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13 Abstract

19  Drug research with animal models is expensive, time-consuming and translation to clinical trials is
20  often poor, resulting in a desire to replace, reduce, and refine the use of animal models. One
21  approach to replace and reduce the use of animal models in research is using in vitro cell-culture

22 models.

23 To study bone physiology, bone diseases and drugs, many studies have been published using
24 osteoblast-osteoclast co-cultures. The use of osteoblast-osteoclast co-cultures is usually not clearly
25  mentioned in the title and abstract, making it difficult to identify these studies without a systematic
26  search and thorough review. As a result, researchers are all developing their own methods from the
27  ground up, leading to conceptually similar studies with many methodological differences and, as a

28  direct consequence, incomparable results.

29  The aim of this study was to systematically review existing osteoblast-osteoclast co-culture studies
30  published up to 6 January 2020, and to give an overview of their methods, predetermined outcome
31  measures (formation and resorption, and ALP and TRAP quantification as surrogate markers for
32 formation and resorption, respectively), and other useful parameters for analysis. Information
33 regarding these outcome measures was extracted and collected in a database, and each study was
34  further evaluated on whether both the osteoblasts and osteoclasts were analyzed using relevant
35  outcome measures. From these studies, additional details on methods, cells and culture conditions

36  were extracted into a second database to allow searching on more characteristics.

37  The two databases presented in this publication provide an unprecedented amount of information
38  on cells, culture conditions and analytical techniques for using and studying osteoblast-osteoclast co-
39  cultures. They allow researchers to identify publications relevant to their specific needs and allow
40  easy validation and comparison with existing literature. Finally, we provide the information and tools

41  necessary for others to use, manipulate and expand the databases for their needs.
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22 Introduction

43  Bone is a highly dynamic tissue with mechanical and metabolic functions that are maintained by the
44  process of bone remodeling by the bone forming osteoblasts (OBs), bone resorbing osteoclasts
45  (OCs), and regulating osteocytes. In healthy tissue, bone resorption and formation are in equilibrium,
46  maintaining the necessary bone strength and structure to meet the needs of the body. In diseases
47  such as osteoporosis and osteopetrosis this equilibrium is disturbed, leading to pathological changes

48  in bone mass that adversely affect the bone’s mechanical functionality (1).

49  Studies on bone physiology, bone disease and drug development are routinely performed in animal
50 models, which are considered a fundamental part of preclinical research. The use of animals raises
51  ethical concerns and is generally more time consuming and more expensive than in vitro research.
52  Llaboratory animals are also physiologically different from humans and their use in pre-clinical
53 studies leads to poor translation of results to human clinical trials (2,3), and the subsequent failure
54  of promising discoveries to enter routine clinical use (4,5). These limitations and the desire to
55 reduce, refine and replace animal experiments gave rise to the development of in vitro models (6,7).
56  Over the last four decades, significant incremental progress has been made towards developing OB-

57 OC co-culture models.

58  The development of in vitro OB-OC co-cultures started with a publication of T.J. Chambers in 1982
59 (8), where the author induced quiescence of isolated tartrate resistant acid phosphatase (TRAP)-
60  positive rat OCs with calcitonin and reversed their quiescence by co-culturing them with isolated rat
61  OBsin direct contact. At that time, studies involving OCs resorted to the isolation of mature OCs by
62  disaggregation from fragmented animal bones. The first account of in vitro osteoclastogenesis in co-
63  culture was realized in 1988 when Takahashi and co-authors (9) cultured mouse spleen cells and
64  isolated mouse OBs in the presence of 1a,25-dihydroxyvitamin D3 and found TRAP-positive dentine-

65  resorbing cells. The herein described methods were used and adapted to generate OCs for the
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66  following decade. Most of the studies published until this point in time used co-cultures as a tool for
67  achieving osteoclastogenesis, as opposed to a model for bone remodeling. At that time, a co-culture
68  of OBs with spleen cells or monocytes was the only way of generating functional OCs in vitro. It
69  wasn’t until 1999 that Suda (10) discovered Receptor Activator of Nuclear Factor Kappa Ligand
70 (RANKL) and Macrophage Colony Stimulating Factor (M-CSF) as the necessary and sufficient proteins
71 required for differentiating cells from the monocyte/macrophage lineage into functioning OCs (11—

72 13). This discovery marked the start of co-culture models developed for studying bone remodeling.

73 In recent years, many research groups have ventured into the realm of OB-OC co-cultures with the
74  intent of studying both formation and resorption, but each group seems to be individually
75  developing the tools to suit their needs resulting in many functionally related experiments that are
76  methodologically completely different. In addition, the use of such methods is often not clearly
77  stated within title and abstracts. Simple title/abstract searches such as ‘OB + OC +co-culture’ tend to
78  scratch only the surface of the base of evidence available using OB-OC co-cultures. Finding and
79  comparing different co-culture approaches and results is thus virtually impossible and forces each

80  group to develop and use their own methods instead of building upon those of others.

81  The aim of this study was to construct a systematic review of all OB-OC co-cultures published up to
82  January 6, 2020. With this systematic review, we aimed at identifying all existing OB-OC co-culture
83  studies and analyze these within two comprehensive databases, allowing researchers to quickly
84  search, sort and select studies relevant for their own research. Database 1 contains all OB-OC co-
85  culture studies in which at least one relevant primary outcome measure was investigated (formation
86 and/or resorption) or secondary outcome measure (alkaline phosphatase (ALP) and/or tartrate
87  resistant acid phosphatase (TRAP) quantification as surrogate markers for formation and resorption,
88  respectively) (S1_File_Database_1). A sub-selection of studies that investigated these relevant

89  outcome measures on both OBs and OCs in the co-culture was included in Database 2, accompanied
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90 by additional details on methods, culture conditions and cells (52_File_Database_2). The collection

91  of the two databases will further be referred to as a systematic map.

92

93  Methods

94  For this systematic map a structured search protocol was developed using the SYRCLE protocol
95  format (14). This protocol format is tailored to the preparation, registration, and publication of
96  systematic reviews of preclinical studies, and helps authors predefine the methodological approach
97  of their review from research question to data synthesis. The protocol and search strings were made
98  publicly available before completion of the study selection via Zenodo (15) to ensure transparency of
99 the publication. In short, three online bibliographic literature sources were consulted with a
100 comprehensive search string and the resulting publications were combined and screened using a
101  four-step procedure (Fig. 1): 1) identification of OB-OC co-cultures, 2) identification of relevant
102  outcome measures, 3) categorization in Databases 1 and 2 (Fig 2), 4) search for additional articles in

103 the reference lists of studies included in Database 2 and relevant reviews.

104  Fig 1. Flow diagram of systematic literature search and screening. Screening step 1: Hits from 3
105  online bibliographic literature sources were combined, primary studies were selected, and duplicates
106 were removed. Title and abstracts were screened for the presence of OB-OC co-cultures. Screening
107  step 2: OB-OC co-cultures were screened in full text for relevant outcome measures. All studies in
108  which at least one relevant outcome measure was studied were included into Database 1. Screening
109  step 3: Papers in which both cell types were studied with relevant outcome measures were included
110 into Database 2. Screening step 4: Papers included into Database 2 and relevant reviews were
111  screened for potentially missing relevant studies and identified studies were screened in the same
112 manner as described here. Each screening step is marked with a separate background color. Each

113  selection step within the screening steps is marked with a colored header. Blue header: used as input
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114  for the review. Grey header: selection step. Red header: excluded studies. Yellow header: Database as
115  presented in this systematic map. Abbreviations: outcome measures (OM), Datobase 2 (DB2),

116  osteoblast (OB), osteoclast (OC).

117  Fig 2. Schematic overview of Databases 1 and 2. All identified studies were searched for OB-OC co-
118  cultures, where co-culture was defined as OB and OC being present simultaneously and able to
119 exchange biochemical signals. In addition to direct-contact cultures, cultures such as transwell
120  cultures, 3D or scaffold cultures and bioreactor cultures were allowed as well. OB-OC co-culture
121  studies which used relevant outcome measures were included into Database 1. Of these, only the
122 relevant outcome measures were analyzed. All studies where relevant outcome measures were used
123 for both OB and OC were included into Database 2 as well. Of these, cells and culture conditions were
124  analyzed. The figure was modified from Servier Medical Art, licensed under a Creative Common

125  Attribution 3.0 Generic License (http://smart.servier.com, accessed on 2 July 2021).

126

127

128 Database Search

129  The online bibliographic literature sources Pubmed, Embase (via OvidSP) and Web of Science were
130  searched on January 6, 2020 with a predefined search query developed to identify as many studies
131 as possible employing OB-OC co-cultures. The search strings used a combination of thesaurus and
132 free text terms where possible and consisted of the following components: ([OBs] OR ([OB
133 precursors] AND [bone-related terms])) AND ([OCs] OR ([OC precursors] AND [bone-related terms]))
134  AND [co-culture], where each component in square brackets represents a list of related thesaurus
135  and free-text search terms, and where parentheses indicate the order of operations within the

136  search query. The full search strings can be found via Zenodo (15). The results of all three searches
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137  were combined. Conference abstracts and duplicates were removed using the duplicate removal

138  tools of Endnote X7 and Rayyan web-based systematic review software (16).

139  The remaining entries were screened using a four-step procedure that resulted in the generation of
140 2 databases: Database 1 containing all co-culture studies that measured at least one relevant
141 outcome measure (formation, resorption, ALP or TRAP), and Database 2 containing all studies that
142  measured at least one relevant outcome measure on both OB and OC: either formation or ALP for
143 OB, and either resorption or TRAP for OC. The entire data collection and screening process was
144 performed independently by two researchers starting from the moment that conference abstracts
145  and duplicates had been removed and ending the moment that the relevant information of the
146  publications was extracted into the two databases. Disagreements between researchers were
147  discussed and publications were re-screened if necessary. A third independent researcher was

148  consulted for disagreements that could not be solved by the first two independent researchers.

149

150  Screening step 1: Identification of OB-OC co-cultures

151  This step was performed to identify and extract OB-OC co-cultures from the complete list of studies
152  identified from the three online bibliographic literature sources after automatic removal of
153  conference abstracts and duplicates. All further steps were done on these studies or a sub-selection
154  thereof. Using Rayyan web-based systematic review software (16), the titles and abstracts of all
155  entries were screened for the presence of primary studies using OB-OC co-cultures. Reviews, theses,
156  chapters, and conference abstracts that were not automatically detected were excluded at this
157  point. Potentially relevant reviews were saved separately to serve as an additional source of studies

158  that could have been missed by the systematic search.

159 In the selection process, co-culture was defined as the simultaneous presence (verified) or assumed

160  presence (expected) of OBs and OCs (or OB-like and/or OC-like cells) within the same culture system
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161  at a moment during the described experiment such that the cells were able to communicate either
162  via soluble factors in the medium and/or direct cell-cell contact. Both primary cells and cell lines of
163  any origin were admitted including heterogeneous cell populations, if these were clearly defined and
164 expected to result in a biologically relevant number of the desired cell type, precursor type, or
165 terminally differentiated cell type. The presence of progenitor cells (such as monocytes or
166 mesenchymal stem/stromal cells) was allowed only if these were either verified or expected to
167 differentiate into OBs and/or OCs. Studies using a single animal or human donor for both cell types
168  were allowed, but only if the two (progenitor) cell types were at one point separated, counted, and
169  reintroduced in a controlled manner. In addition, trans-well systems (no physical contact but shared
170  medium compartment with or without membrane), scaffolds (3-dimensional porous structure of any
171  material including decellularized matrix), and bioreactor culture systems (culture exposed to physical
172 stimuli such as rotation, mechanical loading or fluid flow) were included. Conditioned media
173  experiments were excluded because these do not allow real-time two-way exchange of cell signals.
174  Explant cultures or organ cultures were excluded because these studies contain a living ex vivo

175  culture element, whereas the focus of this systematic map is limited to in vitro studies.

176  When the study used any type of OB-OC co-culture as defined above, the study was included. When
177 there was no indication that there was an OB-OC co-culture, the study was excluded. When, based
178 on the title and abstract, it was likely that there was a co-culture, but this was not described as such,

179  the full-text publication was screened.

180

181 Screening step 2: Identification of relevant outcome measures in the co-

182  culture experiments

183  This step was used to identify co-cultures that specifically investigated outcome measures related to

184 bone remodeling: measuring formation or resorption (primary outcome measures), or quantitative
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185  measurements of activity markers ALP or TRAP in a dedicated assay (secondary outcome measures).
186  The primary outcome measures of measuring resorption and formation were chosen because these
187  are the processes that are directly affected in bone diseases. Measuring these outcome measures
188 usually requires a specific methodological setup such as a specific surface analysis for measuring
189  formation, or a resorbable substrate for measuring resorption. The secondary outcome measures of
190 ALP and TRAP were included because these are regarded as viable alternatives for the direct
191  measurement of formation and resorption. The full texts of the studies identified in screening step 1
192  were screened for experimental techniques and outcome measures. Studies in which for at least one
193  of the cell types a relevant outcome measure was used, were selected to be used in Database 1
194  (S1_File_Database_1). The measurement of formation was defined as any method that directly
195 measures the area or volume of (tissue) mineralization by OBs, any method that measures by-
196  products of formation, and any method that measures biochemical markers that directly and
197  exclusively correlate to formation. The measurement of resorption was defined as any method that
198  directly measures the surface area or volume that has been resorbed by OCs, that biochemically
199  measures products or by-products of resorption, or that measures biochemical markers that directly
200  and exclusively correlate to resorption. The measurement of ALP and TRAP was defined as the
201  detection of either the direct measurement of the enzymatic activity of these proteins, or the direct
202  quantification of the amount of those proteins present in a dedicated assay. Studies that determined
203  ALP or TRAP gene expression using PCR were excluded because PCR was not considered a dedicated
204  assay for this map and did not directly measure the amount of protein present. However, the use of
205  PCRwasrecorded in the generated databases in a separate column. Immuno-histological stainings of
206  ALP or TRAP were not considered relevant outcome measures, even when followed by image

207  analysis because at best these quantify stained surface area and not actual protein content.

208  All co-cultures that did not contain at least a single outcome measure that met these criteria were

209  excluded from further use. Because this was the first step at which the availability of the full text
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210  publication was required, publications written in languages other than English with no translation

211  available, and publications of which the full text could not be found were excluded at this point.

212

213 Screening step 3: Categorization within Database 1

214  In this step, a distinction was made between studies in which only one of either OB or OC was
215 studied, or both were studied. This distinction was made because ideally, a model for bone
216  remodeling should show effects on both OBs and OCs. Each study selected from screening step 2
217  was assessed on the methods to study OBs and OCs. Each study was categorized into one of five
218  categories within Database 1: 1) The relevant outcome measures were measured in both OBs and
219  OCs in the co-culture. These studies were also included in the in-depth screening for Database 2
220 (S2_File_Database_2). 2) Both cell types were studied, but relevant outcome measures were only
221  measured in OCs or 3) Both cell types were studied, but relevant outcome measures were only
222  measured in OBs. 4) Only OCs were studied in co-culture, the other cell type was neglected or 5) OBs
223  were studied in co-culture, the other cell type was neglected. Thus, category 1 contained the studies
224 in which both formation and resorption were investigated, either directly or by ALP or TRAP
225  quantification. Category 2 and 3 contained studies in which both OBs and OCs were studied, but only
226  one of the two was studied with the relevant outcome measures. The other cell type was studied
227  using other methods instead such as stainings or PCR. Categories 4 and 5 contain studies in which
228  only one of the two cell types was analyzed with one of the relevant outcome measures while the
229  other cell type was present but not analyzed in co-culture at all. Note that for this categorization, it
230  was necessary that the cells that were used in co-culture were studied, and not for example a mono-

231  culture conducted in parallel.

232

233 Screening step 4: Review and reference list screening

10
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234  To find additional studies that may have been missed during bibliographic searches, relevant review
235  articles identified during the selection process and studies labeled as category 1 in step 3 were
236  screened for additional publications that could be relevant to the current systematic map. Of these
237  studies, the relevant passages within the text were screened, followed by a thorough screening of
238  the complete reference lists of these studies. All potentially relevant studies were first cross-checked
239  with the original search results of the bibliographic literature search, and if these were not identified
240  there, were screened in the same manner as all other studies used in this systematic map. Unique

241 relevant studies were then added to the corresponding databases and analyzed as described earlier.

242

243 Database 1 generation and analysis — All co-cultures with relevant

244 outcome measures

245  Every study included in Database 1 was screened for the relevant outcome measures resorption,
246  formation, ALP and TRAP during screening steps 2 and 3. To provide useful and specific information
247  of each of the studies included in this database, all potentially relevant information related to the
248  relevant outcome measures was collected and organized. For resorption, additional information on
249  the resorbed substrate, the methodological procedure and quantification of results was collected.
250  For formation, additional information on the type of analysis, the methodological procedure and
251 quantification of results was collected. For both ALP and TRAP, additional information on the
252  mechanism of the biochemical assay, whether it was conducted on lysed cells or supernatant, and
253  information regarding the quantification was collected. In addition, the following information was
254  extracted, whether: the authors described their setup as a model specifically for remodeling, the
255  experiment was conducted in 3D, the experiment applied bioreactors, more than 2 cell types were
256 cultured simultaneously, the culture used a trans-well setup, the culture used PCR and components

257 in the supernatant of the culture were analyzed by ELISA or a similar quantification method. If the

11
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258  answer to these questions was yes, then the applicable details were collected as well. Finally, a
259  column for additional remarks was introduced for details that did not fit in another column. Studies
260  where the authors are color coded in pink were those not found through the initial database search
261 but by the screening of the review articles or reference lists. Studies categorized as category 1 in

262 screening step 3 were selected for use in Database 2 and had their title color coded in orange.

263  Quality assessment and scripting

264  In Database 1 only the methods used for analyzing relevant outcome measured are reported, and
265  not the data obtained from them or the results described in the publication. Quality assessment in
266  Database 1 is thus limited to assessing the completeness of the necessary elements of the collected
267 methodological details, to the extent that the methods are properly represented in Database 1 and
268 related tables. Please note that the methods themselves were not investigated on a complete
269 description for a perfect replication of the study, but only on the description necessary to accurately
270 classify the method within this systematic map. For example, a study claiming to investigate
271 resorption on dentine discs using Toluidine Blue was deemed sufficiently described to accurately
272  classify, regardless of whether the information presented was sufficient to duplicate that specific
273  method precisely. Publications in which information was missing are here represented as ‘not
274 reported’ if no information was provided, ‘reference only’ if no information was provided but
275  another study was referenced, and ‘undefined kit’, when a commercial kit was used but the content
276  or methodology was not further described. Instances of missing information can easily be identified
277  infigures, tables and databases, but were not further used in this systematic map. Studies where an
278  instance of information was missing were still used for other analyses for which the corresponding

279  provided information was present.

280 A script was written in Excel Visual Basics programming language to analyze Database 1 and extract
281  relevant statistical information on the collected information. On sheet 2 “Data” of the Database 1
282  excel file, the descriptive statistical data and collected information are presented in the form of lists

12
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283  and tables and together with a button to re-run the analysis based on the reader's requirements.
284  The script is integrated within the excel file and can be used only when the file is saved as a ‘macro-

285  enabled’ file (.xIsm).

286 Database 2 generation and analysis — All co-cultures in which both

287 cell types had relevant outcome measures.

288 In addition to the information already collected for Database 1, additional information was extracted
289  from the studies in which relevant outcome measures were studied of both OB and OC: the species
290 (17) and type (cell line or primary) and actual used cell type (6) of both the OB and OC were
291 collected. Seeding numbers and densities (18) for both OB and OC were collected or calculated
292  where possible, separated by 2D (cell density per area) and 3D (cell density per volume), and the
293  seeding ratio (19) between OB and OC was noted or calculated. The culture surface (bio-)material
294  (20), sample size (samples per group), culture duration and medium refreshing rate in units as
295 reported in the study, environmental conditions or variations such as CO, or O, alterations or
296  mechanical loading (21), and pre-culture duration (22) were collected, where pre-culture is defined
297 as a different co-culture condition (such as a different supplement cocktail) lasting for a short
298  duration (such as 2 days) prior to the ‘main’ co-culture. The medium composition (23) was collected
299  and organized by base medium type such as Dulbecco’s Modified Eagle Medium (DMEM) and alpha-
300 Modified Eagle Medium (aMEM), glucose content (if provided separately in the text), Fetal Bovine
301  Serum (FBS) / Fetal Calf Serum (FCS) in percentages, antibiotics (types and concentrations or
302  percentages as provided), OB supplement concentrations (ascorbic acid, B-glycerophosphate and
303 dexamethasone, OC supplement concentrations (M-CSF and RANKL) and other supplements, as well
304 as medium content of any monoculture prior to the co-culture. Finally, the tested genes of all studies
305 applying PCR and any proteins studied with ELISA or other supernatant analyses executed on the co-

306 culture were noted.

13
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307 Quality assessment and scripting

308 In Database 2 the culture conditions, cells and materials used are reported, and not the data
309 obtained from them or the results described in the publication. Quality assessment in Database 2 is
310 thus limited to assessing the completeness of the necessary elements of the collected
311 methodological details, to the extent that the methods are properly represented in Database 2 and
312  related figures and tables. Please note that the methods themselves were not investigated on a
313  complete description for a perfect replication of the study, but only on the description necessary to
314  accurately classify the method within this systematic map. For example, a study claiming to use
315  human primary monocytes and human primary osteoblasts for the OB-OC co-culture was deemed
316  sufficiently described to accurately classify respectively the OB and OC origin, regardless of whether
317  the information presented was sufficient to perfectly replicate that part of the study. Publications in
318  which information was missing are here represented as ‘not reported’ (NR) if no information was
319  provided, or ‘reference only’ if no information was provided but another study was referenced. If
320  studies were missing information critical to reproduce the outcome measures (for example seeding
321 ratio’s, culture surface material, medium or supplement information, critical steps in analyses), the
322 cellsin the database missing this information were labeled in red. If the missing information was not
323  critical for the outcome measures but necessary for a replication of the study (for example sample
324  size, medium refresh rate, control conditions), the cells were labeled in orange. The sum of both
325  orange and red cells for each color in each study is shown as well to indicate how many instances of
326  missing information were identified in each study. The color coding was determined by the authors
327  of this map but can be adjusted within Database 2 if other criteria for critical information and
328  completeness are desired. Instances of missing information can easily be identified in the
329  corresponding figures, tables and databases, but were not further used in this systematic map.
330  Studies where an instance of information was missing were still used for other analyses for which

331  the corresponding provided information was present.
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332  Using Excel Visual Basics programming language, three scripts were written to analyze and process
333  Database 2. One script was created to count all instances of cells labeled as ‘missing info’ and
334  present this number in two dedicated columns (missing critical or non-critical info). One script was
335  created to count the frequency of occurrence of all (co-)authors and years of publication. Finally,
336 one script was created to analyze this database and extract relevant descriptive statistical data on
337 the collected information. On sheet 2 “Data” of the Database 2 excel file, the statistical data and
338 collected information are presented in the form of lists and tables and together with the buttons to
339 re-run the analyses based on the reader's requirements. The scripts are integrated within the excel

340 file and can be used only when the file is saved as a ‘macro-enabled’ file (.xIsm).

341

342  Results

343 Search results

344  From three online bibliographic literature sources, 7687 studies were identified (Pubmed: 1964,
345 Embase via OvidSP: 2709, Web of Science: 3014). After removal of conference abstracts, 6874

346  studies remained. After duplicate removal, 3925 unique studies were identified to be screened.

347

348 Studies included into Database 1

349  After title-abstract screening and when in doubt full text screening (screening step 1), 694 studies
350 were identified as OB-OC co-cultures. A list of these studies is available as a supplementary file
351  (S4_File_List of all OB-OC co-cultures). Of these, one study was excluded from further analysis
352 because the full text could not be obtained, 35 were excluded because they were in a language

353 other than English and 406 were excluded because no relevant outcome measure was used in the
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354  study (screening step 2). The qualifying 252 studies with at least one relevant outcome measure

355 were included in Database 1.

356

357 Studies included into Database 2

358 In 77 of these studies, both the OB and OC were studied, and in 39 of these, both OB and OC were
359  studied using relevant outcome measures (screening step 3). These 39 studies were included in

360 Database 2.

361

362 Additional screening of review articles and reference lists for missing studies

363  The 39 studies of Database 2 and 10 additional review publications were screened for other relevant
364  studies that the initial search may have missed (screening step 4). An additional 25 unique studies
365 were identified in the 10 reviews, and 34 unique studies were identified from the reference lists of
366  the included studies. These additional 59 studies were reviewed as described previously and
367  resulted in an additional 3 OB-OC co-cultures with only relevant outcome measures measured on
368  one cell type, resulting in a total of 255 studies with relevant outcome measures on at least one cell
369  type for Database 1, and 39 studies in which relevant outcome measures were studied in both cell

370  types for Database 2. A detailed overview of the search and selection process is shown in Fig 1.

371

372 Publications per year

373  The publications included in Database 1 were published between 1983 and 2019, with a peak in
374  publications around the year 2000, followed by a dip and then a more or less slight but steady

375  increase until now (Fig 3a). The peak roughly coincides with the discovery that M-CSF and RANKL

16


https://doi.org/10.1101/2021.09.09.459671
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.09.459671; this version posted October 9, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

376  were both necessary and sufficient to induce osteoclastic differentiation in monocytes in 1999 (10).
377  The included publications in Database 2 span the time between 1997 and 2019, with only 8
378  publications before 2010 (Fig 3b). This coincides with the progress in development of in vitro co-
379 cultures of OB and OC, moving beyond co-cultures with OB to generate OC, and moving towards co-

380  cultures of OB and OC to study for example cell-cell interactions (6).

381

382  Fig 3. Relevant publications per year. A) All 255 publications that contain relevant outcome
383  measures counted by year ranging from 1983 to 2019 (Database 1). B) The 39 selected publications

384  of Database 2 counted by year ranging from 1998 to 2019 (Database 2).

385

386 Database 1 results

387  Database 1 provides an overview of all OB-OC co-culture studies published until January 6, 2020 in
388  which at least one relevant outcome measure was studied. Of the 255 studies included, resorption
389  was analyzed in 181 studies, formation was analyzed in 37 studies and both were analyzed in 16
390  studies. ALP was analyzed in 42 studies, TRAP was analyzed in 61 studies and both were analyzed in

391 22 studies (Table 1).

392  Table 1. Combinations and frequencies of primary and secondary outcome measures.

Combinations of primary Primary outcome measures
and secondary outcome | ng resorption | Resorption Formation Resorption and
measures in each study or formation | only only formation Total
5 No ALPor TRAP | O 151 14 9 174
©
S >
8 ALP only 16 0 2 2 20
(%]
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TRAP only 23 9 3 4 39
ALP + TRAP 14 5 2 1 22
Total 53 165 21 16 255

Table 1: This table can be referenced to identify the number of studies using any combination of
primary and secondary outcome measures. All 255 studies that investigate at least one of the
primary or secondary outcome measures are represented once in this table. Each study is
represented by a combination of primary outcome measures (horizontal) and secondary outcome
measures (vertical). Marginal totals of each row and column are counted under ‘total’ with the grand
total in the bottom-right cell. These marginal totals sum the total number of studies that studied only
that combination of either primary or secondary outcome measures, with no regard of the outcome
measures on the opposite axis. The total numbers of each individual outcome measure can be

calculated from this table but are presented in the following paragraphs and tables.

Resorption

Resorption is the process by which osteoclasts remove old and damaged bone tissue through
enzymatic degradation or acidic dissolution. Out of all 255 OB-OC co-culture publications included in
Database 1, resorption was studied directly on 188 occasions in 181 studies and quantified 142 times
(Table 2). In some publications, more than one material or method of analysis for resorption was
used. In cases where multiple materials were used, each material was counted as an individual study
of resorption and for each material, the corresponding analyses were counted, even if these were
identical per material. In those cases where multiple methods of analysis are used on the same
material, all methods are counted, and the material is counted only once. This resulted in a counted
number of studies that is higher than the actual number of publications. When numbers of studies
are referenced, these are the ‘counted’ number of studies defined above, and not the actual number

of publications.
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415  Table 2a. Occurrences of resorption on different types of substrates and subsequent analyses.

19
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Materials used as a resorbable substrate for measuring resorption
Shapes, structures and types of _
o i 2
9 @ £ ]
materials used as resorbable c c ‘& & ) by
g g g |2 = & 3
substrate for analysis of resorption i g = E o g £ E 5 = L
v pron- 1 & 18 |£ |3 |8 & |7 |8 |8 |§ |2 &
Per-material total number of studies 76 66 6 5 2 4 1 1 19 6 2 188
Per material quantified studies 55 52 3 a4 1 4 0 0 17 4 2 142
Discs 76 63 2 2 13 156
Films 2 4 1 1 8
© Coatings 2 1 3
k=
(]
T Scaffolds 1 1 3 5
£
"'6 Hydrogels 1 1
g
5 ECM 2 2
=
S
5 Nodule 1 1
17}
S
o Fragments 3 3
[«}]
Q
E Substrates 1 1
wv
Plates 6 6
Not reported 2 2
Analysis techniques for analzying —
T ©
o [} =
g 9 t 2
resorption on resorbable substrates. o s 3 & = ol :
& " & 8 e 3 g o
s S < |2 |3 & |3 |2 g | £ 5 L
a @ T & 8 S a S é s 2 &
Toluidine Blue 36 19 55
Haematoxylin 16 2 18
Eosin 1 1
oo
£
= H&E 1 1
S
7} Alum / Coomassie Blue 1 1
TRAP 1 1
Von Kossa 2 4 1 7
Phase contrast 1 4 5
SEM 12 37 5 3 1 1 59
> TEM 1 1 2
Q.
[}
b 2-Photon 1 1
[e]
S
= Atomic force 1 1 1 3
=
Reflected light 8 2 10
Dark field 1 1
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Light microscopy 6 6
Assay 1 1
Immuno-assay 3 3 1 7
@
= MicroCT 1 1 2
(S)
Reference only 2 2
Not reported 1 1 2 1 5
Total per material 76 66 6 5 2 4 1 1 19 6 2 188

416  Table 2a: Each column signifies a different material used as a substrate for measuring resorption. If
417  other cells, prior to the introduction of OC, were used to deposit mineralized matrix on another
418  material, then the material was listed in the column ‘Mineralized’. If the material was not reported,
419  the study was listed in the column ‘Not reported’. The first rows show how many instances of each
420  material were included into this systematic map in total, and how many times the results were
421  quantified. The final column shows incremental totals per material type or analysis type. This table
422 consists of two sections. The top section shows in what form or shape the corresponding materials
423  were used as a substrate for resorption. The bottom section shows the techniques that were used to
424 study the resorption described on the materials described in the top section. Each individual study is
425  represented exactly once in the top section of the table to signify the type and form of the substrate
426 used, and exactly once in the bottom section of the table to signify the method used to analyze the
427  resorption that occurred on that substrate. This required the selection of the most ‘important’ part of
428 the methods used. In the cases where first a staining was used followed by microscopy, only the
429  staining is listed. Only in those cases where resorption was investigated directly with a microscope

430 without prior staining, the type of microscopy is listed.

431

432  Table 2b Supernatant resorption techniques
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Supernatant Analysis techniques per _
el ©
, , o |3 |8 £
material used for analysis of - c ) = o s
g [ © K] . o H
= bo [ - [] [=]
. E | ¢ « |2 o |3 |2 |8 |E |2 |¢
resorption. X = 3 =4 ] = L
P § |8 |£ |75 |8 |& |& |§ |8 |E |°® &
NTx 1 2 3
Fe]
S CTx 1 1 2
(1] y
L ':
o 3 lctp 1 1
S q
Q ¢
g— | Phosphate release 1 2 3
wv
Radioactive proline release 2 2

433 Table 2b: This table presents five types of resorption analysis where measurements can be performed
434 in the culture supernatant and not on the material itself. In the corresponding studies, these were
435  done in addition to ‘regular’ analysis presented in Table 2a, and for that reason are presented
436  separately. These have the advantage that they can be used to monitor changes over time in a non-

437  destructive way.

438  Most of these studies used discs or fragments of either bone or dentine. Due to the flat nature of
439  these discs, the surface can be considered 2D, and resorption pits can be visualized directly using
440  conventional microscopy techniques, such as for example Scanning Electron Microscopy (SEM) or
441  Reflected Light Microscopy (RLM). To enhance the contrast of the resorption pits, stains such as
442  Toluidine Blue (TB) and Hematoxylin (H) were used. Resorption on bone fragments was quantified
443  using radioimmunological assays measuring the release of in vivo pre-labeled *H-proline or type |

444  collagen telopeptide.

445  Synthetic resorbable discs or coatings on culture plates are designed specifically for studying
446  resorption, and usually the exact composition has not been revealed. These will further be referred
447  to as ‘osteologic’ plates or discs. The discs were analyzed in roughly the same way as bone or
448  dentine discs. Thin resorbable coatings on translucent culture plates offer another interesting
449  approach. Resorbed areas reveal the translucent culture plate, while unresorbed areas are less
450  translucent and can be stained with for example von Kossa’'s method to provide even more contrast,

451  making quantification with image analysis easy.
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452  Hydroxyapatite (HA) and other calcium phosphates were used in the form of discs, films, coatings, or
453  scaffolds and were analyzed using various types of microscopy, both with and without prior staining.
454  These can be used in a similar way as biological and synthetic materials mentioned earlier, with the

455  main advantage being their known composition.

456  Resorption of ECM or nodules produced by OBs and scaffolds mineralized by OBs were investigated
457  with transmission electron microscopy, light microscopy after staining, using 2-photon Second
458 Harmonic Generation microscopy (24), supernatant phosphate levels, or with an ELISA for C-terminal
459  telopeptide (CTx) or N-terminal telopeptide (NTx), which are bone turnover marker more commonly

460  used for testing urine and serum samples.

461

462 Formation

463 Formation is the process by which osteoblasts create new bone tissue through the mineralization of
464 deposited collagenous extracellular matrix. Out of all OB-OC co-cultures included in Database 1,
465  formation was studied directly 39 times in 37 studies and quantified 29 times. (Table 3) In some
466  studies, more than one method of measuring, analyzing and quantifying formation was used. In
467  those cases, all methods are counted as individual studies. The methods of formation analysis were
468  divided into 5 types: nodule analysis, volume analysis, surface analysis, supernatant analysis and 3D

469 scans.

470  Table 3: Formation statistics and analyses.

Type of analysis used to measure formation

Technique

Scan

Nodule analysis
Supernatant
analysis
Surface
analysis
Volume
analysis
Per-row Total
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Total 3 20 6 5 5 39
Quantified 3 12 6 3 5 29
Scaffold 2 1 1 3 2 9
6 -
° Film 1 1 1 2 5
Q.
E [J]
; £ Hydrogel 1 1
g g
= L >
@ Y Pellet 1 1 2
[+}]
=
Dye release 5 5
Analysis @ @ o
2 - = = ©
£ 8 5 5 S
@ e g g 2
- = O © S v
S 3 2 = G 5
a = a a > &
H&E 1 1
o Von Kossa 2 1 3
£
8 Alizarin Red 16 16
wv
Lentiviral fluorescence 1 1
Calcium 3 3
[d
Fa Calcium + Phosphate 2 2
g
cice 6 6
SEM 1 3 4
@
=
3] microCT 3 3
Per-analysis Total 3 20 6 5 5 39

472  Table 3: Each column signifies a different type of analysis used for measuring formation. These
473  include any type of non-destructive scan, a form of analysis of mineralized nodules, supernatant
474  analysis, surface analysis, and destructive analysis of a mineralized volume. The first rows show how

475  many instances of each type of analysis were included into this systematic map in total, and how
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476  many times the results were quantified. The final column shows marginal totals per row of each row.
477  This table consists of two distinct sections, each starting with a row showing all analysis types for
478  convenience. The first section lists defining characteristics of studies such as using films, scaffolds,
479  hydrogels or pellets, or using a technique to first stain tissue, and then releasing and measuring the
480 released dye. Not each study had such defining characteristics, and the total of section one does not
481  add up to 39 studies. Section two shows either which materials was measured, or which technique
482  was used for measuring formation. Each instance of formation is represented in section two of this
483 table exactly once. Stainings were followed by microscopy or an assay in those cases where dye was

484 released to be measured.

485

486

487  The most common method to quantify formation was to investigate mineralized nodule formation.
488  This was done by using staining techniques such as Alizarin Red (calcium) (25) or von Kossa
489  (phosphate) (26) followed by imaging, or directly imaging the nodules. While any staining specific for
490  mineralized matrix or even plain light microscopy images could be quantified using appropriate
491  imaging techniques and software, Alizarin Red offers an additional way of quantification: the amount
492  of dye binding to the mineral correlates to the amount of mineralization, after imaging the dye can
493  be released from the minerals using acetic acid and can then be quantified using colorimetric
494  spectrophotometry (27). Surface analysis was used in a similar way to study formation on scaffolds,
495 films, or particles. Scaffolds were stained and/or imaged, and the area of matrix deposition was
496  visualized or quantified. Volume analysis was used to describe the measurement of mineralized
497  tissue components calcium and phosphate, which were released after destruction of the matrix.
498 These three types of formation measurement are destructive methods, meaning that the samples

499  must be sacrificed for each time point.
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500 The remaining two types of formation methods are non-destructive. Supernatant analysis was used
501 to describe the measurement of Collagen type | C-terminal propeptide (CICP), a byproduct of
502  collagen deposition, in cell culture supernatant. 3D scan was used to describe the use of (in this

503  case) uCT quantify the three-dimensional structure of mineralized matrix.

504

505 TRAP measurements as a surrogate marker of osteoclastic resorption

506  TRAP is a protein that has long been used as the predominant OC marker (28). Out of all OB-OC
507  studies in Database 1, TRAP was studied 63 times in 61 publications by a dedicated assay (Table 4).
508  TRAP can be measured intracellularly or excreted into the medium in two ways. Its enzymatic
509 phosphatase activity can be measured directly, or the amount of TRAP molecules present can be
510 quantified. TRAP release was studied both on cell lysate and on supernatant, and in some cases on
511  both. The most frequently used method to study TRAP activity was using 4-nithophenylphosphate
512  (pNPP), a substrate that is cleaved by phosphatases into phosphate and detectable yellow 4-
513  nithophenol. Others used the fluorophore Naphthol ASBI-phosphate, which is converted into the
514  fluorescent Naphthol-ASBI (29) and shows specificity for TRAP isoform 5b, making this method more
515  specific for the detection of OC when compared to the measurement of TRAP enzyme in general
516  (30). Naphtol ASMX phosphate (31) and an otherwise undisclosed diazonium salt function in a
517  similar manner. Enzyme linked Immunosorbent Assay (ELISA) can be used to detect TRAP in a slightly
518  different manner; by binding a detectable substrate directly to the TRAP enzyme instead of using the
519  enzyme to produce detectable substrate. Relying on conjugated enzymes or fluorescence, these
520 techniques should be more effective at low concentrations of TRAP because multiple conjugates
521  could bind to a single TRAP molecule. Others used a kit to detect TRAP, but no description of the

522  assay other than the manufacturer were given.

523  Table 4: TRAP measurement techniques and analyses.
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Type pNPP | N-ASBI-P | N-ASMX-P | ELISA | Diazonium salt | Undefined kit | Reference | Not reported | Total
Total 33 5 1 9 1 9 4 1 63
Lysed cells 29 5 1 1 3 2 41
Supernatant 6 7 1 6 2 22
Reference only 1 1
Not reported 1 1 2
Analysis pNPP | N-ASBI-P | N-ASMX-P | ELISA | Diazonium salt | Kit Reference | Notreported | Total
absorbance 33 1 8 6 2 1 51
Fluorescence 5 5
Radiography 0
Reference only 2 1 1 2 6
Not reported 4 4

524

525  Table 4: Each column in Table 4 signifies a different technique to measure TRAP. This table consists of
526  two distinct sections. The first section shows the number of studies that used each technique, and
527  whether these were used on (lysed) cells or on culture supernatant. If only a reference to other
528 literature was provided, that instance was listed in the row ‘Reference only’, and when these details
529  were not reported, that instance was listed in the row ‘Not reported’. Note that in a single study
530 TRAP can be measured with the same technique on both cell lysate and culture supernatant,
531  resulting in a higher count of occurrences than number of studies that analyzed TRAP. The second
532  section shows with which method of analysis the TRAP content was measured. If only a reference to
533  other literature was provided, that instance was listed in the row ‘Reference only’, and when these
534  details were not reported, that instance was listed in the row ‘Not reported’. If one study measured
535  TRAP on both cells and supernatant, then that study is represented twice in the second section. In all

536  other cases, each study is represented once in each section.

537

538  ALP measurements as a surrogate marker of osteoblastic tissue formation
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539  Alkaline phosphatase (ALP), a bone turnover marker that is commonly used to investigate OBs, was
540  studied in 42 publications (Table 5). ALP is a phosphatase, that like TRAP in OCs can be found both
541  within and on the OBs surface and can be excreted into culture medium soluble or via extracellular
542  vesicles (32,33). The most frequently used method to measure ALP was to use the substrate pNPP,
543  which is cleaved by ALP into phosphate and detectable yellow 4-nitrophenol. Enzyme Immuno
544  Assays (EIA) and ELISAs are similar immunoenzymatic assays (34) that rely on an labelling ALP
545 molecules with a detectable substrate or other enzymes. This is in contrast with the pNPP-based
546  methods, where the ALP enzyme itself through its inherent enzymatic activity is responsible for
547  generating the colored substance. An advantage of the EIA and ELISA methods is that these are
548  generally more sensitive; multiple detectable molecules or enzymes can be bound to each ALP
549  molecule. Others used a kit to measure ALP, but no description of the assay other than the

550  manufacturer were given.

551  Table 5: ALP measurement techniques and analysis.

ALP measurement techniques
Type pNPP EIA ELISA Undefined kit | Total
Total 26 8 1 7 42
8
s Lysed cells 19 1 6 26
e
3
n supernatant 8 7 1 2 18
absorbance 25 8 1 3 37
c
Q
g Reference only 2 2
D
= Not reported 5 5

552

553  Table 5: Each column signifies a different technique to measure ALP. The first rows show the
554  occurrence of each technique and whether these were used on (lysed) cells, or on culture

555  supernatant. Note that in a single study ALP can be measured with the same technique on both cell
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556 lysate and culture supernatant, resulting in a higher count of occurrences than number of studies
557  that analyzed ALP. The final three rows show with which method of analysis the ALP content was

558 measured.

559

s¢0 Database 2 results

561  While Database 1 was created to provide an overview of all reported methods to study the relevant
562 outcome measures (resorption, formation, TRAP and ALP) without other experimental details,
563  Database 2 was created to provide more insight into what culture conditions were used for co-
564  cultures. From Database 1, studies that investigated relevant outcome measures on both OB and OC
565  were regarded as co-cultures capable of showing OB-OC interaction, versus using one cell type only
566  to stimulate an effect or differentiation in the other. Of these qualifying studies, more information

567  on the used cells and culture conditions was extracted and analyzed in Database 2.

568

569 Osteoblasts

570  Osteoblasts are the bone forming cells responsible for depositing mineralized matrix. From all 39
571  studies included in Database 2, the cell types that were present at the start of the co-culture were
572 recorded and are shown in Table 6. More than half used human primary cells, whereas the others
573  used animal primary cells or any type of cell line. Whether OBs or their progenitor cells were applied
574  differed greatly between studies: almost half of the studies started the co-culture with OBs, the
575  others started the co-culture with a type of progenitor cell. It needs to be noted that some of cell
576  descriptions in Table 6 might refer to identical cell populations. This is a result of ambiguous
577  isolation methods and nomenclature which is subjective and can evolve over time (35). This

578  systematic map reflects the nomenclature used by the authors or an unambiguous translation of the
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579  provided nomenclature to nomenclature used in this map and does not interpret the provided

580 information if it was ambiguous.

581  One interesting observation regarding the cells used as OBs is that there is little variation in the
582  different types of cells introduced into the co-cultures. Except for the oldest 6 studies that used
583 chicken and rat cells, all studies used human or mouse cells, most of which were primary cells. While
584  the studies using rat and mouse cells mostly directly introduced OBs (either isolated as such or
585 differentiated before seeding), those that used human cells predominantly resorted to using
586 progenitor cells (35). Such OB precursors can be obtained from blood and bone marrow donations
587 and can be expanded to the required number of cells in vitro. The main difference between OB
588  versus progenitors is the presence or absence of the osteogenic differentiation phase.
589  Differentiation within the experiment could be desired for the research question or must be
590 considered in case it is not. Those that used primary OBs purchased expandable human OBs (36) or
591  used OBs (37), undefined expanded bone cells (38), or differentiated MSCs (39) from bone material

592  obtained during a surgical procedure.

593  Table 6: Osteoblast origins and occurrences.
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Human primary 4 9 2 6 1 22
Human cell line 1 1
Mouse primary 3 2 5
Mouse cell line 4 4
Rat primary 3 1 4
Chicken primary 2 2
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Reference only 1 1

Total 16 11 2 8 1 1 39

594

595 Table 6: From Database 2, the origin of the cells that were used as OB was extracted. Each column
596 represents a different cell type of OB-like cells or their precursors. Each row represents a different
597  source of cells, differentiating between both the origin species and whether the cells are primary cells

598  orcell lines. Incremental totals are presented in the last row and column.

599

600

601  Seeding densities plays a major role in proliferation and cell function of OBs (18,83). Seeding density
602  of OBs in 2D could be extracted or calculated for 26 studies and ranged from approximately 900
603  cells/cm?® to approximately 60.000 cells/cm? with a median of approximately 6500 cells/cm? and a
604  mean of approximately 11000 cells/cm? (Fig 4a). Seeding density of OBs in 3D could be extracted or
605 calculated for 6 studies and ranged from approximately 300 cells/cm® to approximately 7*10’
606  cells/cm® with a median of approximately 4*10° cells/cm® and a mean of 15*10° cells/cm” (Fig 4d). It
607  isimportant to note that these numbers are taken from the entire base of studies in Database 2, and
608 as such are not representative for any type of OB or precursor used. These numbers can be further

609 sorted and selected based on the individual researchers’ needs.

610 Fig 4. Seeding densities and seeding ratios. Violin plots of 2D and 3D seeding ratios of OB (A+D), OC
611  (B+E) and respective seeding ratios (C+F). Values are calculated based on reported seeding numbers
612  of the cells or precursors thereof by authors per surface are or volume. No distinction was made
613  between different types of cells or precursors in these figures and this introduces a considerable
614  spread in data due to possible cell proliferation (OB) and cell fusion (OC) that might have occurred

615  after seeding. This distinction can be made in the database itself. Please take note that the ranges
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616  along the Y-axis are not the same for each figure. Each seeding density of each study is represented

617 by a blue dot.

618

619 Osteoclasts

620  Osteoclasts are the bone resorbing cells that remove old and damaged bone tissue to make place for
621  the deposition of new mineralized matrix. Out of all 39 studies included in Database 2, 20 used
622 human primary cells, the others used animal primary cells or any type of cell line (Table 7). In most
623  cases cultures were initiated with OC progenitors: 16 studies introduced monocytes, 11 introduced
624 mononuclear cells, the rest used other precursors. Again, it needs to be noted that some of these
625  descriptions are ambiguous. What is reported here is the definition used by the authors of the

626  respective studies.

627  The origin of the cells used as OCs is remarkably like those of the OBs. The 6 oldest included studies
628  used chicken and rat cells, and all others used mouse or human cells. With only one exception
629 combining a mouse ST-2 cell line with human monocytes (40), all studies used cells of exclusively a
630  single species for the OB and OC source. Such a similarity was not found regarding the use of cell
631 lines versus primary cells. While many studies introduced OBs directly into the co-culture, only a
632  single study claimed to introduce OCs directly into co-culture but failed to provide any information

633  regarding either cell source and was therefore ignored from further use.

634  Seeding density of OC in 2D could be extracted or calculated for 25 studies and ranged from 5*10°
635  cells/cm? to 15*10° cells/cm? with a median of 42*10° cells/cm? and a mean of 190*10° cells/cm?
636  (Fig 4b). Seeding density of OC in 3D could be extracted or calculated for 6 studies and ranged from
637 2*10* cells/cm® to 7*107 cells/cm® with a median of 4¥10° cells/cm® and a mean of 17*10° cells/cm?
638  (Fig 4e). Seeding ratios of OB:0C in 2D varied highly and ranged from 1:1500 to 1:1 (Fig 4c) and

639  seeding ratios of OB:OC in 3D ranged from 100:1 to 1:25 (Fig 4f). In human bone tissue, the ratio of
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640 OB:OC is estimated to be approximately 7:1 (41). It must be noted that in these numbers, no
641  distinction has been made between the use of precursors versus OB or OC or any type of expansion

642  phase within experiments. These distinctions can be made within Database 2 for each individual

643 need.
644

645  Table 7: Osteoclast origins and occurrences.
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Human primary | 10 6 1 3 20
Human cell line | 4 4
Mouse primary 2 2 2 6
Mouse cell line 2 2
Rat primary 3 1 4
Chicken primary 2 2
Reference only 1 1
Total 16 11 5 5 1 1 39

646

647  Table 7: From Database 2, the origin of the cells that were used as OC was extracted. Each column
648  represents a different cell type of OC-like cells or their precursors. Each row represents a different
649  source of cells, differentiating between both the origin species and whether the cells are primary cells
650  orcelllines. If the cell source was indicated using only a reference, that instance was listed in the row

651 ‘reference only’. Incremental totals are presented in the last row and column.
652

653

33


https://doi.org/10.1101/2021.09.09.459671
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.09.459671; this version posted October 9, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

654 Co-culture medium composition and culture conditions

655  The behavior of cells is highly dependent on their environment, of which the biochemical part is
656  predominantly determined by the culture medium composition. The main components of typical
657  culture media are a base medium, fetal bovine serum (FBS) and specific supplements such as growth
658  factors, especially when progenitor cells need to be differentiated first. Within the scope of this
659  study, the base medium, FBS content and concentration of typical OB and OC supplements were
660  analyzed. It became obvious that culture conditions are manifold and differ much between studies:
661 A total of 8 different base (or complete) media were reported (Fig 5a), with aMEM and DMEM
662  accounting for approximately 80% of all studies. FBS content ranged from 0% to 20%, with most
663  studies using 10% (Fig 5b). Those without supplemented FBS used forms of complete media of which
664  the composition was not described, but possibly including a type of serum or equivalent serum-free

665  supplements.

666  Fig 5. Medium components used by studies in Database 2. A) The occurrence of all identified base
667  and complete media used during the co-culture phase of each study. B) Serum concentrations during
668  the co-culture phase of each study. Numbers report exclusively the use of separately introduced FBS
669  or FCS. Serum as part of a complete medium kit that was not described in the methods section is not
670 reported here. C) OC supplements administered during the co-culture phase of each study. OC
671  supplements were exclusively reported in ng/mi and are reported as such in the violin plot with all
672 individual concentrations as blue dots. Please note that the x-axis has a linear distribution. D)
673  Osteogenic supplements during the co-culture phase of each study. Osteogenic supplements were
674  recalculated to molarity where necessary for comparability. Individual molarities are shown as blue

675  dots. Please note that the x-axis has a logarithmic scale.

676
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677  OC supplements were reported exclusively in ng/ml (Fig 5¢). M-CSF concentration was reported in 11
678  studies and ranged from 10 ng/ml to 100 ng/ml with a mean of 39,82 ng/ml. RANKL concentration
679  was reported in 14 studies and ranged from 10 ng/ml to 100 ng/ml with a mean of 49 ng/ml. All OB
680  supplements were recalculated to molarity if they were reported in concentrations (Fig 5d). Ascorbic
681  Acid (AA), which was also referred to as ascorbic acid-2-phosphate, L-ascorbic acid or L-ascorbate-2-
682 phosphate, was used in 19 studies. AA concentration ranged from 0.05 mM to 0.57 mM, with mean
683 of 0.18 mM and one outlier at 200 mM that was disregarded for this calculation. Dexamethasone
684  was used and reported in 13 studies and was used in 2 different molarities: 6 times at 107 M and 7
685  times at 10° M. B-Glycerophosphate (BGP) use was reported in 17 studies, and ranged from 1 mM to

686 46 mM, with a mean of 13 mM.

687

688

689  Other culture conditions and techniques

690 In addition to the cell and medium characteristics, there are other factors that define an experiment.
691  Out of the 39 studies of Database 2, 9 studies used a type of transwell or well insert culture (where
692  cell populations are separated, but factor exchange is possible), 16 studies used a form of 3D culture,
693 3 studies reported the use of bioreactors, 2 studies used more than the required 2 cell types to form
694  a tri- or tetra-culture (39,42), 7 studies reported using non-standard environmental conditions such
695 as gas concentrations or mechanical loading. Polymerase chain reaction (PCR) was used in 13
696  studies, and supernatant analyses such as ELISA were used in 14 studies. The target genes, proteins
697  or compounds were extracted from the publications and the occurrence of each target was recorded

698  in the analysis of Database 2.

699
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700 Discussion

701 In recent years, many research groups have ventured into the realm of OB-OC co-cultures with the
702  intent of studying both formation and resorption. Due to a lack of standardization within the field
703  and the difficulty of finding publications based on methods instead of results, each group seems to
704  be individually developing the tools to suit their needs resulting in many functionally related
705  experiments that are methodologically completely different. The use of OB-OC co-cultures is usually
706  not clearly mentioned in the title and abstract, making it difficult to find these studies without a
707  systematic search and thorough review. The aim of this study was to generate a systematic map to
708  give an overview of existing osteoblast-osteoclast co-culture studies published up to 6 January 2020,
709  and present their methods, predetermined outcome measures and other useful parameters for

710  analysis in 2 databases which can be filtered, sorted, searched and expanded.

711  The Database 1 contains all OB-OC co-culture studies in which at least one relevant primary outcome
712  measure (formation and/or resorption) or secondary outcome measure (ALP and/or TRAP
713 quantification as surrogate markers for formation and resorption, respectively) was investigated
714  (S1_File_Database_1). A sub-selection of studies that have relevant outcome measures investigated
715 on both OBs and OCs in the co-culture are shown in Database 2, accompanied by additional details

716  on methods, culture conditions and cells (S2_File_Database_2).

717

718  Resorption

719  Most studies in Database 1 investigating resorption did so in 2D cultures using a resorbable
720  substrate such as bone, dentine, or synthetic osteological discs. This is not unexpected, as these
721  three options are either the actual in vivo material (bone), a similar material with excellent

722 properties for studying resorption (dentine) (43), or a material designed specifically for the purpose
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723  of studying resorption (osteologic discs or coated wells). One crucial advantage of using dentine
724 discs over bone is related to the native structure of dentine itself: it does not contain canaliculi and
725  has fewer other irregularities because it is not actively remodeled, providing more contrast between
726  the native structure and resorption pits to accurately visualize them (43,44). Because of that reason,
727 dentine is often favored over bone. The advantages of bone over dentine are that bone is the actual
728  tissue of interest as opposed to a bone-like material, it can be obtained from many different species
729 in relevant quantities and sizes, can be more easily be prelabeled in vivo with for example
730 radioactive markers such as 3H-proline (45), it is cheaper and more readily available, and could be
731  used in conjunction with cells from the same species or even same animal, although the latter was
732  not observed in this map. Dentine is a component of ivory, usually obtained from elephants (46),
733  hippo’s (47) or sperm whales (48). Regulations regarding ivory are strict and the material is rare,
734  making it difficult and expensive to import and obtain. Synthetic osteologic discs have the advantage
735  of being produced in a uniform manner and should show little sample-to-sample variation compared
736  to discs made from animal tissue, or hand-made discs. Using well plates with thin osteologic coatings
737  has the advantage that once the coating is resorbed, the translucent well below is revealed, which
738  facilitates imaging with light microscopes. Combined with certain stainings, it makes quantifying

739  resorbed area using conventional light microscopy easier.

740  Choosing the surface that will be resorbed by the osteoclasts will result in a compromise. For
741  example, HA and other calcium phosphates are a likely choice for studying resorption since they are
742 a major constituent of bone. While not optimized to facilitate resorption per se, they are simple to
743  create, have a known composition and should offer good between-lab reproducibility. This contrasts
744  with resorbable discs and plates with undisclosed ingredients and likely between-manufacturer
745  variation. They are however synthetic, and do not contain any organic ECM components, which

746  means that techniques such as measuring bone turnover markers NTx (49) and CTx (50) do not work.

37


https://doi.org/10.1101/2021.09.09.459671
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.09.459671; this version posted October 9, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

747 It is believed that the deposition of collagen type | by osteoblasts is a vital step in the formation of
748  mineralized tissue (51), and similarly could play a role in the resorption thereof. It is also possible to
749  generate the to-be-resorbed material in vitro by the OBs (50), even within the same experiment. This
750  essentially simulates a bone remodeling environment that is a step closer to the physiological
751 process of bone remodeling versus only resorption, although in vivo the order in which this typically
752 happens is reversed: first, damaged ECM is resorbed by OC, then new ECM is deposited by OB (52).
753 However, the process of creating a mineralized matrix may introduce a variation in substrate size
754 even prior to initiating the co-culture (53). Also, many in vitro formation experiments, while being
755  able to produce the ECM constituents collagen and mineral, are not (yet) producing real bone ECM
756  (51). An advantage specific to using a collagen-based material in favor of a pure ceramic material is
757  that techniques such as NTx (49) and CTx (50) can be used. These bone turnover markers are used in
758  the clinic and can quantify resorption by directly analyzing the liberated collagen fragments that

759  were present in the resorbed mineralized matrix (54).

760  Because most studies were conducted in 2D, most resorted to using various types of 2D microscopy
761  to analyze resorption, usually after staining to increase contrast. This can facilitate the quantification
762  of resorbed area using image analysis software but is usually limited to a quantification of surface
763  area, whereas resorption is a three-dimensional process. While methods exist to reconstruct a set of
764  stereoscopic 2D images into 3D height maps (55), these were not identified within the studies in
765  either database of this systematic map. It would be better to consider imaging techniques that can
766  directly quantify the resorbed volume. Examples are 2-photon microscopy for thin samples and
767  micro computed tomography (uCT) (56). Due to the non-destructive nature of uCT, it is well suited
768  to monitor mineralized volume over time within the same samples (57) and images can be compared
769  for changes over time (53,56). The usefulness of such a monitoring tool is however dependent on
770  the envisaged resolution versus the corresponding potential cell-damage caused by radiation
771 exposure (58,59). Registering consecutive images can even show both formation and resorption of
772 mineralized tissue within the same set of images of the same sample if both mineralizing OBs and
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773  resorbing OCs are present (53). While uCT in this map is predominantly used on 3D samples, one
774  study used it to quantify the thickness of mineralized films and combined that data with surface

775  metrological data (60).

776 Overall, the golden standard (bone and dentine discs) remains the most-used method to study 2D
777  resorption, although alternatives such as osteological coatings offer new and easy ways of
778 quantification. Compared to 2D cultures however, 3D cultures are under-represented in this
779  systematic map. While the systematic search covers all publications until January 6 2020 available,
780 only 24 studies were labeled as 3D co-cultures in Database 1, the first being published only in 2006
781  (61). From these we learn that studying 3D resorption remains a challenge, with the only identified
782  viable options for quantification being LCT imaging and supernatant analysis techniques such as NTx

783 and CTx.

784

785  Formation

786  The result of bone formation is the deposition of mineralized matrix. This is however a multi-step
787  process of the presence of properly stimulated OBs that lay down a framework of type | collagen,
788  which in turn is mineralized by the addition of calcium phosphates (51). No single method of
789  measuring formation confirms the occurrence of each step in this process, instead relying on the

790  assumption that the confirmed presence of one step indicates the presence of the entire process.

791  With most studies being two-dimensional co-cultures, it is no surprise that most formation analyses
792 extracted from Database 1 were stainings. Of these, Alizarin Red is particularly interesting due to the
793  option of quantifying the amount of bound dye, which correlates to the amount of calcium (27). A
794  risk when using this method on larger samples is that it is not certain how far both dye application
795 and dye extraction penetrate the material. This should not affect relative comparisons between
796  different sample groups but could lead to underestimations of calcium deposition. By completely
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797  lysing the samples and directly measuring the exact amount of calcium or phosphate (62,63) this risk
798  could be avoided, at the cost of not gaining information on the location and distribution of calcium

799  or phosphate through the sample.

800 The two types of non-destructive formation measurements, CICP and uCT, are coincidently well-
801  suited for the analysis of three-dimensional co-cultures as well. A major advantage of these is that
802 because of their non-destructive nature, they can be used to measure the same samples over time,
803 and they can be used prior to other destructive techniques. CICP measurements (64) have no
804 negative effects on the co-culture, requiring only that culture supernatant samples can be taken at
805 the desired timepoints, usually at medium exchange. The use of uCT leads to both quantification and
806  visualization of mineralization within the same sample over time, but it has some aspects to
807  consider. Most importantly, to use it as a non-destructive technique the samples must be cultured in
808  sterile vessels capable of being scanned. This means that experiments are limited by severe practical
809  constraints. Additionally, there is a direct correlation between the resolution of the images (and thus
810 the minimal detectable size of mineral deposits) and exposure to radiation and subsequent cell
811  damage (58,59). Radiation damage directly affects the usefulness as a monitoring tool, and a careful

812  balance between minimal acceptable resolution and maximal radiation exposure must be found.

813  Overall, 2D nodule stainings were the most frequently used method to measure formation.
814  Combined with Alizarin Red dye release these provide an easy way to quantify mineralization,
815  though CICP supernatant analysis and uCT techniques provide a non-destructive alternative that can

816 also be used for 3D co-cultures.

817

gis ALP and TRAP

819  ALP and TRAP are the two major markers used for indirectly quantifying respectively OB and OC
820  activity that were included into Database 1. Their presence is no conclusive proof that formation and
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821  resorption are occurring because ALP is expressed in differentiating MSCs already (65) and TRAP is
822  expressed on monocytes as well (53), but there is a correlation between their presence and that of
823 OB and OC, respectively. ALP is an enzyme that makes phosphates available to be incorporated into
824  the matrix (66), while TRAP has been associated with migration and activation of OC (67). These
825 enzymes can be measured both after lysis of the cells or within the culture supernatant. The former
826  allows the quantification of enzyme per DNA content when combined with a DNA assay, whereas
827  the latter allows the monitoring of relative enzyme release over time. The precise methodological
828 details and experimental setup are of lesser importance for measuring ALP and TRAP than they are
829  for measuring formation and resorption. All that is required is the possibility to use the supernatant
830  or cell lysate, which is possible in most common experimental setups. The most frequently used
831 methods are the pNPP-based methods where ALP and TRAP directly convert a substrate into a
832  measurable compound. Napthtol-based methods (29) rely on a similar principle, and show an
833  increased specificity for TRAP isoform 5B in particular (30). The main advantage of these methods is
834  that they use the inherent enzymatic activity of ALP and TRAP, reducing the complexity and cost of
835  the assay. However, the reliance on the inherent enzymatic activity of the enzymes is also a practical
836  limitation as inherent activity can be affected by freezing and long-term storage. Especially when
837  monitoring ALP or TRAP release over time, samples are commonly frozen and stored for different
838  periods of time, and enzyme activity could be affected by this. A workaround would be to directly
839  analyze the samples after taking them, or to use methods that rely on the presence and not the

840  activity of these enzymes.

841  One of those methods is the immunoenzymatic assay, of which ELISA is the most well-known. With a
842  traditional ELISA the antigen is first bound to the assay plate, and then labeled with one or a series
843 of antibodies that are conjugated with an enzyme to convert a substrate to a chromogenic product
844 (68). These methods have the capacity to detect lower concentrations of protein because it is
845  possible to label each individual protein with an excess of new enzymes each capable of converting
846 substrate. In the case of TRAP, ELISA kits exist that are specific for TRAP isoform 5b which is
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847  expressed almost exclusively in OCs (69), whereas isoform 5a is also expressed by macrophages and
848  dendritic cells (70). While in a co-culture with pure populations of OB and OC this distinction would
849  not be relevant, macrophages or macrophage-like cells can be used as a precursor for OCs (24), and
850  thus express isoform 5a which could be detected in a pNPP based assay. Similarly, most co-cultures
851 use a precursor or heterogeneous population that either contains macrophages or contains cells
852  capable of differentiating into macrophages such as mononuclear cells (71), which means that the
853 presence of other isoforms or even other phosphatases is likely. Whether this negatively affects the
854 results is another matter that can only be determined by comparison between the two types of
855  assay. Another factor to consider in co-cultures is the fact that both ALP and TRAP are phosphatases.
856  Assays that rely on their inherent phosphatase activity may show cross-reactivity of other

857 phosphatases, although this should be mitigated by controlling the pH during the test.

858  To conclude, pNPP based methods are the most frequently used methods for detecting ALP and
859  TRAP due to their affordability and simplicity. However, immunoenzymatic detection methods are
860  more sensitive and specific, and do not rely on the intrinsic enzymatic activity of ALP and TRAP which
861  can be affected by freeze-thaw cycles, long-term storage, and could show cross-reactivity with other

862  phosphatases.

863

gse4 Osteoclasts

865 OCs are the bone resorbing cells, and together with bone forming OBs they keep the bone mass and
866 bone strength in equilibrium with the required loads placed upon it. OCs are created when OC
867 precursors such as monocytes exit the bloodstream because of chemotactic cues followed by the
868  correct biochemical signals that result in cell-fusion into OCs. Cells are currently considered to be

869 OCs when expressing TRAP, having an actin ring, and having at least 3 nuclei (6). Osteoclastic
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870  resorption in vivo is an integral part of bone maintenance. Old and damaged bone tissue is resorbed

871  and quickly replaced by OBs with new bone tissue.

872  There is a clear preference in the studies identified for Database 2 for using human cells to generate
873  0Cs, most notably monocytes and mononuclear cells. These have in the past two decades proven to
874  be a reliable and relatively straight-forward precursor population for OCs (6), they can be obtained
875  from human blood donations, and are thought to be better representatives for studying human

876  physiology than cells of animal origin (2,3).

877  The choice of using precursors versus differentiated OCs is forced sharply into one direction because
878  of both biological and experimental limitations. The extraction of OCs from bone is possible but
879  cumbersome, requires access to fresh bone material and generally does not yield relevant numbers
880  of OCs. Generating OCs from circulating precursors has proven to be an easier way of obtaining OCs.
881  However, OCs have an average life span of approximately 2 weeks (72,73), some of which would
882  already be lost if OCs would be created prior to the actual experiments. In contrast to most cells,
883  differentiation happens by fusion of several precursors into a single OC. Fused multi-nucleated OCs
884  can become large and hard to handle without damaging them. For those reasons they are usually
885  generated within the experiment itself instead of in a prior culture. In fact, the first OB-OC co-
886  cultures were designed specifically to generate OCs by using osteoblastic cell signals (9), as opposed
887  to generating a model to study both OBs and OCs simultaneously as this systematic map has indexed

888  (74).

889  OCs can currently be obtained in vitro without the need for OBs thanks to the discovery in 1999 that
890 M-CSF and RANKL are the necessary and sufficient proteins to induce osteoclastic differentiation
891 from precursors (10). The cells are predominantly introduced into the co-culture as precursors to
892  differentiate within the co-culture, regardless of whether these two proteins are used or not. Where
893  in the past researchers used spleen cells for this, the studies included in this systematic map

894  predominantly use (blood-derived) mononuclear cells, monocytes, or macrophages as precursor
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895  cells. These four sources are closely related, and the main differences between them are the purity
896  of the population and how far along the path to differentiated and active OCs they are. In short:
897  Spleen cells contain many cells, among others mononuclear cells. A part of the mononuclear cell
898  population consists of monocytes which are currently regarded as ‘the’ OC precursors (75,76).
899 Monocytes can differentiate into macrophages or fuse together into OCs, depending on the

900  biochemical cues received. Macrophage-like cell-lines are being used to generate OCs as well.

901 There are risks associated with each method of generating OCs. Animal cells introduce a between-
902  species variation and can respond differently than human cells (17), human donor cells tend to
903 exhibit large between-donor variation compared to cell lines (77) and the number of cells acquired is
904 limited and variable (78). The large variation between donors again highlights the need for patient-
905  specific disease models instead of generic bone models. By using cells of a single diseased donor, the
906 reaction of that patient’s cells on potential treatment options can be studied. Immortalized cell-lines
907  result in immortal subsequently generated OC-like cells. This is however not the case in vivo and
908  while it can greatly reduce between-experiment and between-lab variation, it is also physiologically
909 less relevant. While these risks and characteristics do not discredit any source as a viable source of
910  OCs for any experiment, the results of the corresponding studies should be interpreted with these

911 characteristics in mind.

912

913 Osteoblasts

914 OBs are the bone forming cells, and together with bone resorbing OCs they keep the bone mass and
915 bone strength in equilibrium with the required loads placed upon it. In addition to their role in bone
916 formation, they excrete the exact biochemical cues necessary to generate OCs out of their
917  circulating precursors. Before the identification and commercial synthesis of these factors, a co-

918 culture with OB was the only way to generate OCs in vitro.
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919  The preference for the use of human primary cells identified in the studies included in Database 2
920 can be explained by the good availability of donor material, expandability of OB precursors, and
921  because human cells have the potential to better reflect human physiology than cells from other
922  species (2,3). The choice of OB progenitors versus OBs is not as crucial here as it is with OCs. MSCs,
923  the most commonly used precursors, have a tri-lineage potential (79) and should be able to
924 differentiate into OBs on a 1-1 ratio. The advantage of osteoprogenitors such as MSCs is that these
925  are capable of extensive proliferation before differentiation and could be used to migrate into and
926 populate hard-to-reach areas within 3D scaffolds. Additionally, using progenitors opens possibilities
927  to study osteoblastogenesis in addition to bone formation. When the effect of an intervention on
928  mineralization but not osteogenesis is under investigation, care must be taken that the intervention

929  is not applied before differentiation is has been achieved.

930 The advantage of directly introducing OBs instead of precursors, whether obtained directly from
931  primary material or pre-differentiated in vitro, is that these do not need to be differentiated within
932  the experiment anymore, and all seeded cells are already OBs, and by extension, any experimental
933  conditions affect only mature OBs and not osteoblastogenesis in parallel. Actual OBs or to-be-
934  differentiated MSCs isolated from orthopedic surgery are the most common source of primary
935  human OBs. However, healthy human donor OBs are scarce because they are mostly isolated after
936  surgery of mainly diseased patients. Whether the use of OBs from unhealthy donors affects
937  experimental results needs to be elucidated. On the other hand, using patient cells to create a
938  personalized in vitro disease model is the first step towards personalized medicine, especially if all
939  cells are of that same patient. Finally, the use of any type of animal cell instead of human cells
940  carries the risk of finding inter-species differences that can affect the results and conclusions, and
941  everything based on that, because animal cells can behave differently than human cells (17). While
942 none of these risks directly discredit any of the methods obtaining OBs, the results must be

943  interpreted with these risks and characteristics in mind.
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944

945 Culture conditions

946  The success of a cell-culture experiment is dependent on many factors related to culture conditions.
947 For most cell-types, standard culture conditions have been established. During co-culture
948 experiments however, the needs of two or more cell types need to be met. Medium components
949  and factors may be needed in different concentrations, as they can be beneficial to one cell type but

950 inhibitory to the other (80).

951  There is a clear preference for medium based on DMEM and aMEM, but the choice of base medium
952  for a culture is not an easy one. Base media are generally chosen based on the intended cell type,
953 recommendations by a manufacturer or supplier of either cells or medium, preferred effect on cells,
954  interaction with other supplements, and earlier experience. These factors make direct comparison of
955  experimental results by literature virtually impossible. Additionally, none of the studies mentioned

956  why they specifically chose the base media they used.

957  Another variable in medium composition is the use of FBS (or FCS). It is commonly known that there
958  can be batch-to-batch and between-brand differences in FBS (81) which can impact the results of an
959  experiment tremendously. While different concentrations are being used, the most common FBS

960 concentration is 10%. However, no study explains why each type and concentration of FBS was used.

961  Although there was no clear predictor for using or not using any of the osteoblastic or osteoclastic
962  supplements, when they were used, the concentrations were usually within the same order of
963 magnitude in all studies, except for ascorbic acid. However, only 2 studies used all 5 of the
964  supplements indexed in this study (AA, PGP, Dexamethasone, M-CSF and RANKL) and many
965 combinations of supplements have been registered in this map. Looking at OC supplements, it is
966  generally accepted that RANKL and M-CSF are both necessary and sufficient for osteoclastogenesis
967 (10). However, OBs can produce RANKL and M-CSF themselves to trigger differentiation (9) and

46


https://doi.org/10.1101/2021.09.09.459671
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.09.459671; this version posted October 9, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

968  therefore the supplements are not necessarily required in co-culture. The need for all osteoblastic
969  supplements is not as great considering osteoblasts can be introduced in various stages of
970  development. Still, each supplement contributes to a specific function. Dexamethasone upregulates
971 osteogenic differentiation, BGP acts as a phosphate source, and AA is a co-factor involved in collagen
972  synthesis (82). Depending on the type of cells introduced, the aim of the experiment and other

973 methodological details, their inclusion could be beneficial.

974 Finally, many studies used or omitted specific supplements related to their research question
975 regarding the activity of OBs or OCs or used less common supplements for differentiation such as
976  vitamin D3, human serum or Phorbol 12-myristate 13-acetate. What is seldom addressed however,
977  is the compromise that must be made in choosing the right supplements and concentrations. Adding
978  too high doses of supplements could cause an excess of these signals in the culture medium,
979  effectively overshadowing any other ongoing cell-signaling over the same pathway by other cells.
980  This is of critical importance when the goal is not to achieve only OBs and/or OCs activity, but to
981  obtain a homeostasis in which the two cell types regulate each other, with experimental conditions
982  or interventions that are expected to affect this balance. Here, it may be beneficial to experiment
983  with lower concentrations of factors, supplemented only during critical phases of the cells’

984  development or differentiation.

985  The choice of medium in a co-culture is most likely going to be a compromise and must be based on
986 the exact research question to be addressed, where the advantages and disadvantages of base
987 media and supplements for both cell types are carefully weighed. Most likely, the ultimate goal for
988 the envisaged co-culture would be to reach tissue homeostasis, in which the environment is as
989  similar to the in vivo environment in tissue homeostasis where cell interactions with each other can

990 be monitored.

991
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992  Seeding densities and seeding ratios

993  Using the correct seeding densities plays a major role in proliferation and cell function of OBs (18,83)
994  and osteoclastic differentiation (84). The seeding densities reported in this map show an enormous
995  spread. Many factors could have influenced these numbers. For example, some studies report the
996  numbers prior to expansion, others expand the cells in (co-)culture. Similarly, the percentages of
997  relevant precursor cells in heterogenous cell populations can vary widely. The cell numbers present
998 and OB:OC ratio most likely even change during a co-culture due to ongoing cell-division,
999  differentiation, fusion and different expected life spans and the corresponding cell death.
1000  Regrettably, the available documentation of exact cell numbers introduced is often lacking, and
1001  open to some interpretation. While the figures show this large spread in data points, the included
1002  databases can be manipulated to filter and select studies that match criteria according to the

1003  readers’ specific needs.

1004  Animal type, cell type, cell line versus primary cells and even passage number may also directly
1005 influence the choice of seeding densities in addition to various experimental choices. At the same
1006 time, the purpose of the experiment and more specifically the purpose of the cells and type of
1007 interaction required should determine the necessary seeding density. Are the cells required to
1008  actively deposit or resorb measurable amounts of minerals, or are they just supposed to be there to
1009 facilitate OB-OC communication? The combination of all these factors suggests that there in fact is
1010  no one ideal seeding density, that the best density for a certain experiment can only be determined
1011 by taking all the above factors into account, learning from others that did a similar experiment, and

1012  most importantly verifying assumptions and predictions in the lab.

1013  Looking at the cell seeding ratio, here reported as number of seeded OB/OB-precursors per seeded
1014  OC/OC-precursor, outliers can be normalized against their seeded counterparts. In 2D studies, there
1015  are never more OBs/OB-precursors than OCs/OC-precursors. At most, they are seeded at a 1:1
1016  OB:OC ratio. Even though in human bone tissue the ratio of OB:0OC is estimated to be approximately
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1017  7:1 (41), higher OC numbers than OB numbers are not unexpected. OB precursors can still
1018  proliferate, whereas OC precursors usually still need to fuse together to form mature OC or OC-like
1019  cells. In 3D we do not see the same trend, with ratio’s ranging from 1:20 to 100:1. These differences
1020  are again affected by the same factors that influence individual OB and OC seeding densities, further

1021  enhanced by the extra layer of complexity that are inherent to 3D cultures.

1022

1023 Limitations of the systematic search

1024  While the authors took great care to construct a series of search queries fine-tuned for each of the
1025 three online bibliographic literature sources, the authors cannot be certain that all relevant OB-OC
1026  co-cultures have been included into the two databases. The search was limited by the necessary
1027  addition of a ‘co-culture’ search element. Co-culture studies without any indication thereof in the
1028  title or abstract simply cannot be identified through the initial search. To compensate for this,
1029  screening step 4, searching through identified reviews and publications included into Database 2,
1030  was executed. The publications included into Database 1 or the complete list of identified OB-OC co-
1031  cultures could have been screened for references as well, but the authors decided against this.
1032  Database 2 was specifically chosen for this because the likelihood of a publication that matches all
1033  relevant inclusion criteria citing other such publications was deemed high, whereas less relevant
1034  papers (included into Database 1, or not included at all) were considered much less likely to cite
1035  publications relevant to this systematic map that had not already been identified by the search itself
1036  or the screening of reviews and Database 2. Publications in languages other than English, Dutch or
1037  German were excluded because none of the researchers involved in data curation and analysis were
1038 fluent in those languages. No budget was available to hire a professional translator for the remaining
1039  languages. The consequence of that is that there is a likelihood that relevant publications were

1040 missed.
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1041

1042 Limitations of the databases

1043  The use of co-culture models is a field that is still developing, and we are now aware that it is not
1044 only about adding an additional cell type, but that the complexity of such a culture is more than just
1045 doubled. The applied choice of methods, cells, and culture conditions should be tailored to the
1046 research question to be investigated, and ideally would be comparable to other studies within the
1047  field. This systematic map shows that the currently applied methods are far from standardized and
1048  that many research groups have developed their own approach attempting to overcome each
1049 challenge, making comparison between research groups virtually impossible. There is no consensus
1050 on cell types, seeding densities, seeding ratios or medium composition, and many of these are
1051  predominantly determined by the research question and whatever has been done before in each
1052  respective laboratory. For each study, 86 columns worth of data has been extracted including in
1053  some cases extrapolation and recalculation of numbers, which are now available for sorting and
1054 filtering for individual needs. Still these databases only scratch the surface of each study, and to fully
1055  understand the collected information and the context on which it was gathered, one must still read

1056  the full publication.

1057 It must be noted that the quality of reporting in many cases is lacking. Both missing information
1058 critical and non-critical for reproducing the methods of the studies was identified, and only 13 out of
1059 39 studies included in Database 2 did not miss at least a basic description of all indexed
1060 characteristics. However, more relevant details of these characteristics may have been omitted that
1061  describe exactly how each method or culture conditions was executed that were not required for
1062  this systematic map. Instead, this systematic map focuses on a high-level indexing and evaluation of

1063 defining characteristics of methods and culture conditions.
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1064  This systematic map is not intended to provide a definitive answer to the question of how to set up
1065 the perfect OB-OC co-culture. Instead, it allows searching through all relevant co-culture studies
1066  looking for specific matching experimental characteristics or culture details that may be applicable
1067 to one’s own research. For this, it contains the possibility to search, sort and filter through many
1068 relevant characteristics. This allows one to find relevant studies that may have already (partly)

1069  studied one’s research question, or that can be used as a guide to design comparable experiments.

1070

1071 Conclusion

1072  With this systematic map, we have generated an overview of existing OB-OC co-culture studies
1073  published until January 6, 2020, their methods, predetermined outcome measures (formation and
1074  resorption, and ALP and TRAP quantification as surrogate markers for formation and resorption,
1075  respectively), and other useful parameters for analysis. The two constructed databases are intended
1076  to allow researchers to quickly identify publications relevant to their specific needs, which otherwise
1077  would have not been easily available or findable. The presented high-level evaluation and discussion
1078  of the major extracted methodological details provides important background information and
1079  context, suggestions and considerations covering most of the used cell sources, culture conditions
1080 and methods of analysis. Finally, this map includes the instructions for others to expand and

1081 manipulate the databases to answer their own more specific research questions.

1082

1083

1084

51


https://doi.org/10.1101/2021.09.09.459671
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.09.459671; this version posted October 9, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

1085

1086

1087

1088

1089

1090

1091

1092 References

1093 1. Feng X, McDonald JM. Disorders of Bone Remodeling. Annu Rev Pathol. 2011;6:121-45.

1094 2. Burkhardt AM, Zlotnik A. Translating translational research: mouse models of human disease.
1095 Cell Mol Immunol. 2013 Sep;10(5):373-4.

1096 3. Contopoulos-loannidis DG, Ntzani E, loannidis JPA. Translation of highly promising basic

1097 science research into clinical applications. Am J Med. 2003 Apr 15;114(6):477-84.

1098 4. Montagutelli X. Animal models are essential to biological research: issues and perspectives.
1099 Futur Sci OA. 2015;1(4).

1100 5. Thomas DW, Burns J, Audette J, Adam Carroll, Dow-Hygelund C, Hay M. Clinical Development

52


https://doi.org/10.1101/2021.09.09.459671
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.09.459671; this version posted October 9, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

1101 Success Rates 2006-2015. 2016.

1102 6. Owen R, Reilly GC. In vitro Models of Bone Remodelling and Associated Disorders. Front
1103 Bioeng Biotechnol. 2018;6:134.

1104 7. Holmes A, Brown R, Shakesheff K. Engineering tissue alternatives to animals: applying tissue
1105 engineering to basic research and safety testing. Regen Med. 2009;4(4):579-92.

1106 8. Chambers TJ. Osteoblasts release osteoclasts from calcitonin-induced quiescence. J Cell Sci.
1107 1982;57:247-60.

1108 9. Takahashi N, Akatsu T, Udagawa N, Sasaki T, Yamaguchi A, Moseley JM, et al. Osteoblastic

1109 cells are involved in osteoclast formation. Endocrinology. 1988 Nov;123(5):2600-2.

1110 10. Suda T, Takahashi N, Udagawa N, Jimi E, Gillespie MT, Martin TJ. Modulation of osteoclast
1111 differentiation and function by the new members of the tumor necrosis factor receptor and

1112 ligand families. Vol. 20, Endocrine Reviews. Endocrine Society; 1999. p. 345-57.

1113 11. Simonet WS, Lacey DL, Dunstan CR, Kelley M, Chang MS, Lithy R, et al. Osteoprotegerin: A
1114 novel secreted protein involved in the regulation of bone density. Cell. 1997 Apr

1115 18;89(2):309—19.

1116 12. Udagawa N, Takahashi N, Akatsu T, Tanaka H, Sasaki T, Nishihara T, et al. Origin of

1117 osteoclasts: mature monocytes and macrophages are capable of differentiating into
1118 osteoclasts under a suitable microenvironment prepared by bone marrow-derived stromal
1119 cells. Proc Natl Acad Sci U S A. 1990 Sep 1;87(18):7260—4.

1120 13. Teitelbaum SL. Bone resorption by osteoclasts. Science. 2000 Sep 1;289(5484):1504-8.

1121 14 de Vries RBM, Hooijmans CR, Langendam MW, van Luijk J, Leenaars M, Ritskes-Hoitinga M, et
1122 al. A protocol format for the preparation, registration and publication of systematic reviews
1123 of animal intervention studies. Evidence-based Preclin Med. 2015 Aug 1;2(1):e00007.

53


https://doi.org/10.1101/2021.09.09.459671
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.09.459671; this version posted October 9, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

1124 15. Remmers SJA, Wildt BWM, Vis MVA, Spaander ESR, de Vries R, Hofmann S, et al. Osteoblast-

1125 osteoclast co-culture models of bone-remodelling: A systematic review protocol [Internet].
1126 2020 [cited 2021 Jan 16]. Available from:
1127 https://doi.org/10.5281/zen0d0.3969441#.YAK3zqvkF6c.mendeley

1128 16.  Ouzzani M, Hammady H, Fedorowicz Z, EImagarmid A. Rayyan-a web and mobile app for

1129 systematic reviews. Syst Rev. 2016 Dec 5;5(1):210.

1130 17. Jemnitz K, Veres Z, Monostory K, Kébori L, Vereczkey L. Interspecies differences in
1131 acetaminophen sensitivity of human, rat, and mouse primary hepatocytes. Toxicol In Vitro.

1132 2008;22(4):9617.

1133 18. Bitar M, Brown RA, Salih V, Kidane AG, Knowles JC, Nazhat SN. Effect of cell density on
1134 osteoblastic differentiation and matrix degradation of biomimetic dense collagen scaffolds.

1135 Biomacromolecules. 2008;9(1):129-35.

1136 19. Jolly JJ, Chin K-Y, Farhana MFN, Alias E, Chua KH, Hasan WNW, et al. Optimization of the
1137 Static Human Osteoblast/Osteoclast Co-culture System. Iran J Med Sci. 2018 Mar;43(2):208-

1138 13.

1139 20. Jones GL, Motta A, Marshall MJ, El Haj AJ, Cartmell SH. Osteoblast: osteoclast co-cultures on

1140 silk fibroin, chitosan and PLLA films. Biomaterials. 2009;30(29):5376—84.

1141 21. Kadow-Romacker A, Duda GN, Bormann N, Schmidmaier G, Wildemann B. Slight changes in
1142 the mechanical stimulation affects osteoblast- and osteoclast-like cells in co-culture. Transfus

1143 Med Hemother. 2013 Dec;40(6):441-7.

1144 22. De Vries TJ, Schoenmaker T, Aerts D, Grevers LC, Souza PPC, Nazmi K, et al. M-CSF priming of
1145 osteoclast precursors can cause osteoclastogenesis-insensitivity, which can be prevented and

1146 overcome on bone. J Cell Physiol. 2015 Jan;230(1):210-25.

54


https://doi.org/10.1101/2021.09.09.459671
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.09.459671; this version posted October 9, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

1147

1148

1149

1150

1151

1152

1153

1154

1155

1156

1157

1158

1159

1160

1161

1162

1163

1164

1165

1166

1167

1168

1169

23.

24.

25.

26.

27.

28.

29.

30.

31

available under aCC-BY 4.0 International license.

Kyllonen L, Haimi S, Mannerstrom B, Huhtala H, Rajala KM, Skottman H, et al. Effects of
different serum conditions on osteogenic differentiation of human adipose stem cells in vitro.

Stem Cell Res Ther. 2013 Feb 15;4(1):17.

Hikita A, limura T, Oshima Y, Saitou T, Yamamoto S, Imamura T. Analyses of bone modeling
and remodeling using in vitro reconstitution system with two-photon microscopy. Bone.

2015;76:5-17.

Puchtler H, Meloan SN, Terry MS. On the history and mechanism of alizarin and alizarin red S

stains for calcium. J Histochem Cytochem Off J Histochem Soc. 1969;17(2):110-24.

Meloan SN, Puchtler H. Chemical Mechanisms of Staining Methods: Von Kossa’s Technique:
What von Kossa Really Wrote and a Modified Reaction for Selective Demonstration of

Inorganic Phosphates. J Histotechnol. 1985;8(1):11-3.

Schroder HC, Wang XH, Wiens M, Diehl-Seifert B, Kropf K, Schlossmacher U, et al. Silicate
modulates the cross-talk between osteoblasts (Sa0S-2) and osteoclasts (RAW 264.7 cells):

inhibition of osteoclast growth and differentiation. J Cell Biochem. 2012;113(10):3197-206.

Hayman AR. Tartrate-resistant acid phosphatase (TRAP) and the osteoclast/immune cell

dichotomy. Autoimmunity. 2008 Jan 7;41(3):218-23.

Vaughan A, Guilbault GG, Hackney D. Fluorometric methods for analysis of acid and alkaline

phosphatase. Anal Chem. 1971;43(6):721-4.

Janckila AJ, Takahashi K, Sun SZ, Yam LT. Naphthol-ASBI phosphate as a preferred substrate

for tartrate-resistant acid phosphatase isoform 5b. J Bone Miner Res. 2001;16(4):788—93.

Davidov M. Histochemical detection of alkaline phosphatase by means of naphthol
phosphate AS-MX in association with fast blue salt BB in the large acinous glands - PubMed.

Nauchni Tr Viss Med Inst Sofiia. 1967;46(2):13-8.

55


https://doi.org/10.1101/2021.09.09.459671
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.09.459671; this version posted October 9, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

1170  32.  Stagni N, Vittur F, de Bernard B. Solubility properties of alkaline phosphatase from matrix

1171 vesicles. BBA - Gen Subj. 1983 Dec 27;761(3):246-51.

1172 33.  Millén JL. The role of phosphatases in the initiation of skeletal mineralization. Calcif Tissue Int.

1173 2013 Oct;93(4):299-306.

1174 34 Lequin RM. Enzyme immunoassay (EIA)/enzyme-linked immunosorbent assay (ELISA). Clin

1175 Chem. 2005 Dec;51(12):2415-8.

1176 35. Lindner U, Kramer J, Rohwedel J, Schlenke P. Mesenchymal stem or stromal cells: Toward a
1177 better understanding of their biology? Vol. 37, Transfusion Medicine and Hemotherapy.

1178 Karger Publishers; 2010. p. 75-83.

1179 36. Clarke MSF, Sundaresan A, Vanderburg CR, Banigan MG, Pellis NR. A three-dimensional tissue
1180 culture model of bone formation utilizing rotational co-culture of human adult osteoblasts

1181 and osteoclasts. Acta Biomater. 2013 Aug;9(8):7908—16.

1182 37. Kadow-Romacker A, Duda GN, Bormann N, Schmidmaier G, Wildemann B. Slight changes in
1183 the mechanical stimulation affects osteoblast- and osteoclast-like cells in co-culture. Transfus

1184 Med Hemother. 2013;40(6):441-7.

1185 38. Hammerl A, Diaz Cano CE, De-Juan-Pardo EM, van Griensven M, Poh PSP. A Growth Factor-

1186 Free Co-Culture System of Osteoblasts and Peripheral Blood Mononuclear Cells for the
1187 Evaluation of the Osteogenesis Potential of Melt-Electrowritten Polycaprolactone Scaffolds.
1188 Int J Mol Sci. 2019;20(5).

1189 39. Bongio M, Lopa S, Gilardi M, Bersini S, Moretti M. A 3D vascularized bone remodeling model
1190 combining osteoblasts and osteoclasts in a CaP nanoparticle-enriched matrix. Nanomedicine

1191 (London, England). 2016 May;11(9):1073-91.

1192 40. Domaschke H, Gelinsky M, Burmeister B, Fleig R, Hanke T, Reinstorf A, et al. In vitro

56


https://doi.org/10.1101/2021.09.09.459671
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.09.459671; this version posted October 9, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

1193

1194

1195

1196

1197

1198

1199

1200

1201

1202

1203

1204

1205

1206

1207

1208

1209

1210

1211

1212

1213

1214

1215

41.

42.

43.

44.

45.

46.

47.

48.

available under aCC-BY 4.0 International license.

ossification and remodeling of mineralized collagen | scaffolds. Tissue Eng. 2006

Apr;12(4):949-58.

Gruber HE, Ivey JL, Thompson ER, Chesnut CH, Baylink DJ. Osteoblast and osteoclast cell
number and cell activity in postmenopausal osteoporosis. Miner Electrolyte Metab. 1986 Jan

1;12(4):246-54.

Gremare A, Aussel A, Bareille R, Paiva Dos Santos B, Amedee J, Thebaud NB, et al. A Unique
Triculture Model to Study Osteoblasts, Osteoclasts, and Endothelial Cells. Tissue Eng Part C

Methods. 2019;25(7):421-32.

Boskey AL. Mineralization of Bones and Teeth. Elements. 2007 Dec 1;3(6):385-91.

Rumpler M, Wiirger T, Roschger P, Zwettler E, Sturmlechner |, Altmann P, et al. Osteoclasts
on bone and dentin in vitro: mechanism of trail formation and comparison of resorption

behavior. Calcif Tissue Int. 2013 Dec;93(6):526—-39.

Teti A, Grano M, Colucci S, Cantatore FP, Loperfido MC, Zallone AZ. Osteoblast-osteoclast
relationships in bone resorption: osteoblasts enhance osteoclast activity in a serum-free co-

culture system. Biochem Biophys Res Commun. 1991;179(1):634—40.

Armour KJ, van ‘t Hof RJ, Armour KE, Torbergsen AC, Del Soldato P, Ralston SH. Inhibition of
bone resorption in vitro and prevention of ovariectomy-induced bone loss in vivo by

flurbiprofen nitroxybutylester (HCT1026). Arthritis Rheum. 2001;44(9):2185-92.

Buckley KA, Hipskind RA, Gartland A, Bowler WB, Gallagher JA. Adenosine triphosphate
stimulates human osteoclast activity via upregulation of osteoblast-expressed receptor

activator of nuclear factor-kappa B ligand. Bone. 2002;31(5):582—90.

Lalande A, Roux S, Denne MA, Stanley ER, Schiavi P, Guez D, et al. Indapamide, a thiazide-like

diuretic, decreases bone resorption in vitro. J Bone Min Res. 2001;16(2):361-70.

57


https://doi.org/10.1101/2021.09.09.459671
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.09.459671; this version posted October 9, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

1216

1217

1218

1219

1220

1221

1222

1223

1224

1225

1226

1227

1228

1229

1230

1231

1232

1233

1234

1235

1236

1237

1238

49.

50.

51.

52.

53.

54.

55.

56.

57.

available under aCC-BY 4.0 International license.

Rossi E, Mracsko E, Papadimitropoulos A, Allafi N, Reinhardt D, Mehrkens A, et al. An In Vitro
Bone Model to Investigate the Role of Triggering Receptor Expressed on Myeloid Cells-2 in

Bone Homeostasis. Tissue Eng Part C Methods. 2018;24(7):391-8.

Krishnan V, Vogler EA, Sosnoski DM, Mastro AM. In vitro mimics of bone remodeling and the

vicious cycle of cancer in bone. J Cell Physiol. 2014;229(4):453—62.

de Wildt BWM, Ansari S, Sommerdijk NAJM, Ito K, Akiva A, Hofmann S. From bone
regeneration to three-dimensional in vitro models: tissue engineering of organized bone
extracellular matrix. Vol. 10, Current Opinion in Biomedical Engineering. Elsevier B.V.; 2019.

p. 107-15.

Delaisse J-M. The reversal phase of the bone-remodeling cycle: cellular prerequisites for

coupling resorption and formation. BoneKEy reports. 2014 Jan;3:561.

Remmers S, Mayer D, Melke J, Ito K, Hofmann S. Measuring mineralised tissue formation and
resorption in a human 3d osteoblast-osteoclast co-culture model. Eur Cell Mater.

2020;40:189-202.

Shetty S, Kapoor N, Bondu J, Thomas N, Paul T. Bone turnover markers: Emerging tool in the
management of osteoporosis. Vol. 20, Indian Journal of Endocrinology and Metabolism.

Medknow Publications; 2016. p. 846-52.

Chan EKM, Darendeliler MA, Petocz P, Jones AS. A new method for volumetric measurement

of orthodontically induced root resorption craters. Eur J Oral Sci. 2004 Apr;112(2):134-9.

Hagenmuiller H, Hofmann S, Kohler T, Merkle HP, Kaplan DL, Vunjak-Novakovic G, et al. Non-
invasive time-lapsed monitoring and quantification of engineered bone-like tissue. Ann

Biomed Eng. 2007 Oct;35(10):1657-67.

Melke J, Zhao F, van Rietbergen B, Ito K, Hofmann S. Localisation of mineralised tissue in a

58


https://doi.org/10.1101/2021.09.09.459671
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.09.459671; this version posted October 9, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

1239 complex spinner flask environment correlates with predicted wall shear stress level

1240 localisation. Eur Cell Mater. 2018 Jul 31;36:57-68.

1241 58. Kraehenbuehl TP, Stauber M, Ehrbar M, Weber F, Hall H, Muller R. Effects of muCT radiation

1242 on tissue engineered bone-like constructs. Biomed Tech. 2010;55(4):245-50.

1243 59. Yang B, Zhou H, Zhang X-D, Liu Z, Fan F-Y, Sun Y-M. Effect of radiation on the expression of

1244 osteoclast marker genes in RAW264.7 cells. Mol Med reports. 2012 Apr;5(4):955-8.

1245 60. Hayden RS, Quinn KP, Alonzo CA, Georgakoudi I, Kaplan DL. Quantitative characterization of
1246 mineralized silk film remodeling during long-term osteoblast-osteoclast co-culture.

1247 Biomaterials. 2014;35(12):3794-802.

1248 61. Domaschke H, Gelinsky M, Burmeister B, Fleig R, Hanke T, Reinstorf A, et al. In vitro
1249 ossification and remodeling of mineralized collagen | scaffolds. Tissue Eng. 2006;12(4):949—

1250 58.

1251 62. Hayden RS, Fortin JP, Harwood B, Subramanian B, Quinn KP, Georgakoudi |, et al. Cell-
1252 tethered ligands modulate bone remodeling by osteoblasts and osteoclasts. Adv Funct Mater.

1253 2014;24(4):472-9.

1254  63. Loomer PM, Ellen RP, Tenenbaum HC. Effects of Porphyromonas gingivalis 2561 extracts on

1255 osteogenic and osteoclastic cell function in co-culture. J Periodontol. 1998;69(11):1263-70.

1256 64. Boanini E, Torricelli P, Sima F, Axente E, Fini M, Mihailescu IN, et al. Strontium and
1257 zoledronate hydroxyapatites graded composite coatings for bone prostheses. J Colloid

1258 Interface Sci. 2015;448:1—7.

1259 65. Kim YH, Yoon DS, Kim HO, Lee JW. Characterization of different subpopulations from bone
1260 marrow-derived mesenchymal stromal cells by alkaline phosphatase expression. Stem Cells

1261 Dev. 2012 Nov 1;21(16):2958-68.

59


https://doi.org/10.1101/2021.09.09.459671
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.09.459671; this version posted October 9, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

1262  66.  Golub EE, Boesze-Battaglia K. The role of alkaline phosphatase in mineralization. Vol. 18,

1263 Current Opinion in Orthopaedics. 2007. p. 444-8.

1264 67. Sheu TJ, Schwarz EM, Martinez DA, O’Keefe RJ, Rosier RN, Zuscik MJ, et al. A phage display
1265 technique identifies a novel regulator of cell differentiation. J Biol Chem. 2003 Jan

1266 3;278(1):438-43.

1267  68. Engvall E, Perlmann P. Enzyme-linked immunosorbent assay (ELISA) quantitative assay of

1268 immunoglobulin G. Immunochemistry. 1971;8(9):8714.

1269 69. Halleen JM, Tiitinen SL, Ylipahkala H, Fagerlund KM, Vaananen HK. Tartrate-resistant acid
1270 phosphatase 5b (TRACP 5b) as a marker of bone resorption. Clin Lab. 2006;52(9—-10):499—

1271 509.

1272 70. Halleen JM, Ylipahkala H, Alatalo SL, Janckila AJ, Heikkinen JE, Suominen H, et al. Serum
1273 tartrate-resistant acid phosphatase 5b, but not 53, correlates with other markers of bone

1274 turnover and bone mineral density. Calcif Tissue Int. 2002;71(1):20-5.

1275 71. Young PS, Tsimbouri PM, Gadegaard N, Meek R, Dalby MJ.

1276 Osteoclastogenesis/osteoblastogenesis using human bone marrow-derived cocultures on
1277 nanotopographical polymer surfaces. Nanomedicine (London, England). 2015 Mar;10(6):949—
1278 57.

1279 72. Parfitt AM. Osteonal and hemi-osteonal remodeling: The spatial and temporal framework for

1280 signal traffic in adult human bone. J Cell Biochem. 1994 Jul;55(3):273-86.

1281  73. Manolagas SC. Birth and death of bone cells: basic regulatory mechanisms and implications

1282 for the pathogenesis and treatment of osteoporosis. Endocr Rev. 2000 Apr;21(2):115-37.

1283 74. Bongio M, Lopa S, Gilardi M, Bersini S, Moretti M. A 3D vascularized bone remodeling model

1284 combining osteoblasts and osteoclasts in a CaP nanoparticle-enriched matrix. Nanomed.

60


https://doi.org/10.1101/2021.09.09.459671
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.09.459671; this version posted October 9, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

1285 2016 May;11(9):1073-91.

1286 75. Udagawa N, Takahashi N, Akatsu T, Tanaka H, Sasaki T, Nishihara T, et al. Origin of

1287 osteoclasts: Mature monocytes and macrophages are capable of differentiating into
1288 osteoclasts under a suitable microenvironment prepared by bone marrow-derived stromal
1289 cells. Proc Natl Acad Sci U S A. 1990;87(18):7260-4.

1290 76. Kylmdaoja E, Nakamura M, Turunen S, Patlaka C, Andersson G, Lehenkari P, et al. Peripheral
1291 blood monocytes show increased osteoclast differentiation potential compared to bone

1292 marrow monocytes. Heliyon. 2018 Sep 1;4(9):e00780.

1293 77. Susa M, Luong-Nguyen N-H, Cappellen D, Zamurovic N, Gamse R. Human primary osteoclasts:
1294 in vitro generation and applications as pharmacological and clinical assay. J Transl Med. 2004

1295 Mar 16;2(1):6.

1296 78. Yangl, Qiao M, Li Y, Hu G, Song C, Xue L, et al. Expansion of a population of large monocytes
1297 (atypical monocytes) in peripheral blood of patients with acute exacerbations of chronic

1298 obstructive pulmonary diseases. Mediators Inflamm. 2018 May 17;2018:1-13.

1299 79. Pittenger MF, Mackay AM, Beck SC, Jaiswal RK, Douglas R, Mosca JD, et al. Multilineage

1300 potential of adult human mesenchymal stem cells. Science. 1999 Apr 2;284(5411):143—7.

1301 80. Vis MAM, Ito K, Hofmann S. Impact of Culture Medium on Cellular Interactions in in vitro Co-

1302 culture Systems. Front Bioeng Biotechnol. 2020 Aug 4;8:911.

1303 81. van der Valk J, Bieback K, Buta C, Cochrane B, Dirks WG, Fu J, et al. Fetal Bovine Serum (FBS):

1304 Past - Present - Future. ALTEX. 2018;35(1):99-118.

1305  82. Langenbach F, Handschel J. Effects of dexamethasone, ascorbic acid and B-glycerophosphate
1306 on the osteogenic differentiation of stem cells in vitro. Vol. 4, Stem Cell Research and

1307 Therapy. BioMed Central; 2013. p. 117.

61


https://doi.org/10.1101/2021.09.09.459671
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.09.459671; this version posted October 9, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

1308

1309

1310

1311

1312

1313

1314

1315

1316

1317

1318

1319

1320

1321

1322

1323

1324

1325

1326

1327

1328

83.

84.

available under aCC-BY 4.0 International license.

Wiedmann-Al-Ahmad M, Gutwald R, Lauer G, Hiibner U, Schmelzeisen R. How to optimize
seeding and culturing of human osteoblast-like cells on various biomaterials. Biomaterials.

2002;23(16):3319-28.

Motiur Rahman M, Takeshita S, Matsuoka K, Kaneko K, Naoe Y, Sakaue-Sawano A, et al.
Proliferation-coupled osteoclast differentiation by RANKL: Cell density as a determinant of

osteoclast formation. Bone. 2015 Dec 1;81:392-9.

Supporting information

S1 File. Database 1. This database contains all studies in which at least one relevant outcome

measure was investigated. Characteristics of outcome measures and descriptive statistics are listed

in this database.

S2 File. Database 2. This database contains all studies in which at least one relevant outcome

measure was investigated for both OB and OC. Characteristics of cells, methods and culture

conditions, and descriptive statistics are listed in this database.

S3 File. Using the databases. This document provides instructions on how to operate the databases,

how to add publications and expand the analyses with more elements.

S4 File. List of all OB-OC co-cultures. This list contains the initial list of 694 OB-OC cocultures

obtained after screening, before full-text investigation and exclusion based on outcome measures.

S5 File PRISMA checklist. The PRISMA checklist describing all elements of the systematic review, and

on what page or which section of the submitted manuscript to find them.

62


https://doi.org/10.1101/2021.09.09.459671
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.09.459671; this version posted October 9, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

1329  S6 File Systematic Review Protocol and Search Queries. The protocol and search queries as they

1330  were published prior to execution of the fulltext screening phase.

63


https://doi.org/10.1101/2021.09.09.459671
http://creativecommons.org/licenses/by/4.0/

Screening step 1

Screening step 4

Pubmed Embase Web of Science Reviews DB2 screening
1964 2709 3014 10 39
T T ]
v v v
Combined Primary Studies Primary Studies
7687 29 37
Not Primary Primary Studies Combined
813 6874 66
Duplicates Unique studies Unique studies
2949 3925 59
Screening step 2 ¢
Notcgﬁl-‘?ecsco- 0B-0OC co-cultures 0B-OC co-cultures
3231 694 3
! v
v v v v
No Fulitext Not English No relevant OM Relevant OM Relevant OM
1 35 406 252 3
#——J
Database 1
255
Screening step 3 \ 2 ¢
Not both studied OB + OC studied
178 77

————

One relevant OM |Both relevant OM|
38 EE
Database 2

39



https://doi.org/10.1101/2021.09.09.459671
http://creativecommons.org/licenses/by/4.0/

Identification

Primary

Secondary
outcome

Data
extraction

of cocultures

outcome

Systematic literature search

=) =
T T T
+ == [ =5 =
@ Trans well Direct 3D/scaffold Bioreactor
Database 1 Database 2
Formation Resorption Formation Resorption

v

® @ ¢ » ® © o »
‘o0 @ ‘e °
L4 °°® ¢ ®
® 9%l ® §%s
®e . ®e . .
ALP | TRAP ALP ” TRAP
COCC CCCC
‘ CcCcCcC COOE
POOE CCCC
COCC COCC
I cCcecC cCcceC
I CCCC CCC(
COCC CCCC
| eeeC Ceec
) 1L IL
| . Oor — I—And_l

Resorption or formation
related outcome measures

Resorption and formation
related outcome measures
and culture conditions



https://doi.org/10.1101/2021.09.09.459671
http://creativecommons.org/licenses/by/4.0/

A: Database 1 B: Database 2

— 254 — 8+
] b
> 204 = 64
2 2

s 7 o
= =4
S 17 S
o 9 24
S 5 3
<% <%
T 04 G 0
= 1980 1990 2000 2010 2020 — 1995 2000 2005 2010 2015 2020

Year of publication Year of publication


https://doi.org/10.1101/2021.09.09.459671
http://creativecommons.org/licenses/by/4.0/

A: Osteoblasts (2D)

7.5%104+
o .

g 5%104
S~

il

— 4.

5 25%10 @ $

(@)

/ -9 ;}2’5
0

D: Osteoblasts (3D)

8x107

s

"’E 6x107 \/

o

S~ ax107

%}

8 2x107
[ ]

0 G P

B: Osteoclasts (2D)

1.5%x106+ L 4
o
g 1x108
~
(%) 1 ®
= 5x105
(O]
o [

0l aeetetiniattes

E: Osteoclasts (3D)

C: seeding ratio (2D)

1.00 o—oop
AN /.
\ /
0.75 ]\
(@] /I \\
o II \\
~0501—— (e ) —————
\ /
a ) o |
0254 e \— ———
0.00 ] 5%s0 T Py

F: seedlng ratio (3D)

8x107 7] | * Qutlier at. 100
—
by 7 \ / N
£ 6x10 \/ o & Q)
L = = !
4x107 ~ 4
) A o ] O
— VAN o )(
8 2x107 ° e —— 1) CEE—
] i 5000
0] € ?.g ---------- 0 ;{. a



https://doi.org/10.1101/2021.09.09.459671
http://creativecommons.org/licenses/by/4.0/

A: Base media B: Serum concentration

OC percursor

20.0%
HAM
EMEM 15.0%
EGM-2 10.0%
RPMI 7.5%
Osteogenic
5.0%
DMEM
oMEM 0.0%
I T T T 1 I X T Y T L T ® T X 1
0 5 10 15 20 0 5 10 15 20 25
N of publications N of publications
C: OC Supplement concentrations D: OB Supplement concentrations
//}\ . bGP (mM)- oY
RANKL (ng/ml)-| \o\ig/:l: :
1 . AA (mM)- 3
o L =
M-CSF (ng/mi)-] <, . /E\ C
N~ NS Dex (nM)->‘-(
— — T T — —rrr T T T
0 20 40 60 80 100 0.01 0.1 1 10 100

Mean concentration [linear] Mean concentration [log10]


https://doi.org/10.1101/2021.09.09.459671
http://creativecommons.org/licenses/by/4.0/

