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Abstract

To evaluate the inflammatory potential of implants a bioluminescent imaging assay was
developed using luciferase-expressing bone marrow cells that were injected into the blood
circulation of wild-type mice. After subcutaneous implantation of titanium discs as an
example for a clinically established biocompatible material, the luminosity was modest.
Similarly, low luminosity signals were generated by pure magnesium implants that were used
to represent metallic alloys that are presently under investigation as novel degradable implant
materials. Increased luminosity was observed in response to degradable polymeric PLGA
implants. Surgical wounds induced a basic luminescent response even in the absence of an
implant. However, the material-independent response to injury could be minimized using

injectable microparticle suspensions. In parallel with the resorption of biodegradable
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microparticles, the signal induced by PLGA declined faster when compared to the stable
polymer polystyrene. By using an interferon type I inducible Mx2 promoter construct to drive
luciferase gene expression, the highest luminosity was observed in response to bacteria,
indicating that the system could also be employed to monitor implant infections. Overall,
labeled bone marrow cells yielded specific, well-defined localized signals that correlated with

the inflammatory responses to implants.
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Introduction

With the increasing age of the human population, there is a growing demand for medical
implants. Many of the presently used materials used for manufacturing implants have
originally been developed for technical applications and could be improved to advance their
functionality or to patient-specifically customize the performance’. Implant materials have
been shown to stimulate inflammation to various degrees. Clinically established titanium
alloy bone implants have been shown to be highly biocompatible?. Polymeric microparticles
can be used for diagnostics or therapeutic applications®*. Even though the inflammatory
potential is higher, the clinically established degradable poly (lactic-co-glycolic acid) (PLGA)
or the stable polystyrene are investigated as particles for drug delivery or for imaging
purposes™'®. Chitosan is used in wound dressings and for experimental drug delivery'"'">. The
inflammatory potential of chitosan depends on several factors such as the anatomic site of
application and the degree of purity’. As an example for novel materials still under
investigation, magnesium alloys have been proposed as a sturdy biodegradable implant
materials for temporary applications'. In cell culture assays controversial results concerning
the cell compatibility were reported, depending on the specific assay used>®. In animal

models magnesium alloys were found to be biocompatible, similar to the titanium alloys*.

Minimizing the inflammation in response to implant materials is thought to be advantageous
to avoid side effects like delayed wound healing, excess fibrosis or in stent stenosis.
Therefore, tissue responses to novel implant materials are evaluated in experimental models
before considering clinical applications. To biologically characterize novel implant materials
two-dimensional cell culture tests are most frequently used as a primary evaluation method
for cell-material interactions®***. However, interactions in vivo are much more complex due to
temporal coordinated, three-dimensional dynamic interactions of a wide variety of cell types.

Even before implantation surgical injuries initiate inflammatory reactions. After implantation
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the implant material surface is quickly covered by components of the blood or of other body
fluids. The first inflammatory cells to arrive at the site of implantation are neutrophils from
the blood circulation. Neutrophils can secrete inflammatory mediators which attract additional
immune cells such as macrophages. Neutrophils can also secrete enzymes such as
myeloperoxidase and produce oxygen radicals that can damage pathogens, tissue or sensitive
implant materials. Inflammatory responses are necessary for wound healing but excessive
inflammatory processes can have undesirable consequences such as excessive fibrosis or even
cancer®%, Therefore, it is important to investigate inflammatory properties in vivo.
Conventionally, histology is used to evaluate the degree of inflammation. However, histology
requires animals to be sacrificed for each time point investigated. This can be avoided by in
vivo imaging techniques that allow non-invasive monitoring of inflammatory processes in
individual animals over the time. Several fluorescent probes are commercially available that
can be used to image inflammatory molecules®*. However, the resulting signals appear
dispersed and cannot be used to distinguish multiple clustered implants in the same animal?’.
Moreover, the light absorption and the fluorescence of ordinary tissue limits the detection

sensitivity?’*,

Bioluminescence could be used to evaluate the inflammatory potential of implant materials. A
significant advantage of in vivo imaging is the possibility to observe individual implants over
the time which could help to increase the consistency of the results and to minimize the
animal usage. The aim of this study was to provide a proof of principle that bioluminescent
mouse models could be used to evaluate inflammatory implants. Luminescently labeled cells
could be isolated from luciferase-expressing animals®*°. Previous investigations showed that
in transgenic mice the basal expression of luciferase from an Mx2 promoter construct was
efficient. Moreover, the promoter has been shown to be inducible by type I or type IlI
interferons and could potentially serve to differentiate sterile implant material-induced
31-34

inflammation from interferon-stimulating bacterial implant infections*=*. In a first attempt
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implant-dependent inflammation could not be visualized due to considerable constitutive
luciferase background activity in these mice. To avoid this background activity luciferase-
expressing bone marrow cells were isolated and intravenously injected in wild-type mice. In
this approach, the light emission at implantation sites depended on the capacity of
luminescent immune cells to migrate and accumulate in the tissue in response to inflammatory

signals.
Methods

Isolation of bone marrow cells

C57BL/6 mice that expressed luciferase from Mx2 promoter (Mx2 luc) were euthanized by
CO, asphyxiation *. Femur and tibia bones from the hind legs were isolated and washed in a
petri plate filled with ice cold RPMI (Rosewell Park Memorial Institute) medium (Sigma,
Germany) supplemented with 1% Penicillin/Streptomycin (Gibco, Germany) and 1%
Glutamine (Gibco, Germany). The bones were submerged in 70% ethanol for 1 minute and
then transferred to ice cold RPMI media. Then the joints were cut off and the bone marrow
was flushed out with ice cold RPMI medium using a syringe (Injekt, B. Braun Melsungen
AG, Germany) with a 26G hypodermic needle (Sterican, B. Braun Melsungen AG). Cell
suspensions were collected in 50 ml Falcon tubes and centrifuged at 1500 rpm for 5 minutes.
Supernatants were discarded and cell pellets were resuspended in erythrocyte lysis buffer.
ACK lysis buffer (1 ml per mouse) was added, followed by incubation at room temperature
for 1.5 minutes. Then 10 ml of RPMI medium was added and intact cells were pelleted by
centrifugation at 1500 rpm for 5 minutes. The supernatant was discarded and cells were
suspended in 10 ml of RPMI media. Cells were filtered through 100 pm strainer (BD falcon,

Germany) and counted using an automated cell counter (Beckman Coulter, Germany).

Purification and FACS analysis of neutrophil and monocyte-specific cell fractions



Neutrophil and monocyte-specific cell fractions were purified from total bone marrow cells
by MACS (Magnetic Activated Cell Sorting) using the Neutrophil isolation kit mouse and
Monocyte isolation kit mouse (Miltenyi Biotech, Germany), respectively, using a
QuadroMACS™ magnetic bead separator. For FACS analysis, cells were treated with Fc
blocking antibody for 20 minutes and then stained for 30 minutes using anti-mouse Ly6G
linked to V450 (BD Biosciences) at a dilution of 1:400 and anti-mouse Ly6C antibody linked
to APC (BD Biosciences) at a dilution of 1:200 in FACS buffer (PBS + 2% fetal calf serum
(FCS, Biovest, Germany). Labelled cells were washed twice with PBS and then fixed
following the manufacturer’s instructions (Cytofix/cytoper kit; BD Biosciences, Germany).
Purified cell suspensions were analyzed with a BD LSR 1II flow cytometer (BD Biosciences,

Germany) using the FlowJo software (TreeStar, Germany).
Handling of bacteria

Staphylococcus aureus COL (MRSA) bacteria were streaked out for single colonies on a
Lysogeny broth medium (LB) agarose plate and incubated over night at 37°C. The next day
liquid LB cultures were inoculated with a single colony and incubated at 37°C on a rotary
shaker set to 180 rpm. The optical density of the culture was measured at 600 nm using a
biophotometer plus 6132 (Eppendorf, Germany). At an OD of 0.1, 1 ml of the bacterial
culture was centrifuged for 5 minutes at maximum speed in an Eppendorf centrifuge. The
supernatant was discarded and the pellet was suspended in 1 ml of phosphate buffered saline
(PBS). To inactivate the bacteria, the suspension was heated to 75°C for 15 minutes and then
stored on ice until use. 5 ul of the heat inactivated S. aureus suspension was used for

subcutaneous injection.

In vitro luminescence assay



10° bone marrow cells isolated from female C57BL/6 Mx2-luciferase mice were kept in a cell
culture incubator (Binder, Germany) under standard conditions in individual wells of 96 well
plates in RPMI medium supplemented with 10% heat inactivated FCS, 1%
Penicillin/Streptomycin, 1% Glutamine and 5 ng/ml mouse recombinant in the presence of
granulocyte macrophage colony stimulating growth factor (GM-CSF). 5 ul of heat
inactivated S. aureus suspension in PBS was added to the culture. To determine the
luminosity, cell cultures in 96 well plates were centrifuged at 1500 rpm for 5 minutes. The
supernatant was carefully removed and 100 pl of luciferin (P.J.K, Germany) was used to
suspend the cell pellet. The luminosity was recorded by using a plate reader (Tristar,
Berthold Technologies). To determine the cell number, cells were stained by adding 2 uM
Calcein AM (Life Science Technologies, Germany) in PBS to the pelleted cells and
incubated at 37°C for 30 minutes. Cells were gently washed with 100 pl of pre-warmed PBS
and then re-suspended in 100 ul of PBS. The fluorescence intensity was determined
measured in a Tristar plate reader at excitation and emission wavelengths of 485 nm and

535 nm, respectively.

Implant preparation

Individual porous glass beads 4 mm in diameter and with an average pore size of 60 pm
(VitraPOR, Germany), plain titanium discs of 7 mm diameter and 1 mm thick (3di, Germany)
and magnesium discs of 5 mm diameter and 2 mm thickness were used as implants *. Plain
titanium discs of 7 mm diameter and 1 mm thick (3di) were coated with poly-(lactic-co-
glycolic acid) (Sigma Aldrich, Germany) by dissolving 50 mg of PLGA powder in 1 ml of
acetone. The PLGA solution was added drop-wise to titanium discs kept on hot plate set to
60°C. Coated discs were dried at room temperature overnight. Chitosan suspensions (Sigma

Aldrich) were prepared by dissolving 50 mg of chitosan in 50 ml dissolved in 0.1% acetic



acid (Sigma Aldrich). For subcutaneous injections 50 pl suspensions of 1 pum diameter

microspheres of either PLGA or polystyrene (Phosphorex, USA) were used.
Implantation procedures

Female C57BL/6 mice (Harlan Winkelmann laboratories, Germany) were kept under specific
pathogen free conditions. Animals were anesthetized by intraperitoneal injection of ketamine
(10 mg/kg) and xylazine (4 mg/kg). The dorsal side was shaved using an electric shaver
(Aesculap, Germany) and wiped with 70% ethanol. PLGA or polystyrene microspheres 1 pum
in diameter suspended in 50 pl of PBS were used for subcutaneous injections. Subsequently,
freshly isolated luciferase-expressing bone marrow cells were injected into the tail vein. For
the implantation of discs, a cut of 1 cm was made in the dorsal skin using micro dissecting
scissors (Fine Science tools, Germany). Then a pouch under the skin was created into which
titanium or magnesium discs were inserted. The incision was closed by interrupted suturing
using polyglactin filaments (6-0, Ethicon, Germany). As a control, the entire surgical
procedure was performed without inserting an implant. All animal experiments were done in
accordance with the regulations and with the approval of the ethical board of the Lower
Saxony State Office for Consumer Protection and Food Safety (LAVES), permission number
33.42502/07-10.5.

Intravenous injection and bioluminescent imaging

Immediately after implantation, 10° luciferase labelled cells in 150 ul PBS were injected into
the tail vein of anesthetized C57BL/6 mice. At the time points indicated, 150 pl of (30 mg/ml)
luciferin solution (Synchem, Germany) was injected intraperitoneally. After 15 minutes, the
luminosity was determined using an in vivo imaging system (IVIS 200, Xenogen/Caliper Life
Sciences, Germany). Data were analyzed with the Living image software® 4.3.1 (Caliper Life

Sciences, Germany).



Histological analysis

Mice were euthanized by CO, asphyxiation and skin tissue samples from the microsphere
injection site were excised and fixed with 4% formaldehyde for 48 hours. Then the samples
were dehydrated in a 70% ethanol/water solution and then embedded in paraffin. 3 um thick
tissue sections were prepared and stained with Hematoxylin/Eosin (H&E) according to
standard laboratory procedures. After heat-denaturation, tissue sections were reacted with
neutrophil-specific 1:200 diluted rabbit polyclonal anti-myeloperoxidase antibodies
(Medac/Thermo Scietific, RB-373-A0) and with macrophage-specific rabbit polyclonal anti-
IBA-1 antibodies (Synaptic Systems, 234003).

Results

In vitro characterization of bioluminescent bone marrow cell fractions

We have previously generated a transgenic mouse carrying an Mx2 promoter-luciferase
reporter construct that was inducible by interferon type I and III as well as by interferon
inducers such as double-stranded RNA analogs or bacterial components®. The high
constitutive luciferase activity in these animals did not allow the detection of implant-specific
increases in the luminosity. It was therefore attempted to avoid the dominant background
luminosity by using wild-type mice as recipients for luciferase expressing immune cells,
thereby exploiting capacity of the luminescently labeled immune cells to accumulate at
inflammatory locations. For this purpose it was essential to identify and isolate luciferase
expressing, migratory competent immune cell populations. To this end total bone marrow
cells from transgenic Mx2-luciferase animals as well as neutrophil and monocyte-specific cell
surface antigen-expressing cell fractions were purified using magnetic beads. The purity of
the cell fractions was evaluated by FACS analysis®*’. As expected, the majority of the

neutrophil-specific cell fraction, approximately 85%, stained positive for both antigens, Ly6G
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and Ly6C. 14% were Ly6G negative which was indicative of contaminating monocytes (Fig.
1; A). Of the purified monocyte fraction 91% of the cells were stained positive for Ly6C and
negative for Ly6G (Fig. 1; B). This degree of purity was deemed sufficient to identify

population-specific luminosity signals.

The promoter of the Mx2 luciferase gene expression cassette has previously been shown to be
activated by bacterial components®~**. To determine if the luciferase activity of the isolated
bone marrow cells could be stimulated by bacteria, immune cells were cultured with or
without bacterial extracts. To monitor the viable cell density, cells were labeled with an
intracellular esterase-activated fluorescent stain. All three primary cell populations could be
cultured in vitro for at least 72 hours and any of them could therefore be used for an in vivo
inflammation detection assay. Unexpectedly, the cells exhibited a considerable constitutive
activity and only marginal effects of bacterial extracts on the luminescence of total bone
marrow cells and in the neutrophilic fraction could be detected (Fig. 1; C & D). In all three
bone marrow cell populations used there was a gradual decline over the time of the
remarkably high initial luciferase activity with respect to the constitutive fluorescence control.
Taken together, this could tentatively be explained by an activated status of the Mx2 promoter
of freshly isolated cells that during the subsequent cultivation gradually returns to basal
levels. The basal luciferase activity of the monocyte-specific fraction was higher when
compared to neutrophils or total bone marrow cells (_). In addition, the
fluorescence intensity of the monocyte-specific population increased most prominently,
suggesting that these cells also had the highest proliferation rate. Therefore, even though there
was no clear evidence for further luciferase induction in the presence of bacteria, the
monocyte bone marrow fraction appeared most promising for yielding a detectable

luminescence signal in vivo.
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Bioluminescent detection of subcutaneously injected luciferase-expressing bone marrow

cells

To determine if the luminosity of luciferase-expressing primary bone marrow cells was
sufficient to permit in vivo monitoring, cells were subcutaneously injected. Luminescence
from viable cells that remained at the site of injection could be detected showing that it was
feasible to monitor these cells in vivo (Fig. 2; A). When the cells were stimulated by the local
injection of heat inactivated bacteria, the luminosity of solely the monocyte-specific fraction
transiently increased during the first two days and declined to control levels afterwards (Fig.
2; A, B & C). This was in agreement with the in vitro findings. Interestingly, the luminescence

from all cells remained highly localized and could be detected for over to two weeks.

Bioluminescent detection of bacterially-contaminated implants wusing luciferase-

expressing bone marrow cells.

To evaluate the capacity of luciferase-labelled bone marrow cells to extravasate from the
circulation and accumulate at sites of inflammation, various cell populations were
intravenously injected into non-luminescent mice carrying subcutaneous implants. Since in
the previous experiment the highest luciferase activity was observed from the macrophage
fraction in the presence of bacteria, heat-inactivated S. aureus bacteria were subcutaneously
injected on top of the implants. After one day and thereafter up to 19 days light emission
could be detected from the site of implantations and also from surgical injury in the absence
of implants when total bone marrow cells of neutrophil-specific bone marrow cells were
injected and for up to 9 days when injecting a monocyte-specific bone marrow cell fraction
(Fig. 3; A). The signal intensity from all three cell populations appeared somewhat higher in
the presence of bacteria. However, only unfractionated bone marrow cells showed a
significant increase in the luminosity for one week in response to bacteria but not the purified
neutrophilic or macrophage fractions (Fig. 3; B to D).
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Overall, unlike the entire cell populations under stationary conditions, the macrophage-
specific migratory cell fraction that was attracted to the site of implantation did not show any
advantage. Therefore, for simplicity and to minimize the influence of the in vitro
manipulations on the cell differentiation status, total bone marrow cells were used in all
subsequent experiments. The results demonstrated that luminescently labelled bone marrow
cells injected into the blood circulation could egress and accumulate at sites of implantation,
whereby in particular from unfractionated bone marrow cells the luminosity appeared

enhanced by inflammatory bacterial remains.

Differential detection of inflammatory implants by using bioluminescent bone marrow

cells

To distinguish the inflammatory response to different implant materials, the clinically
established biocompatible material titanium, magnesium as a representative of novel
biodegradable magnesium alloys and PLGA with a reported enhanced inflammatory potential
were subcutaneously implanted. Then luciferase-labelled bone marrow cells were injected
into the tail vein and the resulting light emission was monitored. The highest luminescence
signal could be detected at the PLGA implantation site with peak intensities between day 3
and day 5 (Fig. 4; A & B). The depiction of the basal surgical lesion induced luminosity was
less apparent due to high peak luminosities achieved (Fig. 4; A, color scale). The results
suggest that luminosity from the implantation site reflects the inflammatory potential of the
implants and that labelled bone marrow cells could be used to differentially detect

inflammatory implant materials.
Injectable biomaterials avoid surgical injury-induced luminescence signals

To increase the sensitivity of the inflammation detection assay, it was attempted to reduce

bioluminescent signals due to surgical injuries by using injectable microparticle suspensions.
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Three material preparations with inflammatory potential, PLGA or polystyrene microsphere
suspensions and chitosan solutions were subcutaneously injected in mice. Then, luciferase-
expressing total bone marrow cells were intravenously injected. Luminescence was detectable
at the site of injection after 2 days (Fig. 5; A). Radiance at the site of saline buffer injections
was close to background levels confirming the expectation that injection caused minimum
injury (Fig. 5; A & B). The luminescence in response to PLGA microspheres and to chitosan
decreased to background levels after 9 and 12 days, respectively (Fig. 5; A & B). Since PLGA
and chitosan are biodegradable the limited light emission period could be due to material
resorption. Accordingly, the signal from polystyrene persisted for more than 13 days.
Therefore, luminescently labeled bone marrow cells could distinguish persistent from

biodegradable microparticle suspensions.
Correlation between bioluminescence intensity and histological signs of inflammation

To confirm that the luciferase activity from intravenously injected bone marrow cells
correlated with implant material-induced inflammation, inflammatory events induced by
micro-particles in the peri-implant tissue were analyzed. PLGA microspheres, polystyrene
microspheres and PBS were subcutaneously injected and after 2 to 8 days tissue samples from
the sites with the injected materials were removed and histologically examined. After
injection of a buffer solution typical layers of skin tissue without any signs of inflammation
could be observed (Fig. 6; A). After injection of PLGA microbead suspensions the peri-
implant tissue had a granular appearance, which is typical of inflamed tissue infiltrated by
monocytic cells (Fig. 6; B). The area occupied by the microbeads was positively stained with
myeloperoxidase-specific antibodies, a neutrophilic granulocyte and monocyte-specific stain
indicative of inflammation. In accord with the expectations for a biodegradable material, both,
the area occupied by microbeads as well as the area intensively stained for myeloperoxidase

decreased over the time (Fig. 6; B, d2 to d8). In the environment of polystyrene microspheres,
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granulation tissue was apparent (Fig. 6; C). As expected for a non-degradable polymer, during
the duration of the experiment the area occupied by the polystyrene microbeads remained
constant. In line with this observation and with the results of the bioluminescence assay, the
appearance of the granulation tissue remained constant. An additional fibrotic cell layer
appeared between the smooth muscle layer and the area occupied by the microspheres, which
is a typical inflammatory tissue response to encapsulate and insulate foreign materials (Fig. 6;
C, black arrow). The tissue was positively stained for myeloperoxidase, in particular at the
tissue-microbead interface, indicating the infiltration by granulocytes (Fig. 6; C). In
conclusion, in agreement with the bioluminescent bone marrow cell assay results, clear signs
of tissue inflammation were evident in response to injected microbeads but not after injection
of solely buffer solution, whereby in both assays the response to degradable polymers was

transient and correlated with the disappearance of the injected material.
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Discussion

To provide a proof of principle for the evaluation of the inflammatory potential of implant
materials a bioluminescence-based assay was developed. Transgenic animals expressing
interferon-inducible luciferase showed a dominating constitutive background activity. The
background could be avoided by using non-luminescent mice carrying implants and inject
labeled bone marrow cells into the blood circulation. Inflammatory responses could be
observed to both, infectious bacteria and polymeric implants while a minor signals were
obtained from highly biocompatible titanium controls?. In addition, the modest inflammatory
response reported for biodegradable magnesium implants could be confirmed®®. Importantly,
the luminosity signal from the bone-marrow cells was focused to the implantation sites. This
allowed the comparison of different implants in a single animal which was an advantage in
comparison to the largely delocalized signals resulting from previously investigated
inflammation-activated fluorescent indicators. The possibility to compare different materials
in the same animal over the time avoided individual variations and decisively helped to

achieve more consistent results.

In principle, the sensitivity of the assay could be further enhanced by increasing the amount of
injected cells several-fold*. However, immune cells and their interactions are finely balanced.
Injected cells are in addition to circulating immune cells of the host. Further increases would
lead to a more imbalanced physiological situation unless the host cell populations would be
reduced by a pre-treatment or by genetic means. The number of luciferase expressing bone
marrow cells that were injected per animal was sufficient to reliably permit the early detection
of luminosity differences between inflammatory and more biocompatible implants. Because
the signal strength appeared sufficient to demonstrate the feasibility of this approach, more

elaborate possibilities were not pursued.
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In the absence of inflammatory stimuli mouse blood contains low numbers of neutrophils®.
For this reason, the more abundant neutrophil cell surface marker expressing bone marrow
cells were used instead. However, whereas mature neutrophils have been demonstrated to be
short lived, the luminosity at implantation sites from intravenously injected labeled bone
marrow neutrophilic cell fractions remained detectable for up to two weeks***'. Neutrophils
life time extensions have been reported in response to inflammatory stimuli like LPS, GM-
CSF or TNFa**. Therefore, the inflammatory tissue environment at implantation sites could
play an important role in the persistent luminosity. In addition, the presence of initially minor
fractions of proliferation competent cells such as monocytes could explain the prolonged
luminosity. A first attempt to characterize the surviving cells revealed that the amount of cells
that could be recovered from implantation sites was not sufficient for analysis (results not
shown). Therefore, the cause of the persistent luminosity obtained from bone marrow-derived

neutrophilic cell fractions remains to be investigated.

In his study constitutive luciferase expression of freshly isolated bone marrow cells was
essential for the detection of inflammatory events by vivo imaging. The macrophage antigen
expressing cell fraction showed the highest luminosity in vitro and appeared to be
proliferating which could be of advantage for optimal detection sensitivity. However, a lower
basal activity could facilitate the detection of infections by decreasing the material-induced
signal and increasing the responsiveness to pathogens. In fact, during in vitro cultivation of
the bone marrow cells the luciferase activity declined. It is a well-established fact that
differentiation-specific gene expression decreases with time when primary cells are cultured
in vitro; therefore this effect was not studied in more detail*. Instead, to best preserve the
bone marrow cell differentiation status and the capacity to respond to inflammation it was

attempted to minimize in vitro handling and cell culturing. Even though there were some

16



assay-specific differences in the resulting luminosity signals between different bone marrow
cell preparations, unfractionated cells required the least manipulation and in the absence of

additional constraints appeared preferable to monitor implant responses.

Implant independent signals were observed at superficial, full thickness skin scissions. The
distinct signal could be explained by the unobscured light emission from the immune cells
located at the exposed injured tissue surfaces. In contrast, more dimmed signals were apparent
from subcutaneous surgical wounding or from non-inflammatory implants that were covered
by light-absorbing skin layers. An interference with signals from superficial wounds could be
avoided by placing the implant into a skin pocket, whereby the skin incision for the implant
insertion adjacent to, rather than on top of the final implant position. Alternatively, superficial
wounding could be avoided altogether by using injectable material preparations. Despite
minimal injury the remarkable luminosity observed after injection of polymeric microparticles
indicated a highly inflammatory reaction that was histologically confirmed, demonstrating
that the detected luminosity correlated with the inflammatory response to the material.
However, this method could be applied solely for evaluating particle suspensions, soluble

materials or implant degradation products.

Overall, the approach appeared suitable to identify and monitor local inflammatory responses
to implants. The inflammatory potential of polymers or bacterial components could be
confirmed. Future investigations are required to detect more subtle differences the
inflammatory potential of implants. Further optimization of the luciferase promoter regulation
could facilitate the discrimination between material-induced responses, wound healing

reactions and microbial infections.

Conclusion
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The feasibility of a primary evaluation of the inflammatory potential of implants by in vivo
imaging of adoptively transferred labeled bone marrow cells could be demonstrated.
Inflammatory and non-inflammatory materials could be identified and monitored for up to
two weeks after implantation. The method could be employed for the primary in vivo
screening of novel implant materials, micro-particles or anti-inflammatory implant coatings.
Additional challenges still remain to be addressed, such as the sensitive monitoring of
inflammation in hard-tissue implants and also the long-term observation of low-level

irritations.
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Figure legends

Figure 1. Purity, survival and stimulation of bone marrow cell fractions. Bone marrow
cells were isolated from mice expressing luciferase from an Mx2 promoter construct and
fractionated into neutrophil-specific and monocyte-specific populations by using antibody-
coupled magnetic beads (MACS). Ly6G and Ly6C antigen expression on the purified
neutrophil bone marrow fraction (A) and on the monocyte fraction (B) was analyzed by
FACS. Cultured cells isolated from the bone marrow of luciferase-expressing mice (C), a
neutrophil-specific bone marrow fraction (D) and a monocyte-specific fraction (E) were
stained using the intracellular esterase-activated fluorescent dye Calcein AM. The
fluorescence intensity (RFU) was measured in plate reader with excitation and emission filters
of 485 nm and 535 nm, respectively. Symbols are as follows: Circles, heat inactivated bacteria
were added to the culture; Triangles, control culture without bacteria. Dashed lines, luciferase

activity (relative luminescence units, RLU); solid lines, relative fluorescence intensity (RFU).

Figure 2. Subcutaneously injected monocyte-specific bone marrow cells show persistent
localized luciferase activity that can be stimulated by bacteria. 10° luciferase-expressing
total bone marrow cells (BM), neutrophil-specific antigen expressing bone marrow cells (N¢)
and monocyte-specific bone marrow cells of luciferase-expressing mice (M¢), respectively,
were subcutaneously injected with (+) or without heat inactivated S. aureus bacteria (-). The
luminosity was monitored by using an IVIS200 imager (A). The light emission from each
injection site quantified individually at each time-point indicated in the presence of bacteria
(B) or in the absence thereof (C). Error bars represent the standard deviation from 4
independent assays (n=4). Symbols: Circles, total bone marrow cells; squares, neutrophil-

specific bone marrow cell fraction; triangles, monocyte bone marrow cell fraction.
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Figure 3. Detection of bacterially contaminated implants after intravenous injection of
luminescent bone marrow cells: 10° total bone marrow cells (BM), neutrophils (Np) or
monocytes (Mp) isolated from the bone marrow of luciferase-expressing mice, were injected
into the tail vein of mice carrying porous glass bead implants (1) or into a control animal
without any surgical manipulation (2) and the resulting luminescence was monitored (A).
White dashed circles indicate the location of implants; implants were as follows: b, porous
glass bead coated with heat inactivated S. aureus bacteria; s, sterile porous glass bead implant;
1, transcutaneous incision wound (A). Quantification of the luminosity at individual
implantation sites after intravenous injection of total bone marrow cells (B), after injection of
neutrophil-specific bone marrow cells (C) and after injection of monocyte-specific bone
marrow cells (D). Each data point represents the average light intensity from individual
implantation sites of four animals (n=4). Error bars represent the standard deviation. Symbols

are as follows: circles, implant with heat inactivated bacteria; squares, sterile implant.

Figure 4. Implant material-specific inflammation detected by intravenously injected
bioluminescent bone marrow cells. PLGA coated titanium discs, plain titanium discs and
magnesium discs were subcutaneously implanted in mice. Subsequently, luminescent bone
marrow cells were injected into the tail vein and the luminosity was depicted (A) and
quantified (B). PL: location of implanted PLGA coated titanium discs; Ti, titanium discs; Mg,
magnesium discs (A). Circles, luminosity detected from PLGA coated titanium discs; squares,

from magnesium implants; triangles, from titanium implants (B).

Figure 5. Differential responses of bone marrow cells to stable and biodegradable
microparticle suspensions detected by in vivo imaging. PLGA and polystyrene microsphere
solution and dissolved chitosan were injected subcutaneously in the mice. Luminescent bone
marrow cells were intravenously injected and bioluminescent images were acquired (A) and

the luminosity quantified (B) Dashed black circles indicate the site of injection. 1, Site of
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subcutaneous injection of a chitosan solution; 2, PBS buffer; 3, 1um diameter PLGA
microsphere suspension; 4, 1pm diameter polystyrene microsphere suspension. Symbols are
as follows: circles, polystyrene implants; asterisk, chitosan solution; triangles, PLGA

implants; squares, phosphate buffered saline solution (PBS).

Figure 6. Histological examination of transient inflammatory responses to degradable
PLGA and persistent response to polystyrene. PBS buffer (A), PLGA microbead
suspensions (B) or polystyrene microbead suspensions (C) were subcutaneously injected and,
after the time period indicated, tissue samples from the site of injection were fixed, paraffin
embedded and stained. Headings: H, microscopic overview of tissue thin sections stained with
hematoxylin and eosin, black frames indicate the area depicted magnified on the right side;
HE, enlarged image; MP, tissue sections stained with hematoxylin, eosin and anti-
myeloperoxidase antibodies; d2, d5, d8, tissue sample isolated 2 days, 5 days or 8 days after
implantation, respectively. Black arrows point to a fibrotic tissue layer; white arrows indicate
regions positively stained for myeloperoxidase activity. The scale bars correspond to 50 um
(H) and to 100 um (HE and MP), respectively. Abbreviations: i, area containing the injected
material; e, epidermis; d, dermis; ad, adipose tissue layer; sm, skeletal muscle; ct, connective

tissue.
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