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ABSTRACT 

Osteoarticular brucellosis is the most common complication in Brucella-infected 

humans. The mechanism of bone destruction caused by Brucella remains partially 

unknown due to the lack of a suitable animal model. Of greater concern is the fact that 

development of vaccines to protect humans against brucellosis is hampered by safety 

concerns and no effective models exist to assess the safety of candidate vaccines in the 

context of osteoarticular disease. To address this issue, we explored the suitability of the 

NOD-scid IL2rγnull (NSG) mouse and examined the potential use of this strain to 

evaluate the safety of live attenuated vaccine candidates. Mice were inoculated 

intraperitoneally with B. abortus S19 or the vaccine candidate B. abortus S19ΔvjbR. 

Hypothermia, weight loss, splenomegaly, and tail deformation were observed in mice 

inoculated with B. abortus S19 but not with S19ΔvjbR. Histologically, all S19 but not 

S19ΔvjbR inoculated mice exhibited severe dose-dependent osteomyelitis in the tail 

characterized by large numbers of neutrophils, macrophages, and osteoclasts with 

marked bone destruction. Interestingly, myriad bacteria were observed within osteoclasts 

of S19-infected mice. To further investigate the role of osteoclasts during Brucella 

infection, murine bone marrow-derived macrophages were derived into mature 

osteoclasts and infected with B. abortus 2308, S19, and attenuated mutants S19ΔvjbR 

and B. abortus2308ΔvirB2. While B. abortus 2308 and S19 replicated inside mature 

osteoclasts, the attenuated mutants were progressively killed. Interestingly, B. abortus 

2308 impaired the growth of osteoclasts without reducing resorptive activity while 
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osteoclasts infected with B. abortus S19 and S19ΔvjbR were significantly larger and 

exhibited enhanced resorption. None of the Brucella strains induced apoptosis or 

stimulated nitric oxide or lactose dehydrogenase production in osteoclasts. Finally, 

infection of macrophages or osteoclast precursors with B. abortus 2308 resulted in 

generation of smaller osteoclasts with decreased resorptive activity. Overall, Brucella 

exhibits similar growth characteristics in mature osteoclasts compared to the primary 

target cell, the macrophage, but is able to impair the maturation and alter the resorptive 

capacity of these cells. These results suggest that osteoclasts play an important role in 

osteoarticular brucellosis and could serve as a useful in vitro model for both analyzing 

host-pathogen interactions and assessing vaccine safety. 
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NOMENCLATURE 

 

BMDMs                     Bone marrow-derived macrophages 

M-CSF Macrophage Colony-Stimulating Factor 

mOCs Multinucleated mature osteoclasts 

NF-kB                         Receptor activator of nuclear factor-kB  

OAB Osteoarticular brucellosis 

pOCs Osteoclasts precursors  

RANKL Receptor Activator of Nuclear Factor-κB ligand 

TRAP stain Tartrate-resistant acid phosphatase stain 

TUNEL                       Terminal deoxynucleotidyl transferase (TdT) dUTP 
                                    nick-end labeling of fragmented DNA 
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1. INTRODUCTION  

 

1.1. Brucellosis  

Brucella is a gram-negative intracellular microbe that causes brucellosis, a 

neglected zoonotic disease of worldwide significance. Brucellosis remains endemic in 

several countries throughout Asia, the Middle East, Africa, and South America (1-3). 

Among the 12 recognized Brucella species (4), B. abortus (cattle), B. melitensis (goats 

and sheep), and B. suis (pigs) are considered the most pathogenic for both the natural 

livestock hosts and humans (5-9). Although the available epidemiological data regarding 

infected patients is incomplete, and for some countries unavailable, more than 500,000 

new human brucellosis cases are reported annually (10). Brucellosis in animals is 

primarily a reproductive disease characterized by placentitis and abortion in pregnant 

females and epididymitis and orchitis in males (11, 12). B. melitensis, one of the most 

highly pathogenic among Brucella species, infects small ruminants and causes orchitis in 

infected males as well as abortion in pregnant dams with the capability of being shed in 

the milk (13). Brucella infection in cattle is primarily caused by B. abortus, which is also 

capable of infecting camels, buffaloes, deer, horses, dogs, and small ruminants. 

Abortion, stillbirth, necrotizing placentitis, and mastitis are the most common clinical 

signs associated with B. abortus infection, as well as orchitis and epididymitis in the 

infected bull. Brucellosis in swine is caused by B. suis, which infects domestic, wild 

pigs, and occasionally other livestock species. Infertility, abortion, and orchitis, 

frequently accompanied by osteoarticular manifestations have been observed in swine 
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brucellosis (14-16).  The placenta and aborted fetus, which contain high levels of shed 

Brucella organisms, are considered the major source of infection to natural and 

incidental animal hosts for all three of the most pathogenic Brucella spp (17-19).  

In humans, transmission occurs as a result of direct exposure to the excretions 

and products of infected animals, including genital secretions, aborted fetuses and fetal 

membranes, unpasteurized dairy products, or accidental injection during vaccine 

handling (5, 20, 21). The clinical manifestations of acute human brucellosis include 

undulant fever accompanied by non-specific symptoms such as malaise, sweating, 

arthralgia, splenomegaly, and hepatomegaly (6, 9, 22). Of greater concern, Brucella is 

able to survive and persist in several organs, leading to the development of lifelong, 

chronic complications including osteoarticular disease, hepatic or splenic abscessation, 

neurological disorders, and endocarditis (23-26). Although the infection is seldom 

spread from one infected human to another, rare cases of transmission between infected 

individuals have been reported (27, 28).  

For decades, vaccination policy has been a critical component of control and/or 

eradication campaigns against Brucella infection in animals.  Live attenuated vaccines 

such as S19, RB51, and Rev1 (29, 30) have played a crucial role throughout the world in 

prevention of brucellosis in livestock species; however, several drawbacks with these 

vaccines exist, most importantly the induction of abortion in pregnant animals and the 

ability to cause disease in humans (31, 32). These pitfalls have been the impetus for 

ongoing research into the development of new vaccines that are safer yet retain an 

equivalent or superior level of protection as those currently in use. 
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1.2. Osteoarticular brucellosis 

Brucella-induced osteoarticular disease is the most common clinical 

manifestation associated with Brucella infection in humans (33-36). Osteoarticular 

brucellosis (OAB) is considered a major public health challenge in several countries, 

especially in the Mediterranean, Middle East, and Central and South America. 

Alarmingly, an estimated 40-80% of Brucella-infected patients develop OAB (10, 37, 

38). Regardless of age or gender, OAB can occur at any point during infection and can 

produce a variety of lesions, including peripheral arthritis, sacroiliitis, and spondylitis 

(36). In peripheral arthritis, one or multiple articular sites may be involved, and large 

joints such as the hips and knees are the most frequently affected (39, 40). Sacroiliitis 

involves unilateral or bilateral inflammation of the sacroiliac joints and may manifest 

with non-specific clinical signs such as fever, chills, and severe lower back pain (41-44). 

The last form of osteoarticular brucellosis is spondylitis, inflammation of the vertebrae at 

the level of the disco-vertebral junction. In severe cases, multiple consecutive vertebrae 

may be involved, resulting in severe and disabling complications (45-47). Untreated 

OAB may result in marked bone and cartilage destruction, synovial rupture, or 

osteopenia causing permanent damage and disability (48-51). Therefore, early diagnosis 

and rigorous antibiotic treatment are essential to prevent relapses and manifestations of 

OAB (38, 52, 53). OAB in animals has also been reported, with reports of arthritis in 

goats and sheep, carpal hygromas in dairy cattle, and diskospondylitis in dogs (54-56).  
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1.3. Animals models of osteoarticular brucellosis 

Although several studies regarding Brucella-induced arthritis have been 

published, the pathobiology underlying osteoarticular brucellosis remains unclear due to 

the lack of suitable animal models which replicate the clinical symptoms seen in humans 

(36, 57, 58). A single study utilizing a natural host demonstrated that young cattle 

developed arthritis following direct intra-articular administration of B. abortus S19 

vaccine strain (55). However, several challenges concerning the use of natural hosts in 

such experiments, including financial costs, animal husbandry issues, limited housing 

space in Biosafety level three (BL3) laboratories, and ethical issues are significant 

limitations.  

To address these issues, mice have been utilized as a surrogate to understand the 

pathogenesis of osteoarticular brucellosis (59). Wild type mice have been widely used as 

a valuable model to study the pathogenesis of Brucella infection, evaluate the safety and 

efficacy of vaccine candidates, and investigate new therapeutics (60, 61). However, wild 

type mice are naturally resistant to Brucella infection and systemic inoculation of up to 

106 colony-forming units (CFU) fails to induce osteoarticular lesions (57, 58). Other 

laboratory animals such as monkeys, rats, and guinea pigs have also been evaluated as 

models, but none of these models have demonstrated bone damage (62). In contrast, 

knockout mice, such as IFN-γ-/-, CXCR-/-, and IL-1R-/- immunocompromised mice, 

consistently develop acute bone lesions and at a much earlier time point than wild type 

mice when infected with wild type Brucella spp (57, 58). Such findings highlight the 
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potential of immunocompromised mice to be used as a model to study the pathogenesis 

of osteoarticular brucellosis. 

 
1.4. Cells involved in osteoarticular brucellosis 

Bone is a dynamic and highly regulated connective tissue that is continuously 

remodeled under the influence of three different cell types: osteoblasts, osteocytes, and 

osteoclasts. These cells work together to develop and maintain healthy bone structure. 

Osteoblasts are bone-forming cells involved in bone matrix mineralization that provides 

rigidity and strength to the bone (63). Osteocytes are differentiated osteoblasts located 

within the mineralized bone matrix and comprise approximately 95% of bone cells. The 

location of these cells gives them the ability to sense mechanical stress and regulate bone 

remodeling processes through the secretion of various cytokines and chemokines (64, 

65). Lastly, osteoclasts are highly specialized multinucleated bone-resorbing cells 

derived from the monocyte/macrophage lineage under the regulation of two cytokines: 

Macrophage Colony-Stimulating Factor (M-CSF) and Receptor Activator of Nuclear 

Factor-κB ligand (RANKL) (66, 67). Bone resorption is a complex and multi-step 

process that includes osteoclast polarization onto the bone, reorganization of the 

cytoskeleton, and ruffled border formation (68), followed by the release of protons and 

proteolytic enzymes into resorption lacuna and bone matrix degradation (69, 70). 

Modifications of the functional activity of any of these cells are associated with the 

development of various bone diseases such as osteoporosis, osteopetrosis, and chronic 

osteoarthritis (71).  
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Several in vitro studies have highlighted the direct interaction between resident bone 

cells and Brucella in an effort to elucidate the pathogenesis of osteoarticular brucellosis. 

For instance, in vitro studies have demonstrated that B. abortus is able to invade and 

replicate within osteoblasts and osteocytes, modify the metabolic activity of these cells, 

and upregulate the expression of metalloproteinases (MMPs) as well as RANKL, the 

main cytokine involved in osteoclast differentiation (72-74). These results suggest that 

these cells are directly and indirectly involved in the bone destruction observed during 

osteoarticular brucellosis (36). However, the role of osteoclasts is the pathogenesis of 

this disease process remains to be explored. 

 

1.5. Goals and Experimental Approach 

Due to the numerous pitfalls involving the use of natural hosts or wild type mice 

to study the mechanism of osteoarticular brucellosis as mentioned earlier, 

immunocompromised mice have been developed as a promising animal model to study 

bone disease following Brucella infection. However, only wild type Brucella strains 

have been shown to cause osteoarticular lesions in these mice while attenuated vaccine 

strains do not. This distinction is important, as the currently available B. abortus S19 

vaccine strain is able to induce osteoarticular lesions in cattle, yet no laboratory animal 

model exists to investigate this mechanism. It is also important to consider that new 

vaccine candidates may have the potential to induce osteoarticular lesions in humans or 

natural hosts, changes which would likely be missed using the established wild type 

mouse model. Therefore, developing an improved mouse model able to detect pathologic 
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bone changes induced by attenuated Brucella strains is a priority. This new model would 

have the potential not only to improve safety evaluation of vaccine candidates but also to 

understand the mechanism behind Brucella-induced arthritis. Moreover, investigation of 

the interaction between Brucella spp and osteoclasts is needed to understand the 

pathogenesis of osteoarticular brucellosis.  
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2. THE NOD-SCID IL2RGAMMA NULL   MOUSE MODEL IS SUITABLE TO STUDY 

OSTEOARTICULAR BRUCELLOSIS AND VACCINE SAFETY* 

 

2.1. Summary   

Osteoarticular brucellosis is the most common complication in Brucella-infected 

humans regardless of age, sex, or immune status. The mechanism of bone destruction 

caused by Brucella species remained partially unknown due to the lack of a suitable 

animal model. Here, to study this complication, we explored the suitability of the use of 

 theNOD-scid IL2rγnull mouse to study osteoarticular brucellosis and examined the 

potential use of this strain to evaluate the safety of live attenuated vaccine candidates. 

Mice were inoculated intraperitoneally with a single dose of either 1x104, 1x105, or 

1x106 CFU of B. abortus S19 or the vaccine candidate B. abortus S19ΔvjbR and 

monitored for the development of side effects, including osteoarticular disease, for 13 

weeks. Decreased in body temperature, weight loss, splenomegaly, and deformation of 

the tails was observed in mice inoculated with B. abortus S19 but not with S19ΔvjbR. 

Histologically, all S19 inoculated mice had a severe dose-dependent inflammatory 

response in multiple organs. The inflammatory response at the tail was characterized by 

the recruitment of large numbers of neutrophils, macrophages and osteoclasts with 

                                                 

*Reprinted with permission from “The NOD-SCID IL2rγ null Mouse Model Is Suitable 
For the Study of Osteoarticular Brucellosis and Vaccine Safety” By Khalaf OH, Chaki 
SP, Garcia-Gonzalez DG, Ficht TA, Arenas-Gamboa AM, 2019, Infection and 
Immunity, 87(6). pii: e00901-18, Copyright (2019) by American Society for 
Microbiology 
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marked bone destruction. These lesions histologically resembled what is typically 

observed in Brucella-infected patients. In contrast, mice inoculated with B. abortus 

S19ΔvjbR did not show significant bone changes. Immunofluorescence, in situ 

hybridization, and confocal imaging demonstrated the presence of Brucella at the sites of  

inflammation, both intra- and extracellularly, and large numbers were observed within 

mature osteoclasts. These results demonstrate the potential use of the NOD-scid IL2rγnull 

mouse model to evaluate vaccine safety and further study osteoarticular brucellosis. 

 

2.2. Introduction  

Brucellosis is a zoonotic disease caused by gram-negative facultative 

intracellular bacteria of the genus Brucella (75). Among the 12 species currently 

recognized, B. abortus (cattle), B. melitensis (goats and sheep), and B. suis (swine) are 

the most pathogenic to humans, with more than half a million new cases of human 

brucellosis reported annually (6). In animals, brucellosis is usually manifested as 

infertility and abortions in females and epididymitis in males (19, 62). In humans, acute 

brucellosis is frequently associated with non-specific clinical signs including undulant 

fever, headache, sweating, and joint pain requiring long-term antibiotic treatment (24). 

Clinical signs of chronic infection include endocarditis, orchitis, neurological disorders, 

and hepatitis (76, 77). Infection in humans occurs through contact with infected animals 

and animal products (17) with a very low number (10-100 CFU) of microorganisms 

required to induce infection (78). It is well accepted that vaccination is one of the most 

effective approaches to control brucellosis in animals (79). However, currently available 
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vaccines are not suitable for human use and can induce undesirable side effects in 

livestock including residual virulence in pregnant animals leading to abortion and 

shedding of the organism in milk (80). Osteoarticular brucellosis in humans has been 

reported in 40-80% of infected patients and is the most common complication of 

Brucella infection (37, 38, 81). Peripheral arthritis, sacroiliitis, and spondylitis are the 

three most commonly reported predilection sites (38, 48) and people of all ages are 

susceptible in both acute and chronic cases (82). The mechanism driving osteoarticular 

tropism by Brucella species remains unknown, due in part to the lack for many years of 

an animal model to study Brucella-induced osteoarticular disease. Immunocompetent 

mice have proven to be a valuable tool for understanding basic host-agent interactions 

during Brucella infection (59, 83). However, arthritis is not typically manifested in this 

host species, and in the few cases observed, osteoarticular damage can take up to 6 

months to develop, making it very challenging to use these mice to study this process 

(59). Recently, immunocompromised mice including IFN-γ-/-, CXCR2-/-, IL-1R-/- have 

been used to study osteoarticular brucellosis (57, 58). However, only wild type B. 

melitensis 16M and B. abortus 2308 were able to induce pathological changes. 

Although, RB51 is known to cause infection in humans (80), development of 

osteoarticular disease was not evident using these models (57). Therefore, an animal 

model that is highly sensitive to develop osteoarticular disease would be invaluable to 

screen potential side-effects associated with live attenuated vaccines. 

The aim of this study was to investigate the suitability of the NOD.Cg-

PrkdcscidIl2rγtm1Wjl/SzJ (NOD-scid IL2rγnull, NSG) mouse as an improved method to 
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further evaluate the safety of potential vaccine candidates. NSG mice are characterized 

by the lack of functional mature T and B lymphocytes, natural killer cells, and dendritic 

cells; undetectable hemolytic complement activity; and severe impairment in cytokine 

signaling due to a defect in the IL-2 receptor gamma chain (84), which makes them 

highly susceptible to infection by Brucella spp. Further, NSG mice can also be used as a 

humanized mouse model (84-86) to study host-pathogen interactions and mechanism of 

diseases following human cell transplantation.  For this study, we utilized the vaccine 

candidate B. abortus S19ΔvjbR that was designed in our laboratories by deletion of the 

LuxR-like transcriptional regulator vjbR gene, which is essential for intracellular 

survival and virulence in mice (61, 87, 88). Prior in vitro and in vivo studies have noted 

that B. abortus S19ΔvjbR is highly attenuated and confers a significant level of immune 

protection (61, 87). In the current study, we have investigated NSG mice as a model to 

determine if there are any potential side effects associated with vaccination when using 

live attenuated vaccine candidates in immunocompromised individuals like in 

pregnancy, chronic infections, childhood and aging. 

 

2.3. Results 

2.3.1. Clinical manifestation and survival of NSG mice infected with B. abortus S19 

and B. abortus S19ΔvjbR 

NSG mice were inoculated intraperitoneally (i.p.) with different doses ranging 

from 1x104 to 1x106 CFU/mouse of either 1) B. abortus S19, 2) B. abortus S19ΔvjbR, or 

3) PBS alone. All animals were monitored daily for the development of any adverse 
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effects associated with vaccination (Table 2.1). Interestingly, only mice infected with 

S19 developed clinical signs that started approximately 7 weeks post-inoculation and 

consisted of hunched posture, ruffled coat, malaise, hypothermia, and weight loss. By 10 

weeks (73 days) post-inoculation, 40% of the mice infected with 1x104 and 1x106 

CFU/mouse B. abortus S19 were euthanized due to the severity of clinical signs (Fig. 1), 

with remaining 60% mice euthanized at week 13 (90 days) and week 12 (86 days) post-

inoculation, respectively. All mice receiving 1x105 CFU/mouse of B. abortus S19 

required euthanasia at week 12 (87 days) post-inoculation. Interestingly, none of the 

mice inoculated with B. abortus S19ΔvjbR developed clinical signs (P < 0.001) and 

exhibited a 100% survival rate (Fig. 2.1). These results confirm that B. abortus 

S19ΔvjbR is safer in NSG immunocompromised mice compared to B. abortus S19. 

 

2.3.2. NSG mice inoculated with B. abortus S19 but not with B. abortus S19ΔvjbR 

developed hypothermia 

To determine whether inoculation with B. abortus S19 and B. abortus S19ΔvjbR 

induced body temperature fluctuations in NSG mice as a correlate of the severity of 

infection, mice were monitored daily for the duration of the experiment. Basal pre-

inoculation body temperatures ranged from 36.3°C to 37.8°C. Mice inoculated with B. 

abortus S19 developed significant hypothermia from week 7 onwards (P<0.001) when 

compared to the basal level, and was used as an indicator for early euthanasia (Fig. 2.2 

panels A-C). Mice inoculated with B. abortus S19ΔvjbR (Fig. 2.2 panels D-F) or PBS 

(Fig. 2.2 panel G) did not show any significant changes in body temperature throughout 
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the study. Similar results have been previously observed in IRF-1-/- mice inoculated 

with B. abortus S19ΔvjbR (89).  

 

2.3.3. NSG mice inoculated with B. abortus S19 but not with B. abortus S19ΔvjbR 

demonstrated weight loss  

 Body weight was monitored daily for the duration of the experiment. Except one 

animal from 104 dose group, all mice inoculated with B. abortus S19 at 1x105 and 1x106 

CFU/mouse exhibited a substantial decrease in body weight (Fig. 2.3 panels A-C) in a 

dose-dependent manner and was associated with high bacterial colonization (*P < 0.05). 

No significant differences in body weight were noted for mice inoculated with B. 

abortus S19 at 1x104 CFU/mouse, B. abortus S19ΔvjbR, or the control group (Fig. 2.3 

panels D-G).   

 

2.3.4. B. abortus S19 inoculated NSG mice depicted high bacterial colonization and 

inflammatory response  

The extent of bacterial colonization of different organs was evaluated to 

determine if the degree of colonization was correlated with the manifestation of clinical 

signs as well as the induction of an inflammatory response. Spleens, livers, and lungs 

were collected at different time points, weighed, and homogenized in 1 ml PBS, and 

bacterial colony-forming units (CFU) determined by plating onto TSA media. Mice 

inoculated with B. abortus S19, regardless of the dose, exhibited an overwhelming 

bacterial burden in the spleen, liver, and lung. In contrast, mice inoculated with 
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S19ΔvjbR exhibited significantly less bacterial growth (P < 0.05) in the spleen (except 

104 dose), liver, and lung (Fig. 2.4 panels C-E). Mice inoculated with B. abortus S19 

also developed splenomegaly with a significant increase in spleen weight (P < 0.05), 

whereas mice inoculated either with B. abortus S19ΔvjbR or PBS had no changes in 

splenic weight (Fig. 2.4 panel A). None of the groups showed a significant difference in 

liver weight (Fig. 2.4 panel B).  

 
2.3.5. Evaluation of pathological changes in NSG mice following Brucella 

inoculation  

To determine the extent of any gross and histologic changes, a full post-mortem 

examination was performed in all Brucella inoculated mice. Gross changes were most 

prominent in the tail, spleen, and liver of mice inoculated with B. abortus S19. B. 

abortus S19 inoculated mice developed swelling and deviation of the tail vertebrae (Fig 

2.5 panel A). The spleens were markedly pale and enlarged, and the livers were pale. 

Interestingly, NSG mice inoculated with S19ΔvjbR or PBS did not show any apparent 

gross changes. Histologically, all mice inoculated with B. abortus S19 demonstrated 

severe inflammation of the tail in a dose-dependent manner characterized by the 

presence of large numbers of macrophages and neutrophils and massive bone resorption, 

and intervertebral disk erosion with fibrosis (Fig. 2.5 B bottom panel 40X 

magnification). As expected, due to their immune compromised status of NSG mice, the 

spleen of PBS group did not exhibit normal architecture or well-defined white and red 

pulp with lack of lymphoid follicle formation (Fig. 2.6 panel A 40X magnification). 
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Interestingly, the spleen from B. abortus S19 group had a marked histiocytic and 

granulomatous splenitis (Fig. 2.6 A bottom panel 40X magnification) associated with 

bacterial colonization (Fig. 2.6 B bottom right panel). Livers exhibited a multifocal, 

random histiocytic hepatitis with the presence of microgranulomas (Fig. 2.7 A bottom 

panel 60X magnification) associated with bacterial colonization (Fig. 2. 7 B bottom 

panel). In contrast, mice inoculated with B. abortus S19ΔvjbR did not show any 

significant changes in bone pathology, except with the presence of scattered neutrophils 

observed in the medullary cavity (Fig. 2.5 B middle panel 40X magnification). The 

spleens of S19ΔvjbR group exhibited mild neutrophilic infiltration (Fig. 2.6 panel A 40X 

magnification) associated with the presence of bacterial colonies (Fig. 2.6 panel B) but 

in lesser numbers compared to B. abortus S19. No histologic changes were observed in 

the liver of S19ΔvjbR (Fig. 2.7 A middle 40X magnification).  

 

2.3.6. Identification of Brucella in NSG mouse tissues via immunohistochemistry 

(IHC), immunofluorescence (IF), and fluorescent in situ hybridization (FISH) 

techniques 

 In order to identify the distribution of Brucella antigen in different tissues, 

immunohistochemical analysis was performed using brightfield (Fig. 2.8 panel A) and 

fluorescence microscopy (Fig. 2.8 panel B). Formalin-fixed paraffin-embedded tissue 

sections (FFPE) were immunolabeled with polyclonal rabbit anti-Brucella abortus 

primary antibody. The tail vertebrae from mice inoculated with B. abortus S19 

demonstrated positive, strong immunostaining scattered throughout the section. 
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Distribution of Brucella antigen in the medullary cavity, subchondral bone, and within 

necrotic areas was evident (Fig. 2.8 A bottom panel). In contrast, only one of five mice 

inoculated with 1x106 CFU/mouse of B. abortus S19ΔvjbR demonstrated a weak positive 

signal of Brucella antigen in the tail vertebrae, while the remaining mice had no 

detectable immunoreactive signal (Fig. 2.8 A middle panel).  As an alternative with 

increased sensitivity and specificity of IHC, we performed immunofluorescence staining 

(90) of Brucella antigen that further supported Brucella distribution of antigens in the 

tail of S19 or S19ΔvjbR inoculated mice (Fig. 2.8 B middle and bottom panel). In 

addition, fluorescent in situ hybridization using a Bru-996 Alexa-flour 555 labeled DNA 

probe, that specifically hybridizes Brucella 16S rRNA, confirmed B. abortus S19 

distribution within the lesions (Fig. 2.8 panel C).  

 

2.3.7. B. abortus S19 colonizes osteoclasts in NSG mice 

IHC and IF staining demonstrated the abundance of Brucella antigen in 

multinucleated osteoclasts (arrow) and to a lesser degree in other cell types as well as in 

extracellular space surrounding the affected area in B. abortus S19 inoculated mice (Fig. 

2.8 A and B bottom panel). To further confirm the association of Brucella with 

osteoclasts, a double immunofluorescence staining (91) was performed on paraffin 

sections of tail vertebrae to simultaneously identify osteoclasts and Brucella. As 

osteoclasts express a high level of the enzyme cathepsin K (92), a polyclonal rabbit anti-

cathepsin K primary antibody was used to identify osteoclasts along with using 

polyclonal rabbit antibody against Brucella for Brucella identification. Using 
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fluorescently labeled secondary antibodies, we demonstrated that Brucella co-localized 

with osteoclasts (Fig. 2.9 panel A). The colocalization of Brucella in different depth of 

osteoclast was analyzed by using confocal microscopy. Confocal images of Z sectioning 

demonstrated Brucella distribution at various cellular depths inside these cells (Fig. 2.9 

panel B). The right panel indicated color intensity plot of Brucella distribution 

throughout the section. Quantitative analysis of the different depth of Z sections revealed 

a maximum density of Brucella in the center of osteoclasts (Fig. 2.9 panel C). When we 

compared fluorescence intensity, B. abortus S19ΔvjbR signal was significantly less 

(P<0.001) than B. abortus S19 (Fig. 2.9 panel D). 

 

Table 2.1 Clinical manifestation of brucellosis in NSG mice. 

 Naive S19 S19vjbR 

Body temperature Normal Hypothermia Normal 

Body weight Gain Loss Gain 

Splenomegaly No Yes No 

Bacterial load No High Low 

Osteoarticular changes  No Major Minor 

Splenic changes No Major Minor 

Hepatic changes No Major Minor 
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Figure 2.1 Survival profile of NSG mice. Mice were inoculated intraperitoneally with 
either B. abortus S19 or B. abortus S19ΔvjbR at various doses (1 X 104, 1 X 105, and 1 
X106 CFU/mouse) or with PBS. Mice inoculated with PBS or the B. abortus S19ΔvjbR 
vaccine candidate survived (100%) longer than mice inoculated with B. abortus S19. 
Reprinted from [138]. 
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Figure 2.2 Temperature profiles of NSG mice inoculated with Brucella abortus. 
Mice were implanted with transponders, and body temperature was monitored every day 
over a period of 13 weeks following inoculation (i.p.) with B. abortus S19, the B. 
abortus S19ΔvjbR vaccine candidate, or PBS, as indicated. No significant changes in 
body temperature were observed (P > 0.05) over time in mice inoculated with B. abortus 
S19ΔvjbR or PBS. However, mice inoculated with different doses of B. abortus S19 
demonstrated a gradual reduction in body temperature (hypothermia) that reached a 
significant level from week 7 onwards (***, P < 0.001). Doses are indicated such that 
S19-104, for example, indicates 1 X 104 CFU/mouse of B. abortus S19. Reprinted from 
[138]. 
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Figure 2.3 Body weight profiles of NSG mice inoculated with attenuated Brucella 
abortus. Body weight was monitored over a period of 13 weeks post-inoculation with  
1 X 104, 1 X 105, and 1 X 106 CFU/mouse of either B. abortus S19 or the B. abortus 
S19ΔvjbR vaccine candidate or with PBS, as indicated. Mice inoculated with 1 X 105 
and 1 X 106 CFU/mouse of B. abortus S19 demonstrated significant weight loss by 13 
weeks. *, P < 0.05. Reprinted from [138]. 
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Figure 2.4 Organ weight and bacterial colonization of NSG mice inoculated with 
Brucella. Mice inoculated (i.p.) with B. abortus S19 showed a significant increase in 
spleen weight compared with mice inoculated with the B. abortus S19ΔvjbR vaccine 
candidate (A), while there was no significant difference in liver weights in mice 
inoculated with Brucella or PBS (B). Mice inoculated with B. abortus S19ΔvjbR had 
significantly reduced bacterial burdens in spleen (C), liver (D), and lung (E) compared 
to those in the B. abortus S19-inoculated group. *, P < 0.05; ns, not significant. 
Reprinted from [138]. 
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Figure 2.5 Gross image and tail histopathological image from NSG mice inoculated 
with PBS, B. abortus S19ΔvjbR (1 X 106 CFU/mouse), and B. abortus S19 (1 X 106 

CFU/mouse), as indicated. (A) Representative image of NSG mouse inoculated with B. 
abortus S19 demonstrates inflammation in tail vertebrae. The magnified tail region with or 
without artificial coloring clearly demonstrates the regions of inflammation or bone damage 
(boxed selections). (B) Representative images of bone histopathology at low and high 
magnifications. Magnified images at right correspond with the boxed sections in the left 
panel. Top and middle panels depict intact bone mass and cartilage with normal appearance. 
Infection with B. abortus S19 induced severe bone resorption and destruction of the 
intervertebral discs which were replaced by fibrous connective tissue (bottom panel). 
Magnified images in the bottom right panel show neutrophil and macrophage infiltration 
(arrows) and activation of osteoclasts (arrowhead). Reprinted from [138]. 
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Figure 2.6 Representative images of histopathology of spleen. (A) Representative bright-field 
image of spleen from immunocompetent mice (top) and from NSG mice inoculated with PBS, B. 
abortus S19ΔvjbR (1 X 106 CFU/mouse), and B. abortus S19 (1 X 106 CFU/mouse), as 
indicated. Images at right are magnifications of the boxed sections in the left panels. Mice 
infected with B. abortus S19 exhibited multifocal neutrophilic and histiocytic splenitis in 
contrast to mild neutrophilic and histiocytic splenitis in B. abortus S19ΔvjbR-inoculated mice. 
(B) Immunohistochemical localization of Brucella in mouse spleen (boxed). Reprinted from 
[138]. 
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Figure 2.7 Representative images of histopathology of liver. (A) Representative bright-
field image of liver from NSG mice inoculated with PBS, B. abortus S19ΔvjbR (1 X 106 
CFU/mouse), and B. abortus S19 (1 X 106 CFU/mouse), as indicated. Images at right are 
magnifications of the boxed sections in the left panel. Animals infected with B. abortus 
S19 exhibited neutrophilic and histiocytic infiltration. None of the NSG mice inoculated 
with B. abortus S19ΔvjbR or PBS showed remarkable lesions. (B) Immunohistochemical 
localization of Brucella in mouse liver (arrows). Reprinted from [138]. 
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Figure 2.8 Immunohistochemical, immunofluorescence, and fluorescence in situ 
hybridization (FISH) analysis of Brucella in paraffin sections of tail vertebrae. (A) 
Representative immunohistochemical images of tail vertebrae of NSG mice inoculated 
with PBS, B. abortus S19ΔvjbR (1 X 106 CFU/mouse) and B. abortus S19 (1 X 106 
CFU/mouse). B. abortus S19-inoculated mice exhibited widely distributed Brucella 
antigens (brown) in the osteoarticular lesions, with the highest concentration in the 
osteoclasts (arrowhead). Only one mouse inoculated with 1 X 106 CFU/mouse of B. 
abortus S19ΔvjbR exhibited positive staining for Brucella (arrows). (B) Representative 
immunofluorescence images of tail vertebrae of NSG mice inoculated with PBS, B. 
abortus S19ΔvjbR (1 X 106 CFU/mouse), and B. abortus S19 (1 X 106 CFU/mouse). B. 
abortus S19-inoculated mice exhibited strong positive signal for Brucella antigens 
(green) that widely spread in the area of inflammation and osteoclasts (arrowheads), 
whereas NSG mice inoculated with B. abortus S19ΔvjbR exhibited a faint signal of 
Brucella antigens in few places (arrows). (C) Representative FISH image reveals 
hybridization of Brucella-specific Bru-996 Alexa Fluor-labeled DNA probe of the 16S 
rRNA gene with B. abortus S19 (red) in tail vertebral sections. Images at right are 
magnifications of the boxed sections in the left panel. Reprinted from [138]. 
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Figure 2.8 Continued 
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Figure 2.9 Brucella colonization in osteoclasts. (A) Representative immunofluorescence 
image of tail vertebrae of B. abortus S19-inoculated mice (1 X 106 CFU/mouse) demonstrated 
colocalization (yellow) of Brucella antigen (green) with the osteoclast marker cathepsin (red 
signal). Images at right are magnifications of the boxed section in the left panel. (B) 
Representative confocal immunofluorescence images showing a large number of B. abortus 
S19 bacteria (green) inside osteoclasts. The fluorescence intensity plot profile in the right panel 
corresponds with the images in the left panel. (C) Z sectioning shows Brucella localization in 
different depths of the osteoclast. AU, arbitrary units. (D) Quantitative image analysis shows a 
significant decrease (***, P < 0.001) in Brucella colonization in the B. abortus S19ΔvjbR- 
inoculated group compared with that in the B. abortus S19-inoculated group, as reflected in 
total pixel intensity. Reprinted from [138]. 
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Figure 2.9 Continued 
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2.4 Discussion 

Brucellosis is one of the most common worldwide bacterial zoonotic diseases 

where osteoarticular complications may rise up to 80% in human cases (37, 38). The 

study of Brucella-induced osteoarthritis has been challenging due to the lack of suitable 

laboratory animal model as well as the impracticality of using natural hosts. Although 

few mice models (IFN-γ-/-, CXCR2-/-, IL-1R-/-) have been used to understand the 

mechanism of osteoarticular brucellosis, they required either virulent BSL3 Brucella 

strain to induce detectable bone damage or injection directly into the joints (57-59). The 

development and characterization of NSG immunocompromised mouse bearing a 

mutated IL-2 receptor gamma chain (IL2rynull) have facilitated its use as humanized 

mouse model to study human hemopoietic stem cells engraftment and infectious diseases 

caused by Epstein Barr virus, Dengue virus, Salmonella typhi, and Plasmodium 

falciparum (85, 93-98).  

In the present study, we sought to investigate the potential of using NSG mouse 

model as a means to study the side effects (if any) associated with vaccination and its 

use to study osteoarticular brucellosis. The currently available B. abortus S19 vaccine, 

which is essential for the control of bovine brucellosis, is a live attenuated vaccine that is 

not suitable for use in humans (99) due to its known side effects. Very recently Xie et. 

al., in their meta-analysis have clearly shown various adverse effect associated with the 

existing licensed Brucella vaccines including Brucella abortus S19, Brucella melitensis 

Rev1, and Brucella abortus RB51. Some of these adverse effects associated with 

Brucella abortus S19 vaccination include arthropathy, arthralgia and myalgia (100). As a 
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control, we utilized B. abortus S19 vaccine to compare with our vaccine candidate B. 

abortus S19ΔvjbR. The present study demonstrated that within 13 weeks of B. abortus 

S19 vaccine strain inoculation, NSG immunocompromised mice had to be euthanized 

due to overwhelming infection. Mice developed gross and histopathological changes and 

osteoarticular lesions resembling chronic human brucellosis, making it a suitable model 

not only to study vaccine safety but also osteoarticular brucellosis. NSG mice inoculated 

with B. abortus S19 displayed signs of illness, low survival rate, splenomegaly and high 

bacterial loads in the spleen, liver, and lung. It is well known that Brucella has a tropism 

to reticuloendothelial tissues such as spleen and liver (101). The high bacterial 

colonization was associated with marked histiocytic and neutrophilic inflammation 

which are typically observed in patients with brucellosis (23, 102-106). In contrast, NSG 

mice inoculated with the vaccine candidate B. abortus S19ΔvjbR exhibited milder 

clinical and pathological changes associated with Brucella infection, indicating that the 

B. abortus S19ΔvjbR vaccine seems to be a safer choice.  These support our previous 

findings that demonstrated the safety of ΔvjbR mutant in wild type and IRF-1-/- mice 

(61, 87, 89).  

The previous study showed that NSG mice are not capable of inducing an 

inflammatory immune reaction against infectious agents (107). Interestingly, in spite of 

having decreased immunity, NSG mice were capable of mounting inflammation against 

Brucella infection in this study.  This may attribute to the presence of neutrophils, 

monocytes, macrophages, and dendritic cells in NSG mice (84). Taken together, this 

suggests that the NSG mouse model might be a more sensitive predictor of vaccine 
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safety for brucellosis, especially in immunodeficient individuals. The most frequent 

clinical sign associated with brucellosis in humans is undulant fever and weight loss (24, 

62). Fever or hyperthermia is a physiological response to an inflammatory process and 

infection which aims to enhance host survival (108). In this study, NSG mice inoculated 

with B. abortus S19 showed a decrease in body temperature or hypothermia, which is 

considered as a sign of septicemia and poor health condition (109-111). In mice, 

interestingly, the vaccine strain B. abortus S19ΔvjbR did not induce hypothermia in NSG 

mice which is similar to what we have been previously reported (89). While normal 

weight gain is considered as a sign of the healthy animal, weight loss is considered as a 

sign of disease (9, 62). In this study, weight loss was recorded in the B. abortus S19-

infected NSG mice in a dose-dependent manner, however, this was not the case in NSG 

mice infected with B. abortus S19ΔvjbR vaccine candidate. This corroborates that B. 

abortus S19ΔvjbR vaccine seems to be safer than B. abortus S19. 

Once the clinical signs of brucellosis were characterized we focused our attention 

to the bone lesions as well as immunolocalization of bacterial antigen in the affected 

areas (112). Although a recent report demonstrated that NSG mice have a mild reduction 

in trabecular bone mass, they do not display any apparent abnormalities in bone 

development or bone homeostasis (113). Grossly and histologically we found that the 

bones in NSG mice are normal despite their immune status. In the present study, NSG 

mice infected with B. abortus S19 developed severe diskospondylitis which is a common 

finding in the chronic-form of Brucella-infected patients (112). Importantly, when 

animals inoculated with vaccine candidate B. abortus S19ΔvjbR, no arthritic lesions 
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were observed. Importantly, Brucella antigen distribution as demonstrated by 

immunohistochemistry, immunofluorescence and FISH techniques revealed a direct 

relationship of bacterial virulence with pathological changes in the affected tissues. This 

suggests that the severity of bone damage is not only dependent on inflammatory cell 

response but also the concentration of Brucella antigen. Indeed, B. abortus S19 infected 

NSG mice showed a dose dependent increase in antigen accumulations and damage in 

the tail.  

Brucella as an intracellular pathogen resides insides phagocytic and 

nonphagocytic cells (114). Confocal microscopy revealed that although B. abortus S19 

was located both extracellularly and intracellularly, large numbers of bacteria were 

observed inside mature osteoclasts at different cellular depths.  Osteoclasts are 

multinucleated bone-resorbing cells that differentiate from monocyte/macrophage 

lineage under the effect of two osteoclastogenic cytokines that are required for their 

survival and differentiation; receptor activator of nuclear factor kB (NF-kB) ligand 

(RANKL) and macrophage colony-stimulating factor (MCSF) (115-118). Osteoclasts 

degrade bone matrix through secretion of several osteolytic enzymes and acids that 

solubilize bone components (119, 120), and previous studies have reported that activated 

osteoclasts play a pivotal role in bone destruction, such as an inflammatory bone loss 

and rheumatoid arthritis (121). In light of the significant bone destruction observed in 

NSG mice, it is possible that Brucella may use these cells as a replicative niche to spread 

or sustain the infection. Therefore, future studies are required to investigate whether 
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mature osteoclasts are involved in Brucella infection and therefore the progression of 

Brucella-induced bone destruction. 

Collectively our results revealed that NSG mice can be used as a more sensitive 

tool to study potential side effects associated with vaccination of live attenuated vaccine 

candidates. Interestingly, we observed that it could not only be used to study a potential 

side effect of vaccination including osteoarticular disease but most importantly as a tool 

to understand host-antigen interaction that can cause bone damage. While mice 

inoculated with B. abortus S19 developed symptoms of brucellosis, S19ΔvjbR did not 

show significant clinical changes supporting the safety of the S19ΔvjbR vaccine 

candidate.  

 

2.5. Material and Methods 

2.5.1. Bacterial strains 

Strains used in this experiment included B. abortus S19 (NVSL, Ames, IA) and B. 

abortus S19ΔvjbR (engineered for a previous study) (61). Tryptic soy agar (TSA; Difco, 

Becton Dickinson) was used to grow the bacteria at 37 °C with 5% (vol/vol) CO2 for 3 

days. Bacteria were harvested from the plates using phosphate-buffered saline (PBS), pH 

7.2 (Gibco), and adjusted to a final concentration of either 1x104, 1x105, or 1x106 CFU/0.1 

ml/mouse (i.p.) based on Klett colorimeter meter reading against a standard curve. Viable 

counts were retrospectively confirmed by serial dilution of Brucella and plating onto TSA 

media. 
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2.5.2. Animal resource, housing, and care 

Six to eight-week-old female NOD.Cg-PrkdcscidIl2rtm1Wjl/SzJ (NOD-scid IL2rnull, 

NSG) mice were obtained from The Jackson Laboratory (Bar Harbor, ME). Mice were 

housed under specific pathogen-free conditions and acclimated for 2 weeks prior to 

bacterial inoculation. All experimental procedures and animal care were performed in 

compliance with the institutional animal care guidelines. 

 

2.5.3.  Measurement of body temperature and body weight 

Body temperature was measured as described previously (89). Briefly, implantable 

temperature transponders (IPTT-300) and a handheld reader (DAS-7007; Bio Medic Data 

Systems, DE) were used according to the manufacturer’s instructions. Before bacterial 

inoculation, the transponders were placed subcutaneously on the left lateral side of the 

flank using the insertion device. The handheld reader was used to measure the body 

temperature by putting the detector 5 to 10 cm from the implanted chip site. The basal 

body temperature and body weight were recorded for each mouse for 3 days prior to 

inoculation and daily for the duration of the experiment.  

 

2.5.4. Evaluation of virulence of B. abortus S19 and B. abortus S19ΔvjbR in NSG 

mice 

Six groups of mice (n=5) were inoculated intraperitoneally (i.p.) with either 1) B. 

abortus S19, 2) B. abortus S19ΔvjbR or 3) PBS alone. Each group was given one of 

three different doses: 1x104, 1x105, and 1x106. Mice were monitored daily for any 
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clinical signs associated with inoculation. Animals showing abnormal posture, reduced 

mobility, ruffled coat, or a body temperature below 32°C were immediately euthanized 

via carbon dioxide asphyxiation. At 13 weeks post-inoculation, all animals that survived 

were euthanized to determine bacterial burden and associated gross and 

histopathological findings. Spleens, livers, and lungs were collected, weighed, and 

mechanically homogenized in 1ml of PBS to determine colony-forming unit 

(CFU)/organ. 100 µl of serial dilutions of tissue homogenate were plated in duplicate on 

TSA medium and incubated at 37 °C for 3 days to quantify bacterial CFU. 

 

2.5.5. Evaluation of histopathological changes in NSG mice inoculated with B. 

abortus S19 and B. abortus S19ΔvjbR 

Multiple tissues were evaluated to determine histopathological changes. Spleen, 

liver, and bone tissues were collected and fixed in 10% neutral-buffered formalin for 5 

days and then stored into 70% ethanol. Bone specimens were decalcified in 15% formic 

acid for approximately 3 days. Tissues were rinsed in tap water, gradually dehydrated in 

alcohol, cleared in xylene and embedded in paraffin. 5 µm paraffin sections were stained 

with hematoxylin and eosin (H&E). Histopathological changes between groups were 

evaluated by a board-certified veterinary pathologist.  

 

2.5.6. Immunohistochemical detection of B. abortus in tissue sections 

Immunohistochemistry (IHC) was performed on 5 µm thickness formalin-fixed 

paraffin-embedded (FFPE) tissue sections from different experimental groups. Following 
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deparaffinization in xylene, sections were rehydrated in multiple serial dilutions of ethanol 

(100-50%) and washed in distilled water. Antigen recovery was performed using sodium 

citrate (pH 6) at 80 °C in a water bath for 10 minutes for bone sections and for 20 minutes 

for the spleen and liver. Endogenous peroxidase removal was performed using BLOXALL 

(SP-6000, Vector Laboratories, USA) for 10 minutes followed by blocking of nonspecific 

binding using normal goat serum for 20 minutes at room temperature. Blocked sections 

were incubated with polyclonal rabbit anti-Brucella abortus primary antibody (1:4000) 

(bs-2229R, Bioss Antibodies, USA) diluted in PBS (pH 7.4) for 60 minutes at room 

temperature. Following 5 minutes washing in PBS-Tween-20 (PBST) (pH 7.4, 0.05% 

Tween-20 in 10 mM PBS), biotinylated goat anti-rabbit secondary antibody was added to 

the sections and incubated for 30 minutes at room temperature. Sections were then rinsed 

in PBST (pH 7.4) twice for 5 minutes each, followed by incubation with avidin-biotin 

complex for 30 minutes at room temperature (Vectastain ABC kit instructions, Vector 

Laboratories, USA). The color was developed using DAB substrate (BDB2004, Biocare 

Medical, USA) at room temperature for 3 minutes, rinsed with distilled water and 

counterstained with hematoxylin (Sigma-Aldrich) for 1 minute. Stained tissue sections 

were mounted with aqueous mounting medium and imaged using brightfield microscope.   

 

2.5.7. Immunofluorescence and confocal microscopic analysis of B. abortus in tissue 

sections 

Formalin-fixed paraffin-embedded tissue sections (5µm) of mice from different 

treatment groups were processed as described above. Following one-hour incubation with 
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polyclonal rabbit anti-Brucella abortus primary antibody (1:1000) (bs-2229R, Bioss 

Antibodies, USA) at room temperature, fluorescent-tagged goat anti-rabbit IgG H&L 

Alexa Flour®488 (ab150077, abcam, USA) secondary antibody (1:2000) was added to 

stain Brucella. At the same time Texas Red®-X Phalloidin (T7471, Thermo Fisher 

Scientific, USA) was added (1:300) to stain F-actin and incubated overnight at 4°C. 

Mounting media with DAPI (4́ ,6́ -diamidino-2-phenylindole) was added for nuclear 

staining, and the slides were analyzed by Olympus microscope DP73 and Zeiss LSM 780 

confocal microscope. Confocal Z images were collected 0.25 µm gap on a Zeiss LSM 780 

confocal microscope equipped with a Plan-Apo 40×/1.40 NA oil objective. Image 

processing and quantitative data analysis was performed using Fiji.  

Double immunofluorescence staining was also performed using polyclonal rabbit 

anti-cathepsin K antibody as a marker to identify osteoclasts in the tail vertebral tissue 

sections of mice inoculated with B. abortus S19. Formalin-fixed paraffin-embedded 

sections were deparaffinized in xylene, rehydrated with a serial dilution of ethanol alcohol 

(100-50%), and washed with distilled water. Antigen retrieval was achieved for 10 

minutes using sodium citrate (pH 6) at 80 °C in a water bath. Tissue sections were then 

rinsed with PBS-Tween-20 (PBST) (pH 7.4, 0.05% Tween-20) twice for 5 minutes 

between each step. Normal goat serum was added for 20 minutes to block nonspecific 

binding. Polyclonal rabbit anti-mouse cathepsin K antibody (ab 19027 IgG, Abcam, USA) 

(1:200) diluted in PBS (pH 7.4) was applied overnight at 4°C. After the slides were 

washed with PBST twice for 5 minutes. Tissue sections then incubated with goat anti-

rabbit IgG H&L Alexa Flour®555 (ab150078, Abcam, USA) fluorescent secondary 
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antibody (1:2000) diluted in PBS (pH 7.4) for 30 minutes at room temperature. To stain B. 

abortus antigen on the same sections using polyclonal rabbit anti-Brucella abortus 

antibody, the nonspecific binding step was repeated by adding normal goat serum and 

incubated for 30 minutes at room temperature, then similar IF steps that described above 

to identify B. abortus antigen were exactly followed, and the slides were analyzed by 

Olympus microscope DP73 using DAPI, FITIC, and TRITC filters, and Fiji software. 

 

2.5.8. Fluorescent in situ Hybridization (FISH) to detect B. abortus S19 and B. 

abortus S19ΔvjbR 

FISH was performed on 4 µM thick paraffin-embedded sections of tail vertebral 

tissue collected from mice inoculated with Brucella abortus S19 and Brucella abortus 

S19ΔvjbR as described previously (122). Tissue sections were deparaffinized in xylene, 

rehydrated in serial dilution of ethanol alcohol (100-70%), and washed in distilled water. 

Once the tissue sections were air-dried, DNA Bru-996-Alexa 555probe (5́ 

CCACTAACCGCGACCGGGATG) was added to hybridize with the bacterial 16S rRNA 

gene (123) at concentration 5ng/µl with hybridization buffer. For nonspecific 

hybridization, Non338-Alexa 555 probe (5́-CGACGGAGGGCATCCTCA) was used at 

the same condition (124). Hybridization was carried out in a chamber overnight at 46°C 

for 14 hours in hybridization buffer (20 mM Tris, 0.9 M NaCl, 0.1% SDS, and 40% 

formamide) pH 7.2. Then the slides were washed with washing buffer (20 mM Tris, 0.9 M 

NaCl) pH 7.2 at 48 °C for 20 minutes, rinsed in distilled water, and allowed to air-dry. 
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Anti-fade mounting media with DAPI was added (125), and the slides were analyzed with 

an Olympus microscope DP73 using DAPI and TRITC filters and Fiji software. 

 

2.5.9.  Statistical analysis 

All data analyses were performed using the GraphPad Prisim6.0 (San Diego, CA, 

USA). The non-parametric two-way analysis of variance (ANOVA) test was used to 

compare body weight and temperature of different groups. Tukey’s multiple comparisons 

was used to generate P value. Mantel-Cox test was used using GraphPad Prism 6.07 (San 

Diego, CA, USA) to determine significant differences of the survival curve. P values of 

<0.05 were considered significant. 
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3. INTERACTION OF BRUCELLA ABORTUS WITH OSTEOCLASTS: A STEP 

TOWARDS UNDERSTANDING OSTEOARTICULAR BRUCELLOSIS AND 

VACCINE SAFETY 

 

3.1. Summary  

Osteoarticular disease is a frequent complication of human brucellosis. 

Vaccination remains a critical component of brucellosis control but there are currently 

no vaccines for use in humans and no in vitro models for assessing safety of candidate 

vaccines in reference to development of bone lesions currently exist. While the effect of 

Brucella infection on osteoblasts has been extensively evaluated, little is known about 

the consequences of osteoclast infection. Murine bone marrow-derived macrophages 

were derived into mature osteoclasts and infected with B. abortus 2308, the vaccine 

strain S19, and attenuated mutants S19ΔvjbR and B. abortus ΔvirB2. While B. abortus 

2308 and S19 replicated inside mature osteoclasts, the attenuated mutants were 

progressively killed, behavior that mimics infection kinetics in macrophages. 

Interestingly, B. abortus 2308 impaired the growth of osteoclasts without reducing 

resorptive activity while osteoclasts infected with B. abortus S19 and S19ΔvjbR were 

significantly larger and exhibited enhanced resorption. None of the Brucella strains 

induced apoptosis or stimulated nitric oxide or lactose dehydrogenase production in 

mature osteoclasts. Finally, infection of macrophages or osteoclast precursors with B. 

abortus 2308 resulted in generation of smaller osteoclasts with decreased resorptive 

activity. Overall, Brucella exhibits similar growth characteristics in mature osteoclasts 
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compared to the primary target cell, the macrophage, but is able to impair the maturation 

and alter the resorptive capacity of these cells. These results suggest that osteoclasts play 

an important role in osteoarticular brucellosis and could serve as a useful in vitro model 

for both analyzing host-pathogen interactions and assessing vaccine safety. 

 

3.2. Introduction  

 Brucellosis is a zoonotic disease caused by a Gram-negative intracellular bacterium 

of the genus Brucella. B. abortus, B. melitensis, and B. suis are the most pathogenic 

species to humans with more than 500,000 new cases reported annually (126). 

Unfortunately, there is no available vaccine for use in humans owing in large part to the 

safety concerns associated with potential residual virulence of live attenuated vaccines 

(LAVs). In order for safe vaccines to be designed, a thorough understanding of the host-

pathogen interactions resulting in the most common complications in humans infection 

is required  (32, 127, 128). Human brucellosis is frequently associated with the 

development of osteoarticular disease with an incidence ranging from 40-80% (37, 38, 

81). Humans, regardless of age or sex, are susceptible to infection and the disease can 

manifest in both acute and chronic forms as peripheral arthritis, sacroiliitis, or 

spondylitis (38, 48). Importantly, osteoarticular lesions are also reported in natural hosts 

as infected dogs commonly develop diskospondylitis while cattle can exhibit arthritis 

and hygromas (54, 129-132).  

Bone is a dynamic tissue that constantly undergoes remodeling coordinated by 

the synchronized activity of three cell types: osteoblasts (bone-forming), osteocytes, and 
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osteoclasts (bone-resorbing) (133, 134). Although previous studies have demonstrated 

the ability of B. abortus to invade and replicate within osteoblasts and osteocytes (72, 

73, 135, 136), the role of osteoclasts in Brucella induced bone loss has not been 

explored. Mature osteoclasts are highly specialized bone-resorbing, multinucleated cells 

of hematopoietic origin. In addition to their resorptive activity, osteoclasts regulate 

osteoblast precursor differentiation and activity as well as immune cell responses (137). 

Previous investigations from our laboratory using NOD-SCID IL2rγnull (NSG) mice have 

demonstrated that infection with B. abortus S19 but not the S19ΔvjbR vaccine candidate 

induced severe bone resorption with accumulation of myriad bacteria within mature 

osteoclasts (138). This apparent tropism of Brucella for osteoclasts and the significant 

amount of bone destruction in the mice, a lesion which is mediated by osteoclast 

resorptive activity, prompted the investigation of the effect of Brucella infection on these 

cells. In the present study, we sought to investigate the role of osteoclasts in 

osteoarticular brucellosis and vaccine safety using an in vitro model.  

3.3. Results 

3.3.1. Characterization of mature osteoclasts derived from murine bone marrow-

derived macrophages  

An in vitro model of osteoclast differentiation from primary cell culture was used 

to understand the role of osteoclasts in osteoarticular disease (139-141). Mature 

osteoclasts are multinucleated bone-resorbing cells derived from the 

monocyte/macrophage lineage under the control of two main cytokines: Macrophage 

Colony-Stimulating Factor (M-CSF) and Receptor Activator of Nuclear Factor-kB 
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Ligand (RANKL) (66, 67). In this study, freshly collected mouse bone marrow-derived 

macrophages (BMDMs) were cultured in αMEM media in the presence of M-CSF and 

RANKL and monitored for their differentiation and maturation starting from 1-10 days. 

Cellular characterization following tartrate-resistant acid phosphatase (TRAP) staining 

demonstrated that the majority of the cells at day 2 were TRAP+ cells with one or two 

nuclei and were considered osteoclast precursors (pOCs), while the majority of the cells 

at day 3 were TRAP+ cells with three or more nuclei and were considered 

multinucleated mature osteoclasts (mOCs) (Fig. 3.1 panel A and B). Cellular fusion and 

a gradual increase in the size of osteoclasts were observed from day 2 to day 6 of 

maturation (Fig. 3.1 panel A and C). Although no significant changes in the size of 

osteoclasts were observed beyond day 6, nuclei disappeared gradually beginning at day 

8, followed completely dissolution of a portion of the cells (Fig. 3.1 panel A). Cellular 

apoptosis was evident with nuclear condensation starting at day 6 followed by nuclear 

fragmentation on days 7 and 8, leaving an empty space in the wake of dead cells by day 

10 (A1, Appendix A). The characterization of the kinetics of osteoclast growth and 

differentiation using this in vitro cellular model permitted us to classify cells at day 2 of 

macrophage differentiation in the presence of M-CSF and RANKL as osteoclast 

precursors with cells at day 3 were classified as mature osteoclasts for further infection 

studies.   

 
3.3.2. Brucella invades and replicates inside mature osteoclasts 

The kinetics of infection and mechanism behind Brucella replication and survival 

in macrophages has been extensively studied  (142, 143). Here we wanted to determine 
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if mature osteoclasts were also permissive to infection and replication of different 

Brucella strains known to have different levels of virulence including 1) wild type B. 

abortus 2308, 2) B. abortus 2308ΔvirB2, an attenuated mutant incapable of survival in 

macrophages, 3) B. abortus S19, a commercially available vaccine for use in cattle, and 

4) B. abortus S19ΔvjbR, a vaccine candidate. Following a pilot study of Brucella 

infection of mature osteoclasts (A2, Appendix A) at different multiplicity of infections 

(MOI of 50, 100 and 500/cell), downstream experiments were carried out at MOI of 100. 

When mOCs at day 3 of maturation were infected with the different Brucella strains, no 

significant differences in bacterial invasion was observed at 3h post-infection. In 

contrast, B. abortus 2308 and B. abortus S19 were the only strains able to persist and 

replicate inside the cells while the attenuated mutants were progressively killed (Fig. 3.2 

panel A, C, and D).  A similar phenotype of bacterial survival and replication was 

observed in BMDMs (Fig. 3.2 panel B), demonstrating that B. abortus is not only 

capable of infecting mature osteoclasts but also the kinetics of bacterial survival and 

replication in mature osteoclasts mirrors that seen in the primary target cell, the 

macrophage (142, 143). Z-sectioning of confocal microscopic images corroborated the 

bacterial distribution inside different depths of osteoclast cytoplasm. Comparison of the 

behavior of the virulent strain B. abortus 2308 and the vaccine strain B. abortus S19, 

known to be capable of inducing pathology in humans and osteoarthritis in cattle (55, 

80) with that of the vaccine candidate S19ΔvjbR also provides evidence that osteoclasts 

have the potential to serve as an in vitro model for assessing vaccine safety. 
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3.3.3. B. abortus 2308 impairs the growth of mature osteoclasts 

Osteoclast maturation involves the fusion of several mononucleated osteoclast 

precursors to form multinucleated giant cells. These cells can, in turn, fuse with 

additional mononucleated or multinucleated precursors in a near continuous fashion until 

a size of 100 or more nuclei may be attained (144-146). To determine the effect of 

Brucella infection on the maturation and growth of mature osteoclasts, these cells were 

infected with the different bacterial strains at day 3 of maturation and were stained for 

TRAP. Interestingly, there was no significant difference in the number of TRAP+mOCs 

derived following infection with any of the Brucella strains compared to uninfected 

control cells. However, the size of TRAP+mOCs infected with wild type B. 

abortus 2308 was significantly smaller (p<0.01) than the size of the uninfected cells or 

cells infected with different mutant or vaccine strains at 24h and 48h post-infection (Fig. 

3.3 panels A-C), suggesting that B. abortus 2308 impairs the fusion and growth of 

mature osteoclasts. 

 
3.3.4. Active infection of mature osteoclasts does not induce significant cell death 

either by apoptosis or necrosis 

To assess the effect of Brucella infection on mature osteoclast survival, the level 

of lactate dehydrogenase (LDH), nitric oxide (NO), and cellular apoptosis were 

analyzed. Measurement of LDH in the culture supernatant is a useful method for 

detection of necrotic cell death (147, 148). NO plays an essential role in killing 

intracellular microbes, regulates osteoclastogenesis (149, 150), and can activate 
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apoptotic cell death when produced at high levels (151). Regardless of the bacterial 

strain, no significant changes in the levels of LDH (0.5-4%) or NO production (1.5-3.5 

µm) by mOCs, as well as by BMDMs, were observed (Fig. 3.4 panels A-D). Further, 

terminal deoxynucleotidyl transferase (TdT) dUTP nick-end labeling (TUNEL) of 

fragmented DNA (152) revealed no significant changes in cellular apoptosis over 48h of 

infection of mOCs or BMDMs cultured in 96 well plates (Fig. 3.4 panel E and F), 

indicating that active Brucella infection of mature osteoclasts, regardless of virulence, 

does not induce cell death. 

 
3.3.5. Brucella abortus 2308 infected mature osteoclasts resorb calcium matrix at 

the same level as uninfected cells 

Osteoclasts are the only known primary cells of the bone that are able to resorb 

bone matrix (63, 153). One of most common methods to assess the matrix degradation 

property of osteoclasts is the resorption-pit assay which evaluates the ability of cultured 

osteoclasts to degrade a synthetic calcium phosphate coating (140) (A3, Appendix A). 

To assess the functional activity of Brucella-infected mature osteoclasts, BMDMs were 

cultured in calcium phosphate-coated plates (Corning, MA) in the presence of M-CSF 

and RANKL. Mature osteoclasts were then infected with the different B. abortus strains 

at day 3 of maturation and incubated for 48h to assess the ability of the cells to resorb 

calcium matrix. There were no significant differences in calcium matrix resorption by 

cells infected with B. abortus 2308 and B. abortus 2308ΔvirB2 compared to uninfected 

cells. In contrast, the calcium resorption activity of cells infected with B. abortus S19 
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and its mutant S19ΔvjbR was significantly higher (p<0.001). Interestingly, TRAP 

staining showed no significant differences in the total number of TRAP+mOCs between 

Brucella-infected and uninfected cells (Fig. 3.5 panel C). However, cells infected with B. 

abortus S19 and B. abortus S19ΔvjbR demonstrated more cellular fusion with formation 

of larger giant cells containing a significantly higher number of nuclei when compared 

with wild type B. abortus 2308, B. abortus 2308ΔvirB2, or control cells (p<0.001) (Fig. 

3.5 panel A, B, D, and E). Overall, while highly virulent B. abortus 2308 is able to 

impair the fusion and growth of mature osteoclasts, it does not impact the ability of these 

cells to resorb bone matrix. Additionally, the increased resorptive activity of osteoclasts 

infected with B. abortus S19 and B. abortus S19ΔvjbR appears to be the result of larger 

cell size as previous reports demonstrate (154-156).  

 
3.3.6. Wild type B. abortus 2308 infection of BMDMs and osteoclast precursors 

impairs osteoclastogenesis and calcium matrix resorption 

After determining that direct infection of mature osteoclasts by virulent B. 

abortus 2308 did not impact their resorptive capacity, BMDMs and pOCs were infected 

to determine if infection at an earlier time point could impact osteoclastogenesis and 

thereby calcium resorption. As previously mentioned, multinucleated mature osteoclasts 

are generated from the fusion of precursors belonging to the monocyte/macrophage 

lineage under the influence of M-CSF and RANKL cytokines with maturation 

progressing from macrophages to osteoclast precursors to mature osteoclasts. BMDMs 

(Fig. 3.6) or pOCs (Fig. 3.7) plated onto calcium phosphate-coated plates were infected 
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with the different B. abortus strains and incubated in the presence of M-CSF and 

RANKL for 5 days (120h). In contrast to what was observed in Brucella-infected mature 

osteoclasts (A4, Appendix A), TRAP staining of B. abortus 2308-infected cells 

demonstrated significant reduction (p<0.01) in the growth of mature osteoclasts derived 

from infected BMDMs (Fig. 3.6 panel A, B, D, and E) or pOCs (Fig. 3.7 panel A, B, D, 

and E) as well as significant reduction (p<0.01) in calcium matrix resorption compared 

with uninfected controls (A4, Appendix A). These results indicate an unexpected, direct 

and negative impact on osteoclast growth and functional activity when infection occurs 

at the precursor stage. The enhanced bone resorption observed in cases of osteoarticular 

brucellosis does not, therefore, appear to be due to direct infection of either mature 

osteoclasts or their precursors by Brucella as enhanced functional activity would be 

expected to occur in cases of osteoarticular disease.  

 
3.3.7. Brucella infected osteoblasts fail to drive osteoclastogenesis 

As wild type B. abortus 2308 infection of mature osteoclasts or their precursors 

did not enhance osteoclast maturation or alter the functional activity of mature 

osteoclasts, the involvement of other cells associated with the bone may be responsible 

for the enhanced resorptive activity of osteoclasts seen in Brucella-induced 

osteoarthritis. Bone homeostasis depends on the functional balances between bone-

forming osteoblasts and bone resorbing osteoclasts. To maintain this homeostasis in the 

adult skeleton, osteoblasts produce two main cytokines which are necessary to promote 

osteoclast differentiation and maturation (157). Previous in vitro studies have shown that 

B. abortus infected-osteoblasts are capable of inducing RANKL expression and 
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secretion (72, 158) suggesting that infected osteoblasts have the potential to stimulate 

increased osteoclastogenesis.  

In this study, murine MC3T3, a standard pre-osteoblast cell line, was used for the 

assessment of the impact of osteoblasts on osteoclastogenesis following B. abortus 

infection. First, MC3T3 pre-osteoblast cells were allowed to differentiate and mature for 

varying duration (7, 14 and 21 days) and expression of alkaline phosphatase (ALP) and 

mineralization of bone matrix were used as phenotypic markers to characterize 

osteoblast maturation (159-162). Alkaline phosphatase activity was first detected at day 

7 of osteoblasts differentiation. Subsequently, Alizarin red S staining of calcium 

deposition was noted in few cells by day 14 (Fig. 3.8 panel A) with staining exhibited by 

90-100% of the cells by day 21, indicating differentiation of mature osteoblasts. MC3T3 

osteoblasts infected (MOI 100) with different Brucella strains at day 21 of maturation 

demonstrated a similar phenotype of bacterial invasion and replication in BMDMs and 

mOCs (Fig. 3.8 panel B) for B. abortus 2308 and S19, as previously reported (72, 73, 

135). Additionally, the attenuated strains B. abortus ΔvirB2 and the vaccine candidate 

S19ΔvjbR were able to invade osteoblasts but unable to survive or replicate. 

To evaluate whether B. abortus infection of osteoblasts could enhance 

osteoclastogenesis, both direct and indirect interaction of infected osteoblasts with 

osteoclasts was assessed. For direct interaction, BMDMs were co-cultured with 

Brucella-infected osteoblasts, while indirect interaction was performed by exposing 

BMDMs to the supernatant of Brucella-infected osteoblasts. Unfortunately, TRAP 

staining after 7 days of incubation revealed no influence of MC3T3 mature osteoblast 
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(with or without infection) on BMDM derived osteoclastogenesis in vitro (Fig. 3.9 panel 

A and B). This indicates that the MC3T3 cell line, while useful in evaluating the 

interactions of Brucella with mature osteoblasts, may not be suitable for investigating 

the effect of these cells on osteoclastogenesis as even uninfected MC3T3 cells were 

unable to induce osteoclast maturation in vitro.  
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Figure 3.1 Differentiation of bone marrow-derived macrophages into multinucleated 
mature osteoclasts in vitro. Mouse bone marrow-derived macrophages (BMDMs) were 
cultured in 24 well plates with 20 ng/ml M-CSF and 50 ng/ml RANKL for up to 10 days and 
mature osteoclasts were characterized based on TRAP staining and nuclei number. TRAP+ 
cells with ≥ 3 nuclei were considered multinucleated mature osteoclasts (mOCs). (A) 
Representative brightfield images of TRAP staining during osteoclasts maturation, fusion, and 
growth. Cellular fusion and size increased gradually over time, reaching a maximum at Day 6. 
Although there were no changes in the size of mature osteoclasts between day 6 and 10, the 
number of pyknotic nuclei increased gradually leaving an empty space by day 10 on the dish. 
(B) Quantitative image analysis revealed that TRAP+ cells began appearing on day 2 and 
reached a maximum number by day 3. (C) The number of TRAP+ cells with >20 nuclei 
reached a maximum at day 6. (D) Quantitative analysis of cell size showed a gradual increase 
with maximum size reached by day 6 of maturation. Bars represent the mean±sd, n=12 wells 
from three independent experiments. Letters are significantly different from the same group. 
Asterisks are statistical comparisons performed against Day 2, *P<0.05, ** P<0.01, *** 
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Figure 3.2 B. abortus invades and replicates inside mature osteoclasts (mOCs) and bone 
marrow-derived macrophages (BMDMs). Mouse BMDMs were cultured in 24-well plates 
with either 20 ng/ml M-CSF + 50 ng/ml RANKL or with 20 ng/ml M-CSF alone. On day 3, 
BMDMs and TRAP+mOCs were infected with B. abortus strains at MOI of 1:100. 
Following 2h of infection, media was replaced with gentamicin containing media and 
incubated for different time durations. (A) Invasion and replication of B. abortus strains 
within mOCs. While all strains invaded mOCs at the same level, B. abortus 2308 and S19 
demonstrated replication by 48hpi, B. abortus ΔvirB2 and S19ΔvjbR were progressively 
killed. (B) Invasion and replication of B. abortus within BMDMs. Identical infection 
kinetics were observed in BMDMs. (C) Representative confocal immunofluorescence 
images showing Brucella colonization and replication (green) inside osteoclasts. Increased 
numbers of GFP-B. abortus are observed within osteoclasts at 48h with B. abortus 2308 and 
S19, coinciding with replication. (D) Quantitative image analysis shows a significantly 
(P<0.001) higher level of colonization of B. abortus 2308 and B. abortus S19 compared 
with other mutants by 24h and 48h of post-infection. Bars represent the mean±s.d., n=12 
wells from four independent experiments, ** P<0.01, *** P<0.001. 
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Figure 3.3 Wild type B. abortus 2308 impairs fusion and growth of mature 
osteoclasts. Mouse bone marrow-derived macrophages (BMDMs) were cultured in 24-
well plates with 20 ng/ml M-CSF and 50 ng/ml RANKL. On day 3 of maturation, 
osteoclasts were infected with B. abortus strains at MOI of 1:100 and monitored for 
growth at 3h, 24, and 48h post-infection. (A) Representative brightfield images of TRAP 
staining showed increased fusion and growth of osteoclasts by 24h and 48h post-
infection. Quantitative image analysis revealed no significant changes in the number of 
TRAP+mOCs following infection, regardless of strain (B), but significant (P<0.01) 
decrease in the size of mOCs following infection with wild type B. abortus 2308 (C). 
Asterisks are statistical comparisons performed against control or mutant strains. Bars 
represent the mean±s.d., n=12 wells from four independent experiments, **P<0.01.  
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Figure 3.4 B. abortus infection does not induce lactic acid dehydrogenase (LDH) 
and nitric oxide (NO) production or cell death in mature osteoclasts. Mouse 
BMDMs cultured in the presence of 20 ng/ml M-CSF and 50 ng/ml of RANKL were 
infected on day 3 of maturation with B. abortus strains at MOI of 1:100 to monitor NO 
production and apoptosis. Cultured supernatants from uninfected and infected cells were 
collected after 3h, 24h, and 48h post-infection to determine the levels of LDH and NO in 
the culture supernatant of osteoclasts (A and C) and macrophages (B and D). 
Quantitative analysis showed no significant difference in cellular apoptosis in mOCs (C) 
or BMDMs (D). Bars represent the mean±s.d., n=12 wells from four independent 
experiments, **P<0.01, ***P<0.001. 
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Figure 3.5 B. abortus infected mature osteoclasts can grow and are capable of 
calcium matrix degradation. Mouse bone marrow-derived macrophages (BMDMs) 
were cultured on calcium matrix in the presence of 20 ng/ml M-CSF and 50 ng/ml 
RANKL. On day 3 of maturation, osteoclasts were infected with B. abortus strains at 
MOI of 1:100 and monitored for growth and function 48h post-infection. (A) 
Representative brightfield images of TRAP stained mOCs demonstrate larger size of 
mOCs with infection by B. abortus S19 and S19ΔvjbR. (B) Representative 
brightfield images showing calcium resorption pits (white) by mOCs following 48h 
of infection. During infection with B. abortus S19 and S19ΔvjbR, resorption pits 
appear larger, coinciding with increased cells size. Resorption pits for mOCs 
infected with B. abortus 2308 and B. abortus ΔvirB2 appear similar to those of 
uninfected mOCs. (C) Quantitative image analysis of TRAP staining showing the 
total number of mOCs and (D) the number of mOCs based on cellular fusion or 
nuclei. No significant differences in total cell number were observed between groups 
while mOCs infected with B. abortus S19 and S19ΔvjbR had a significantly higher 
number of nuclei. (E) Quantitative analysis of calcium matrix degradation of mOCs 
infected with Brucella. Measurement of the resorbed area was performed using Fiji 
software. B. abortus S19 and S19ΔvjbR-infected mOCs resorbed significantly more 
calcium matrix. Bars represent the mean±s.d., n=12 wells from four independent 
experiments. Letters are significantly different from the same groups; asterisks are 
statistical comparisons performed against control or mutant strains, Bars represent 
the mean±s.d., n=12 wells from four independent experiments, ***P<0.01. 
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Figure 3.5 Continued  
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Figure 3.6 Wild type B. abortus 2308 infection of BMDMs reduces osteoclastogenesis and 
matrix degradation activity. Mouse BMDMs cells cultured on calcium matrix with 20 ng/ml 
M-CSF for 48h were infected with B. abortus strains at MOI of 1:100. Infected cells were 
further incubated with 20 ng/ml of M-CSF and 50 ng/ml of RANKL for 120h to monitor 
osteoclastogenesis and matrix degradation. (A) Representative brightfield images of TRAP 
stained uninfected and infected mOCs. The mOCs derived from macrophages infected with B. 
abortus 2308 appear subjectively smaller. (B) Representative brightfield images showing 
calcium resorption pits (white) by mOCs following 120h of infection. The resorption pits 
produced by mOCs derived from macrophages infected with B. abortus 2308 appear 
subjectively smaller. (C) Quantitative image analysis of total number of TRAP+ mOCs and (D) 
the number of mOCs based on cellular fusion or number of nuclei. A significantly lower 
number of mOCs were derived from macrophages infected by B. abortus 2308 and these mOCs 
also showed significantly fewer nuclei. (E) Quantitative analysis of calcium matrix degradation 
showed a significant decrease in the amount of calcium matrix degradation by cells infected 
with wild type B. abortus 2308. Measurement of the resorbed area was performed using Fiji 
software. Bars represent the mean±s.d., n=12 wells from four independent experiments, letters 
are significantly different from the same group; asterisks are statistical comparisons performed 
against control or mutant strains, Bars represent the mean±s.d., n=12 wells from four 
independent experiments, **P<0.01. 
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Figure 3.6 Continued  
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Figure 3.7 Wild type B. abortus 2308 infection of osteoclast precursors (pOC) 
reduces osteoclast growth and matrix degradation activity. Mouse BMDMs cells 
cultured on calcium matrix in the presence of 20 ng/ml M-CSF and 50 ng/ml of RANKL 
for 48h (pOC) were infected with B. abortus strains at MOI of 1:100 to monitor cell 
growth and matrix degradation after 120h. (A) Representative brightfield images of 
TRAP stained uninfected and infected mOCs show no clear differences in cell size or 
number. (B) Representative brightfield images showing calcium resorption pits (white) by 
mOCs following 120h of infection. Resorption pits produced by mOCs derived from 
osteoclast precursors infected with B. abortus 2308 appear subjectively smaller. (C) 
Quantitative image analysis of total number of TRAP+ mOCs and (D) the number of 
mOCs based on cellular fusion or number of nuclei. While the number of mOCs did not 
differ significantly between groups, the number of nuclei in mOCs derived from 
osteoclast precursors infected with B. abortus 2308 showed significantly fewer nuclei. (E) 
Quantitative analysis of calcium matrix degradation showed a significant decrease in the 
amount of calcium matrix degradation by cells infected with wild type B. abortus 2308. 
Measurement of the resorbed area was performed using Fiji software. Bars represent the 
mean±s.d., n=12 wells from four independent experiments, letters are significantly 
different from the same group; asterisks are statistical comparisons performed against 
control or mutant strains, Bars represent the mean±s.d., n=12 wells from four independent 
experiments, **P<0.01. 
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Figure 3.7 Continued 
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Figure 3.8 B. abortus invades and replicates inside differentiated MC3T3 
osteoblasts. MC3T3 pre-osteoblast cell line was cultured in osteogenic differentiation 
media for 21 days to mature. Alizarin red S staining of calcium deposition and alkaline 
phosphatase activity (A) demonstrate the progressive maturation of MC3T3 cells. (B) 
Invasion and replication of different B. abortus strains within differentiated osteoblast at 
day 21. As observed with macrophages and mOCs, all strains invade osteoblasts at a 
similar rate while only B. abortus 2308 and S19 demonstrate replication by 48h. 
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Figure 3.9 Brucella infected and uninfected MC3T3 osteoblasts fail to drive 
osteoclastogenesis in vitro. MC3T3 osteoblasts cultured in osteogenic differentiation media 
for 21 days were infected with different B. abortus strains at 1:1000. Cells were incubated for 
24h post-infection and (A) directly co-cultured with mouse BMDMs in the presence of 
osteogenic differentiation media and 20ng/ml M-CSF. (B) Alternatively, mouse BMDMs were 
cultured with culture supernatants from Brucella-infected osteoblasts at different proportion 
(25% and 50%). After 7 days, cells were stained for TRAP to detect mature osteoclasts. 
RANKL (1ng/ml) was used as a positive control for osteoclast formation. Neither infected nor 
uninfected MC3T3 osteoblasts stimulated osteoclastogenesis as evidenced by lack of trap 
staining at the end of 7 days. 
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3.4. Discussion 

Brucella-induced osteoarticular damage is a commonly described clinical finding 

associated with human or animal brucellosis (35-37, 81, 163). The development of live 

attenuated vaccines to protect humans against infection has long been hampered by 

safety concerns regarding the use of live attenuated vaccines, notably the potential of 

such vaccines to induce arthritis in livestock (55) and most importantly in humans. Due 

to the incompletely understood mechanisms of osteoarticular brucellosis, it is 

challenging to predict the potential side effects that can be associated with the 

administration of live attenuated vaccines, as some of the most commonly used animal 

models to study brucellosis do not develop osteoarticular disease in a consistent manner 

(36, 57, 58). A better understanding of the cellular and molecular events occurring at the 

joint site during Brucella infection through the development of an in vitro assay could 

pave the way for more efficient and inclusive evaluation of safety for new vaccine 

candidates regarding osteoarticular brucellosis.  

In this study, we sought to investigate the role played by osteoclasts during 

Brucella infection using different B. abortus strains and vaccine candidates to test 

whether Brucella would be able to invade, replicate, or change the functional activity of 

osteoclasts. To the best of our knowledge, this study is the first to investigate the direct 

interaction between different strains of B. abortus and osteoclasts. Osteoclastogenesis is 

a complex process requiring different stimuli and cellular molecules to interact without 

impairment (117, 164). It is well known that myeloid cells of the monocyte/macrophage  
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lineage differentiate into osteoclasts precursors in the presence of the cytokines, M-CSF 

and RANKL (66, 67, 165). Previous studies have demonstrated that multinucleated 

osteoclasts are formed following mononuclear pre-osteoclasts fusion, during which the 

nuclei enter into the G0 state which inhibs DNA synthesis and prevents further 

proliferation of osteoclasts. This allows the osteoclast precursors to gradually grow in 

size by fusion although early cellular fusion is known to accelerate cell death (63, 166). 

In this study ex vivo differentiation of BMDMs followed a similar pattern of formation 

of pOCs, mOCs, cellular growth, and apoptotic cell death. 

Brucella is known to invade and replicate inside mammalian hosts, and their 

ability to cause disease relies on their intracellular lifestyle (167). Although in vitro 

infection of osteoclasts with various types of live bacteria known to cause bone 

destruction, including S. aureus, M. tuberculosis, and C. acnes have been studied (121, 

153, 168), the direct interaction of Brucella with osteoclasts has never been investigated. 

A recent study performed by our laboratory has demonstrated severe bone destruction in 

the tail vertebrae of NSG mice inoculated with B. abortus S19 with accumulation of 

large number of bacteria within mature osteoclasts, an outcome which was not observed 

during infection with the Brucella vaccine candidate S19ΔvjbR (138). In this study, we 

demonstrated that only B. abortus 2308 and S19 were able to invade and replicate inside 

mature osteoclasts. In contrast, B. abortus 2308ΔvirB2 and S19ΔvjbR mutants, while 

able to invade, were not capable of replication or sustained survival. This finding 

demonstrates that B. abortus has a high capacity to invade, survive, and replicate within 
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a wide variety of phagocytic and nonphagocytic host cells which would allow bacterial 

cells to escape from host defenses (169).    

  The ability of Brucella to inhibit phagolysosome fusion in macrophages allows 

these cells to serve as the bacterium’s predominant replicative niche (169). Typically, 

smooth strains of Brucella do not induce cell injury and apoptosis in macrophages and 

instead employ these cells for replication and dissemination (170, 171). We have 

demonstrated that direct B. abortus 2308 infection of mature osteoclasts impairs early 

fusion of osteoclasts and reduces cellular growth but importantly, does not induce 

cellular death. As mentioned previously, accelerated growth and fusion of osteoclasts in 

vitro results in premature apoptotic cell death (38, 57). This result therefore suggests that 

virulent Brucella impairs the growth of osteoclasts following invasion in order to 

prolong the life of the cell, employing the osteoclast in a strategy of intracellular survival 

and avoidance of immune detection. Prolonged survival of infected osteoclasts might 

also contribute to the progressive osteoarticular lesions which frequently occur in human 

cases of brucellosis. In contrast, attenuated Brucella strains did not impair cellular 

growth or induce cell death of mature osteoclasts. This, in turn, suggests that the mature 

osteoclasts infected with attenuated strains might grow faster and undergo apoptosis 

earlier than those infected with wild type strains, providing in vitro evidence that such 

strains would be incapable of inducing osteoarticular disease in a vaccinated host and 

might therefore be safer. While evidence of cell death was not observed using LDH 

secretion and TUNEL assays in osteoclasts infected with these attenuated strains over 
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48h, it is possible that increased levels of apoptosis might be observed at later time 

points. 

 An imbalance in osteoclast functional activity in bone matrix degradation may 

lead to bone lysis (121). It has been reported that large osteoclasts are more active, 

capable of enhanced bone resorption, and are more responsive to environmental stimuli 

(154-156). Physical characterization of Brucella infected osteoclasts in this study 

revealed phenotypic variation in cell size due to infection with different bacterial strains. 

This prompted the analysis of functional activity of infected osteoclasts by assessing the 

amount of calcium phosphate resorption. Previous in vivo studies have shown that 

enhanced osteoclastogenesis during wild type Brucella infection was associated with 

pre-inflammatory and pro-osteoclastogenic mediators (57-59, 153, 172, 173). In the 

present study, mature osteoclasts infected with wild type B. abortus 2308 exhibited 

calcium matrix resorption activity at a similar level to uninfected controls, indicating that 

direct infection of mature osteoclasts is not solely responsible for the high levels of bone 

resorption observed in Brucella-induced osteoarthritis. Unexpectedly, infection of 

mature osteoclasts with B. abortus S19 or S19vjbR vaccine strains exhibited larger 

areas of matrix degradation corresponding with a larger cell size. It is important to note 

that larger cell size can be a double-edge sword regarding functional activity and cellular 

survival. Although larger cells are capable of absorbing larger areas of matrix (153-156, 

174), such cells would be expected to exhibit significantly shorter survival. The larger 

cell size and enhanced matrix degradation observed with the B. abortus S19 or 

S19vjbR vaccine strains might therefore provide additional evidence of safety as 
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infected osteoclasts would exhibit shortened survival and would be unlikely to contribute 

to the long-standing and progressive bone loss observed in human Brucella infection. 

Nevertheless, future studies are required to identify the mechanism behind the increased 

size and resorptive capacity of mature osteoclasts infected with S19 and S19vjbR 

strains.  

Several studies have described that bacterial infection has a dual impact on 

osteoclastogenesis and functional activity of osteoclasts (153, 168). We demonstrated 

earlier that B. abortus 2308 impaired the growth of mature of osteoclasts. As mature 

osteoclasts are derived from the monocyte/macrophage lineage, we next investigated the 

effect of Brucella infection on osteoclast size and activity at an earlier timepoint, namely 

macrophages or osteoclast precursors that were then stimulated with RANKL to become 

osteoclasts. Our results demonstrated that the vaccine strain S19 and the attenuated 

mutants did not inhibit osteoclastogenesis and the resultant mature osteoclasts were 

capable of resorbing calcium matrix at a similar level to controls. However, wild type B. 

abortus 2308-infected macrophages or osteoclast precursors exhibited smaller size and 

smaller areas of calcium resorption. This supports the previous results obtained from 

infection of mature osteoclasts and provides further evidence that virulent B. abortus 

delays cellular fusion and growth of infected osteoclasts in an effort to prolong the 

survival of the cell and thereby maximize the utility of the osteoclast as a replicative 

niche. Additionally, it can be theorized that due to prolonged survival, Brucella-infected 

osteoclasts would be able to continue bone resorption and contribute to progressive bone 

destruction. This strategy would be in direct contrast to other bacterial pathogens capable 
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of inducing bone damage, such as wild type Staphylococcus aureus, which results in 

enhanced osteoclast fusion and calcium matrix resorption following infection and 

inhibits osteoclastogenesis following infection of osteoclast precursors (153). However, 

it should be noted that bacteria such as S. aureus are extracellular pathogens and do not 

prolong host cell lifespan as a survival strategy.     

While the effects of Brucella infection on osteoclast growth are intriguing, such 

cells exist in a complex interaction with numerous other cell types and the interactions of 

Brucella with these cells may also play an important role in the development of 

osteoarticular disease. For instance, bone resorption by mature osteoclasts coincides with 

bone formation by osteoblasts in a tightly regulated process to maintain the bone 

homeostasis (72, 175, 176). Several in vitro studies have highlighted the direct impact of 

B. abortus infection on osteoblast function, including increased secretion of RANKL 

(72, 158), a cytokine that is critical in driving osteoclast formation and bone remodeling. 

Under pathological circumstances, RANKL triggers osteoclastogenesis and initiates 

bone destruction, as observed in a variety of bacterial infections (158, 177, 178).  

Since invasion of Brucella of mature osteoclasts did not enhance 

osteoclastogenesis, we wanted to see if activation of these cells would occur secondary 

to invasion of osteoblasts. In order to investigate the additive role of Brucella infected 

osteoblasts on osteoclastogenesis, we first demonstrated Brucella replication in 

differentiated MC3T3 osteoblasts. While wild type B. abortus 2308 and B. abortus S19 

replicated inside osteoblasts, mutant strains, including the vaccine strain candidate 

S19vjbR, failed to replicate. This not only confirms the ability of virulent Brucella to 
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utilize osteoblasts as an additional replicative environment, but also provides further in 

vitro evidence regarding the attenuation and safety of S19vjbR. When the ability of the 

infected osteoblasts to influence osteoclastogenesis was next investigated, in vitro direct 

co-culture of Brucella infected MC3T3 cells with BMDMs did not stimulate 

osteoclastogenesis. Additionally, treatment of BMDMs with culture supernatants from 

B. abortus-infected MC3T3 failed to stimulate osteoclastogenesis, although the addition 

of 1 ng/ml of RANKL to BMDM culture as a positive control was sufficient to induce 

TRAP+pOC formation. While it is possible that Brucella infection of osteoblasts directly 

does not drive osteoclastogenesis, it is important to note that uninfected MC3T3 also did 

not stimulate maturation of osteoclasts. This could indicate that the MC3T3 cell line may 

not be suitable as an in vitro model to assess the interaction of osteoblasts and 

osteoclasts during Brucella infection. 

Based on the results obtained in the present study, we hypothesize that 

intracellular survival and replication of bacteria inside osteoclasts is a critical component 

in the development of osteoarticular brucellosis. Our results imply that Brucella takes 

advantage of osteoclasts following infection of the mature cells or their precursors and 

utilizes these cells as an additional environment to replicate by reducing cellular growth 

and prolonging the life of the cell. By infecting circulating osteoclast precursors, which 

are abundant in the bloodstream and hematopoietic tissues, B. abortus could avoid 

immune detection and establish a chronic infection in the bones or joints, ultimately 

resulting in osteoarthritis. Finally, comparison of wild type and vaccine strains of B. 

abortus demonstrates that osteoclasts could serve as a useful in vitro model to assess 
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vaccine safety in terms of potential induction of osteoarticular lesions in the host. Using 

the in vitro cellular model of osteoclast maturation to study host-pathogen interactions 

and assess the safety of vaccine candidates, we have provided exciting new opportunities 

to interrogate the effects of B. abortus infection on bone and beyond.  

 

3.5. Materials and Methods 

3.5.1. Bacterial strains and media 

B. abortus 2308, 2308ΔvirB2,  S19 (NVSL, Ames, IA) and B. abortus S19ΔvjbR 

(engineered for a previous study) (61) with or without GFP were used in these 

experiments. B. abortus strains were grown on Tryptic soy agar plates (TSA; Difco, 

Becton Dickinson) at 37°C with 5% (vol/vol) CO2 for three days. A single colony was 

used to inoculate Tryptic soy broth (TSB) and incubated at 37°C overnight. Bacteria 

were collected by centrifugation and washed twice in phosphate-buffered saline (PBS), 

pH 7.2 (Gibco). Bacterial density was measured using a Klett colorimeter and compared 

against a standard curve. Viable counts were measured by plating serial dilutions of 

inoculum onto TSA plates and quantifying colonies following 3-4 days of incubation at 

37°C. All experiments with live bacteria were carried out at biosafety level 3 facilities at 

the College of Veterinary Medicine and Biomedical Science, Texas A&M University.  

3.5.2. Preparation of Brucella abortus strains expressing GFP  

B. abortus strains expressing the green fluorescent protein (GFP) were made by 

electroporating the pBBR1-MSC6Y plasmid encoding chloramphenicol resistance into 

different Brucella strains as previously described (179, 180). B. abortus 2308, 



 

71 

 

2308ΔvirB2, S19, and B. abortus S19ΔvjbR were grown in TSB overnight. Bacterial 

pellets were subsequently washed four times in ice-cold sterile water and resuspended in 

0.1 ml of ice-cold sterile water. One µg of pBBR1-MSC6Y plasmid DNA was mixed 

with bacteria and incubated for 30 min on ice followed by electroporation at Voltage 

2500 V, Resistance 200 Ω, and Capacitance 50 µF. Immediately after electroporation, 1 

ml of warmed TSB SOC-B media (6% [wt/vol] tryptic soy broth, 10 mM NaCl, 2.5 mM 

KCl, 10 mM MgCl2, 10 mM MgSO4, and 20 mM glucose) was added and suspensions 

were incubated at 37°C for 24h. The following day, bacterial suspensions were plated 

onto TSA with 5 µg/ml chloramphenicol and incubated at 37°C for three days. Single 

colonies from each bacterial strain were inoculated into 5 ml of TSB with 15 µg/ml 

chloramphenicol and incubated at 37°C for 24h. Following microscopic confirmation of 

fluorescence, 25% glycerol stock of positive clones were made and stored at -80oC for 

future use.  

3.5.3. Cell culture 

Murine bone marrow-derived macrophages (BMDMs) were harvested from the 

femur and tibia and cultured as previously described with some modifications (181-184). 

Briefly, bone marrow cells collected from the femur and tibia of 4-6-week-old female 

C57BL/6 mice (5-7 mice per experiment) were cultured at 1 x 106 cells/ml in αMEM 

media (Life Technologies, Beverly, MA) supplemented with 10% FBS and 20 ng/ml of 

recombinant mouse M-CSF (R&D Systems). Following two days of incubation at 37oC 

with 5% CO2, nonadherent cells were discarded and adherent cells were subcultured as 

BMDMs. For osteoclast differentiation, BMDMs were cultured (2.5 x 104 cells/well in 
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24-well culture plates) in αMEM media supplemented with 10% FBS, 50 ng/ml of 

recombinant mouse RANK-L (R&D systems), and 20 ng/ml of recombinant mouse M-

CSF (184). For osteoclast maturation, cells were cultured for different times (1-10 days), 

replacing 50% of the media with fresh media every two days. To characterize and 

identify osteoclasts, cells were fixed in 4% paraformaldehyde and stained for tartrate-

resistant acid phosphatase (TRAP). TRAP-positive cells with 1-2 nuclei were classified 

as osteoclast precursors (pOC), while TRAP-positive cells with ≥ 3 nuclei were 

classified as multinucleated mature osteoclasts (mOCs) (184). Osteoclast precursor 

infections were performed at day 2, while infection of mature osteoclasts was conducted 

at day 3 in the presence of 50 ng/ml of recombinant mouse RANK-L and 20 ng/ml of 

recombinant mouse M-CSF.  

The mouse MC3T3-E1 cell line (ATCC® CRL-2593™) was used for osteoblast 

studies. MC3T3-E1 cells were seeded in complete growth media at 1 x 105/well in 24-

well tissue culture plates and incubated at 37°C with 5% CO2. After 24h, old media was 

replaced with αMEM differentiation media (0.5 ml) supplemented with 10% FBS, 

50µg/ml ascorbic acid, and 4 mM β-glycerol-phosphate. Differentiation media was 

replaced every other day for 30 days, and osteoblast maturation was confirmed by 

measuring calcium deposition and alkaline phosphatase activity. 

3.5.4. Cellular infection 

BMDMs were cultured either in standard tissue culture plates (Genesee 

Scientific, 25-107) or in calcium phosphate-coated plates (Corning® Osteo Assay 

Surface, 3987) and differentiated into mature osteoclasts in the presence of 50 ng/ml of 
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recombinant mouse RANK-L and 20 ng/ml of recombinant mouse M-CSF. Cells were 

infected with B. abortus 2308, 2308ΔvirB2, S19, and S19ΔvjbR at an MOI of 100. 

Immediately following infection, plates were centrifuged for 5 minutes at 200g to 

synchronize infection (185). Following 2h of incubation at 37°C with 5% CO2 to allow 

bacterial entry, extracellular bacteria were removed by washing twice and incubating in 

differentiation media with 50 µg/ml of gentamicin for 1h (153). To evaluate bacterial 

invasion and replication, cells at different time points (3h, 24h, and 48h) were washed 

twice in PBS and lysed in 0.5% (vol/vol) H2O-Tween 20. Immediately following lysis, 

lysates were serially diluted (1/10) in PBS and plated on TSA plates. After 3-4 days of 

incubation at 37°C, colonies were enumerated to quantify bacterial CFU. 

Undifferentiated BMDMs were infected simultaneously to serve as a control.  

Infection of the mouse osteoblast MC3T3-E1 cell line was performed at day 21 

to assess cellular invasion and survival. Cells were infected with the same B. abortus 

strains at an MOI of 100. Following cellular infection, plates were centrifuged, 

incubated, and treated with gentamicin followed by lysis of cells, serial dilution, and 

plating of suspensions onto TSA plates, as described above. 

3.5.5. Direct co-culture of Brucella-infected MC3T3-E1 osteoblasts and BMDMs 

MC3T3 cells, cultured in complete osteoblast differentiation media for 21 days, 

were infected with B. abortus strains for 2h at an MOI 100 or 1000. At 24h post-

infection, cells were washed twice with warm media and incubated for 7 days following 

addition of fresh differentiation media containing 2.5x104 of BMDMS. On day 3, 

cultured supernatants were replaced with fresh osteogenic differentiation media 
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supplemented with 20 ng/ml of M-CSF. As positive controls of mOC formation, 

uninfected MC3T3 cells and BMDMs were co-cultured in the presence of 20 ng/ml of 

M-CSF and varying concentrations of RANKL (1, 6.25, and 12 ng/ml) to determine the 

minimum level of RANKL required for mOC formation. To identify mOCs, cells were 

fixed by 4% paraformaldehyde for 2h and stained for TRAP.  

3.5.6. Stimulation with conditioned media 

Culture supernatants from Brucella-infected mature MC3T3-E1 osteoblasts at 

MOI of 100:1 and 1000:1 were aspirated at 24h post-infection, passed through a 0.22-

µm filter, and used as conditioned media to stimulate uninfected BMDMs for 7 days. 

Conditioned media was used at either 25% or 50% concentration in the presence of 20 

ng/ml of M-CSF, and on day 3, all media was replaced. As positive controls of mOC 

formation, M-CSF and different concentration of RANKL were used, as previously 

described. After seven days of incubation, media was aspirated, and cells were fixed in 

4% paraformaldehyde for 2h at room temperature and stained for TRAP. 

3.5.7. Neutralization experiments 

Neutralization experiments were conducted using 500 ng/ml of anti-RANKL 

neutralizing antibody (AF462, R&D systems) or its isotype control (AB-108-C, R&D 

systems). Supernatants from Brucella-infected osteoblasts were preincubated with the 

anti-RANKL neutralizing antibody or its isotype control for 1 h at 37°C with 5% CO2 

before being used to stimulate BMDMs. 
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3.5.8. Determination of nitric oxide concentrations 

The level of nitric oxide (NO) was determined by measuring the released NO 

metabolites (nitrites) using modified Griess reagent (Sigma, G4410) at 3h, 24h, and 48h 

post-infection. Briefly, 100 µl of Griess reagent was mixed with 100 µl of culture 

supernatant in a 96-well plate, incubated for 15 minutes, and spectrophotometric 

measurement was performed at 540 nm. Nitrite concentration was measured against a 

freshly made NaNO2 standard curve. 

3.5.9. Determination of cell death 

LDH released into culture supernatants of infected and uninfected cells at 3h, 

24h, and 48h post-infection was determined using the CytoTox 96 nonradioactive 

cytotoxicity assay kit (Promega, G1780) according to the manufacturer’s instructions 

(185). Cell cytotoxicity was expressed as the percentage of LDH release, which was 

calculated using the following formula: percentage of LDH release =100 X (test LDH 

release - spontaneous release) / (maximum release - spontaneous release). 

3.5.10. Apoptosis assays 

BMDMs were cultured at 5x103/well in 96-well tissue culture plates (Genesee 

Scientific, 25-109) and differentiated into mature osteoclasts in the presence of 50 ng/ml 

of recombinant mouse RANKL and 20 ng/ml of recombinant mouse M-CSF. Cells were 

infected with B. abortus 2308, 2308ΔvirB2, S19, and S19ΔvjbR at an MOI of 100. 

Immediately following infection, plates were centrifuged, incubated, and treated with 
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gentamicin, as described above. Apoptotic cells were detected using TdT in situ apoptosis 

detection kit-DAB (R&D, 4810-30-K). 

3.5.11. Osteoclast resorption assay 

BMDMs cultured in calcium phosphate-coated plates (Corning, MA) were 

differentiated into mature osteoclasts and infected on day 3. Following 48h of infection, 

culture supernatants were aspirated, and 10% bleach was added for 5 minutes to remove 

the cells. The wells were washed twice in dH2O and dried at room temperature. 

Resorption pits were observed under a brightfield microscope, and images were 

quantified using Fiji (https://imagej.net/Fiji/Downloads). TRAP staining was 

simultaneously performed in unbleached cells to characterize mature osteoclasts and 

correlate with pit formation. 

3.5.12. Tartrate-resistant acid phosphatase (TRAP) staining 

TRAP staining was performed as following: uninfected and Brucella-infected 

cells were washed three times with PBS, then fixed with 4% paraformaldehyde for 2h at 

room temperature. Fixative was aspirated and the cells were washed three time with PBS 

and incubated with TRAP staining solution (0.504 % sodium acetate, 0.232 % glacial 

acetic acid, 1.412 % potassium sodium tartrate tetrahydrate, 4.16% sodium nitrite, 2 N 

HCL, 4% pararosaniline solution, and 10% Naphthol AS-BI solution) for 30-45 minutes 

at 37oC until desired staining intensity was achieved. Subsequently, the TRAP staining 

solution was removed, cells were washed three times with distilled water, and the plates 

were left upside down to dry before counting TRAP+mature osteoclasts having ≥3 

nuclei per cell.  
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3.5.13. Confocal microscopy 

BMDMs seeded at a concentration of 2.5 x 104 cells/well in 24 well black 

microplates (Ibidi, 82406) in the presence of 50 ng/ml of recombinant mouse RANKL 

and 20 ng/ml of recombinant mouse M-CSF were infected with GFP-B. abortus strains 

for 3h, 24h, and 48h and subsequently fixed in 4% paraformaldehyde. Cells were 

permeabilized in 0.25% Triton X100 in PBS for 5 min, washed twice with PBS, and 

stained for F-actin using Texas Red®-X Phalloidin (T7471, Thermo Fisher Scientific, 

USA) at 1:300 for overnight at 4°C. Following washing in PBS, cell nuclei were stained 

using Hoechst 33342 solution (62249, Thermo Fisher Scientific, USA) for 10 minutes. 

Washed cells stored in PBS were imaged and analyzed using a Zeiss 780 confocal 

microscope. 

3.5.14. Alizarin red S and Alkaline phosphatase staining 

To assess calcium deposition, Alizarin red staining was used. MC3T3-E1 cells 

were seeded at 1 x 105/well onto 24-well tissue culture plates. On days 7, 14, and 21 of 

differentiation, cells were washed in PBS, fixed in 4% paraformaldehyde,  stained in 2% 

(wt/vol) Alizarin red S, and visualized by light microscopy (72). At the same time 

points, ALP staining of osteoblasts was performed using ALP kit (86R-1KT, Sigma-

Aldrich) according to the manufacturer’s instructions. 

3.5.15. Statistical analysis 

Each experiment was repeated at least three times and statistical analysis was 

performed using one-way and two-way analysis of variance (ANOVA), followed by 
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Tukey’s range test using GraphPad Prism software, version 4.0. Data are represented as 

means ± standard deviations (SD). A p-value of <0.05 was considered significant. 
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4. CONCLUSIONS 

This work characterizes an improved laboratory animal model (NSG mice) as 

well as an in vitro model (osteoclasts) to study the molecular mechanisms and 

pathological lesions (e.g., osteoarticular disease) associated with live attenuated Brucella 

vaccines. The results obtained under Aim 1 demonstrated that while NSG mice 

inoculated with S19 developed arthritis, S19vjbR-inoculated mice did not show 

significant clinical changes, supporting the safety of the S19vjbR vaccine candidate and 

validating the superiority of this model in assessing vaccine safety in the context of 

osteoarticular disease. Under Aim 2, an in vitro model of osteoclast maturation from 

mouse bone marrow-derived macrophages was standardized and used to study the 

effects of wild type and attenuated Brucella spp. infection on osteoclast maturation and 

activity. While the calcium matrix resorption assay demonstrated the bone-resorbing 

capacity of osteoclasts with or without infection, intracellular survival and replication of 

bacteria reflected as most critical in developing osteoarticular disorder in brucellosis as 

observed in our in vivo study. These models pave the way for future studies of (i) 

vaccine safety, (ii) host-pathogen interactions and intracellular trafficking, (ii) cellular 

and immune mechanisms of osteoarticular brucellosis, (iv) pathogenesis of bone disease 

in other infections conditions.  
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APPENDIX A 

 

 
 

 

 

A-1 Nuclear changes and apoptosis during osteoclasts maturation and growth. 
Murine bone marrow-derived macrophages (BMDMs) were cultured in 24 well 
plates with 20 ng/ml M-CSF and 50 ng/ml RANKL up to 10 days to monitor 
apoptosis in multinucleated osteoclasts. Brightfield images represent apoptotic events 
in osteoclasts with appearance of nuclear condensation at day 6 of maturation, 
followed by nuclear fragmentation by day 7 and day 8 leading to cell death by day 10 
of maturations. Bottom panel corresponds with the square selection in the top panel.  
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A-2 B. abortus invades and replicates inside mature osteoclasts 
(mOCs) in a dose-dependent manner. Mouse BMDMs were cultured in 
24 well plates with 20 ng/ml M-CSF + 50 ng/ml RANKL.  On day 3, 
TRAP+mOCs were infected with B. abortus strains at MOI of 1:50, 1:100. 
1:500. Following 2h of infection, media was replaced with gentamicin 
containing media and incubated for different time durations. Results 
demonstrated that B. abortus 2308 invades and replicates mOCs in a dose-
dependent manner. MOI 1:100 was used in different experiments. 
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A-3 Mature osteoclasts but not macrophages are capable of degrading calcium 
matrix. Mouse bone marrow-derived macrophages (BMDMs) were cultured in 24 well 
calcium matrix-coated plated in the presence of either 20 ng/ml M-CSF or both 20 ng/ml 
M-CSF and 50 ng/ml RANKL for 5 days. One group of cells were washed, fixed, and 
stained for TRAP positivity (top panel) and another group were processed for matrix 
degradation (bottom panel). Representative brightfield images show TRAP-negative 
macrophages and TRAP+ osteoclasts (red cell, arrow). The bottom left panel shows lack 
of calcium matrix degradation by macrophages, while the bottom right panel shows 
calcium matrix degradation by mature osteoclasts (white degraded areas are identified 
using arrow), as expected. 
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A-4 Schematic representation of the effect of wild type Brucella infection on calcium 
matrix degradation. (A) Diagram showing simulation of physiological condition where 
BMDMs, in the presence of M-CSF and RANKL, differentiate into osteoclast precursors 
followed by mature osteoclasts capable of calcium matrix degradation. (B) Diagram 
showing that simulation of pathological conditions during B. abortus 2308 infection of 
BMDMs (1) or osteoclast precursors (2) had a negative impact on cellular development 
and matrix degradation (lower level), while infection of mature osteoclasts (3) impaired 
cellular growth without changing the resorption activity compared to uninfected mature 
osteoclasts (A). 

 




