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Abstract

Pharmacological depletion of macrophages in vivo with liposomal clodronate renders
mice unresponsive to adoptive transfer of mesenchymal stromal cells (MSCs) for
affecting outcomes of acute inflammatory pathology. This experimental observation
identifies host macrophages as necessary in mediating the salutary anti-inflammatory
properties of MSCs as a cellular pharmaceutical. This theory is supported by the
observation that transfusion of MSCs leads to the prompt phagocytosis of nearly half
of lung entrapped MSCs by lung resident macrophages, triggering an interleukin (IL)-
10 suppressive efferocytotic response. In addition, non-phagocytosed MSCs with
COX2 competency shape the immune milieu by inducing tissue macrophages to
express IL-10. Additional experimental evidence identifies MSC-borne IL-6, IDO and
TSG-6 as directly involved in macrophage polarization. Along similar lines of func-
tional convergence, implantation of CCL2* MSCs in the extravascular space where
interaction with lung resident perivascular macrophages is not operative, also leads
to IL-10 polarization of CCR2* macrophages within acute injured tissue far removed
from MSC depot. Intriguingly, MSC-derived CCL2 on its own is not sufficient to
polarize macrophages and requires heterodimerization with MSC-borne CXCL12 to
trigger macrophage IL-10 polarization via CCR2, but not CXCR4. Such chemokine
cooperativity opens a new venue for analysis of MSC potency especially considering
the rich chemokine secretome of MSC exposed to inflammatory stimulus. As an
aggregate, these data highlight a necessary MSC and host macrophage functional
dyad that may inform potency attribute analysis of MSCs—including the chemokine
interactome—that may be directly linked to in vivo clinical anti-inflammatory and

regenerative response.
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1 | INTRODUCTION

Pragmatic human clinical trials have led to the marketing approval
in Europe of allogeneic adipose-derived mesenchymal stromal cells
(hereafter MSC?Y) as a living cellular pharmaceutical improving the
clinical outcome of Crohn's disease associated entero-cutaneous
perianal fistulas.? Similarly promising regulatory outcomes in USA
for use of marrow-derived MSC in pediatric steroid resistant graft
vs host disease (GVHD) were highly anticipated but unfulfilled.®
Notwithstanding, placebo-controlled randomized phase Il trials
are ongoing worldwide exploiting the hypothesized paracrine
mechanism of action of MSC for treatment of acute inflammatory
tissue injury syndromes.* Biological insights on MSC mechanism of
action in human clinical studies is typically limited to in vitro cor-
relative studies attempting to plot a direct relationship between
MSC cellular attributes and human subject clinical and biological
predictive markers of objective response.®> This missing link
between MSC functional attributes (eg, “potency”) and clinical
outcomes remains the Achilles heel of marketing approval in inter-
national regulatory jurisdictions.®” A remedy to this shortcoming
is to eek insights from a comparative biology perspective examin-
ing preclinical models of disease especially the study of MSC attri-
butes that are shared between human and animal systems as well
as the host response.® The scope of this concise review is to pro-
vide such an analysis interrogating murine systems that provide
insight in the mechanism of action of MSC and the emerging role
of MSC-borne chemokines in host macrophage response for clini-

cal effect in acute inflammatory tissue injury syndromes.

2 | HOST MACROPHAGES ARE
NECESSARY FOR MSC PHARMACEUTICAL
EFFECT—IN VIVO VERITAS

Blood monocytes and their tissue bound congeners play an important
role in host defense against infectious pathogens as well as in tissue
homeostasis and injury response.” The canonical view of macrophage
response to injury is reflected in a biphasic sequence of chemokine
mobilized CCR2* CD14* monocytes to site of injury that deploy a
pro-inflammatory innate host defense reaction followed by tissue
repair and remodeling.*®** Functional classification of monocytes fol-
lowing their leukine secretome pegs resting monocytes as MO, pro-
inflammatory as M1 and reparative as interleukin (IL)-10* M2? with
the understanding that a spectrum of possible phenotypes span these
categorizations. Canonical IRF/STAT signaling pathways are activated
by interferons and TLR signaling to skew macrophage function toward
the M1 phenotype (via STAT1) or by IL-4 and IL-13 to skew toward
the M2 phenotype (via STAT6).X® In the setting of tissue injury, the
salutary effects of an abbreviated M1 phase and expedient M2 func-
tion would foreshadow lessened injured tissue loss and improved res-
toration outcomes.’* Herein lies a biologically plausible mechanistic
link between MSC transfusion and host macrophage biology as inti-

mated by in vivo monocyte depletion studies. It is well established

Significance statement

The present study examines the relationship between culture-
adapted mesenchymal stromal cells (MSCs) and their effect on
macrophage polarization as a cornerstone of pharmaceutical
effect in resolving inflammatory and tissue injury syndromes
in vivo. The contribution of MSC-borne chemokines, CCL2
in particular, and the recently recognized biological role of
CC/CXC chemokine heterodimers found in MSC secretome as
potent agents of immune modulation provide novel insights
in identifying MSC cellular attributes predictive of clinical
response.

that intravenous administration of liposomal clodronate will lead to
prompt apoptosis of blood monocytes as well as tissue-resident
phagocytic macrophages in mice while sparing non-phagocytic blood
and tissue borne lymphomyeloid cells.t> Using this methodological
approach to deplete monocyte/macrophages in vivo, the Mezey group
at NIH demonstrated in 2009 the necessary role of host phagocytic
myeloid cells in mediating the anti-inflammatory effects of intrave-
nously transfused MSCs.'® These data using clodronate depletion of
host macrophages to validate their essential role in mediating MSC
protection to murine acute tissue syndromes were replicated indepen-
dently in preclinical models of acute kidney injury,}” ARDS,*® allergic
airway disease,*’ experimental autoimmune uveitis,?® and DSS-
induced acute colitis.?* An important insight is that clodronate
treated mice retain a normal lymphoid compartment of T-, B-lym-
phocytes, and NK cells suggesting that—in the absence of
macrophages—a direct MSC to lymphoid cell interaction in vivo is
not sufficient for their clinical anti-inflammatory effects as predi-
cated by surrogate in vitro assays in common use to assess MSC
potency.® Therefore, the adoptive transfer of culture adapted MSCs
in preclinical models of tissue injury and inflammation apparently
provides an impetus for accelerated macrophage M2 IL-10" func-
tional polarization that is required for improved clinical outcomes.
Focusing on reductionist in vitro assay systems interrogating the
interaction of MSC with human blood monocytes shows that
co-culture of marrow-derived MSCs with purified human blood
CD14" monocytes polarizes monocytes to a M2-like CD206", IL-10
high, IL-12 Low, IL-6 High, and TNF-« low cytokine expression pro-
file which can be replicated in part using cell-free MSC super-
natant.?? The polarizing of blood monocytes toward IL-10 M2
functionality is in part due to indoleamine dioxygenase (IDO) MSC
activity and that these M2 polarized macrophages inhibit prolifera-
tion of bystander T-cells.?®> Complementary in vitro approaches
examining human blood monocyte subsets defined by CD14 and
CD16 surface expression®* demonstrated that MSC secretome
skews a substantial subset of CD14***CD16~ “classic” monocytes
to an “intermediate” CD14**CD16" phenotype?® which represent a
functionally separate subpopulation with high IL-10 competency and

anti-inflammatory properties.?® These data are congruent with the
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murine in vivo defining of MSC licensing host tissue macrophages to

produce IL-10 upon which the anti-inflammatory response rests.

3 | MSCAND MACROPHAGE DYAD-—
PARTNER AND PREY

Cell tracking studies of intravenously transfused MSCs in mice have
shown that cells are retained in lung microvasculature, promptly
extravasate within hours, and co-mingle with lung resident macro-
phages with nearly half the input subjected to phagocytosis.*® The
macrophage phagocytosis of whole MSCs (eg, efferocytosis) in itself
leads to an IL-10 and TGFp driven anti-inflammatory response,?’ a
phenomenon also observed in uptake of mitochondria-laden MSC
subcellular vesicles,?® p—bodies,29 or dead MSCs.%° Efferocytosis of
blood-borne stromal elements has also been invoked as a pivotal
mechanism for feto-maternal tolerance driven by maternal macro-
phage recycling of placenta shed fetal allogeneic stromal elements®!
which supports the theorem that MSC transfusion may trigger
tolerogenic pathways evolved from mammalian reproductive biology.
The intravenous bolus transfusion of live or killed MSCs elicits a lung
efferocytotic response with phagocytic engulfment and secondary
migration of MSC-laden macrophages to liver within 72 hours®? from
which they promptly dissipate. Killed MSCs are an ineffective substi-
tute for their live counterpart in affecting clinical outcomes in murine
models of tissue injury®® speaking to the physiological relevance of
live MSC and macrophage intercellular functional dyad as necessary
component of MSC mechanism of action, independently of effer-
ocytosis.®43> Defining the MSC-derived elements that directly alter
macrophage physiology as a necessary step in a cascade of cellular
events leading to desirable anti-inflammatory pharmaceutical effect
would inform the mapping of MSC cellular attributes that would be

predictive of in vivo potency.

4 | INSIGHTS FROM ENDOGENOUS MSC
PROGENITORS' ROLE IN MARROW
MACROPHAGE MOBILIZATION

The study of marrow-resident mesodermal progenitors in vivo and
their role in regulating the hematopoietic niche can serve as an impor-
tant source of hypothesis generating insights in mapping MSC func-
tional attributes linked to macrophage biology.®® Murine in vivo
marrow mesenchymal fate mapping studies have demonstrated that
leptin receptor (LepR) marks CXCL12 and stem cell factor (SCF)-
expressing niche cells with robust in vitro CFU-F competency,®” 2 a
feature dependent upon functional expression of both PDGFRa and
PDGFRp.**** Analogous analysis of human marrow-derived CD271*
MSCs maps CFU-F ontogeny to LepR*/PDGFRaf* progenitors which
highlights the functional convergence of PDGFRap from a compara-
tive biology perspective between mouse and human CFU-F proper-
ties.*>*” Reductionist in vivo study of mesodermal progenitor

function in mice has demonstrated that marrow-resident LepR* MSC
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mesodermal precursors will dynamically respond to TLR4 agonists
such as LPS by upregulating expression of CCL2 chemokine that trig-
gers egress of CCR2* marrow-resident myeloid cells and monocytes
to the periphery.*®* Considering that TLR4 agonists also include
alarmins such HMGB1, we can hypothesize that endogenous meso-
dermal progenitors can be activated by tissue damage as well*°->2
suggesting an important role in mobilizing marrow myeloid cells in
response to injury. The key functional insight here provided is that the
regulated expression of CCL2 by marrow stroma is directly linked to

monocyte physiology in the setting of infection or tissue injury.

5 | CULTURE ADAPTED MSCS ARE
FUNCTIONALLY ANALOGOUS TO TLR4
ACTIVATED MARROW MESODERMAL
PROGENITORS

It is estimated that mice and humans contain (1.1-2.1) x 10°
nucleated bone marrow cells per kg body weight of which 0.1% are
CD140a" (PDGFRa) stromal progenitors which translates to
(1.1-2.1) x 107 CD140a* marrow stromal progenitors/kg.>® From
this population of CD140a* stromal progenitors would arise the
CFU-F clonogenic cells necessary for culture adaptation of marrow
stromal progenitors for manufacture of MSC for pharmaceutical
use. Typical clinical dosing of culture adapted MSC in human clini-
cal trials is (0.1-1.0) x 107 MSC/kg (when given intravenously as a
bolus)* which numerically equates nearly the entire body content
of analogous CD140a* marrow stromal progenitors. The presumed
pharmaceutical effect of MSC administration may be attributed to
the bulk effect of surnumerary stromal cellular elements trans-
fused, however there are substantial qualitative properties of cul-
ture adapted MSCs which distinguish them from homeostatic
endogenous marrow mesodermal progenitors from which they
arise which may play a substantial role in their potency.’* Indeed,
single cell RNAseq analysis of mouse endogenous LepR* marrow
stromal progenitors deploy a steady state transcriptome that is
entirely distinct from mitogen stimulated culture adapted and
actively replicating MSC. Focusing on chemokine secretome,
endogenous marrow progenitors are mitotically quiescent and
express CXCL12 constitutively and robustly, but little to no
CCL2.4%*® Whereas, mitotically active culture adapted MSC, not
only express CXCL12 but spontaneously gain CCL2 compe-

tency55:56

mirroring the transcriptome of TLR4-activated endoge-
nous progenitors. The insight here provided is the direct functional
relationship between TLR4-activated CCL2-expressing mesoder-
mal progenitors and the mobilization of CCR2" myelomonocytic
cells in vivo that provides a plausible mechanistic link to the neces-
sary immune modulating role of CCL2 arising from use of culture-
adapted MSC.172157:58 The importance of CCL2 expression as
part of a potency functional attribute of culture adapted MSCs is
reflected in the loss of anti-inflammatory function of CCL2-null
MSCs in vivo and the reciprocal unresponsiveness of CCR2-null
hosts to CCL2-sufficient MSCs.?*
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6 | MSCFUNCTIONALITY INVOLVED IN
MACROPHAGE POLARIZATION

In a mouse model of bacterial sepsis, COX2 expression and prosta-
glandin E2 (PGE,) production of intravenously administered MSC was
essential for rescue of mice via tissue macrophages expressing prosta-
glandin receptors EP1/EP2 and latter IL-10 polarization.'® In vitro
reductionist analysis of human MSC suppressor effect also depends,
in part, on MSC-expressed TSG-6, IL-6 and indoleamine dioxgenase
(IDO) on bystander monocytes.'#5?-% Similar close proximity immune
suppression functional attributes are assignable to MSC surface
bound CD271 (PD-L1),%?> CD73 (aspariginase),63 and CD54 (ICAM-
1).6* All of the above imply physical contact, or very close proximity,
to tissue resident macrophage responder cells to allow for their IL-10
polarization or anti-inflammatory functionality. Indeed, this cell-cell
communication functionality is implied in studies of intravenous deliv-
ery of MSCs interacting with lung resident myelomonocytic cells. The
aforementioned MSC tracking studies suggest that MSC and macro-
phage direct contact as well as efferocytic engulfment in vivo are a
necessary component of MSC mechanism of action. However, admin-
istration of MSC in extravascular space—subdermal, intramuscular, or
intra-peritoneal—leads to systemic anti-inflammatory effects in
murine tissue injury models speaking to contact independent
MSC/macrophage interplay.®® Indeed, intra-peritoneal delivery of
MSCs is more clinically potent than the highest tolerable intravenous
bolus in mice to prevent death from gut injury, all of which is depen-
dent on host macrophages.®®* A biologically plausible mechanism
would entail that MSC secretome can act on tissue bound macro-
phage at a substantial distance from MSC depot site through persis-
tence of live functional MSC and systemic recirculation of their
secretome and subcellular elements.

7 | THE MSC/MACROPHAGE
CHEMOKINE AXIS

Human and mouse blood monocytes and tissue macrophages abun-
dantly express the chemokine receptor CCR2 which is functionally
required for responsiveness to CCL2 in leading to macrophage mobili-
zation and IL-10 polarization in vitro and in vivo.'? The apparent para-
dox of CCL2/CCR2 dichotomy is that it is contradictorily invoked in
the macrophage M1-driven inflammatory response as well as in anti-
inflammatory M2 polarization. Recent developments in the under-
standing of chemokine protein biochemistry may provide some
insights. The ~50 known chemokines are subdivided into four sub-
families based on relative positioning of the first two of four highly
conserved cysteine residues: CXC, CC, C, and CX3C.%° All chemokines
oligomerize into homodimers, and some into tetramers. Chemokine
biology informs us that chemokines far outnumber chemokine recep-
tors speaking to the concept of a chemokine interactome where a
chemokine may activate more than one receptor.4”® Chemokine
biology is nonetheless more complex than was initially predicted, as

several studies suggest that heterologous chemokines can dimerize

and that their receptors are found as dimers and/or higher order olig-
omers at the cell surface.®” It has been found that CXC and CC
chemokines can form heterodimers within family members and that it
has been suggested that heterodimerization between members of
CXC and CC subfamilies can also occur. The functional result is that
heterodimerization dramatically modulates the biological activities—
synergy as well as antagonism—of these chemokines.”® Functional
synergism can be achieved through receptor heteromerization or
receptor retention at the cell surface or on conformational changes
affecting receptor signaling.®” CCL2 deploys vigorous promiscuity in
heterodimerizing with non-self chemokines. In silico protein/protein
binding affinities foreshadow CCL2 coupling with CC chemokines:
CCL5 and CCL8 as well as with CXC chemokines: CXCL4 and
CXCL8.7172 Chemokine receptors themselves can heterodimerize on
cell surface of responder cells speaking to a chemokine/receptor sig-
naling network that may alter responsive cell functionality far beyond
mere chemotaxis.”®

Culture adapted mouse and human marrow MSCs express a
number of chemokines and the MSC chemokine transcriptome is
substantially induced by inflammatory cues derived from activated

555674 (Table 1). Aforementioned in silico and in vitro

lymphocytes
predictive heterologous chemokine studies affinity studies would
foreshadow that MSC secretome contains CCL2 tandems involving
CCL5, CCL8, CXCL8 or CXCL12 which may interact with CCR2"
responder macrophages as well as other potential functional che-
mokine heteromers. Indeed, our group has identified that MSC-
secreted CCL2 and CXCL12 cooperate as a heterodimer to
upregulate IL-10 expression in a CCR2-dependent response by
macrophages in vitro, an effect which could not be replicated by
CCL2 on its own speaking to the biological relevance of the CCL2/
CXCL12 heterodimer.?! We also demonstrated that MSC CCL2
competency is absolutely required for IL-10" polarization of intes-
tinal and peritoneal resident macrophages in vivo for reversal of
colitis. We observed that tissue macrophage IL-10 polarization
in vivo was widespread involving extra-intestinal tissues and sec-
ondarily led to bystander IL-10 expression in intestine-resident B
and T cells. Though MSC-derived CCL2 is necessary for macro-
phage mobilization and IL-10 polarization in vitro and in vivo,'?
there are likely additional functionalities attributable to the che-
mokine secretome of MSCs and the theoretical interactome arising
thereof (Figure 1). Indeed, through the release of CCL2, CCL3, and
CCL12, human and mouse MSCs can recruit monocytes and mac-
rophages into inflamed tissues and promote wound repair.1* The
three most common tissue sources of MSCs for human clinical tri-
als are marrow (M), adipose (A) and Wharton jelly from umbilical
cord (UC).* Interestingly, the steady state chemokine secretome
from culture adapted MSC for these tissue sources is distinct as
MSC(M) are CCL2*CXCL12*, MSC(A) are CCL2 CXCL12* and
MSC(UC) are CCL2"CXCL12~ which speaks to potential divergent
functional attributes of MSCs as informed by their tissue origin.”®
However, the chemokine secretome of MSCs is profoundly
affected by inflammatory cytokines produced by activated lym-

phoid cells such as interferon-y which markedly upregulates the
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TABLE 1 Chemokine expression in mouse and human culture adapted mesenchymal stromal cell (MSCs)

Name?

CC chemokines
CCL1
CCL2
CCL3
CCL4
CCL5
CCL6
CCL7
CCL8
CCL9/CCL10
CCL11
CCL12
CCL13
CCL14
CCL15
CCL16
CCL17
CCL18
CCL19
CCL20
CCL21
CCL22
CCL23
CCL24
CCL25
CCL26
CCL27
CCL28

CXC chemokines
CXCL1
CXCL2
CXCL3
CXCL4
CXCL5
CXCLé6
CXCL7
CXCL8
CXCL9
CXCL10
CXCL11
CXCL12
CXCL13
CXCL14
CXCL15
CXCL16
CXCL17

Other name(s)?

1-309, TCA-3
MCP-1

MIP-1a
MIP-1p
RANTES

C10, MRP-2
MARC, MCP-3
MCP-2
MIP-15, CCF18
Eotaxin

MCP-5

MCP-4, NCC-1
HCC-1, NCC-2
MIP-18, HCC-2
NCC-4

TARC, ABCD-2
MIP-4, PARC
MIP-38, Exodus-3
LARC, Exodus-1
SLC, Exodus-2
MDC

MIP-3
Eotaxin-2
TECK
Eotaxin-3
CTACK, Eskine
MEC

GRO1
MIP-2a/GRO2
MIP-28/GRO3
PF-4

ENA78

GCP-2

NAP-2
IL-8/NAP-1
MIG

IP-10
I-TAC/IP-9
SDF-1

BCA-1
BRAK/bolekine
Lungkine, WECHE
SRPSOX

DMC, VCC-1

Human MSC

resting®

++

++

++

++

+hPBMC®

++

++

++

++

++

++

++
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Mouse MSC
b d
resting +mPBMC
+++ +++
+
+ +++
++
++
+
++
+ ++
+
+
+++ ++++
+++ +++++

++++

+HH++
+++++

++

++

(Continues)



CHEMOKINES FROM MSCs POLARIZE MACROPHAGES

1% | % STEM CELLS

TABLE 1 (Continued)
Human MSC Mouse MSC

Name? Other name(s)® resting® +hPBMC*® resting® +mPBMCH
C chemokines

XCL1 Lymphotactine o

XCL2 Lymphotactine
CX3C chemokines

CX3CL1 Fractalkine ++ ++++

Note: Qualitative units of expression: (=) absent, (+) to (++++), present with increasing levels. Boxes left blank were not evaluated.

2Chemokine nomenclature informed by Laing and Secombes.”®
PExpression by MSCs in culture, informed by Chen et al.>®

Expression human MSC co-cultured with activated human PBMCs, informed by Chinnadurai et al.”*
dExpression mouse MSC co-cultured with activated mouse PBMCs, informed by Ren et al.>

expression of numerous chemokines (Table 1) with direct anti-
inflammatory macrophage effects such as CX3CL1.””

8 | MSCEXOSOMES AS POTENTIAL
CHEMOKINE CARRIERS

Chemokines adhere to extracellular matrix via their GAG-binding domain
to form a haptic gradient for chemotaxis. However, MSC-derived

chemokines—and possibly higher order chemokine quarternary

assemblies—can circulate in plasma providing plausible link between

ccL2
cCLs
ccLs
ccL17 <

cxcl |
» CXCLA &
M excl7 -/
4 CXCL8 &

cxcL2 |
cxcr13 /

FIGURE 1 Hypothetical and verified chemokine heterocomplexes
from mesenchymal stromal cell (MSC) secretome. Human and mouse
chemokines identified in MSC secretome (blue) and following PBMC
co-culture (red) which have been found in silico to predictably form
heterocomplexes are linked by blue lines. CXCL4 is not expressed by
MSCs but shown here with predicted partners found in MSC
secretome. The CCL2/CXCL12 dyad was validated experimentally in
mouse MSC system and shown linked in red

chemokines and responder tissue macrophages in injured tissue, a feature
not shared by MSC borne small molecules with short half-lives such as
KYN or PGE,. MSC-derived subcellular microvesicles, exosomes in partic-
ular, may also provide long-range communication bridge between MSC
and tissue macrophages not in direct contact with administered MSCs.
Considering that the MSC-dependent mechanism of action is anchored in
its secretome,”® a cogent argument can be made that subcellular ele-
ments of the secretome such as components derived from extracellular
vesicles (EV) like exosomes are biologically relevant.”° Indeed, charac-
terization and translational development of MSC-derived exosomes®&2
and related EVs are of great interest.®3®* The therapeutic potency of
MSC exosomes is usually rationalized on the presence of a biologically rel-
evant protein or RNA in the MSC exosome.”” Like miRNA in MSC
exosomes, proteins in MSC exosomes have the potential to modulate
many of the biological processes that are involved in disease pathogenesis
or tissue repair and regeneration and it has been proposed that MSC
exosomes in part work through the protein cargo more so than the
RNA content.®> Analysis of proteins specifically present in and on
MSC-EV highlights the significant abundance of collagens | and VI pre-
sumably attached to the outer surface of these vesicles through their
strong binding to EV associated integrins a1p1, a2p1, «10p1, and
«11p1.8¢ Additionally, generic EVs can bear a diverse cargo of cyto-
kines either encapsulated or surface attached, including chemokines
such as CCL2%7%8 which supports a notional role of EVs in regulating
the immune response of CCR2" responder cells, potentially enabling
long-distance cellular communication and obviating the need for direct

cell-to-cell contact.®?

9 | HOST MONOCYTE STATUS AS
PLAUSIBLE BIOMARKERS OF MSC RESPONSE

Notwithstanding the quality attributes of MSC defining their mecha-
nism of action in preclinical inbred murine models of human pathol-
ogy, the human condition entails genetic diversity of subjects that

challenges predictable MSC responsiveness. It is therefore not
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surprising, despite use of mass-produced “off-the-shelf” allogeneic
MSCs bearing identical identity and functional features, that human
subject clinical response will lack uniformity. Hence, the value in
defining surrogate biomarkers of human subjects reflective of a bio-
logical predisposition that are predictive of MSC response prior to or
following initiation of therapy. Mapping of such markers is of value
for defining plausible in vivo correlative mechanism of action which
further strengthens the path toward marketing approval by regulatory
agencies.” Indeed, the FDA guidance on potency testing for Potency
Tests for Cellular and Gene Therapy Products’™ aspirationally seeks
for mapping of a relationship between potency and clinical effective-
ness where “clinical data may be used to establish a correlation(s)
between biological activity and a more practical potency
measurement(s) that can be used for lot release, stability, and/or com-
parability studies.” The MSC/monocyte functional dyad may provide
correlates that meet the regulators test of coupling MSC quality attri-
butes (such as IDO, COX2, TSG-6, or chemokine expression) and host
monocyte/macrophage response as surrogate biomarkers of pharma-
ceutical activity. As a premise, the observation that clodronate deple-
tion of macrophages in vivo abolishes MSC responsiveness
foreshadows that surrogate biological markers of host monocyte num-
ber, phenotype or function may serve as a direct correlate of MSC
functional attributes. In support of this hypothesis is the observation
that intravenous MSC treatment results in a significant decrease in
the number of circulating monocytes and an increase in the number
of circulating neutrophils in septic mice. Because most tissue macro-
phages are derived from circulating monocytes, it was speculated that
the decrease in monocyte numbers might be due to their tissue inva-
sion, including lung.'® This data foreshadows that blood monocyte
number and phenotype may be directly modulated in human clinical
trials by MSC administration. Exploratory companion studies in early
phase human clinical trials do provide traction to the theorem. In a
Phase I/11 clinical study of allogeneic human MSCs inoculated into a
hollow-fiber hemofilter, which promotes contact with patient blood
via a semipermeable membrane in critically ill patients with Dialysis-
Requiring Acute Kidney Injury (NCT03015623) observed modulation
of IL-10 and TNFa plasma levels in addition to reduction in total blood
monocytes.”? In a clinical trial of MSC for patients with severe, refrac-
tory cGvHD treated with repeated MSCs
(NCT01522716), 6 of 11 treated patients responded with reductions

in disease severity and doses of immunosuppression as well as

infusions  of

improved quality of life. All responders displayed a distinct immune
phenotype characterized by higher levels of naive T and B cells as well
as increased levels of plasma CXCL9 and CXCL10 in responder

patients.”?

Whereas monocyte numbers and cytokines plausibly
derived from host can be arguably linked to MSC biology and predic-
tors of response, evidence for alterations in monocyte composition in
inflammatory compartments can be observed as seen in a clinical
study of intra-articular injection of autologous marrow-derived MSC
(NCT02351011) for osteoarthritis, where it was found that decrease
in synovial IL-12p40 levels along with a decrease in pro-inflammatory
monocyte/macrophage subsets after MSC injection.”® The sum of

these early clinical correlative biological data speaks to the feasibility
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for identification and prospective validation of monocyte/macrophage

driven host predictive markers of response to MSC.

10 | CONCLUSION

The MSC and macrophage dyad theorem addresses one of the
more puzzling aspects of potency of intravenously transfused
MSCs. Namely, that transient MSC lung entrapment leads to a sys-
temic anti-inflammatory effect in an array of rodent models of
acute septic and sterile inflammatory tissue injury, and that the
phenomenon is initiated and sustained by tissue-resident IL-10
polarized macrophages. The polarization of macrophages follows
one of many complementary mechanisms, from efferocytosis to
proximate licensing by contact (PD-L1, ICAM) or short distance
acting small molecule effectors (KYN, PGE2) to more complex
licensing leukines, including heterocomplexed chemokines, and
exosomes which can act at a distance and systemically through
recirculation. The effect of route of administration and in vivo per-
sistence of transferred MSCs likely will also likely impact on the
pharmacodynamics of macrophage polarization and anti-
inflammatory response.®® Thus, the insights gained from under-
standing of mechanism of action of MSCs related to their effect on
host macrophages inform on optimizing their clinical deployment
as well as providing leads in developing predictive biomarkers of

clinical response in human subjects.
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