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ABSTRACT

Most of what is known about the biological response during fracture healing comes from
numerous animal studies with shaft fractures in the long bone. However, most patients suffer
from fractures closer to the ends of the long bones, in the hip, or in the vertebrae. These types
of fractures mainly involve cancellous bone, while shaft fractures concern cortical bone.
Compared to cortical bone whose structure is dense and compact, cancellous bone is of spongy
and porous structure. A growing number of studies point towards that cortical and cancellous
bone heal differently. To even this imbalance in knowledge between these two types of bone
tissue, further studies in cancellous bone are justified.

In this thesis we delved into the quiet unknown processes behind cancellous bone healing.

In the first study we characterized and compared two models for cancellous bone healing in
mice and rats: the first model can be used to analyze the morphology and morphometry of the
regenerating bone; the second model can measure the mechanical properties of cancellous bone.
The two models correspond in their developing patterns during the first week before they
diverge. This suggests that these models can be utilized together to evaluate the initial healing
in cancellous bone. Furthermore, we saw in the drill hole model that the bone formation is
strictly restricted to the traumatized region, with a distinct interface to the adjacent uninjured
tissue.

The second study characterized the cellular response during the initial healing phase in
cancellous bone. The focus was to follow the spatial location of inflammatory and osteogenic
cells over time in a cancellous bone injury. In contrast to shaft fractures (cortical bone), where
healing is described as sequential events where inflammatory cells are the first to arrive to the
trauma before osteogenic cells are recruited and initiate healing, we could see how
inflammatory and osteogenic cells appeared early, simultaneously after a cancellous bone
injury. This study showed that cancellous bone differs from how fracture healing is normally
described.

In the third study we explored the role of a subpopulation of lymphocytes (CDS8 positive cells),
earlier studied in shaft fractures. We wanted to see how their absence would affect the healing
in a cancellous bone injury. Without CD8" cells, cancellous bone healing was impaired as
expressed via poorer mechanical properties of the regenerated bone tissue.

The fourth and last study issued the influence of uninjured bone marrow on cortical bone
healing. We developed a cortical defect model which blocked uninjured marrow from reaching
the defect. Without the presence of marrow, the cortical defects ability to regenerate was
significantly impaired. This implies that the marrow is important for cortical bone healing.

In conclusion, cancellous bone healing is different from its cortical counterpart and the general
perception of fracture healing. We have briefly discerned healing mechanisms in cancellous
bone that might be of clinical importance: the restricted cancellous bone formation is something
to take into consideration when performing arthrodeses; and importance of marrow in skeletal
defects (e.g. pseudarthroses). With this thesis, we hope to promote that further investigating on
cancellous bone healing is necessary.
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POPULARVETENSKAPLIG SAMMANFATTNING

Skelettet ar ett ytterst dynamiskt organ som dr under stindig ombyggnad och &r involverat i
flera fysiologiska processer i vara kroppar. Den mineraliserade benvdvnaden kan delas upp i
tvé kategorier: kortikalt och spongidst ben. Kortikalt ben ér det harda och kompakta holjet som
innesluter benens innanméte. Spongidst ben dr mer pords i sin uppbyggnad och finns i riklig
mingd i dndarna pé rérben, i hoftben och i1 ryggkotor.

Nir ett ben utsétts for ett trauma, till exempel vid ett fall, som &r kraftigare &n vad benet tal sa
gér det sonder och det bildas en fraktur. Vi har idag mycket kunskap om vad som sker efter
frakturer i mitten pa rorben, sd kallade skaftfrakturer. Detta &r frakturer som framst berér
kortikal benvédvnad. Varfor vi vet mer om dessa frakturer dr pa grund av enkelheten att studera
detta i djurforsok. Patienter rékar dock ofta ut for handleds- och hoftfrakturer — frakturer som
involverar spongidst ben i1 hogre grad. Mycket tyder pé att kortikalt och spongidst ben ldker
olika pa grund av skillnader i deras biologiska sammansittning. Obalansen i kunskapsniva
kontra frakturfrekvens mellan dessa tvd benvdvnader talar for att fler studier om spongids
benldkning bor utforas. Detta motiverade oss att undersoka lakningsprocesser i spongidst ben.

Forst la vi mérke till att 1dkning 1 spongidst ben &r ytterst begransad till det skadade omradet.
Det var en skarp avgriansning mellan den angrinsande oskadda vdvnaden och det nybildade
benet i skadan som endast bredde ut sig ett par millimeter. Detta skiljer sig fran hur kortikalt
ben vanligtvis ldker dér man ofta ser en expanderande nybildad vévnad, dven kallad for kallus.
Den begriansade benbildningen i spongidst ben kan forklara varfor steloperationer har
svérigheter att laka. Steloperationer gar ut pa att foga ihop separata ben for att lindra smairta i
en led och genomfors genom att tva ytor av spongiost ben fors samman for att ldka ihop.
Overskrider mellanrummet mellan ytorna endast ett par millimeter riskerar ytorna att inte liika
ihop.

Vi kunde ocksa se hur celler frdn immunforsvaret tidigt dok upp i den spongidsa skadan,
samtidigt som benbildande celler. Frakturldkning brukar annars beskrivas som ett sekventiellt
forlopp dar immunceller anldnder forst for att sedan locka dit benceller. Utifran vara fynd drar
vi slutsatsen att benbildande celler i spongids benvdavnad kan reagera pa trauman sjalvstandigt
och snabbt paborja ldkning pa egen hand.

I en annan studie undersokte vi hur viktig benmérgen dr vid ldkning av en kortikal benskada.
Vi blockerade benmaérgens dtkomst till en nybildad skada i det kortikala benet. I de skador dér
benmaérgen inte var blockerad kunde vi se hur skadan ldkte ihop med nytt ben. Daremot i de
skador dédr benmirgen var blockerad kunde vi inte se ndgon lakning eller nybildat ben. Detta
tyder pa att ndrvaron av benméirg vid kortikala benskador dr av betydelse och nédvéndig.

Sammanfattningsvis har vi pavisat att spongios benldkning skiljer sig fran den konventionella
beskrivningen av frakturldkning. Frakturldkning dr en méngfacetterad process som inte kan
summeras i ett och samma forlopp. Framtida forskning inom omradet bor uppmérksamma
vilken/vilka benvédvnader det 4&r man faktiskt studerar.
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INTRODUCTION

Bone is a dynamic tissue which constantly remodels itself, and with the unique ability to heal
without any scar formation.'~® Bone tissue can be distinguished into two types: cortical bone -
dense and compact in structure, forming an outer hard shell around bones; and cancellous bone
- spongy and porous in structure, located in the ends of long bones, the hip, and the vertebrae.

When a bone is exposed to a force higher than it can support it will break, creating a fracture.
Fracture healing is described in the literature as a sequential process with overlapping phases:
inflammation — accumulation of inflammatory cells; soft callus formation - cartilage formation;
hard callus formation — the cartilage is mineralized and becomes new woven bone; and bone
remodeling — the woven bone is replaced by lamellar bone which is more organized and
stronger.>*!35712 This process mainly concerns cortical bone healing in so called shaft fractures.
Much is known about these types of fractures because they are relatively easy to study in animal
models. However, the most common fractures in patients occur in cancellous bone - wrist
fractures and vertebral compression fractures.'*!> Cancellous bone healing is more or less
devoid of soft callus formation, able to form new bone directly and more rapidly within the
confinement of the injured site compared to shaft fractures.!®"'” More and more studies point
towards a difference between cortical and cancellous bone in their healing and response to
treatments;'®?? this implies the need for more studies in cancellous bone.

In this thesis, we explored mechanisms behind the rather unfamiliar healing processes in
cancellous bone.

Papers in brief

Initially, our ideas for this thesis came from a clinical study on patients with distal radial
fractures, where biopsies from the healing region were studied under the microscope.?* Bone
formation is thought to start from already existing bone surfaces, such as damaged trabeculae,
which will expand and fill out defects.>* Whereas in the distal radial biopsies, new bone
formation could be seen located freely in the bone marrow with minor signs of contact with
adjacent old trabeculae, and cartilage formation. It seemed that the bone marrow cells were able
to respond independently to the trauma and form bone directly in the marrow space without
contribution from old bone surfaces.

This observation gave inspiration to explore the role of the marrow in cancellous bone, and its
seeming ability to form new bone directly. Four studies were conducted and included into this
thesis: the first describes two models for cancellous bone healing; the second focus on the initial
healing phase and different cell types involved in cancellous bone healing, including a minor
cell depletion study; the third is a cell depletion study, which monitor the involvement of a
certain lymphocyte subpopulation in cancellous bone healing; the forth describe the role of the
marrow in cortical bone healing.



Paper I — Experimental models for cancellous bone healing in the rat.

Aim: Compare and evaluate implanted screws and drill holes in cancellous bone as models for
bone healing.

Method.: Bilateral drill holes were made in proximal tibiae in rats. In one drill hole a steel or a
radiolucent PMMA screw was inserted (Figure 1). Pull-out force of the implanted steel screws
was mechanically tested, and bone formation in the drill holes and around the PMMA screws
were measured using microCT after 1, 7, 14 and 28 days.

Figure 1. Radiographic images of (A) a drill hole, and (B) a PMMA screw in proximal tibia, one week
after surgery.

Results: The pull-out force of the screws increased during the first week (Figure 2A) as well as
the bone formation in the drill holes and around the PMMA screws (Figure 2B-C). Although
the bone formation declined thereafter.
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Figure 2. (A) The pull-out force of steel screws gradually increased up to two weeks but would not
change after that. (B) The bone volume (BV/TV) inside the drill holes and (C) around PMMA screws
peaked after one week before it declined.



Conclusion: Pull-out force and bone formation corresponded during the first week, and appear
to reflect a bone-healing response, before they deviate in different directions.

Paper II — Osteoblast precursors and inflammatory cells arrive simultaneously to sites of
a trabecular-bone injury.

Aim: Monitor the initial healing response and the importance of timing and arrival of
inflammatory, and osteogenic cells in a cancellous bone injury.

Method: A drill hole was made in the proximal tibia in rats. From day one to five the tibiae
were stained for inflammatory (granulocytes and macrophages), and osteogenic cells
(mesenchymal cells and preosteoblasts) using immunohistochemistry. The number of stained
cells were later quantified in the healing bone tissue.

A subgroup of animals received a single injection of clodronate liposomes, to deplete
macrophages, either 24 hours before or after a drill hole was made in their proximal tibia. After
a week, the bone formation in the drill holes was quantified by microCT.

Results: Granulocytes could be seen in moderate numbers by the first day within the hole,
before they gradually disappeared (Figure 3A). A modest number of macrophages were seen
the first two days before they increased by day three, and then decreased (Figure 3B).
Mesenchymal cells accumulated in the periphery of the hole already at day one, and by day
three they dominated the entire region of the lesion (Figure 3C). A few preosteoblasts were seen
at day one and peaked by day four (Figure 3D).
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Figure 3. Quantification of cell populations in drill holes in proximal tibia. (A) Granulocytes decreased in
numbers over time. (B) Macrophages increased in numbers and peaked by day three before they
decreased. (C) Mesenchymal cells numbers raised rapidly up to day three and peaked by day four. (D)
Preosteoblasts increased gradually and peaked by day four before their numbers declined.



Clodronate liposomes given 24 hours before injury reduced bone volume (BV/TV) by 33%
compared to controls, while administration 24 hours after injury had no such effect (Figure 4).

24h 24h

Control

Figure 4. MicroCT analysis of drill holes in proximal tibia, one week after trauma. (A) Radiographic
images showing drill holes. (B) Measurement data of bone formation (BV/TV) in drill holes; clodronate
reduced bone formation by 33% when given 24 hours prior to trauma (-24 h) compared to controls.
When given 24 hours after trauma (24 h) no effect on bone formation could be seen.

Conclusion: Mesenchymal and inflammatory cells appear to be activated simultaneously upon
trauma in cancellous bone. This is different from the sequential events in shaft fracture healing,
were inflammatory cells are the first to arrive to the injured site before mesenchymal cells are
recruited and initiate healing.

Clodronate liposomes impairs bone formation, suggesting that the presence of macrophages in
the injury during the first day is crucial. However, there is a possibility that the reduced bone
formation is due to a direct inhibitory effect of clodronate itself which cannot be ruled out.

Paper 111 — Depletion of cytotoxic (CD8%) T cells impairs implant fixation in rat cancellous
bone.

Aim: Deplete cytotoxic (CD8") T cells and study the effects in a cancellous bone injury.

Method: Bilateral drill holes were made in the proximal tibiae in rats, where one hole received
a steel screw. Anti-CDS antibodies were injected 24 hours prior to the trauma to deplete CD8"
cells. After a week, the pull-out force of the screws was mechanically tested and bone formation
in the drill holes was measured with microCT.

Results: Anti-CD8 antibodies showed no effect on bone formation in the drill holes. However,
the pull-out force and stiffness were reduced by 19% (p <0.05) and 34% (p < 0.01) respectively
compared to the controls (Figure 5).
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Figure 5. Results from mechanical evaluation of implanted screws, one week after insertion (lines
representing the mean and bars 95% confidence intervals). Anti-CD8 antibodies reduced the pull-out
force by 19 % (p < 0.05, 95% CI: 3 to 35) and stiffness by 34% (p < 0.01, 95% CI: 18 to 50) compared
to controls.

Conclusion: Depletion of CD8" cells prior to implant insertion impairs fixation, suggesting that
CD8" cells are important during the first day for a proper healing response.

Paper IV - Marrow compartment contribution to cortical defect healing.

Aim: Explore the influence of the neighboring, uninjured marrow on cortical bone healing in
mice.

Method: In mice, a groove was milled along the femoral shaft, followed by removal of the bone
marrow in the area of the cortical defect. Next, two silicone plugs were inserted into the marrow
compartment, distal and proximal to the defect, thus preventing the remaining marrow to enter
the injury. The mice were killed five or ten days after injury, their femurs harvested and
prepared for histology with H&E staining.

Results: After five days, the defects without plugs showed regeneration of bone marrow-like
tissue in the defect (Figure 6A). In contrast, no regeneration could be seen in those with silicone
plugs (Figure 6B).

Figure 6. H&E staining of five-days-old cortical defects. (A) New bone marrow-like tissue (purple) could
be seen in the controls and inflammatory cells filling the cortical gap. (B) In the silicone-plug group, no
regenerated tissue in the marrow compartment could be seen.



After ten days, the cortical gap was lined with new bone in the femurs without plugs (Figure
7A). No regeneration or bone formation could be seen when silicone plugs were used (Figure
7B).

Figure 7. Ten-days-old cortical defects. (A) Complete cortical bridging, with a distinct interface between
the regenerated marrow-like tissue (purple) and newly formed bone could be seen in the controls. (B)
No tendencies to cortical bridging could be seen in the silicone group, however, some animals showed
newly formed bone in the marrow compartment.

Conclusion: The absence of bone marrow impairs the healing of cortical defects in mice; the
presence of bone marrow seems to have an important part in the healing process of cortical
bone.

Animal models and fracture healing

Usually when studying fracture healing in animal models, you break a long bone in half, leave
it to heal, and then measure the force required to break it again — to get a measure on how well
it has healed. The force is measured by a so called three-point-bending test where the bone is
placed on two supporting points before a force is applied in the middle of the bone, pushing it
downwards until it breaks.?>2

This method however, primarily measures the strength of the bone cortex (cortical bone) and
bending resistance. Cancellous bone is not constructed to resist bending forces but rather
compressive ones; this makes it difficult to evaluate cancellous bone mechanically.

Drill holes and screws for studying bone healing?

To study healing in cancellous bone, our group has developed a model where a syringe needle
is used to drill a hole in the proximal metaphysis in the tibia in rats or mice. The drilling of the
hole will trigger a healing response which will fill the drill hole with new - rather dense - bone
in less than a week, with the shape of a cylinder and a distinct border between the new bone
and uninjured tissue.

If you insert a screw into the hole after it is made, the healing response will form new bone
around the screw threads instead — holding the screw. When the screw is pulled, the bone around
the screw is exposed to compressive forces, and more bone — or bone of better quality — means
a higher compression resistance. That is, a higher/better bone formation means a greater force
is required to pull the screw out. This way we can measure the pull-out force of the screw to
estimate cancellous bone healing mechanically as well.



We have used these two models (drill hole and screw) in several pharmacological experiments
and seen that bone anabolic or anti-catabolic drugs increase both bone formation in the drill
holes and pull-out force of the screws compared to non-treated controls.?22728

Over the years, the screw model has been criticized, not seen fit as a model for studying fracture
healing in cancellous bone. We agree, it is not a fracture-healing model, it is a bone-healing
model; we see the drill-hole model more as a bone-healing model as well, rather than a fracture-
healing model.

Our aim with these models is not to study fractures in order to come up with new treatments
that can be used in the clinic; our aim is to study healing processes to get a better understanding
of the mechanisms involved. An understanding which in the future may help others to develop
treatments that can be applied in a clinical setting. That is what we use our models for — to study
healing processes in a controlled setting that is standardized and to be able to generate
reproducible data.






HEALING PROCESSES IN CANCELLOUS BONE

The idea for this thesis came from an observation in biopsies from patients with distal radial
fractures.”® In contrast to the belief that bone healing originates from old bone tissue,?* the
biopsies showed new bone formation in the marrow — distant from other bone surfaces. This
finding suggest that marrow cells can respond to trauma independently. To investigate this
phenomenon further, we began with a pilot experiment.

The focus of the pilot experiment was to see how small of an injury we could make to induce
bone formation in the marrow, with as little involvement from cortical bone as possible. We
did this by milling away the cortical bone before piercing the marrow, in the distal metaphysis,
with a thin razor blade. In a few of these specimens we could see a delicate formation of bone,
with the shape of a thin sheet, where the razor blade just had pierced the marrow (Figure 8).
However, we discarded this model since we were unable produce these thin bone sheets with a
sufficient reproducibility. Instead we decided to use our simpler drill-hole model.

Figure 8. Radiographic image of rat tibia showing restricted bone formation in the marrow compartment,
one week after being pierced with a razor blade (leftimage: transverse plane; right image: sagittal plane).

Even though our group has been using this model for years, it was not until this time that we
started to pay attention and question something that we had taken for granted. A week after the
drill holes are made, you can see this strictly localized bone formation: spreading less than a
millimeter from the traumatized region, which we had not thought about earlier.

After searching the literature to see if anyone else had observed this phenomenon, we found a
publication from the 1950s by the British orthopedic surgeon John Charnley.? While working
with knee arthrodeses, Charnley saw the same thing as us, but in human biopsies from the
intersection surfaces of the bones. The bone formation in the cancellous tissue would not reach
further than a couple millimeters from the traumatized regions (Figure 9). This observation has
been largely neglected since then, but nonetheless it is an important one; arthrodeses are well
known for their healing problems, and this restricted bone formation in cancellous bone might
explain why. Because, if the gap between the intersection surfaces is greater than just a couple

9



of millimeters, the surfaces will not fuse together — jeopardizing the healing and increase the
risk for revision surgery.

Figure 9. Human biopsy from a four-weeks-old knee arthrodesis showing bony union between the tibia
and femur (black color represents bone tissue).2® Note the strictly localized bone formation between the
intersection surfaces (grey area in the middle). Image included with permission.

Marveled by this - not earlier questioned - observation and asking ourselves why cancellous
bone formation is so strictly confined to the traumatized region, we believed that there must be
a biological difference between the injured and the uninjured tissue (Figure 10).

B SR T E RN R 1 R

Figure 10. Rat tibia showing bone formation a week after a drill hole has been made. Restricted bone
formation in cancellous bone may be due to differences in biology between the injured and the uninjured

tissue.
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Bone marrow cells respond — independently — to trauma

With the intention to get a glimpse of what is happening during early cancellous bone healing,
we conducted a pilot experiment to see what the healing of a drill hole in cancellous bone looked
like during the first four days. Using a conventional light microscope, we could see how
different types of inflammatory cells were changing their spatial localization, inside and around
the healing drill hole, day by day.

While looking in the microscope, something else caught our attention: spindle-shaped cells
appearing in the periphery of the healing drill hole, forming a circle around it, two days into
healing (Figure 11). During the two following days of healing, we could see how these cells
infiltrated further and further into the healing drill hole, until they occupied the whole region.
Due to their morphology, we suspected that these spindle-shaped cells were of mesenchymal
origin.

Figure 11. Drill hole (blue ring) in cancellous bone, two days after surgery. Spindle-shaped cells
appeared in the periphery of the healing drill hole, encircling it.

To confirm our suspicion that these cells were mesenchymal, and osteogenic, we stained the
cells for Runt-related transcription factor 2 (RUNX2): a marker expressed by preosteoblasts.
With RUNX2, we could see that our spindle-shaped cells were early osteoblasts on their way
to fill the drill hole with new bone tissue.

After this observation, we speculated that the mesenchymal cells, residing freely in the

uninjured bone marrow, might be activated either by the mechanical stimuli of the trauma or
by the initial inflammatory response to the trauma. Once activated, they migrate to the injured
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site and infiltrate it from the periphery, differentiating at the same time towards an osteogenic
cell lineage — producing organic matrix which will develop into woven bone.

We think that the expansion of the bone formation can be used to estimate migration of
osteogenic cells in vivo. In human biopsies of intersection from knee arthrodeses, the bone
formation in the healing cancellous bone ranged from 0.6-1.2 millimeters and rarely exceeded
2 millimeters.?’ We can see the same range of expansion in rat cancellous bone. Drill holes with
a diameter of 1.2 millimeters have no problem to heal and new bone can be seen within them
after a week. Drill holes with a diameter of 2 millimeters however, have difficulties to heal —
leaving the inner center of the drill hole with fibrous tissue (unpublished data). This suggests
that osteogenic cells, in both humans and rats, all behave and respond the same, and that
osteogenic cells have a limit on how far they can migrate and deposit bone — in cancellous bone
at least.

With the encouraging results from the pilot experiment, seeing how inflammatory and
osteogenic cells arrive and infiltrate the healing drill hole; we were now ready for a large-scale
study: with more animals in each group and an additional time point (five days after trauma).

As in the pilot experiment, we could see how different types of inflammatory cells shifted in
numbers over time in the healing drill hole, while osteogenic mesenchymal cells migrated into
it and started to fill the hole with tissue that would become new woven bone eventually.

This observation, that inflammatory and mesenchymal cells appear simultaneously, differs
from how shaft fracture healing is described in the literature; the common description is that
accumulation of mesenchymal cells usually appears after the initial inflammation from
inflammatory cells.5!2

Inflammation and bone healing

The time until bone formation starts in a shaft fracture can be as much as three times longer
compared to cancellous bone.'® The poor availability of local mesenchymal cells in the shaft
region, and the need for inflammatory signals to recruit mesenchymal cells from distant sources
to the fracture,>*2 might contribute to this delay. Cancellous bone on the other hand is rich in
mesenchymal cells, and responds to an injury with a local fracture healing response almost
instantly. 33

Moreover, it is not only the availability of mesenchymal cells that is important for bone healing,
but also where in the bone the injury occurs. Depending on the location in the bone, multiple
types of mesenchymal cells can be found; on the outer surface of the bone — the periosteal layer
— mesenchymal cells will initiate a bone healing response based on the formation of cartilage
(endochondral bone formation), while mesenchymal cells on the inner surface — the endosteal
layer - are more prone to respond to trauma with direct bone formation.3%-3

A previous study in mice showed that grafts of cortical bone with the periosteum and endosteum
still attached, produced cartilage regardless of whether the periosteum faced outwards or
inwards into a cortical defect. The endosteal side of the graft formed bone directly, irrespective
of its orientation.3®

Another characteristic of endosteal mesenchymal cells is that they show a greater cell
proliferation, and ability to communicate and control inflammatory cells compared to those
found in the central bone marrow.**** Endosteal mesenchymal cells are abundant in cancellous

12



bone, since it mostly consists of trabeculae which are all lined with endosteum - giving
cancellous bone its high regenerative potential.

The thought that shaft fractures rely on inflammation to heal is supported by the finding that
anti-inflammatory drugs — which attenuate the inflammatory response to injury — impair shaft
fracture healing, while cancellous bone healing is more or less unaffected: possibly
enhanced.?*?!

Inflammatory cells involvement in bone healing — Macrophages

A growing number of studies demonstrate the immune systems involvement in fracture healing
— including macrophages.3”*! Macrophages are a subtype of inflammatory cells responsible for
removing debris and pathogens by engulfing them through phagocytosis and have also been
shown to be important for fracture healing.

One way of studying the influence of cell types in vivo is to remove them from the system and
monitor the consequences. Removal, also called depletion, of cells can be achieved by genetic
manipulation or substance administration; one substance frequently used for macrophage
depletion is clodronate liposomes.**** When injected in vivo, the liposomes are recognized as
pathogens by the macrophages, that ingest them through phagocytosis. Once internalized, the
clodronate induces cell inactivation or cell apoptosis.

To combine this depletion strategy with our drill hole model, rats received a single injection of
clodronate liposomes intravenously either before or after drilling a hole in proximal tibia; the
motivation of different injection time points was to monitor the importance of timing and arrival
of macrophages to the injury.

One week later, we could see with microCT that the drill holes, which usually would be filled
up with new bone, looked “empty” in the rats that had received clodronate prior to surgery
(Figure 6A). Interestingly, the same effect was not seen in the rats that had received clodronate
after surgery. Their bones appeared normal. Also, microscopic analysis of these “empty” drill
holes showed a normal marrow stroma. It seemed as if the injured tissue in the drill hole had
skipped the bone formation step and healed directly into normal marrow, without any scar
tissue. However, earlier at day three, all samples — both treated and non-treated — looked the
same. No cellular or morphological differences could be seen, and both macrophages and
osteogenic cells were present.

This did not make any sense for us, we thought that the clodronate-treated rats would be
depleted of macrophages or at least have less macrophages. Furthermore, how is it that we can
see osteogenic cells within the drill holes at first, and no bone formation later?

We first speculated that circulating monocytes (macrophage precursor cells) had a significant
role in the bone formation process. Our idea was that monocytes from peripheral blood would
arrive in the injury from ruptured blood vessels upon trauma. The monocytes would then
deposit molecules in the hematoma, like a “scent blueprint”, which would attract osteogenic
cells and initiate bone formation. By removing monocytes, using clodronate liposomes, this
“scent blueprint” in the hematoma would be disturbed and impair the bone formation process.

However, after additional immunohistochemical studies (unpublished data), we could not see

any reduction in neither the number of monocytes or macrophages in the initial hematoma nor
in the adjacent marrow stroma. We now instead believe that the impaired effect on bone
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formation seen in our experiment is not due to monocyte/macrophage depletion, but of
clodronate having a direct negative effect on osteoblasts and bone formation instead.

Bisphosphonates, including clodronate, have been shown to have an inhibitory effect on
osteoblasts and bone mineral growth;*=! mineral growth is affected by bisphosphonates high
affinity to hydroxyapatite which can freeze mineral nucleation.*>%% Additionally, while
clodronate may block mineral deposition, it does not affect the formation of extracellular
matrix.*® Clodronate may accumulate in the bone marrow from either free clodronate, leaked
from liposomes, or released from dying macrophages in the marrow.>

This may explain why we can see osteogenic cells in clodronate-treated drill holes and no bone
formation later; the osteogenic cells may be in place, but their ability to deposit minerals has
been suppressed by clodronate that is stuck in the extracellular matrix; or the clodronate binds
to the minerals from the osteogenic cells and blocks further mineral nucleation. Furthermore,
why we cannot see the same effect in the clodronate-treated drill holes after surgery might be
that the clodronate cannot enter the hematoma due to disrupted blood flow.

In short, the impaired bone formation we could see from clodronate-liposome administration,
is possibly due to inhibitory effects of clodronate itself on bone formation, and not macrophage
depletion. For future macrophage-depletion studies in bone healing, an alternative depletion
method might be considered instead of clodronate liposomes.

Inflammatory cells involvement in bone healing — Cytotoxic T cells

Another cell type that has received attention in fracture healing is the cytotoxic (CD8") T cell
— lymphocytes involved in eliminating cancer-, or virus-infected cells. Our interest was
triggered by a paper reporting that patients with elevated levels of a specific CD8"
subpopulation showed delayed fracture healing.>* This paper included a supplementary study
in mice with a femoral shaft fracture showing that removal of CD8" cells enhanced bone
formation, compared to mice that had elevated levels of CD8" cells either naturally or by
injection of extra cells.

We could not find any previous studies considering CD8" cells and cancellous bone healing.
Without further ado, we planned an experiment to prove the hypothesis that depletion of CD8"
cells would have a positive effect on cancellous bone healing. For the experiment we used an
antibody which recognizes and depletes CD8" cells in the blood circulation when administered.
We injected the antibody in rats 24 hours before bilateral drill holes where made in proximal
tibiae, in which one of the holes received a steel screw.

After a week, the screws were pulled out while measuring the pull-out force. Contrary to our
hypothesis, we saw a negative effect in animals with depleted CD8" cells: the force used to
pull-out of the screws was lower compared to controls. Although depletion of CD8" cells did
not seem to affect bone formation in the drill holes without screws.

We had difficulties to interpret these results, but a previous study about shaft fractures showed
that transgenic mice without any T cells (and B cells) showed a soft callus with disorganized
collagen matrix and stiffer, more brittle bones.> In contrast, we saw a lower stiffness in our
study. This difference can be explained by differences in the animal models used. While the
other study was in mice with shaft fractures (cortical bone), with no T cells at all; our study was
in rats and cancellous bone, where we depleted just CD8" cells. Even though the study was
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different from ours, the observed initial disorganized collagen matrix helped us speculate about
our results.

We were not able to see any disorganized collagen in our samples, but that could be that we
looked at a later time point where the collagen structure cannot be distinguished. If we looked
at an earlier time point, we have might been able to see this disorganization as well.
Nonetheless, this disorganization might be the cause for the lower pull-out force of the screws
we saw in our study.

In brief, we speculate that CD8" cells are involved in the organization of the initial collagen
formation. If the CD8" cells are gone, the collagen matrix becomes less organized, which leads
to bone with a lower structural strength.

The fracture hematoma

How come inflammatory cells are important for bone formation when they are not directly
involved in the process? Fractures cause blood vessels in the bone to rupture, leaking blood into
the tissue and forming a hematoma — blood clot.*%3¢ The hematoma is a hostile world for cells,

with low oxygen levels and low pH, and not many cells can endure in such surroundings.>*>"-
59

Inflammatory cells however are more resilient to such conditions and can infiltrate the
hematoma.®*-%? Once inside the hematoma, inflammatory cells send signals to attract other cell
types (e.g. mesenchymal cells) to migrate to the zone of injury.»>*% This makes the hematoma
an important supply of cells and factors which are necessary for inducing a healing
response. 238

Without inflammatory cells to show the way, other cells cannot enter the hematoma/injury and
start the healing process,** and removal of the hematoma leads to impaired fracture
healing.®63:%6

A previous study showed the hematomas healing potential by taking hematomas from fractures
in rats and transplant them in other tissues;®’” when placed in muscle tissue, the hematoma would
still form bone tissue. One could think of fracture hematomas as preprogrammed bone-forming
packages.

Cortical bone cannot heal without the influence from bone marrow

For a study in mice,*® we had developed a model to study the influx of inflammatory cells in a
cortical bone defect. In the model, we removed a portion of the cortical bone in the femur
midshaft to get into the marrow compartment before the marrow was scooped out (Figure 12A).

The study included complementary histology of the healing defects just out of curiosity.
Looking in the microscope, we could see in the marrow ablated bones a fast regeneration of
new marrow-like tissue, not bone. This new marrow filled the former emptied marrow
compartment, with mesenchymal cells residing just where the cortical bone was removed -
producing new bone (Figure 12B). Once again, we witnessed this delineation between bone
marrow and bone formation.
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Figure 12. A) Cortical bone defect model - midportion of the femur cortical bone is milled away before
the marrow is scooped out. B) Cortical bone defect, five-days-old; the former emptied marrow
compartment regenerated, and bone formation could be seen in the cortical gap. Note the strict border
between new bone and marrow (purple).

It is thought that the healing of cortical bone is derived from cells from external sources such
as the periosteum, surrounding soft tissue (muscles), and blood circulation.3*3%%70 Whereas
from the looks of our cortical defects, we speculated if the healing might be derived from the
newly regenerated marrow.

These thoughts evolved to the hypothesis that osteogenic cells from the marrow compartment
are important for cortical bone healing. We hypothesized that if we could obstruct the cell
migration from the uninjured marrow adjacent to the cortical defect, the healing would be
impaired.

For this experiment, we now also included a group of mice that got silicone plugs inserted into
the marrow compartment after removing the cortical bone and marrow. The silicone plugs were
placed proximally and distally of the cortical defect and would act as barriers, preventing cells
from the uninjured marrow to enter the defect (Figure 13A). Interestingly, when the marrow
was blocked with a silicone plug on both sides of the defect, it would not heal at all: the emptied
marrow compartment did not regenerate new marrow-like tissue, as in the controls, and no cells
or bone formation could be seen in the cortical gap (Figure 13B).

Figure 13. (A) Cortical defect model with two silicone plugs inserted proximal and distal to the defect -
blocking uninjured marrow in the ends of the bone from entering the defect. (B) Cortical defect with
silicone plugs, ten-days-old; when the marrow was blocked, no regeneration of the marrow compartment
or bone formation in the cortical gap could be seen.
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This suggests that external sources such as the periosteum, adjacent muscle tissue, and blood
circulation are not enough to induce a proper healing process in cortical bone, but internal
signals from an intact or regenerated bone marrow are necessary as well. This is might be of
importance when treating for example pseudarthroses and skeletal defects in the clinic. For a
successful pseudarthrosis treatment, where the defect is filled with cement followed by bone
transplantation, it is thought that the defect needs to have contact with adjacent intact
marrow,’ "2 this thought is supported by our findings.

However, it is important to note that that our results may not be transferable to humans because
the murine diaphyseal bone marrow is haematopoietically more active compared to humans,
which is more adipose.”

Animal models vs. human patients

Even though humans and murines (rats and mice) share rather comparable physiological
features (e.g. immune system, cell types, response to injuries), there are several differences that
need to be considered.

For example, murines are quadrupeds and load their bones differently from how humans do
who are bipeds. These biomechanical differences might influence the healing pattern in
fractures. Moreover, while humans would not dream of putting load on a newly fractured leg
due to the pain, evolution has pushed murines to not show any weaknesses. A rat or mouse will
walk on a newly fractured leg, while trying to hide their limp in order to avoid being targeted
by potential predators. A fracture in a mouse or rat will therefore be exposed to mechanical
forces during the initial healing phase, which would not be the same in a human.

Another, and probably the most crucial difference, is that murines are considerably smaller than
humans, while the cell size is still the same. This means that a wound that is proportionally the
same size between a human and murine will be perceived very differently by a cell. For a cell,
a fractured femur in a human is a significantly larger injury compared to a fractured femur in a
rat or mouse. Because of this, a fracture in a murine will heal in less time and with less potential
consequences compared to a human, since the overall spaces will be smaller for the cells to
cover and regenerate.

With all the differences between humans and murines, the use and relevance of using murines
as animal models in studying fracture healing can be questioned. Can the results acquired from
animal studies really be applied to human patients? Animal models are not used to attain results
than can be translated directly into a patient’s situation; animal models are used to study
concepts in a controlled setting in order to generate reproducible data in a standardized way.

The benefits with murine models on the other hand, are that you can obtain results in a relatively
short time, they are cheap, and comes with less ethical requirements compared to larger animals.

Hopefully, our results from using animal models will lead to new insights and a better

understanding of the processes involved in fracture healing — helping doctors and patients in
the future.
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SUMMARY AND REMARKS FOR FUTURE RESEARCH

Compared to shaft-fracture healing, concerning cortical bone mostly, cancellous bone heals
more rapidly with minor soft callus formation. Cancellous bone is rich in mesenchymal and
inflammatory cells that upon trauma can dispatch an almost immediate healing response.
Together, mesenchymal and inflammatory cells organize bone formation that is very restricted
to the confinements of the injury. We believe that the initial hematoma after trauma is the reason
for this restricted bone formation.

Upon trauma, blood vessels rupture and blood fill out the injured tissue, forming a hematoma.
The hematoma houses inflammatory cells which recruits mesenchymal cells from the uninjured
adjacent marrow. Once inside the hematoma, the mesenchymal cells start to proliferate and fill
it out while they differentiate into osteogenic lineage. The hematoma functions similarly to a
scaffold and is eventually replaced with woven bone. However, this rapid bone formation seems
to come with a price.

Others have made observations in humans, and we in rat, that the bone formation in cancellous
bone will not expand further than a couple of millimeters. We speculate that osteogenic
mesenchymal cells are only able to migrate a certain distance before they settle and deposit
bone. This observation may be of clinical importance when working with injuries and
treatments in cancellous bone, especially arthrodeses and larger skeletal defects. If the gaps
between healing surfaces exceed more than a couple of millimeters, the greater the risk for a
compromised healing. For future and further investigating of this localized bone formation in
cancellous bone, we think focus should lie on the function and influence of the initial hematoma
on healing.

We also found that adjacent, uninjured marrow is important for the healing of cortical bone
defects in mice. The marrow seems to supply with crucial factors for a functional healing
response, and if the marrow is blocked from reaching the defect the healing is greatly impaired.
In clinical practice, allowing adjacent marrow to have access to skeletal defects as much as
possible is something to take into consideration. In this study we only focused on blocking the
interior influx of factors from the marrow compartment to the injury, in the future it would be
interesting to develop a model which instead blocks factors from the exterior (e.g. the
periosteum). Would the marrow be able to heal the cortical defect on itself, or is the healing
dependent on contribution from external sources as well?

Even if it seems that inflammatory suppression (using anti-inflammatory drugs) does not affect
cancellous bone healing, depletion of inflammatory subpopulations can have a detrimental
effect on the healing process. Inflammation is, among other things, responsible for recruiting
inflammatory and mesenchymal cells to the injured site. If the inflammation is suppressed, so
is the recruitment of cells; this will have dramatic effects in tissues which have rather few
resident cells (e.g. cortical bone) and rely on the recruiting function of the inflammation. For
tissues that are already rich in resident cells (e.g. cancellous bone), this is not a problem since
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the cells can respond and initiate healing locally. However, with systemic cell depletion you
eliminate a great portion of a subpopulation that might have an important part in the healing
process.

We could see that depletion of CD8" cells impaired implant fixation in cancellous bone,
suggesting that CD8" cells might be involved in the healing response in cancellous bone.
Although we were not able to present a possible mechanism of how CD8" cells influence
healing, we believe that analyzing the early gene expression in the healing tissue would be a
good start.

In this thesis we have addressed a few mechanisms that we have observed in cancellous bone
healing. Nonetheless, fractures are of a complex nature and most often concerns both cortical
and cancellous bone. Fracture healing is a rather vague term actually, and one of the greatest
challenges in orthopaedic research is to find variables that represent fracture healing. Because
when is a fracture healed really? Is it when its radiological appearance looks healed; the patient
can put weight on the fractured bone; the patient does not feel any pain anymore; or is it when
the fractured bone is totally remodeled?
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