophage therapies.
Monocytes can be isolated from blood and activated to macrophages by
incubating with autologous donor tissues or other immunomodulatory fac-
tors. Activated macrophages are introduced back to the donor to positively
modulate the immune response by decreasing inflammation while increas-
ing anti-inflammatory cellular phenotypes. 3. Exosomes. Exosomes are
cell-derived vesicles released from all cell types and contain RNA, proteins,
cytokines, lipids and other signaling molecules. The transfer of the encap-
sulated cellular components allows intercellular communication, including
propagating inflammatory and anti-inflammatory immune responses
depending on the exosome cargoes. By altering the encapsulated compo-
nents, exosomes can potentially be used to positively modulate the immune
response in the CNS after injury. Transmission electron microscopy image
shows exosomes. ECM: Extracellular matrix.
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