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Cells on Mesenchymal Stem Cells during Fracture Healing“ [WJSC - 65148].

The manuscript has been modified according to the reviewers’ suggestions. Please find attached
the detailed answers to the reviewers’ comments.
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Reviewer #1:

Scientific Quality: Grade C (Good)

Language Quality: Grade C (A great deal of language polishing)

Conclusion: Minor revision

Specific Comments to Authors: The review presented by authors is describing the effects of
immune cells during fracture healing. The review is informative however, in my point of view the
title is not reflect the main subject. The authors represent basic information about immune cells
and their roles in fracture healing and a small paragraph are given for MSCs. In introduction no
background about MSCs and their origin, roles and characteristics. We would like to thank for the
reviewer’'s remarks. We extended the different sections to provide a bit more information on MSCs
in the different sections and to better fit to the title.

1. The introduction should give general view of the story or the topic. Instead of that, the authors
are presenting specific examples in detail about role of different immune cells in healing process.
And the introduction focus on detail of roles of immune cells and osteoblast cells in healing process
rather than interaction between those cells and MSCs. We would like to thank the reviewer for the
criticism. We included a brief introduction on MSC in the introduction (page 3).

2. The different between M1 and M2 macrophages should be explained. We would like to thank
the reviewer for the suggestion and provided more information in M1 and M2 macrophages in the
respective section in page 12.

3. In T cells section, A long paragraph with lot of info about T cells with only two studies of MSCs.
We would like to thank the reviewer for the comment and included more information on MSC
effects on T-cells in this section.

4. There are many minor English errors examples are giver below and many punctuation marks
are missing. For example:

- Comma in “In their pro-inflammatory state, T cells may act...” Comma has been included.

- “MSC application improved phagocytosis during a bacterial sepsis model in mice [59] and
reduced infiltration of neutrophils into the liver could be observed [60], and consequently improved



survival in both studies” This sentence should be rephrased to make it clearer and corrected by
removing second “and” The sentence has been modified as suggested.

- Rephrase following sentence to make it clearer “Furthermore, in an injured gut model or a
vasculitis model inflammation and neutrophil infiltration as well as the release of tissue-harming
factors by neutrophils could be reduced by MSCs” The sentence has been rephrased according
to the reviewer’s suggestions.

- Add comma “Apart from strong induction of overall inflammation, neutrophils have another...”
Comma has been added.

- Rephrase the sentence “There is evidence that NETs are formed in response to trauma [68, 69],
however, if NET formation, in general, is pathologic for healing processes is not yet known.” The
sentence has been rephrased and split in two, for easier understanding.

- “In their large number of secretory granules MCs store numerous preformed mediators” It
should be “In their large number of secretory granules, MCs store numerous preformed
mediators” The missing comma has been included in the sentence.

- The link (https://patents.google.com/patent/EP2623978A1/en) should move to references. As
suggested by the reviewer, the link was moved to the references.

Reviewer #2:

Scientific Quality: Grade B (Very good)

Language Quality: Grade B (Minor language polishing)

Conclusion: Minor revision

Specific Comments to Authors: The manuscript has been written on an interesting topic. The
manuscript covered all the important areas related to it. There are no major issues | can point to.
However, there are a few minor issues need to be resolved to improve the readability of this
manuscript.

1. Please provide a short description to each figure. Provide elaboration of the abbreviated terms
used in the figures to make them stand-alone. We would like to thank the reviewer for the
suggestion and provided more detailed figure legends, including abbreviations.

2. Please avoid abbreviation of any term being used first time in the text. We carefully checked
the manuscript again and included missing abbreviations.

Reviewer #3:

Scientific Quality: Grade B (Very good)

Language Quality: Grade B (Minor language polishing)

Conclusion: Accept (General priority)

Specific Comments to Authors: The article ‘Effects of Immune Cells on Mesenchymal Stem Cells
during Fracture Healing’ by Sabrina Ehnert et al. introduces the effects of immune cells on
mesenchymal stem cells during fracture healing based on the analysis of a large number of
studies. In general, this review is very well written and organized. Methods are described carefully
and a large quantity of data is presented. This article is worth being published in a scientific journal
like ‘World Journal of Stem Cells’. We would like to thank the reviewer for the positive assessment.



Reviewer #4:

Scientific Quality: Grade D (Fair)

Language Quality: Grade B (Minor language polishing)

Conclusion: Major revision

Specific Comments to Authors: The manuscript 65148 reviewed the effects of immune cells on
mesenchymal stem cells during fracture healing. Some points in doubt proposed in my first review
as follows.

1. All the gene name should be italic. We would like to thank the reviewer for the criticism. In most
cases abbreviations were used for proteins. However, we carefully checked the manuscript and
applied italics for gene names when applicable.

2. On this theme, the function and origins of immune cells should be elucidated. For example,
immune cells, derived from hematopoietic stem cells arising from the mesoderm during embryonic
development, are essential for the normal bone development and the proper fracture healing. We
would like to thank the reviewer for the suggestion. In line with question 4, we included a small
introduction into each section explaining the origin of the different immune cells.

3. As we known, fracture repair is a well-orchestrated and complex regenerative process involving
with numerous signaling pathways and cell types. In your review, which processes, primary (direct)
fracture repair or secondary fracture repair, are immune cells for bone fracture healing? We would
like to thank the reviewer for the question. MSCs are precursors for both chondrogenic and
osteogenic cells. Therefore, the interaction of immune cells and MCSs and resulting downstream
effects may be relevant for both types of bone healing. In the graphics both ways are illustrated.

4. Among the listed immune cells, would you like to make their lineage clear, for example,
macrophages are phagocytic cells of the myeloid lineage. Along with question 2, we have included
a small introduction into each section stating the origin of the different immune cells.

5. How do immune cells receive mesenchymal signals? We would like to thank the reviewer for
this interesting question. MSCs secrete or release factors that act on the immune cells. Sometimes
direct cell-cell-contact or even cell-ECM-contact is required. We included further information in the
text, where appropriate.

6. Immune cells play the critical role in bone fracture healing. What is the conclusion for this
review? We added a summary and conclusion section at the end of the manuscript.

Below please find the manuscript with marked changes
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Abstract: In vertebrates, bone is considered as an osteoimmune system which
encompasses functions of a locomotive organ, a mineral reservoir, a hormonal organ, a
stem cell pool and a cradle for immune cells. This osteoimmune system is based on
cooperatively acting bone and immune cells, cohabitating within the bone marrow. They
are highly interdependent, a fact that is confounded by shared progenitors, mediators,
and signaling pathways. Successful fracture healing requires the participation of all the
precursors, immune and bone cells found in the osteoimmune system. Recent evidence
demonstrated that changes of the immune cell composition and function may negatively
influence bone healing. In this review, first the interplay between different immune cell
types and osteoprogenitor cells will be elaborated more closely. The separate paragraphs
focus on the specific cell types, starting with the cells of the innate immune response
followed by cells of the adaptive immune response, and the complement system as
mediator between them. Finally, a brief overview on the challenges of preclinical testing

of immune-based therapeutic strategies to support fracture healing will be given.

Key words: Trauma; Bones; Immune response; Mesenchymal stem cells; Fracture healing

Core tip:

There is substantial evidence that immune cells influence mesenchymal stem cells (MSCs)
after trauma. Bone is considered as an osteoimmune system based on cooperatively acting
bone and immune cells, cohabitating within the bone marrow. The subdivisions are
highly interdependent, sharing progenitors, mediators, and signaling pathways. During
fracture healing many different cell types categorized to the innate and adaptive immune
system interact. MSCs with their manifold immunomodulatory and regenerative
properties serve as progenitors for fibroblasts, chondrocytes and osteoblasts. The
alterations in the immune response usually become apparent early in the healing process

of a fracture. This opens new avenues for early interventions.
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Introduction

In vertebrates, bone can be considered as an osteoimmune system encompassing
functions of a locomotive organ, a mineral reservoir, a hormonal organ, a stem cell
reservoir and a cradle for immune cells. This osteoimmune system is based on
cooperatively acting bone and immune cells, cohabitating within the bone marrow. They
are highly interdependent, a fact that is confounded by shared progenitors and signaling
pathways. Receptor activator of nuclear factor kappa B ligand (RANKL) is a well
described example for this interdependency. Well known as key factor for osteoclast
differentiation, RANKL regulates also T-cell differentiation and proliferation [l

Mesenchymal stem cells (MSC) are adult stem cells. In the bone MSCs are traditionally

found in the bone marrow. They act a precursor cells for chondrogenic, adipogenic and

osteogenic cells during bone homeostasis and fracture healing [2l. But MSCs also play

crucial roles in hematopoiesis and maintenance of immune cell progenitors Bl. Just

recently, different MSC subsets with distinct roles on different immune cell progenitors

have been described 4 5. In MSCs this process seems to be strongly dependent on the

expression of stem cell growth factor, also known as C-type lectin domain family 11

member A or osteolectin. MSCs lacking this factor seem to regulate hematopoiesis, while

MSCs expressing osteolectin strongly influence maintenance and function of common

lymphoid progenitor cells and their progenies [4. Furthermore, these osteolectin positive

MSCs, prone to undergo osteogenesis [%], increase in number following a bone fracture

and thus, represent the main source for osteoprogenitor cells during fracture healing [4],

The bone-immune cell interplay at first considered the role of the innate immune system
but more and more the role of the adaptive immune system was investigated. With
respect to the adaptive immune system, the question arises whether it has beneficial or
detrimental effects on regeneration. Considering evolution, the development of the
immune system coincides with a decline in the regenerative capacity - i.e. the more
elaborate the immune response the less capable of regeneration an organism is [0l. A
hallmark of the adaptive immunity is its capacity to “remember” pathogens. This immune

memory is only present in vertebrates, which constitute 1-2% of the living species Ul.
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Indeed, while their immune system is very elaborate, vertebrates only have a very limited
regenerative capacity. An exception are mammalian embryos, which, still lacking
adaptive immune responses, are capable of scar-free regeneration, a capacity that
diminishes after birth and with aging [8l. This implicates that the adaptive immunity is
rather unfavorable for regeneration.

In human adults, most tissues heal with scar tissue formation. Bone, however, is capable
to heal without scar tissue formation. Bone healing is a highly complex process consisting
of numerous well-orchestrated interdepending and overlapping steps, which, if
undisturbed, result in tissue fully restored in form and function [*10]. Using endochondral
bone regeneration as a model, effects of the innate and adaptive immune system have
been investigated to understand their role in regenerative processes and to explore the
possibility to use immune-modulatory strategies for the development of new therapeutic
approaches. Upon bone injury and inadvertent vessel rupture the initial step in healing
consists of coagulation and the coupled release of platelet-derived pro-inflammatory
cytokines, e.g. interleukin (IL) 6 (IL-6), or tumor necrosis factor (TNF)-q, ']. Main
functions of the clotting reaction are the closure of a possible breach of the outer hull of
an individual and a strong defense against possible invading pathogens. The released
cytokines stimulate homing of leucocytes into the fracture site (figure 1). With the vessel
rupture, supply with oxygen and nutrients is diminished at the injury site. Thus, cells
active in this initial phase of bone healing need to be capable of functioning in this
detrimental environment (low pH, low oxygen, disturbed sodium and potassium balance
(12,13]),

Neutrophils, the most abundant immune cells, are the first cells to arrive at inflammatory
sites. The fracture hematoma was shown to be a strong inducer of neutrophil homing [1%
15]. Within less than an hour, they are recruited to the site of fracture [1¢], triggered by
damage associated molecular pattern (DAMPs), including mitochondrial DNA

(deoxyribonucleic_acid) fragments [7l. Equipped with highly potent weapons like

phagocytosis, respiratory burst, or neutrophil extracellular trap formation, neutrophils
strongly contribute to the first inflammatory reaction and formation of granulation tissue.
Additional recruitment of fresh neutrophils from bone marrow by the C-X-C chemokine
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receptor (CXCR) type 4 (CXCR4)- C-X-C motif chemokine ligand (CXCL) 12 (CXCL12)

axis, further supports the inflammatory reaction [18l. This inflammatory reaction at the
beginning of the healing process has a substantial influence on the whole process [1l. As
a consequence of the systemic inflammatory reaction, neutrophils invade not only at the
site of injury but also into lung and liver tissue rapidly after a fracture [20. Almost
simultaneously to neutrophils, mast cells (MCs) and dendritic cells (DCs) appear in the
fracture hematoma. As tissue-resident hematopoietic cells, MCs modulate innate and
adaptive immune responses, not only in the early inflammatory phase of fracture haling,
but also later during bone remodeling, where MCs exert several function in the regulation
of angiogenesis, osteogenesis, and osteoclastogenesis [211. Shortly after, natural killer (NK)
cells arrive at the site of injury, attracted by pro-inflammatory cytokines TNF-a and IL-6
(22, The role of natural killer (NK) cells in fracture healing is not fully understood and
seems strongly dependent on the current inflammatory status. Within one day,
monocytes are recruited to the fracture hematoma. They first differentiate to pro-
inflammatory M1 macrophages, contributing to the clearance of the granulation tissue by

phagocytosis. During callus formation, anti-inflammatory M2 macrophages are present,

supporting migration of osteoprogenitor cells, matrix formation, and angiogenesis [23]. As
precursors for osteoclasts, monocytes/macrophages also contribute to the final
remodeling phase of fracture healing. Osteoclast differentiation is strongly dependent on
factors secreted by B- and T-lymphocytes, which invade into the fracture site, when
granulation tissue is fully accomplished. In their pro-inflammatory state, T cells may act
in the fracture environment [24 251,

This initial pro-inflammatory reaction is required to initiate fracture healing, not only for
defense purposes but also to attract cells needed in the downstream healing process. But
this process needs to be tightly monitored, because the pro-inflammatory reaction
becomes detrimental if it is too strong or lasts too long [26: 7). Under anaerobic conditions
the transcription factor hypoxia inducible factor 1a (HIF-1a) is stabilized and induces
expression of angiogenic factors by cells in the fracture site. This initiates the essential
revascularization step by homing of endothelial progenitor cells (EPCs). Expression
analysis revealed that upregulation of angiogenic factors is paralleled by enhanced anti-
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inflammatory signaling, thriving to terminate the initial pro-inflammatory reaction in
order to proceed towards the next healing phase [10 27l A switch from pro- to anti-
inflammatory signaling is achieved, i.a. by an upregulation of IL-4 and IL-13, which
support the Th2 (T helper cells type 2) and M2 phenotype in T cells and macrophages [231.
Influencing the initial immune reaction by local application of these cytokines in a mouse
osteotomy model significantly improved healing [23], emphasizing the importance of a
tightly regulated initial inflammatory reaction and of a swift downregulation of the initial
pro-inflammatory reaction for a successful healing outcome. Thus, repeated irritation of
the fracture hematoma can favor non-union [?l. Furthermore, movement of the early
fracture hematoma into muscle tissue can induce ectopic bone formation [, underlining
the importance of the hematoma for the bone forming process.

The initial pro-inflammatory phase is required to attract progenitor cells, e.g. EPCs or

MSC, to the site of fracture. MSCs with their manifold immunomodulatory and

regenerative properties serve as progenitors for fibroblasts, chondrocytes and osteoblasts
involved in the following callus formation. NK-, B-, and T-cells contribute to the licensing
of the MSCs during this phase of fracture healing. Osteoblasts are the bone forming cells,
producing collagen I that serves as matrix for mineralization. In a mouse osteotomy
model lacking mature T- and B-cells the mineralization process was accelerated [Bll.
However, in these animals a misbalance between collagen subunits I A1 and I A2 was
observed. Histologically, the resulting arrangement of collagen I fibers appeared porous
and osteoblasts showed an altered distribution within the fracture callus. These changes
within the mineralization process where attributed to the lack of T-cells, using mouse
models with either B- or T-cell deficiency [Bll. Thus, T cells guide osteoblast distribution
and the deposition of collagen I during callus formation. Later on, homeostasis of bone is
mediated mainly by the interaction between osteoblasts and osteoclasts, which derive
from monocytes. The balance between these cell types is tightly regulated by the response
of the respective progenitors, as well as T-cells acting during the remodeling phase of
fracture healing 1311,

The participation of each of the described cell types is required for successful fracture
healing. In the following sections, the interplay between different immune cell types and
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osteoprogenitor cells will be more closely elaborated, starting with the cells of the innate
immune response followed by the cells of the adaptive immune response, and the
complement systems as mediator between them. Finally, a brief overview on the
challenges of preclinical testing of immune-based therapeutic strategies to support

fracture healing will be given.

Role of the innate immune response in fracture healing

Neutrophils

Neutrophils represent an essential part of the innate immune system. Neutrophils derive

from common myeloid progenitor cells, which in turn originate from pluripotent

hematopoietic stem cells (HSCs) in the bone marrow. The recruitment of neutrophils to

the fracture hematoma may be mediated by released DAMPs originating from injured
cells at fracture sites [7l. Mitochondrial particles can be such DAMPs [32], but also
cytokines like IL-1a or IL-8 (also known as CXCLS8) are known to recruit neutrophils to
injury sites 3334, Concerning the fracture healing process, neutrophils are well described
to strongly induce the initial inflammatory reaction (figure 2), but their role in the actual
healing process is rather underrated.

In vivo, depletion of neutrophils is a common method to investigate their effect on healing
processes. In small rodents like mice and rat, neutrophil depletion was shown to delay
fracture healing [¢], with an increased stiffness of the newly formed bone 3], possibly due
to a reduced MSC infiltration and favored chondrogenic differentiation B¢l. This is
supported by in vitro studies, showing that neutrophils form a kind of extracellular matrix
(ECM) that supports MSC influx into the fracture hematoma B7], but also inhibit matrix
formation by MSCs B8l. Furthermore, a negative effect of freshly recruited neutrophils
could be observed, which induced apoptosis of undifferentiated and differentiated
osteogenic cells [%l. Here, a reactive oxygen species (ROS)-dependent mechanism was
proposed. This is in contrast to a recent study, showing that neutrophils alter cytokine
release of MSCs but not their osteogenic differentiation [40], suggesting that the activation

status of the neutrophils is critical in this process.
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The observed delay in fracture healing in neutrophil depleted mice was no longer
observed when a an additional thorax trauma was present, emphasizing the role of
neutrophils for systemic inflammatory responses following trauma [¢l. Also, the
application of neutrophils directly after fracture was reported to improve bone healing in
these neutrophil depleted mice. As possible regulatory mechanism CCL_(C-C-motif

chemokine ligand) 2 induced recruitment of monocytes was discussed [#1. CCL2, LL-37

(cathelicidin), AZU1 (azurocidin, also known as cationic antimicrobial protein CAP37 or

heparin-binding protein), and other neutrophil secreted factors may pave the way for

inflammatory monocytes [#2l. Therefore, an indirect role of neutrophils in the healing
process is possible, as monocytes are known to support healing by a CCL2-dependent
mechanism, which gives a differentiation signal to MSCs [+31.

Further investigations suggest that neutrophils may support angiogenesis and
revascularization during the healing process, by releasing factors e.g. VEGF (vascular
endothelial growth factor) and Angl (Angiopoietin 1), inducing inflammatory
angiogenesis [44 %3], In the same line of evidence, neutrophils were shown to release MMP9
(matrix metalloproteinase 9) in response to VEGF, inducing angiogenesis in hypoxic
tissue [46],

TNF-a release from neutrophils was also suggested to be a possible mechanism by which
neutrophils accelerate wound healing [47-48] and lead to early strength of surgical incisions
(49, However, the role of MSCs was not investigated in these studies. In MSCs, TNF-a was
reported to enhance migration [ but also to inhibit osteogenesis 1% 52l. Thus, a direct
effect of neutrophils on MSC development remains rather controversial.

The neutrophil to lymphocyte ratio and neutrophil counts were established as tools to
predict trauma outcome and as markers for complication development. In most studies,
high circulating neutrophil counts were associated with a higher risk for complications or
postoperative mortality [53-571. Furthermore, a higher neutrophil count in blood of trauma
patients was identified as predictor for the development of delayed bone healing [58l. In
the same line of evidence, it was shown that neutrophil depletion reduced sepsis
development after chest trauma in mice 1. A variety of studies suggest that neutrophils
play a major role in severe complications after trauma like ARDS (acute respiratory
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distress syndrome), SIRS (system inflammatory response syndrome), MODS (multi-organ
dysfunction syndrome), or ischemia-reperfusion damage [5% ¢0l. MSCs were suggested as
a possible tool to reduce/ prevent tissue damage in these situations. MSCs reduce
apoptosis of neutrophils in vitro 1] and reduced attachment of neutrophils to endothelial
cells 1621, MSC application improved phagocytosis during a bacterial sepsis model in mice

[63], reduced infiltration of neutrophils into the liver [%4, and consequently improved

survival in both studies. Furthermore, MSCs reduced inflammation, neutrophil

infiltration, and the release of tissue-harming factors by these cells in an injured gut model

or a vasculitis model [65 661, ROS release was either increased [67. 681 or reduced [69

depending on the study but in general, there is consensus that MSCs seem to balance the
neutrophil response.

Apart from strong induction of overall inflammation, neutrophils have another defense
mechanism, called neutrophil extracellular traps (NETs) [70. 71, Consisting of released

chromatin covered with antimicrobial peptides and proteases, NETs are strongly

bactericidal ["l. There is evidence that NETs are formed in response to trauma [2 731

However, a general pathologic role of NET formation for healing processes is not yet

proven. Nevertheless, overshooting NET formation can lead to pathological [4] or delayed

healing [7]. Furthermore, NETs are known to be toxic to epithelial and endothelial cells
76,771, thus, a toxic effect on MSCs is feasible. However, one study showed reduced NET

formation and increased survival in a mouse model for lipopolysaccharide (LPS)-induced

acute lung injury due to MSC application [78]. In vitro stimulation of neutrophils with MSC-
conditioned medium increased NET formation, although the overall response was
delayed [7].

Another aspect that needs to be considered when talking about neutrophils and trauma
is neutrophil phenotypes. Neutrophils are directly affected by trauma. They exert reduced

reactivity to stimuli after trauma like bacterial infections [80] or fMLP (N-formylmethionyl-

leucyl-phenylalanine) 8183, Reduced chemotaxis can be observed to different cytokines

after lung trauma [72l. Surface markers (e.g. cluster of differentiation (CD) 62 and 11b, or
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[80]). Recently, the categorization of neutrophils into “N1” and “N2” phenotypes, similar
to monocyte/ macrophage and T-cell types, was proposed. Neutrophils were divided into
inflammatory (N1) and anti-inflammatory (N2) [84. Two recent reviews deal with the role
of neutrophil phenotypes in septic complications after trauma [8> 8¢]. However, their
distinct role in tissue repair and their effect on MSCs remains to be elucidated.

In summary, a clear role of neutrophils in the induction of inflammation and possible
complications like SIRS and ARDS has been identified. Their role in the actual healing
process and their effect on MSCs remains largely unclear and different results from
studies point out both positive and negative effects on fracture healing. The analysis of
neutrophil phenotypes within these results could help to clarify the role of neutrophils
for fracture healing. An overshooting inflammatory response and NET formation by

neutrophils are, however, consistently related to tissue damage and prolonged healing.

Monocytes and macrophages

Monocytes and macrophages also belong to the innate immune system. Like neutrophils,

systemic or circulating monocytes and macrophages derive from the common myeloid

progenitor cells in the bone marrow. In many organs, including the bone, tissue-resident

macrophages also exist, which predominantly derive from embryonic macrophages. In

the bone these tissue-resident macrophages are named osteomacs. Osteomacs are closely

associated with areas of bone formation, forming a canopy-like structure on top of the
active osteoblasts [#7l. Upon depletion of macrophages in a macrophage-fas-induced
apoptosis (MAFIA) mouse model, not only the osteomacs but also the layer of active
osteoblasts were lost [88], suggesting that macrophages play an active role in osteoblast
mediated bone formation and hence fracture healing 8. Monocytes infiltrate into the
injury site, usually within one day following fracture. Depending on the milieu they
differentiate into immunogenic M1 macrophages or immunosuppressive M2
macrophages, DCs or later even into bone resorbing osteoclasts (figure 3). In the early
inflammatory phase of fracture healing monocytes are stimulated towards the pro-
inflammatory M1 phenotype by inflammatory cytokines and to a lesser extent by bacterial
products, such as LPS, [2l. These M1 macrophages phagocytose cellular debris and
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pathogens, produce large amounts of nitric oxide and ROS, and secrete cytokines, e.g.

interferon (IFN)-y, TNF-a, and IL-6. Thus, M1 macrophages contribute, to the pro-
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inflammatory response following fracture. The cytokines secreted by, M1 macrophages

support homing of MSCs to the site of fracture 87 %). TGF-f (transforming growth factor

beta) and associated activation of NADPH (nicotinamide adenine dinucleotide
phosphate) oxidase 4 (NOX4) and focal adhesion kinase seem to play a crucial role in this

process 1. Later, during granulation phase, the phenotype switches towards anti-
inflammatory M2 upon stimulation with IL-4 and IL-13. M2 macrophages, which
primarily secrete IL-10, actively support tissue repair during soft and hard callus

formation_by suppression inflammation (2% 92I. IL-10 production, also associated with

tolerogenic DCs and regulatory B-cell function, is critically required for fracture healing
and bone health. IL-10~/- mice were reported to develop osteopenia in both cancellous and
cortical bone by suppressing new bone formation [31.

In a mouse model of intramembranous bone formation, macrophages were closely
associated with woven bone deposition by osteoblasts during all the phases of the healing
process 4. Depletion of macrophages affected deposition of woven bone and impaired
healing of the defect in this model. Interestingly, macrophage depletion at the time of the
injury was more detrimental compared to depletion of macrophages at later stages of
fracture healing [®4. This observation was confirmed in a mouse model investigating
cancellous bone healing of drill holes [5l. In mouse models of endochondral fracture
healing, depletion of macrophages in the early inflammatory phase of healing, resulted in
reduced callus size, delayed hard callus formation, and delayed fracture union [23 %],
Some in vitro studies have closer investigated the effect of the different macrophage
phenotypes on bone formation. Conditioned medium from non-activated J774A.1 murine
macrophages increases alkaline phosphatase (ALP) activity in MSCs, an effect mediated
by secreted bone morphogenetic protein 2 (BMP2) [43l. This result was confirmed by
another study showing that non-activated human monocytes enhance proliferation, ALP
activity, and expression of osteocalcin and osteopontin, in human bone marrow derived
MSCs (BMMSCs). It was found that these effects were not dependent on cell-cell-contacts

but partially dependent on BMP2 7). When cell-cell-contact is provided, non-activated
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human monocytes stimulate bone formation by BMMSCs via the cytokine oncostatin M
(OSM), which is secreted by monocytes directly upon cell-cell-contact with MSCs [°81.
There are few studies that suggest that the observed effect is enhanced in M1
macrophages [9-101], and that this effect depends on OSM secreted by LPS challenged
macrophages following activation of prostaglandin E2 (PGE2) and cyclooxygenase-2
(COX-2) [101,102],

When investigating the roles of monocytes and macrophages in fracture healing, the
individual age has to be considered. Comparing fracture healing in young (3 months) and
old (24 months) mice, no difference in the amount of macrophages in the fracture callus
was observed. However, a constant up-regulation of M1/pro-inflammatory gene
expression was observed in the macrophages of the old mice. Therefore, preventing the
infiltration of macrophages into the fracture site improved healing outcomes in old mice
[103,104] " Similarly, when surgical reposition of the fracture is required, anesthetics may
affect MSC-macrophage interaction. For example, local anesthetics, e.g. lidocaine and
bupivacaine, have been reported to directly inhibit secretion of pro-inflammatory
cytokines by macrophages, without affecting their viability [195]. Furthermore, these drugs
may alter MSC effects in macrophage polarization by attenuating TNF-a and PGE2
secretion [105],

MSCs have been shown to suppress the M1 phenotype in macrophages, including the
associated secretion of pro-inflammatory cytokines, in favor of the M2 phenotype with
increased production of anti-inflammatory cytokines. This phenotypic switch from M1 to
M2 macrophages is possibly mediated by PGE2 [106-108], pig [L1IRA (IL-1 receptor alpha),
and IL-6 [1%, and/ or by activation of NF-kB (nuclear factor-kappa B) and STAT-3 (signal

transducer and activator of transcription 3), which is thought to require IFN-y mediated

indoleamine 2,3-dioxygenase activation [110, 1111, Additionally, MSCs seemed to reduce
CD86 and major histocompatibility complex (MHC) class II expression in LPS-stimulated

macrophages, impairing their immunogenic effects on CD4* T-cell [106],
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Mast cells
Although, best known for promoting allergic reactions [112], MCs also actively participate

in fracture healing [2!l. MC derive from hematopoietic progenitors in the bone marrow

and characteristically express CD34 and the surface marker c-Kit (proto-oncogene c-KIT,

[ Geldscht: are released form the bone marrow

also known as CD117) that is important for MC growth, differentiation and survival [113].

MC progenitors are released from the bone marrow into the blood stream and finally

mature in the mucosal or connective target tissues dependent on the local environment
and growth factor availability [114]. In their large number of secretory granules, MCs store
numerous preformed mediators, including cytokines and chemokines (e.g. IL-1B, IL-6, IL-

8, TNF-a), histamine, heparin, enzymes (e.g. tryptases, chymases), and growth factors (e.g.

VEGF, FGF _(fibroblast growth factor), TGF-B). These mediators can be rapidly released
upon activation by cytokines, complement factors, or immunoglobulins, i.e. through the

crosslinking of the FceRI (Fc epsilon RI) receptor via IgE [115. MCs interact with many

other immune cells via these mediators, thus, contributing to both the innate and adaptive
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immune responses 119, Furthermore, MCs are capable of de novo synthesis of several
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mediators (e.g. IL-1, IFN-y, RANKL). Many of these MC mediators are known to exert
osteo-catabolic (RANKL, TNF-o, histamines) or osteo-anabolic effects (TGF-B, FGF, GM-

CSF_(granulocyte-macrophage colony-stimulating factor)) (177, which is why MCs are

supposed to regulate bone metabolism (figure 4). Confirming, patients with
postmenopausal osteoporosis, rheumatoid arthritis, osteoarthritis, or other inflammatory
diseases affecting bone, display increased numbers of MCs in the bone marrow [118-121],

Experimental phenomenological studies showed that MCs may also play a role in bone
fracture healing. They are present in the fracture callus, especially in the early soft callus
near blood vessels and in the later bony callus in proximity to osteoclasts [122123]. Recent
more mechanistic studies in various MC-deficient mouse models revealed roles of MCs
in fracture-induced inflammation, angiogenesis, as well as in anabolic and catabolic
activities during the healing and remodeling process. In more detail, bone healing was
delayed in MC-deficient KitW-sh/W-sh mice indicated by an impaired transformation of

woven bone into lamellar bone, reduced revascularization and increased osteoclast

14 / 56




parameters [124]. In MC-deficient Cpa3©re/+ mice bone repair was also impaired shown by
reduced vascularization, bone mineralization and cortical bridging of the fracture callus
[125]. However, these mouse models have the drawback that c-Kit is also expressed in

osteoclasts and some immune cells, and Cpa3 (carboxypeptidase A3) in basophils and T-

cells. Overcoming these limitations, fracture healing was investigated in MC-deficient
Mcpts Cre R-DTA mice that lack connective tissue MCs without affecting other cell
populations [126], Interestingly, the levels of pro-inflammatory cytokines including IL-6 or
CXCL1 were significantly reduced after fracture both systemically and locally in these

mice. In addition, chemokine concentrations of KC_(keratinocytes-derived chemokine,

also known as CXCL1), MIP-2_(macrophage inflammatory protein 2, also known as

CXCL2) and G-CSF (granulocyte colony-stimulating factor), known to attract neutrophils,

were significantly reduced in MC-deficient mice. Confirming that less neutrophils and
macrophages were recruited to the fracture hematoma. These results indicate an
important role of MCs in fracture-induced local and systemic inflammation by the release
of inflammatory mediators inducing the recruitment and activation of immune cells. Later
in healing, callus bone content was increased in MC-deficient Mcpt5 Cre R-DTA mice
associated with reduced osteoclast numbers, indicating that MCs may enhance osteoclast
activity during callus remodeling. Supporting, in vitro analysis further showed that MCs
promote osteoclastogenesis via granular mediators, especially via histamine [126].

In conclusion, MCs are present during the whole fracture healing process and are mainly
modulating the inflammatory response, vascularization and osteoclastic bone remodeling
by using their broad spectrum of mediators. Hence, MCs could also influence MSCs
present during the healing process because MSCs are responsive for MC mediators
through various receptors, e.g. IL-1R_(IL-1 receptor), IL-6R_(IL-6 receptor), TNFR_(TNF
receptor), CXCR1, TGFPRI (TGEF-p receptor 1), or bFGFR (basic FGF receptor) ['?71. On the
other hand, MSCs also secrete factors including TGF-p, VEGF, or IL-6 [128], that could

modulate function of MCs, as they express the appropriate receptors (TGFBR1/2, VEGFR
(VEGEF receptor), IL-6R) [1291. MSCs are recruited to the injured region following fracture
and initiate the repair phase by differentiation into chondrocytes and osteoblasts [130]. A
direct interaction of MCs and MSCs during fracture healing has not been identified so far.
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In physiological bone turnover of MC-deficient KitW/W-v and KitW-sh/W-sh mice, osteoblast
parameters were changed probably due to an altered MSC differentiation capacity [131.132],
however, the underlying mechanisms need to be further investigated. In vitro, several
studies observed effects of MCs on MSCs or vice versa. Co-culture experiments revealed
that MCs can promote the proliferation of MSCs, but inhibit their differentiation via the

PDGF (platelet-derived growth factor) pathway [33]. Furthermore, pre-incubation of

MSCs with exosomes isolated from MCs induced the migration of MCSs via exosomal
TGF-B [34. Pre-treatment of MSCs with MC conditioned medium improved the
therapeutic effect of MSCs in atopic dermatitis in mice [135]. Vice versa, MSCs can also
influence MCs in a co-culture system, by reducing their degranulation and cytokine
production [13¢]. Moreover, culture medium of MSCs pre-treated with TNF-o inhibited
MC activation and histamine release in a model of allergic conjunctivitis [137l. MSC
administration in various inflammatory settings including interstitial cystitis [138], atopic
dermatitis 1%, intracranial aneurysm [40, osteoarthritis [14], or allergic rhinitis 4],
improved disease outcome, i.a., by reducing the number of MCs or their degranulation.

Hence, effects of MCs on MSCs during bone healing are likely by influencing migration,
proliferation, and differentiation of MSCs. This might be of special interest in conditions
of MC accumulation as observed in osteoporosis and probably also during fracture
healing in osteoporotic bone or other inflammatory conditions in bone. Moreover, MSCs
might also directly influence MC behavior during fracture healing by modulating MC
numbers, degranulation, cytokine production and mediator release. In conclusion, more
and more specific roles of MCs in fracture healing have been identified in recent years,

however, the crosstalk of MCs and MSCs in this context needs to be further elucidated.

Dendritic cells

Dendritic cells (DCs) derive from the common myeloid progenitor cells in the bone

marrow. DCs are specialized antigen presenting cells (APCs)_that can also take up and

process antigens, and have the capacity to stimulate resting T-cells in the primary immune

response [143]. DCs process phagocytosed antigens into peptides in order to present them

to T-cells via MHC molecules on their cell surface, which primes T-cells as part of the
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adaptive immune response [144. DCs differentiate from monocytes and secrete 1L-12,
favoring the differentiation of naive CD4* T-cells toward T helper type 1 (Th1) cells, thus,
contributing to the pro-inflammatory response required for homing of MSCs. Therefore,
DCs are assumed to be active mainly in the early phases of fracture healing (figure 5).
However, the specific roles of DCs in fracture healing are yet to be elucidated. MSCs in
turn have been shown to impair the maturation of DCs from monocytes or CD34*
hematopoietic precursors [145]. As a result, less pro-inflammatory cytokines were secreted.
This MSC mediated inhibition of DC function seems to be dependent on cell-to-cell
contacts [40]. Another study suggested that MSCs inhibitory effects on DCs relate on
production of TGF- and downregulation of DC costimulatory molecules (e.g. CD40,

CD80, CD86), thus contributing to the activation of regulatory T-cells (Tregs) [147. 1481, Yet

another study suggested that MSCs secrete growth-regulated oncogenic chemokines
when co-cultured with monocyte-derived DCs, which acquire a myeloid-derived
suppressor cell-like phenotype under this condition [49. Furthermore, MSCs were

reported to induce expression of SOCS1 (suppressor of cytokine signaling 1) in DCs in an

IL-6-dependent manner. This way, DCs acquire a tolerogenic phenotype with increased

production of I1L-10 [150],

NK Cells

NK cells, as part of the innate immune system, make out approx. 5 to 10% of all

lymphocytes within peripheral blood. They derive from common lymphoid progenitor

cells, which originate from hematopoietic stem cells in the bone marrow. Upon their

primary mode of action, conventional NK cell subsets can be characterized by the
expression of surface marker CD56. CD56dim NK cells mainly exert cytotoxic activities
against tumor or infected cells via a MHC class I dependent recognition mechanism.
CD56Pright NK cells show an increased cytokine production capacity mainly secreting IFN-
y and TNF-q, thereby, amplifying immune responses [151,152], NK cells require priming by
IL-12, IL-15, IL-18, IL-21, IFN-a/ B prior to activation which underlines that their range of
action is widely believed to be within infectious environments, where classically activated

NK cells contribute to the Th1 response [153-155],
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The Role of NK cells during trauma and their interaction with MSCs is not fully
understood and seems strongly dependent on the current inflammatory status. After
trauma, NK cells are among the first cells to arrive at the site of injury attracted by TNF-
a and IL-6 [22] (figure 5). General immune suppression as a response to major trauma also
affects NK cells. For example IFN-y secretion was suppressed, following major trauma,
when facing infectious challenges mimicked by Staphylococcus aureus 115, In vitro, NK cell
activity was shown to be suppressed when incubated with fluids from early fractures or

soft tissue injuries [1%7]. Decreased phosphorylation of mTOR (mechanistic target of

rapamycin) and increased CD117 expression were identified as regulators of trauma-
induced NK cell dysregulation [158l. To escape NK cell-driven lysis due to generally low
MHC class I expression or NK cell mediated harm through massive IFN-y production,
MSCs were shown to be able to adapt within inflammatory environments. For example,
MSCs were reported to increase MHC class I expression in response to high IFN-y levels

or increased resistance against cytotoxic NK cells upon TLR_(Toll-like receptor) 3

stimulation [159-1611. MSCs were found to be recruited to non-infectious environments, by
CXCLY7 secreted by primary unstimulated NK cells [162I. Classically, MSCs are reported to
exhibit immune-suppressive properties towards NK cells - they secrete IL-10, TGF-3, and
PGE-2, thereby limiting NK cell function and proliferation 1631651, However, immune-
stimulatory effects of MSCs have also been reported. CD56right NK cells, primed with IL-
12 and IL-18, showed increased secretion of IFN-y when co-cultured with MSCs without
direct cell-cell contact [1%]. CCL2 was identified as main immunomodulatory cytokine in
this process. MSCs secreted CCL2 in response to IFN-y, which primed NK cells for
additional IFN-y release in a positive feedback loop [1¢7]l. A recent study showed a time-
dependent effect of MSCs on NK cells in the context of infected tissue injury. Shortly after
injury (4 h) MSCs induced a pro-inflammatory response in NK cells by stimulating IFN-
y release. However, 24 h post-infection, MSCs induced a senescence-associated NK cell
phenotype (SASP) by TGF-p and IL-6 secretion, which was accompanied by a change in
the population from CD56bright CD16* to CD56Pright CD16-. SASP NK cells then triggered
further IL-6 release, angiogenesis, and MSC proliferation, overall favoring tissue
regeneration [168],
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In summary, these studies suggest, that there is a tight interplay between NK cells and
MSCs during fracture healing. However, the effects strongly depend on the inflammatory

status.

Role of the adaptive immune response in fracture healing

T-cells

T-cells play crucial roles in the adaptive immune response. They are of hematopoietic

origin, as they derive from common lymphoid progenitor cells in the bone marrow.

Maintenance of these common lymphoid progenitor cells is strongly dependent on the

recently described subset of osteolectin positive MSCs, which can be found in close

proximity to the arterioles in the central bone marrow and the endosteum [4l. It has been

shown, that these osteolectin positive MSCs are required for T-cell as well as B-cell

mediated bacterial clearance following an infection [4l. Using bone regeneration as a

model, the effect of the adaptive immune system and more specifically the impact of T-
cells has been investigated in order to first understand their role in regenerative processes
and to secondly explore the possibility to use immune modulatory strategies to develop
new therapeutic approaches. Similarly to the cells of the innate immune response, T cells
are also involved in many steps of fracture healing 199 (figure 6). However, their
activation status seems to be crucial. As elaborated in the introduction, there is a loss of
the regenerative capacity in mammals starting after birth and upon aging. At birth, the
adaptive immune system is still naive. The number of naive T-cells decreases with age,
changing into effector, effector/central memory and terminally differentiated T-cells in a
rate that is dependent on the antigens the individual encounters over time [170]. This highly
individual immune aging process is therefore somewhat separated from the
chronological aging. In order to determine whether immune age influences bone
properties an approach was chosen where one mouse group was aged under sterile
(specific pathogen free) conditions while a complementary group was housed under
conditions where they encountered environmental pathogens. While the first group

remained more or less immunologically naive over the period of two years, the second
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group gained immune experience, developing central and effector memory cells 1711,
Comparing bone parameters from these two groups of mice showed a stiffer and more
brittle bone in animals with an experienced/aged immune system [1711. This is an indicator
for the negative effect the change from the naive immune status towards an experienced
immune status, with central and effector memory T-cells and terminally differentiated T-
cells, has on bone. But also the lack of T-cells, especially naive T-cells, results in lower

bone quality and delayed bone healing [171.172]. The above mentioned osteolectin positive

MSCs, required for maintenance of the common lymphoid progenitor cells and adequate

T-cell response, have been reported to decreased in number with age [4 5. As the number

of naive T-cells also decreases with age, a direct correlation between these two cell types

may be feasible. However, the effects of the MSCs on the T-cells seem to be strongly

dependent on the cells activation status. It has been proposed that MSCs cause a

downregulation of Fas receptor and Fas ligand on T-cell surface and thus, may rescue T-

cells from activation induced cell death [173], TGF-f3 and hepatocyte growth factor, secreted

by MSCs, have been identified to be soluble mediators suppressing T-cell proliferation, a

process that can be augmented by cell-cell-contacts between the two cell types [174, An

immune composition with high levels of effector memory and terminally differentiated
T-cells could thus be an indicator for delayed or disturbed bone healing. Indeed, a clinical
study showed that delayed bone healing occurred in patients with high levels of
terminally differentiated CD8* T-cell [72l. Thus, high percentages of terminally
differentiated CD8* T-cell in peripheral blood could represent a biomarker for delayed

healing that could easily be identified within one hour after a patient is hospitalized with

a bone injury, opening possibilities for early intervention_[75l. Amazingly, high
percentages of these effector T-cells in peripheral blood or within the fracture hematoma,
were not a result of the injury, but a result of antigen exposure over time.

Better characterization of the different T-cell subsets during bone healing, may shed light
on their role in the healing process. Recently, IL-17 producing y6 T-cells, which are
present in the fracture during callus formation, have been identified to promote bone

healing [176]. But also the T-cell differentiation is critically dependent on osteoblasts, which
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produce notch ligand DLL4 (delta like ligand 4), the key regulator for this process [1771.
Thus, sepsis-induced ablation of osteoblasts contributes to an immune deficiency [178,

Tregs, well described to play a pivotal role in peripheral immune tolerance, are able to

modulate both the innate and adaptive immune responses. Heme oxygenase-1 (HO-1) is
a key contributor for MSC-mediated suppression of allo-activated T-cells, and induction
of Tregs. For example, MSCs induce, in a HO-1-dependent fashion, IL-10* Trl_(T
regulatory type 1) and TGF-B* Th3 (T helper type 3) Treg-subsets in allo- and T-cell

receptor-activated lymphocytes [179l. Furthermore, HO-1 facilitates MSCs to induce Tregs
from naive T-cells and promote their proliferation [17?]. Tregs have the ability to alter and

kill target cells such as APCs, and effector T-cells. Furthermore, they may influence

inflammatory cytokine environments and metabolic pathways [180]. Thus, those cells are
required for maintenance of self-tolerance, or preventing excessive inflammation and
autoimmune diseases. In the setting of trauma, Tregs become prominent when the
granulation tissue is formed and remain in the site of fracture until remodeling starts.
They contribute to the specific release of anti-inflammatory cytokines such as IL-10,
inducing a shift towards a Th2 lymphocyte-mediated response and/or lymphocyte
anergy, and thus, to profound the (post-traumatic) immunosuppression [181 182], Later
during fracture healing, Tregs are thought control osteoblast and osteoclast function.

In vivo, the number of Tregs in peripheral blood is inversely correlated to serum markers
of bone resorption, not only in rheumatoid arthritis patients but also in healthy controls,
suggesting that Tregs control bone destruction 08l Increasing numbers of Tregs
improved clinical signs of rheumatoid arthritis and suppressed local and systemic bone
destruction [183]. Furthermore, the suppressive effects of Tregs on osteoclast differentiation
were confirmed in vitro 183, It was suggested that enhancing the activity of Tregs may
beneficially influence the treatment of inflammation-induced bone loss observed in
rheumatoid arthritis. Yet, the effects and regulatory mechanisms of Tregs on
osteoclastogenesis were investigated only in a limited number of studies. In a monocyte
and Tregs co-culture system, Tregs inhibited osteoclast differentiation and reduced the
resorbed areas [84. The authors have shown that this suppression of osteoclast
differentiation was cytokine-dependent, as osteoclast differentiation was blocked by anti-
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TGEF-B or anti-IL-4 antibody treatment. As no direct cell-to-cell contacts were required to
inhibit osteoclast function by Tregs, TGF-p and IL-4 may represent the key cytokines for
this suppressive function of Tregs [1841.

RANKL promoting the differentiation of bone-resorbing osteoclasts is thought to
negatively impact bone healing, but is also active in T-cell differentiation and proliferation
(1. In a study, patients with isolated closed tibial fracture, were subdivided into normal
healing and delayed healing groups, based on their healing progression. In these patients,
CD45RA-CD62L-effector memory cells most effectively suppressed RANKL. These cells
were present at lower frequencies and with functional impairment in patients with
delayed healing [185]. Hence, bone-resorbing osteoclast formation may be favored in these
patients, suggesting a possible mechanism for delayed bone healing [185l. Another study
supported the findings that multiple reductions in Tregs function in delayed healing
patients could produce long-lasting consequences in the bone fracture healing process
[186]

It has become evident that tissue destruction is associated with a decrease in local
regulatory processes, including a decrease of forkhead box P3 (Foxp3)-expressing Tregs.

CCL22 is known chemoattractant for Tregs. With the help of a controlled release system,

composed of a degradable polymer with a proven track record of clinical translation,
poly(lactic-co-glycolic) acid, capable of generating a steady release of CCL22 from a point
source effectively recruited Tregs to the site of injection [187. Upon administration of the
CCL22 in murine experimental periodontitis, increases in Treg-associated anti-
inflammatory molecules, a decrease of pro-inflammatory cytokines, and a marked
reduction in alveolar bone resorption were observed [871. In addition, application of
CCL22 reduced clinical measures of inflammation and improved alveolar bone loss in a
ligature-induced periodontitis in beagle dogs [!87]. Thus, Tregs recruited to the site of
injury by CCL22 are associated with a decrease in bone resorption through reducing

inflammation. STAT-3 as a key signaling protein in the skeletal and the immune system,

may be a key regulator in this process [18]. The study gives evidence that STAT-3 enhances

Tregs-mediated suppression of counteracting inflammations, suggested that STAT-3
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could be used as a prognostic marker to identify patients at risk of developing delayed
union or nonunion [188],

In another study, systemic infusion of MSCs improved cell-based bone regeneration via
upregulation of Tregs [18]. In this study, immunomodulatory function of BMMSCs was
proven in vitro. Systemic infusion of these BMMSCs significantly improved cell-based
repair of critical-sized calvarial defects in a murine model [1#]. In the implantation sites
IFN-y and TNF-a levels were reduced via upregulation of Tregs, resulting in marked
enhancement of cell-based bone regeneration, but with only limited contribution of
BMMSC homing [189].

Apparently, Tregs also contribute to impaired bone healing induced by local
accumulation of CD8* effector T-cells (Terr). The endogenous regeneration is impaired by
increasing the primary "useful" inflammation toward a damaging level with Tregs
regulating the pro-inflammatory reaction to enhance healing [1%01. The study provided
evidence that CD4* Tregs might counteract undesired effects of CD8* T&rr, as the healing
outcome was improved by an adoptive Tregs therapy [%l. The data from the mouse
osteotomy model were supported by clinical data showing that patients with impaired
fracture healing have demonstrated higher Trrr/Tregs ratios compared to uneventful
healers [1%0]. These findings demonstrated the key-role of a balanced Terr/Tregs response
following injury required for successful bone regeneration [1%0].

Although more and more studies show possible roles of the adaptive immune system in
bone healing, the underlying mechanisms and involved cell types are still unclear and

remain to be elucidated in further studies.

B-cells

Like T-cells, antibody producing B-cells belong to the adaptive immune response. They

also_differentiate from common lymphoid progenitor cells, which are derived from

[Gel&scht: .

hematopoietic stem cells in the bone marrow. MSCs support the development of T- and

B-cells from HSCs by soluble factors and cell-cell-contacts [19. Both cell types infiltrate in

the fracture callus in a two-waved fashion (figure 7). Interestingly, the number of B-cells

seemed to exceed those of T-cells during the fracture healing process, where B-cells
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progressively underwent effector maturation [192l. Early during callus formation B-cells
have been described to undergo direct cell-cell-contact with osteoprogenitor cells,
presumably regulating their differentiation. However, as described above, the lack of
mature T- and B-cells accelerated the formation of mineralized matrix in a mouse
osteotomy model B, However, the observed changes within the mineralized matrix
where attributed to the lack of T-cells, using mouse models with either B- or T-cell
deficiency Bll. Another study suggests, that B-cells regulatory function is required for
successful bone healing, as in patients with delayed healing of tibia fractured B-cells
seemed to lose their capability to produce IL-10 with time [%l. Another study even
suggests, that the initial expression IL-10 by B-cells is diminished in patients developing
a non-union 1%4. During the healing process, these antibody and IL-10 producing CD27+*
B-cells effectively suppressed IFN-y, TNF-a, and IL-2 expression in CD4* T-cells, as well
as IFN-y and TNF-a expression in CD8* T-cells in a Foxp3 dependent manner [194.
Likewise, in vitro CD19+*CD27bright B-cells suppressed proliferation of CD4* T-cells and
enhance Foxp3 expression in Tregs. However, the mechanism was not depending on IL-
10 but TGF-f and direct cell-cell-contact [19]. Furthermore, CD19+CD27bright B-cells were
reported to reduce numbers of pro-inflammatory Th17 cells, independently of cell-cell-
contacts [1%l. This indicates that B-cells have crucial immunomodulatory roles during
fracture healing.

However, B-cells may also affect bone cells and vice versa. For example, in rheumatoid
arthritis patients, B-cells have been reported to suppress osteogenesis via TNF-a and
CCL3 ['%7], Similarly, B-cells inhibited osteoblast maturation when challenged with G-CSF,
during homing of hematopoietic stem and progenitor cells. Simultaneous activation of
osteoclast, however, was attributed to T-cells [1%l. Interestingly, Ragl~/~ mice displayed
higher than normal levels of osteoclasts, although lacking T- and B-cells [1%]. As possible
explanation, a response to the elevated osteoblast function was suggested. In turn, MSCs
may inhibit proliferation, activation, and antibody secretion of B-cells, possibly by

altering MAPK (mitogen-activated protein kinase) activity 2%, It is assumed that MSCs

inhibit B-cell proliferation by secreted factors inducing cell cycle arrest in the G0/Gl1
phase [201], and preventing B-cells maturation by inducing expression of maturation
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protein-1 (2021, Furthermore, MSCs may suppress both B- and T-cell activation by secreted

IEN-y and cell-to-cell contact via programmed cell death 1 receptor (PD-1) and its ligand

(PD-L1) [2031. [nn vitro, however, contradictory data exist, showing that MSCs may promote

the proliferation and differentiation of B-cells [204].

Complement System

The complement system represents the major fluid phase innate immune surveillance
system [205]. Built up as a protein cascade, the complement system contains multiple serine
proteases, which can be activated by different pathways early after trauma and during
systemic inflammation [205 206, The generated complement activation products can
function as anaphylatoxins (C3a, Cb5a), opsonins (C3b), or membrane attack complexes
(MAC formed by C5b-9) all of which help sensing and clearing of tissue debris, damaged
cells, and pathogens after trauma [27]. However, if excessively produced or out of control
by suppressed complement regulatory proteins (CRegs), activated complement may also
reveal harmful features for the host [206].

On a cellular level, multipotent MSCs are critically involved in healing processes after
tissue damage and bone fracture. A hypothesis-free global transcriptional analysis of the
bone fracture region post trauma suggested, that several complement and coagulation
factors are significantly upregulated at the fracture site [208]. Focusing on MSCs, it is well
established that these cells express several key complement receptors (e.g. C3aR or Cba
receptors) and membrane-bound CRegs (e.g. CD35, 46, 55, and 59) all of which play an
important role in the concerted recruitment of leukocytes and subsequent induction of
repair processes 1209 Trauma can also result in systemic complement activation with
generation of the central anaphylatoxins C3a and C5a, which can induce all classical signs
of inflammation [2101. C3a represents a potent chemoattractant for MSCs [211] and Cba
strongly chemo-attracts neutrophils and macrophages. Moreover, opsonisation of MSCs
via C3b deposition results in subsequent phagocytosis by macrophages. Concerning the
terminal pathway, MAC formation on MSCs can lead to cellular lysis and thus impaired

regeneration [20% 2121, Concerning cell survival, generation of C5a can induce apoptosis of
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MSCs [213]; whereas, in contrast, it prevents apoptosis in neutrophils via enhanced
expression of the anti-apoptotic Bcl-xL [214],

The multifaceted modulation of MSCs by complement activation products led to the
development of novel therapeutic approaches. Nanoparticles spiked with the C5aR,
functioning as a decoy mechanism for excessive C5a, revealed some protective effects for
MSCs [2131. Similarly, “painting” MSCs with factor H, a central native complement
inhibitor, turned the MSCs resistant against both a complement- and neutrophil-driven
attack [216]. Another approach addresses differentiation processes of MSCs: During the
differentiation from MSCs to osteoblasts, C5aR is upregulated dependent on the
regulation of the urokinase receptor (uPAR) and downstream NfkB transcriptional
program. Blocking the C5aR impaired osteogenic differentiation, indicating towards an
effective immune modulation of the MSC-driven regeneration process by targeted
complement inhibition [217]. However, future translational studies need to investigate and

proof efficacy of such a complement-based MSC modulation.

Immune cell regulation a possibility for personalized treatment

to support fracture healing?

Delayed or impaired fracture healing, which occurs in up to 20% of all fractures [?18], and
septic complications represent growing challenges in orthopedic and trauma surgery.
Currently, failures in bone healing are detected radiologically 4-6 weeks after the initial
treatment. This considerably prolongs the healing time in patients with healing deficits.
The above mentioned studies describe crucial roles of the innate and adaptive immune
system in these processes (figure 8). Hence, immune scenarios characteristic for patients
frequently developing delayed or impaired bone healing, or even septic complications
were identified. The alterations in the immune response usually become apparent early

in the healing process of a fracture, some even at the time of hospitalization of the patients.

This opens new avenues for early interventions. With a tool to stratify patients with higher
risks for delayed healing, therapeutic approaches to treat these patients are needed. With

a demographically aging population the percentage of elderly patients, with an educated
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and aged immune system, presenting themselves in the clinic with a fracture will rise.
This factor has to be considered when developing and testing new therapeutic strategies
based on immune modulation, emphasizing the need for a paradigm shift in animal
models. In 2016 Stephen Badylak stated that the immune system as a regulator of organ
and tissue development and as an orchestrator of the healing process after injury is often
neglected in research models 219 Although, there are rising numbers of studies
emphasizing that the immune status of the pre-clinical model could be decisive for the
research results [190.220, 221] state of the art is to keep animals as clean as possible, i.a. most
rodent models housing is often either pathogen free or specific pathogen free. In both
housing conditions the immune experience is minimal. This is partly attributed to the fact
that so far no standardized method has been found to measure or report immune
competence or experience in pre-clinical models. Using mice with effector/memory T-
cells, kept under housing conditions that allowed environmental pathogens [171 1%], an
immunomodulatory strategy was tested that enhanced cyclic adenosine monophosphate
during the initial phase of bone healing though local application of the prostacyclin
analogue Iloprost. Prostacyclin, previously used to treat bone-marrow edema [222 223],
reduced the pro-inflammatory reaction of effector memory T-cells in vitro, while
strengthening the anti-inflammatory reaction of regulatory T-cells, one natural
counterpart to CD8* effector cells [224]. In an immune experienced mouse osteotomy model
local delayed release of Iloprost significantly enhanced bone healing, while reducing the
number of CD8* T-cells in the early healing phases [22l. In contrary, a previous study
reported that Iloprost inhibited bone healing in a rat fracture model [22%]. The discrepancy
in statements can be explained by the unstabilized fracture in the rat study or the systemic
versus local application of lloprost. However, the immediate prostacyclin administration
in the rat study probably prevented the necessary initial pro-inflammatory reaction and
this caused the observed lack in healing. This demonstrates that the complexity of the
bone healing process combined with the complexity of the immune system and reaction
upon injury demands a very careful strategy when immunomodulation is to be achieved
to improve bone healing. Especially as both systems, the bone and the immune system
share signaling pathways. This means that by targeting one system one could very well
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also influence the other. Nevertheless, immunomodulation is a promising future
treatment approach to enhance bone healing in patients with an overarching immune
reaction to injury that will probably became a personalized therapy option, where the
immune composition of the patient has to be taken into account. And with bone being a
model for regenerative healing, knowledge gained in bone research could become a blue

print to enable scar-less healing in non-regenerative organs in the future.

Summary and Conclusion « | Formatiert: Uberschrift 1

Bone is considered as an osteoimmune system based on cooperatively acting bone and

immune cells, cohabitating within the bone marrow. The different cells types are highly

interdependent, sharing progenitors, mediators, and signaling pathways. MSCs with

their manifold immunomodulatory and regenerative properties serve as progenitors for

fibroblasts, chondrocytes and osteoblasts during fracture healing. Immune cells of the

innate and adaptive immune system influence viability and differentiation capacity of

MSCs during this process. Alterations in the immune response usually become apparent

early in the fracture healing process, which opens new avenues for early interventions.

However, to investicate new therapeutic strategies aiming to balance altered immune

responses during fracture healing requires to address not only the innate but also the

adaptive immune responses. This raises the need for advanced model systems.
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Figures and Figure Legends
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Figure 1: Cell composition at the site of fracture. During the different phases of fracture healing
the cell composition at the site of fracture changes. Expected timeline of normal (blue) and delayed
(magenta) fracture healing is depicted below the phases of fracture healing. Colored (blue and
magenta) beams representing the timeframe where immune cells are expected to be active at the
site of fracture, based on different in vivo studies. Orange beams representing the timeframe where

mesenchymal stem cells, chondrocytes, osteoblasts, osteoclasts endothelial progenitor cells

(EPCs), and endothelial cells (ECs) are involved in the fracture healing process. CD - cluster of

differentiation.
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Figure 2: Schematic overview on the regulatory role of neutrophils during fracture healing.

Factors secreted / released from neutrophils and mesenchymal stem cells (MSCs) regulate cellular

responses during fracture healing. Neutrophil-derived factors are marked in green. MSC-derived

factors are marked in orange. Local increase in danger associated molecular patterns (DAMPs),

Interleukins 8 (IL-8 or CXCLS8) and 1 alpha (IL-1a) attract neutrophils to the site of fracture. There

neutrophils secrete /release factors e.¢. tumor necrosis factor alpha (TNF-a), interleukin 10 (IL-

10), C-C-motif chemokine ligand 2 (CCL2), azurocidin 1 (Azul), cathelicidin (LL-37), vascular

endothelial growth factor (VEGF), angiopoietin 1 (Angl), matrix metalloproteinase 9 (MMP9),

reactive oxygen species (ROS), neutrophil extracellular traps (NETs), and extracellular matrix

(ECM) components to interact with other cells in the site of fracture. MSCs secrete /release factors

e.q. granulocyte-macrophage colony-stimulating factor (GM-CSF), interleukins 6 (IL-6) and 8 to

affect neutrophils. Colored arrows depict stimulation and blunt end lines inhibition. Dashed black

arrows indicate differentiation processes.
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Figure 3: Schematic overview on the regulatory role of monocytes and macrophages during

fracture healing. Factors secreted / released from mesenchymal stem cells (MSCs), monocytes,

and monocyte-derived cells regulate cellular responses during fracture healing. Factors derived

from monocytes and macrophages are marked in green. MSC-derived factors are marked in

orange. Local increase in C-C-motif chemokine ligand 2 (CCL2) attract monocytes to the site of

fracture, which in the presence of C-C-motif chemokine licand 5 (RANTES or CCL5) and

interleukin 12 (IL-12) differentiate in to dendritic cells, in inflammatory environment get primed

towards pro-inflammatory M1 macrophages, or in the presence of interleukins 4 (IL-4) and 13 (IL-

13) transform into anti-inflammatory M2 macrophages. Depending on their differentiation state

monocyte-derived cells secrete /release factors e.¢. tumor necrosis factor alpha (TNF-a),

interferon gamma (IFN-y), CCL2, vascular endothelial growth factor (VEGF), bone

morphogenetic protein 2 (BMP2), transforming growth factor beta (TGF-(3), oncostatin M (OSM),
interleukins 1 beta (IL-13), 6 (IL-6), 8 (IL-8), and 10 (IL-10) to interact with other cells in the site of

fracture. MSCs and MSC-derived cells secrete /release factors e.¢. macrophage colony-stimulating

factor (M-CSF), IL-10, TGF-(3, receptor activator of nuclear factor kappa-B ligand (RANKL), or its

antagonist osteoprotegerin (OPG) to affect the monocyte derived-cells. Colored arrows depict

stimulation and blunt end lines inhibition. Dashed black arrows indicate differentiation processes.
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Figure 4: Schematic overview on the regulatory role of mast cells during fracture healing. Cellular

responses during fracture healing are orchestrated by factors secreted / released from mast cells

and mesenchymal stem cells (MSCs). Factors derived from mast cells are marked in green. MSC-

derived factors are marked in orange. Mast cells communicate with other cells during fracture

healing by producing and releasing a large variety of factors e.¢. tumor necrosis factor alpha (TNF-
a), interleukins 1 beta (IL-1B), 6 (IL-6), and 8 (IL-8), keratinocytes-derived chemokine (KC or
CXCL1), macrophage inflammatory protein 2 (MIP-2 or CXCL2), fibroblast growth factors (FGF),

vascular endothelial growth factor (VEGF), transforming erowth factor beta (TGF-f3), receptor

activator of nuclear factor kappa-B licand (RANKL), or Histamines. MSCs in turn affect mast cells

by secreted factors e.g. IL-6, TGF-f3, or VEGF. Colored arrows depict stimulation and blunt end

lines inhibition. Dashed black arrows indicate differentiation processes.
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Figure 5: Schematic overview on the regulatory role of dendritic cells and NK cells during

fracture healing. Fracture healing is affected by factors secreted / released from mesenchymal

stem cells (MSCs), natural killer cells (NK cells) or monocyte-derived dendritic cells. Factors

derived from NK cells and dendritic cells are marked in green. MSC-derived factors are marked

in orange. NK cells get attracted and primed by local increase in factors, e.¢. tumor necrosis factor
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alpha (TNF-a), interferons alpha (IFN-a) and beta (IFN-B), and interleukins 6 (IL-6), 12 (IL-12), 15

(IL-15), 18 (IL-18), or 21 (IL-21). NK cells, depending on their activation status, secrete factors, ¢.9.

TNF-q, interferon gamma (IFN-y), vascular endothelial growth factor (VEGF), or pro-platelet

basic protein (PPBP or CXCL7). Dendritic cells differentiate from monocytes in the presence of

TNF-qa, IL-12, and C-C-motif chemokine ligand 5 (RANTES or CCL5). Dendritic cells then secrete

factors, e.¢. TNF-qa, transforming growth factor beta (TGF-f3), and interleukins 10 (IL-10) and IL-

12. Both cell types get strongly affected by factors secreted / released from MSCs, e.¢. C-C-motif

chemokine ligand 2 (CCL2), prostaglandin E2 (PGE2), granulocyte-macrophage colony-
stimulating factor (GM-CSF), TGF-B, or interleukins 4 (IL-4), IL-6 and IL-10. Colored arrows

depict stimulation and blunt end lines inhibition. Dashed black arrows indicate differentiation

processes. CD - cluster of differentiation.,
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Figure 6: Schematic overview on the regulatory role of T-cells during fracture healing. Fracture

healing is affected by interactions between mesenchymal stem cells (MSCs) and T-cells. However,

the effect strongly depends on the activation or differentiation status of the T-cells, which is in

CD4+ T-cells strongly dependent on activation of signal transducer and activator of transcription

(STAT) signaling. T helper type 1 (Thl) cells get primed by interferon gamma (IFN-y) and
interleukin 12 (IL-12), which activate STAT-1 and STAT4 signaling in these cells. Th1 cells then

secrete factors e.¢. tumor necrosis factor alpha (TNF-a), IFN-y, or interleukin 2 (IL-2). T helper
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type 17 (Th17) cells get primed by transforming growth factor beta (TGF-f) and interleukins 1

beta (IL-13) and 6 (IL-6), which activate STAT3 signaling in the cells. Th17 cells then secrete factors

e.g. interleukin 17 (IL-17) and receptor activator of nuclear factor kappa-B licand (RANKL). T
helper type 2 (Th2) cells, characterized by activated STAT-6 and GATA3 (GATA Binding Protein

3) signaling, get primed by interleukins 2 (IL-2) and 4 (IL-4), and secrete factors e.¢. interleukins 4

(IL-4), 10 (IL-10) and 13 (IL-13). Regulatory T cells (Tregs) get attracted and primed by factors, g.¢.

C-C-motif chemokine licand 22 (CCL22), TGF-3, and IL-2, which activate forkhead box P3
(Foxp3), STAT-3 and STAT-5 signaling in these cells. Tregs then secrete factors e.¢. IL-4, IL-10, and

TGF-B, to regulate osteoblast and osteoclast function, but also activation of T-cells. The same
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factors (IL-4, IL-10, and TGF-f) are also released by v6 T-cells. CD8* cytotoxic T-cells enhance the

pro-inflammatory reaction by releasing factors, e.¢. TNF-a and IFN-y. The different T-cell subsets,

get influenced by MSCs and osteoblasts, which secrete / release factors, e.g. TGF-, 1L-4,

rostaglandin E2 (PGE2), heme oxygenase 1 (HO-1), RANKL, or delta like ligand 4 (DLLA4).

Colored arrows depict stimulation and blunt end lines inhibition. Dashed black arrows indicate

differentiation processes. CD - cluster of differentiation.
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Figure 7: Schematic overview on the regulatory role of B-cells during fracture healing. Fracture

healing is affected by interactions between mesenchymal stem cells (MSCs) and B-cells. MSCs

may affect B-cells by factors, e.¢. interleukin 2 (IL-2), prostaglandin E2 (PGE2), and interferon

which interact with the programmed cell death 1 receptor (PD-1) and its ligand

(PD-L1). Resulting activation of mitogen-activated protein kinase (MAPK) and is downstream
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target MEK partner 1 (MP1), induces B-cells to secrete / release factors, e.¢. tumor necrosis factor

alpha (TNF-a), transforming growth factor beta (TGF-(), interleukin 10 (IL-10), and C-C-motif

chemokine ligand 3 (CCL3). Colored arrows depict stimulation and blunt end lines inhibition.

Dashed black arrows indicate differentiation processes. CD - cluster of differentiation.
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Figure 8: Overview on the roles of immune cells and MSCs during the different phases of fracture

healing. NK cells: natural killer cells; MSCs — mesenchymal stem cells; ARDS - acute respiratory

distress syndrome; SIRS -

system inflammatory response s

drome; MODS - multi-organ

dysfunction syndrome; IL-10 - interleukin 10.
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