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Abstract

Osteogenesis imperfecta (OI) is a disease caused by defects in type I collagen production that 

results in brittle bones. While the pathology is mainly caused by defects in the osteoblast lineage, 

there is also elevated bone resorption by osteoclasts resulting in high bone turnover in severe 

forms of the disease. Osteoclasts originate from hematopoietic myeloid cells, however changes in 

hematopoiesis have not been previously documented in OI. In this study, we evaluated 

hematopoietic lineage distribution and osteoclast progenitor cell frequency in bone marrow, spleen 

and peripheral blood of osteogenesis imperfecta murine (OIM) mice, a model of severe OI. We 

found splenomegaly in all ages examined, and expansion of myeloid lineage cells (CD11b+) in 

bone marrow and spleen of 7–9 week old male OIM animals. OIM spleens also showed an 

increased frequency of purified osteoclast progenitors. This phenotype is suggestive of chronic 

inflammation. Isolated osteoclast precursors from both spleen and bone marrow formed 

osteoclasts more rapidly than wild-type controls. We found that serum TNFα levels were 

increased in OIM, as was IL1α in OIM females. We targeted inflammation therapeutically by 

treating growing animals with murine TNFR2:Fc, a compound that blocks TNFα activity. Anti-

TNFα treatment marginally decreased spleen mass in OIM females, but failed to reduce bone 

resorption, or improve bone parameters or fracture rate in OIM animals. We have demonstrated 

that OIM mice have changes in their hematopoietic system, and form osteoclasts more rapidly 
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even in the absence of OI osteoblast signals, however therapy targeting TNFα did not improve 

disease parameters.
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1. Introduction

Osteogenesis imperfecta (OI) is a genetic disease affecting around 1:10,000 births that is 

characterized by bone fragility and frequent fractures. OI is caused by defects in type I 

collagen production or assembly. The majority of cases are caused by mutations in one of 

the type I collagen genes. While there is a wide range of clinical severity, the disease can 

cause significant disability and require continuing medical and surgical care. The primary 

defect causing brittle bones is in the osteoblast lineage, but in more severe forms of OI there 

is also high bone turnover with increased bone resorption [1]. This feature is also seen in a 

number of mouse models of type III or type IV OI, including OIM, Brtl and Aga2 mice [2–

4].

Osteoclasts differentiate through the combined actions of macrophage colony stimulating 

factor (M-CSF) and receptor activator of nuclear factor kappa B ligand (RANKL). However, 

it is well established that inflammatory cytokines such as TNFα can act synergistically with 

RANKL to stimulate increased osteoclastogenesis [5]. This is a major mechanism of both 

local and systemic bone loss in rheumatoid arthritis (RA), as well as a number of other 

inflammatory conditions. There is evidence that inflammation may be associated with OI. 

Patients often have increased body temperature, and elevated prostaglandin E2 in serum has 

been reported [6, 7]. A recent study also found increased TNFα expression in peripheral 

blood mononuclear cells from children with OI [8]. However, inflammation as a feature of 

OI pathophysiology, and as a potential therapeutic target has not been explored in animal 

models.

Osteogenesis imperfecta murine (OIM) is a widely used murine OI model that lacks 

functional collagen type I alpha 2 chain. The main characteristics of these mice include 

small body size, spontaneous fractures, and reduced bone density and strength, similar to 

type III OI [2, 9–11]. Previous studies in OIM mice have shown that OIM osteoblasts 

stimulate increased osteoclastogenesis through a RANKL-independent mechanism [12]. 

However, increased osteoclastogenesis can also be observed in osteoblast-free cultures from 

both OIM and Brtl mice, suggesting a potential osteoblast-independent mechanism for 

increased osteoclastogenesis in OI [4, 13]. These studies did not evaluate the number of 

osteoclast progenitors (OCPs) in mice with OI, or whether the OCPs are more sensitive to 

osteoclastogenic stimuli. Methods are now available to identify and purify OCP populations 

in bone marrow and peripheral tissues [14, 15]. We therefore sought to study whether OIM 

mice have changes in OCP frequency in both bone marrow and peripheral tissues, and in 

parallel conducted a careful dissection of other components of the hematopoietic system.
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To date, pharmacological treatments for OI have been limited to anti-resorptive drugs, 

primarily bisphosphonates. Clinical trials have indicated that bisphosphonates improve bone 

mineral density (BMD), but do not necessarily reduce fracture rates in OI patients [16, 17]. 

In addition, because bisphosphonates remain bound to the bone for long periods of time, 

their use can result in potential problems, such as impairment of metaphyseal remodeling 

during growth, and poor bone repair following osteotomy [18, 19]. In search of alternative 

treatment options, a recent study explored the use of denosumab (RANKL neutralizing 

antibody) in a small number of children with OI, and reported increased BMD, indicating 

that this antiresorptive agent may also show efficacy in OI [20]. However, there is a need for 

alternative treatment options. The only bone anabolic drug that is currently approved, PTH, 

is contraindicated in children. Sclerostin neutralizing antibodies have been trialed in a 

number of mouse studies, and have generally had positive effects making this a promising 

target for future human studies [21–25]. TGFβ neutralizing antibodies also caused dramatic 

improvement in bone density in strength in both a recessive model of OI (Crtap knockout) 

and in a mouse with a dominant collagen mutation, representing a novel paradigm for OI 

treatment by targeting dysregulated matrix-mediated signaling [26].

Previous studies in our lab identified increased TNFα expression as a potential mechanism 

for increased osteoclast formation in OI cultures [12]. Biologicals targeting TNFα have been 

in clinical use for over 10 years for diseases such as RA, and are approved for use in 

children with conditions such as juvenile idiopathic arthritis. Treatment with anti-TNFα 
agents improves BMD in patients with RA, at least in some studies, primarily due to 

reduction in inflammation [27]. In the current study, we have found a tendency towards 

elevated serum levels of TNFα, and indications of increased inflammatory features in OIM 

animals. This led us to evaluate the effect of the anti-TNFα treatment TNFR2:Fc on bone 

parameters in OIM mice during adolescent growth.

2. Methods

2.1 Mice

All procedures were approved by the UConn Health Institutional Animal Care and Use 

Committee and performed in an AAALACi accredited facility. OIM mice were obtained 

from Jackson Labs (Bar Harbor, ME) in a mixed background (B6C3Fe a/a-Col1a2oim/J). 

Mice were group housed in individually ventilated cages (Thoren Caging, Hazleton, PA) 

with a photoperiod of 12:12. The room temperature and humidity were maintained at 22°C 

and 30–70% respectively. Mice were fed irradiated Rodent Diet (Teklad 2918, Invigo, 

Indianapolis, IN), made available in both pellets and crushed form, and water (reverse-

osmosis) ad libitum. Vendor surveillance and colony sentinel monitoring results show that 

the colony is free from all pathogens tested. The majority of experimental animals were 

generated by crossing heterozygous animals, although some OI mice were generated by 

crossing OI × OI. Genotypes were determined by PCR as previously described [28]. The 

presence of fractures in OI mice was determined by imaging with a Faxitron digital X-ray 

(Faxitron Bioptics, Tucson, AZ, USA).
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2.2 Tissue collection and processing

Blood for serum was collected under ketamine-xylazine anesthesia via the retro-orbital sinus 

following at least 6h starvation. Following coagulation for 30 minutes, samples were 

centrifuged and serum collected and stored. Blood for flow cytometry analysis was collected 

into 1mM EDTA in PBS, pH 7.4, and red blood cells (RBC) sedimented in 2% dextran. 

Spleens were isolated, weighed, and single cell suspensions were obtained by crushing the 

organ between two frosted glass slides and resuspending in staining media (SM, 1×HBSS 

10mM HEPES 2% FBS). RBCs were lysed by hypotonic shock using ACK buffer (155mM 

NH4Cl, 10mM KHCO3, 0.1mM EDTA) for 5 minutes, then cells were washed and passed 

through a 70µm cell strainer prior to counting. Bone marrow (BM) was collected from 

femora and tibiae by flushing with SM followed by RBC lysis and filtration through a 70µm 

cell strainer. OI bones with severe fractures were not used for bone marrow collection.

2.3 Flow cytometry and cell sorting

Isolated cell suspensions were stained for multiple hematopoietic markers, including OCPs, 

as previously described, using commercially available antibodies [14, 15, 29]. 

Multiparameter flow cytometry analysis was performed on samples from individual animals. 

Data were collected on LSRII or FACSAria II instruments (BD Biosciences), and analyzed 

using FlowJo software. For cell sorting, samples were generally pooled from 2–3 mice prior 

to staining. Spleen samples were depleted of lymphoid cells using anti-APC magnetic beads 

(Miltenyi Biotech, Bergisch Gladbach, Germany). Sorting was performed on a FACSAria II 

using an 85µm nozzle.

2.4 Osteoclast culture

Cells were seeded in 96-well plates in αMEM 10% FBS + 30ng/ml M-CSF + 30ng/ml 

RANKL (R&D Systems, Minneapolis, MN). Sorted bone marrow OCPs were seeded at a 

density of 1000 cells/well, sorted spleen OCPs at 10,000 cells/well and total spleen cells at 

100,000 cells/well. Media were changed every 3 days. At the completion of culture (day 3–5 

for bone marrow, day 5–7 for spleen due to slower differentiation of spleen cells [14, 15]), 

cultures were fixed for 15 minutes in 2.5% glutaraldehyde, and TRAP staining was 

performed using the Leukocyte Acid Phosphatase Kit (Sigma Aldrich). Osteoclasts were 

defined as TRAP+ cells with 3 or more nuclei, and were counted manually in each well. 

Each experimental group contained 5–8 wells.

2.5 TNFα neutralizing treatment

Murine TNFR2:Fc was administered to mice to neutralize TNFα (Amgen, Thousand Oaks, 

CA). OIM mice were randomly assigned to receive either TNFR2:Fc or vehicle (saline) 

treatment. Body weight and BMD at baseline were not significantly different between 

groups. Treatment was initiated at 4–5 weeks of age, for a total of 6 weeks. TNFR2:Fc was 

administered twice a week at a dose of 5µg/g body weight. A small number of wild-type 

(WT) mice received TNFR2:Fc, and all experiments included vehicle-treated WT mice as 

controls. X-rays and dual beam X-ray absorbtiometry (DXA) scans were performed prior to 

starting treatment. Bodyweights were measured weekly, and drug dosage adjusted 

accordingly. Mice were sacrificed a week after the final treatment, X-rays and DXA 
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measurements were repeated, and tissues collected. Three cohorts of mice underwent 

treatment at different times. One mouse died during the treatment protocol (male OIM 

vehicle group), and one was excluded due to failure to gain weight over a 3-week period 

(female OIM anti-TNF group). Fracture counts were performed using digital X-rays by two 

independent observers who were blinded to the treatment group. Fractures in the limbs and 

pelvis were counted. Fractures that had healed such that cortical bone was continuous and no 

callus was apparent, even if some residual deformity was evident, were not counted.

2.6 DXA and micro computed tomography

DXA was performed using a Piximus Mouse 11 densitometer (GE Medical Systems, 

Madison, WI). Mice were anaesthetized using ketamine-xylazine prior to scanning. Whole 

body minus head analysis was performed using the software provided. Micro CT was 

performed on femurs by the UConn Health Micro CT imaging facility with a µCT40 

instrument (Scanco). The technician performing scans and analysis was blinded to the 

treatment group, but not genotype of the mice. A number of bones from OIM mice were 

excluded from analysis due to the presence of fractures, or other abnormalities that made 

standard analysis difficult. Bones were scanned with a 16µm voxel size, and standard 

trabecular and cortical morphometry analysis was performed.

2.7 ELISA

ELISA was performed on serum samples. CTX was measured using the RatLaps CTX-I EIA 

kit (Immunodiagnostic Systems, Tyne & Wear, UK), OIM serum was diluted up to 1:8 to 

ensure values fell within the standard curve. Cytokines were measured with Mouse TNFα 
Quantikine High Sensitivity ELISA kit and Mouse IL1α Quantikine ELISA kit (R&D 

Systems). All assays were performed according to the manufacturer’s instructions.

2.8 Statistical analysis

Males and females were analyzed separately in all studies. Exact n values for all groups are 

shown in Supplemental table 1. OIM data was compared to the appropriate WT control data 

using Student’s t-test. TNFα neutralizing studies were designed to have 90% power to detect 

a 30% decrease in CTX based on variation found in preliminary studies which indicated 

n=8/group were required. However, we used more animals in some groups when available to 

allow for exclusion of bones with fractures from micro CT analysis. Data were analyzed by 

1-way ANOVA.

3. Results

3.1 Changes to hematopoietic composition in OIM mice

In order to examine the hematopoietic compartment in OIM mice, we evaluated cohorts of 

animals between 5 and 20 weeks of age. We confirmed that OIM animals in our colony had 

reduced bodyweight in comparison to WT controls (Figure 1A), consistent with previous 

reports [10]. Macroscopic evaluation of the spleens indicated that OIM mice show 

splenomegaly in both sexes beginning around sexual maturity and persisting until at least 20 

weeks of age (Figure 1B–C). In males aged 7–9 weeks, the spleen weights were significantly 

increased even without correction for bodyweight (Figure 1C). The cell counts obtained 
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from the spleens correlated closely with the spleen weight (data not shown, Supplemental 

table 2), indicating that the increased size was likely due to increased hematopoietic cell 

populations rather than stromal components. The liver can also contribute to hematopoiesis. 

All OIM mice had reduced liver weight compared to WT, however in most cases this was 

proportional to their reduced bodyweight (Supplemental Figure 1). Male mice 7 weeks of 

age, the cohort that demonstrates the greatest degree of splenomegaly, show a small but 

significant increase in liver size in relation to bodyweight.

The observation of splenomegaly prompted us to evaluate hematopoietic lineages and their 

progenitors within bone marrow. Detailed flow cytometry analysis was performed on 7-week 

old mice. OIM mice generally had similar yields of bone marrow cells as WT controls, 

however sample collection was sometimes impaired by the presence of fractures or bone 

fragility. We therefore present all bone marrow data only as percentages of total bone 

marrow cells. The analysis indicated that there were no major changes in the frequency of 

early hematopoietic progenitor (LSK) cells (Figure 2A), the common lymphoid progenitor 

(Figure 2B), B cells (Figure 2C) or T cells (not shown). The common myeloid progenitor 

frequency was also unchanged (Figure 2D), however the distribution of more committed 

myeloid cells was altered specifically in male mice. Frequencies of both granulocyte-

macrophage progenitors and megakaryocyte-erythroid progenitors were elevated in OIM 

males, as were CD11b+ mature myeloid cells and Ly6G+ granulocytes (Figure 2E–H). In 

contrast, Ter119+ erythrocyte precursor frequency was decreased (Figure 2I). Further 

subdivision of the erythroblast populations indicated reductions in CD71+ EryA and EryB 

precursors, but no change in the proportion of the most mature CD71− EryC cells 

(Supplemental Figure 2). Male OIM mice therefore have expansion of some components of 

the myeloid lineage within the bone marrow. Next we evaluated the frequency of immature 

OCPs (lymphoid− CD11b−/lo CD115+ CD117+) using an established gating strategy (Figure 

3A) [14]. There were no consistent differences in the frequency of OCPs within the bone 

marrow (Figure 3B). The altered osteoclast activity in OI can be at least partly attributed to 

abnormalities in osteoblast differentiation [12], but it is also possible that osteoclast 

differentiation in OI is increased independently of osteoblasts. Therefore we evaluated 

whether there were differences in osteoclast differentiation potential in purified osteoclast 

progenitors (CD11b−/lo CD115+) exposed to RANKL and M-CSF. The number of 

differentiated osteoclasts was increased in the OIM cultures at early time points, although 

the final number of osteoclasts produced was similar (Figure 3C). Osteoclasts did not 

develop from OIM OCPs in the absence of RANKL. Thus, we conclude that OIM mice do 

not show increased bone marrow OCP frequency, but bone marrow OCPs from OIM mice 

form osteoclasts more rapidly than cells derived from WT animals.

Next, we evaluated hematopoietic and OCP frequency in peripheral tissues. In the spleen, T 

cell frequency was unchanged in OIM mice, while B cell frequency was slightly but 

significantly reduced in males (Figure 4A–B). However, given the increased total spleen cell 

numbers in the OIM mice, this does not represent a change in the absolute number of B cells 

within OIM spleens (Supplemental table 2). We did not see changes in early hematopoietic 

progenitor cell (LSK) frequency in the spleen (data not shown). In contrast to the bone 

marrow, the spleen of male mice showed an increase in erythrocyte progenitor cell frequency 

(Figure 4C), but no change in Ly6G+ granulocyte numbers (Supplemental table 2). The 
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CD11bhi myeloid cell frequency was significantly increased in OIM spleens in 7–9 week old 

male mice, however this change was lost by 17 weeks of age (Figure 4D). Female mice 

showed a transient increase in myeloid cell frequency in the spleen at 5 weeks of age, but no 

differences from WT following sexual maturity. The more defined peripheral OCP subset 

(lymphoid− CD11bhi CD115+ Ly6Chi) showed very similar increases to the total CD11bhi 

population in male OIM animals (Figure 4E). We performed osteoclast differentiation assays 

using both total spleen cells and purified lymphoid− CD11bhi spleen cells from 7-week old 

animals. Larger numbers of osteoclasts were evident in OIM osteoclast cultures from whole 

spleen cells derived from male mice, however differences did not reach significance in 

females (Figure 5A). In both sexes we found increased osteoclast formation from purified 

OIM OCPs (Figure 5B). We also evaluated peripheral blood from these mice (Supplemental 

Figure 1). The frequencies of lymphoid cells and erythrocyte progenitors were unchanged, 

granulocyte frequency increased, and the CD11bhi myeloid population was enriched, 

however this change was only significant in 7-week-old males. There was no change in the 

frequency of CD115+Ly6C+ OCPs (Supplemental Figure 1F). Collectively, our data indicate 

an increase in myeloid cells within peripheral tissues in young male OIM mice, with 

increased osteoclastogenic potential.

3.2 Inflammatory cytokine levels in OI

One mechanism that could explain the splenomegaly and expansion of the myeloid lineage 

is sustained inflammation, caused either by fractures, or, given that not all OIM mice have 

fractures evident by X-ray, other aspects of disordered bone and tissue turnover. Serum 

TNFα levels were elevated in OIM mice, significantly in females (Figure 6A). Serum IL1α 
was also elevated, although again only in female mice (Figure 6B). IL6 was also measured, 

but was below the detection limit in the majority of samples (data not shown). These 

changes in cytokines indicate that systemic inflammation could be a factor contributing to 

the pathogenesis of OI.

3.3 Effect of anti-TNFα treatment in OIM

In order to target the inflammation occurring in OIM that is likely to contribute to high bone 

turnover, we treated OIM mice with murine TNFR2:Fc starting at 4–5 weeks of age and 

compared to vehicle-treated OIM and WT groups. Treatment was continued for 6 weeks. 

Weight gain throughout the study was consistent between all groups (Figure 7A), and OIM 

mice remained significantly smaller than their WT counterparts regardless of treatment 

group. OIM spleens were enlarged, as expected, in the vehicle-treated animals. Males did 

not show improvement in spleen size, however female spleens did show a reduction in size 

following treatment, although not a complete rescue in relation to WT mice (Figure 7B). 

Flow cytometry analysis of spleens failed to show consistently elevated frequencies of OCPs 

or myeloid cells in OIM, and the anti-TNFα treatment did not cause changes in cell 

frequency (data not shown). We hypothesized that reducing inflammation would reduce 

bone resorption. However, using serum CTX as a marker for bone resorption, we did not see 

a reduction following treatment, and CTX remained highly elevated compared to WT in both 

OI groups (Figure 7C). We evaluated bone parameters in these mice using DXA and µCT. 

Whole body BMD increased in all groups between the pre-treatment and endpoint scans 

(data not shown), however BMD remained significantly lower in all OIM groups, and was 
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not altered by the treatment (Figure 7D). Similar results were observed using femoral µCT, 

where OIM mice showed reductions in both trabecular and cortical bone volume that was 

not improved by TNFR2:Fc treatment (Figure 7E–F, Supplemental table 3). We also 

evaluated fracture frequency (Supplemental table 4). No fractures occurred in WT animals. 

The majority of OIM mice sustained at least one fracture prior to the start of treatment (87% 

of males, 70% of females). Some of these fractures healed during the treatment period, in 

both vehicle and TNFR2:Fc groups, particularly in the female mice. TNFα-neutralizing 

treatment failed to reduce fracture rates in OIM. Overall, while there is some evidence that 

TNFR2:Fc treatment may reduce inflammation in female OIM mice leading to reduced 

spleen size, our studies suggest that it does not improve the bone phenotype in these 

animals.

4. Discussion

The primary site for hematopoietic development is the bone marrow, and the process is 

regulated by various cell types, including osteoblasts [30]. Therefore, although collagen 

defects are unlikely to affect hematopoiesis in a cell-autonomous manner, it is possible that 

changes in the osteoblast lineage, or matrix abnormalities, could affect hematopoietic 

differentiation. In the current study, we have found a number of alterations in the myeloid 

lineage in both bone marrow and spleen of OIM mice. These changes are mainly restricted 

to young adult male mice, with the exception of spleen size in relation to bodyweight, which 

was consistently increased in all ages examined and in both sexes. In line with the flow 

cytometry data, absolute spleen size was also increased only in young adult males. The 

splenomegaly was more severe soon after sexual maturity, particularly in males. We did not 

find evidence of extramedullary hematopoiesis, and the lack of changes in very early 

hematopoietic stem/progenitor populations suggest that the HSC niche is not dramatically 

altered by the collagen/bone abnormality. We did note changes in erythrocyte progenitor 

frequency that suggest extramedullary erythropoiesis in OIM. However, changes in erythroid 

populations within the spleen do not directly correlate with spleen size, and therefore are not 

sufficient to explain the splenomegaly in OIM (data not shown).

The splenomegaly and myeloid lineage expansion we observed may be indicative of low-

level systemic inflammation. Similar changes are seen in mice with transgenic 

overexpression of TNFα [31]. Reduced bodyweight is also a feature of a number of 

inflammatory conditions [32, 33]. Inflammation may be related to the presence of fractures, 

but given that not all OIM animals have evident fractures and the spleen phenotype is very 

consistent, osteoblast abnormalities or disordered matrix may be important for promoting 

inflammation. Hematological abnormalities have not been reported in children with OI, and 

standard inflammatory markers such as Creactive protein are usually within the normal 

range [7]. However given the variable severity in human OI, and genetic variation within 

humans, changes in inflammatory markers in peripheral circulation could fall within the 

normal clinical range. A recent study in children with OI found increased RANKL and 

DKK1 in serum, as well as increased OCP frequency [8]. Since myeloid cells may be both 

the source and targets of proinflammatory (or osteoclastogenic) factors, we expected 

increased frequency of the OCP subpopulation. We did not find significant differences in 

OCP frequency in peripheral blood of OIM mice, but frequency was increased in the spleen 
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of young males. Another study reported highly elevated prostaglandin E2 levels in untreated 

children with OI, a molecule produced in response to inflammation [7]. Interestingly, levels 

reduced following bisphosphonate treatment. We are not aware of any reports of 

splenomegaly in OI patients.

Our data suggest that the OIM microenvironment primes OCPs to differentiate more rapidly 

into osteoclasts. We found increased or more rapid osteoclastogenesis in isolated OIM bone 

marrow OCPs. Increased osteoblast-independent osteoclastogenesis has previously been 

reported in cells from both OIM and Brtl mice, although neither used such a highly purified 

progenitor population that could not have contained osteoblast lineage cells [4, 13]. Further 

studies are required to define the mechanism for this change. We also observed increased 

osteoclast formation in both total spleen and spleen OCPs. The increase in total spleen 

osteoclast formation appears to be a combination of both increased OCP frequency and 

activity. Peripheral OCPs are likely to be an important contributor to the osteoclast pool 

during states of inflammation or injury. It is unclear whether they are important to the 

pathogenesis of OI in the absence of fractures, but OIM mice certainly have dramatically 

increased bone resorption as evidenced by increased osteoclast numbers in vivo and 

extremely high CTX levels in their serum [2].

One factor that can contribute to inflammatory bone loss is TNFα. TNFα is a major 

mediator of disease in RA and other inflammatory conditions, and TNFα neutralizing 

therapies are widely used therapeutically. The effects of TNFα on bone and during healing 

are concentration-dependent, but at high doses it promotes osteoclast formation and bone 

resorption while inhibiting osteoblast differentiation, both of which could exacerbate the 

phenotype in OI [5, 34]. Previous studies indicated that TNFα, derived from the osteoblast 

lineage, contributed to increased osteoclastogenesis in vitro in OIM co-cultures [12]. TNFα 
expression was also found to be upregulated in peripheral blood cells in children with OI [8]. 

We found increased TNFα levels in OIM mice, although the increase reached statistically 

significant only in female mice. Clinical studies have shown that not all patients with active 

inflammatory arthritis have significantly elevated serum TNFα levels, but still respond to 

treatments targeting TNFα, suggesting that serum TNFα does not always reflect local 

increases in expression of this cytokine [35]. We therefore evaluated the effects of treatment 

with murine TNFR2:Fc, a TNFα-neutralizing therapy in OIM mice. Like TNFR2:Fc, the 

approved drug etanercept binds to TNFα. We therefore chose a dose approximately 

equivalent to the standard human etanercept dose used for RA treatment (0.5–1mg/kg) when 

converted using the body surface area normalization method [36]. A range of doses have 

been used in mouse treatment studies, and similar doses have been effective at reducing or 

preventing development of RA-like symptoms in mouse models of arthritis [31, 37]. Human 

etanercept is active in mice, but in this study we used the murine TNFR2:Fc which should 

avoid the potential for production of antibodies, which have been reported in some studies 

using high doses of etanercept in mice [37]. Unfortunately, the treatment regimen used in 

this study did not improve the bone phenotype in OIM mice. In females there was a 

reduction in the spleen size, suggesting that there was some anti-inflammatory effect of the 

treatment, but it was not sufficient to alter bone resorption. We treated a cohort of mice using 

the same protocol with a higher dose of TNFR2:Fc (25µg/g) that effectively reduced 

inflammation and improved the phenotype in a mouse model of cherubism [33]. However 
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this also failed to show any effect on CTX, bone parameters or spleen size in OIM (data not 

shown). Given that the phenotype in OIM appears to be more severe during growth, and the 

signs of inflammation reduce with age, it is unlikely that initiating treatment in older mice 

would prove beneficial. It is possible, however, that other treatments targeting inflammation, 

such as cyclooxygenase inhibitors, could improve inflammation and reduce bone turnover in 

OI.

We chose the OIM mouse for this study due to its well-established high bone turnover [2]. 

OIM has been widely used to characterize a variety of phenotypic features and evaluate 

various treatments. While it certainly mimics many features of human OI, it does not reflect 

an actual human mutation, and it is unusual in that it requires two copies of the Col1a2 

mutation in order to cause severe disease. It is likely that the hematopoietic and osteoclast 

lineage changes we have documented are specific to severe forms of OI, however further 

studies will be required to confirm this.

An interesting finding in this study was the sexual dimorphism in many aspects of the OIM 

phenotype. It is now well established that sex affects not only skeletal size and structure, 

particularly trabecular bone volume, but can also affect in vitro differentiation potential of 

both osteoblasts and osteoclasts [38, 39]. In addition to observing greater bone volume in 

males than females, we noted significant changes in myeloid cell frequency and peripheral 

OCPs in OIM males that were not seen in females. The hematopoietic phenotype was not 

evident in males until after sexual maturation (7 weeks old), however 5-week old OIM 

females showed increased myeloid cells in the spleen, but without the other changes seen in 

males. In contrast, surprisingly only females showed significantly elevated levels of TNFα 
and IL1α in serum. We also observed a tendency toward higher fracture rate in OIM males, 

a trend that has been reported in previous studies as well as in a human cohort [40, 41]. The 

sexual dimorphism in the OIM phenotype is therefore more prevalent during early 

adulthood, but some differences are already evident by 5 weeks of age prior to sexual 

maturation. Some studies in OIM have pooled mice of both genders for evaluation of 

treatment approaches [42], and many have used animals of one gender only [24, 26, 43–45]. 

As noted in other recent studies, there are indications of sex-related differences in OI that 

may affect response to treatment that should be taken into account in future studies, 

particularly those targeting adolescents and adults [41, 46].

5. Conclusion

In conclusion, we have found age- and sex-related increases in myeloid cell frequency and 

peripheral OCP frequency, as well as persistent splenomegaly in the OIM model of 

osteogenesis imperfecta. In addition, OCPs from both bone marrow and spleen form 

osteoclasts more rapidly than WT counterparts. These changes suggest inflammation may be 

contributing to the elevated bone turnover and high bone resorption. However, targeting 

inflammation by TNFα neutralizing treatment failed to show a therapeutic effect in this 

model. Further studies are required to test the efficacy of other treatment options targeting 

inflammation and bone resorption, and OIM as a model of severe OI may be particularly 

useful in such investigation.
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Highlights

• Osteogenesis imperfecta murine (OIM) animals exhibit splenomegaly

• Young adult male OIM animals show expansion of the myeloid lineage in 

bone marrow and spleen

• Purified osteoclast progenitors from bone marrow and spleen of OIM mice 

show more rapid osteoclastogenesis than wild-type

• Despite increased inflammatory cytokine expression in female OIM serum, 

TNFα neutralizing treatment did not reduce bone resorption or improve bone 

parameters
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Figure 1. Alterations in bodyweight and spleen size in OIM mice
Bodyweight and spleen weight were measured in cohorts of OIM mice (OI) and their wild-

type littermates (WT). (A) Bodyweight is shown in male and female mice of different ages. 

n=23–24 for 7-week males, and n=4–11 for other groups. (B) Spleen weight corrected for 

bodyweight is shown in the same groups of mice. (C) Spleens from 7 week old OIM males 

are enlarged compared to WT controls. * p<0.05 compared to WT control.
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Figure 2. OIM mice have increased frequency of myeloid lineage cells in bone marrow
The frequency of different cell populations within the bone marrow of 7-week old WT and 

OI mice was evaluated by flow cytometry (n=5–6). Data are shown for (A) Lin− Sca1+ cKit+ 

(LSK) hematopoietic progenitor cells; (B) common lymphoid progenitors (CLP), Lin− 

Sca1+ cKitint IL7R+; (C) B cells, B220+; (D) common myeloid progenitors (CMP), Lin− 

Sca1− cKit+ CD34+ CD16lo; (E) granulocyte macrophage progenitors (GMP), Lin− Sca1− 

cKit+ CD34+ CD16hi; (F) megakaryocyte erythroid progenitors (MEP), Lin− Sca1− cKit+ 

CD34− CD16−; (G) myeloid cells, CD11b+; (H) granulocytes, Ly6G+; and (I) erythrocyte 

progenitors, Ter119+. * p<0.05 compared to WT control.
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Figure 3. Osteoclast precursor frequency and differentiation potential in bone marrow
(A) Osteoclast progenitors (OCP) were identified using the indicated gating strategy. 

Purified OCPs are identified as shown in the red box in the right plot. For sorting of OCPs, 

the larger population identified by the black box was used. (B) Bone marrow OCP frequency 

in male and female mice of different ages, n=3–10. (C) Osteoclast number following culture 

of lymphoid− CD11b−/lo CD115+ cells with RANKL and M-CSF. Data are pooled from 6 

(male) or 4 (female) independent cultures each with 8 wells/group. * p<0.05 compared to 

WT control.
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Figure 4. OIM mice have increased osteoclast progenitors in the spleen
Flow cytometry analysis was performed on spleen cells from WT and OI mice. Seven-week 

old animals (n=5–6) were used to evaluate changes in mature lineages including (A) T cells; 

(B) B cells; and (C) erythrocyte progenitors. Cohorts of male and female mice at different 

ages were used to evaluate the frequency of (D) myeloid lineage cells, CD11bhi; and (E) 

peripheral osteoclast progenitors (OCP), lymphoid− CD11bhi CD115+ Ly6C+. n=4–10. * 

p<0.05 compared to WT control.
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Figure 5. Increased osteoclastogenesis from OIM spleen cells
Osteoclast differentiation stimulated by M-CSF and RANKL was performed using (A) total 

spleen cells, and (B) sorted lymphoid− CD11bhi cells enriched for osteoclast progenitors and 

osteoclast number per well quantified. Data for each point are pooled from 4 independent 

cultures. * p<0.05 compared to WT control.
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Figure 6. Serum cytokine concentrations in OIM
Serum levels of (A) TNFα, and (B) IL1α, were measured by ELISA. Animals were 7–9 

weeks of age at the time of serum collection, n=6–22. * p<0.05 compared to WT control.
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Figure 7. Effect of TNFα neutralizing treatment on OIM phenotype
Mice were given vehicle or TNFR2:Fc twice weekly for 6 weeks. (A) Bodyweight increased 

in all groups, shown as % gain from initial weight. Other data were collected at sacrifice: (B) 

Spleen weight (corrected for bodyweight); (C) Serum CTX; (D) whole body bone mineral 

density (BMD); (E) femoral trabecular bone volume/total volume (BV/TV) and (F) cortical 

thickness (Ct.Th) as determined by µCT. n=8–14 for A–D and 4–9 for µCT data. * p<0.05 

compared to WT control; # p<0.05 compared to OIM vehicle.
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