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Abstract 24 

Chlamydophila (C.) abortus is an obligate intracellular bacterium able to colonize the 25 

placenta of several species of mammals, which may induce abortion in the last third of 26 

pregnancy. The infection affects mainly small ruminants resulting in major economic 27 

losses in farming industries worldwide. Furthermore, its zoonotic risk has been reported 28 

in pregnant farmers or abattoir workers. Mouse models have been widely used to study 29 

both the pathology of the disease and the role of immune cells in controlling infection.  30 

Moreover, this animal experimental model has been considered a useful tool to evaluate 31 

new vaccine candidates and adjuvants that could prevent abortion and reduce fetal death. 32 

Future studies using these models will provide and reveal information about the precise 33 

mechanisms in the immune response against C. abortus and will increase the knowledge 34 

about poorly understood issues such as chlamydial persistence. 35 

36 
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1. Introduction 36 

Following reclassification of the Order Chlamydiales in 1999 (Everett et al., 1999), the 37 

genus Chlamydophila (C.) contains the species C. abortus, which is the most common 38 

infectious cause of abortion in sheep (ovine enzootic abortion, or OEA) and goats in 39 

Europe and results in significant losses to the agricultural industry worldwide. It is also 40 

recognized as a cause of reproductive failure in cattle, horses and pigs, although the 41 

economic impact of such infections in unknown because the lack of epidemiological data. 42 

C. abortus is also a zoonotic pathogen implicated in spontaneous miscarriages or 43 

stillbirths in farm women after contact with infected sheep or lambs. Abortion in woman 44 

had been suspected long ago, but it was documented for the first time by Roberts et al. 45 

(1967). Human abortion occurs weeks or months after animal contact, generally late in 46 

pregnancy and following a febrile flu-like syndrome, with or without disseminated 47 

intravascular coagulation or impaired liver and renal function (Hyde and Benirshcke, 48 

1997; Longbottom and Coulter, 2003; Baud et al., 2008). As in small ruminants, C. 49 

abortus replicates in the human host within the trophoblast epithelium leading to a 50 

dysfunction of the placenta and foetal death (Pospischil et al, 2002). Pregnant women, 51 

especially those who live in rural areas, should generally be made aware of the risk of this 52 

zoonotic disease. 53 

As regards OEA, adult ewes become infected as a result of contact with lambing pens or 54 

pasture contaminated by infected fetal membranes and discharges. No clinical signs are 55 

observed in non-pregnant animals and it is not until a subsequent pregnancy that they 56 

may abort, normally in the last weeks of gestation (Entrican et al., 2001). 57 
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Because of useful similarities between the experimental disease in mice and the natural 58 

disease in small ruminants, mouse models have been widely used to study C. abortus 59 

pathogenesis and the immune response to infection and also to evaluate the efficacy of 60 

commercial and experimental vaccines. This review focuses on the progress made in the 61 

field, summarizes our current understanding of the immune response and pathological 62 

basis of C. abortus infection, and presents data from studies with new vaccines against 63 

OEA using the mouse model as a useful tool of research. 64 

 65 

2. The intracellular development cycle of chlamydiae 66 

The key to understanding the pathophysiology caused by chlamydiae is the biphasic 67 

development cycle of these organisms (Figure 1). The bacteria exist in two development 68 

forms: the infectious extracellular elementary bodies (EBs) and non-infectious 69 

metabolically active, reticulate bodies (RBs), the former attach to the host-cell and are 70 

internalized in an entry vacuole that avoids fusion with host-cell lysosomes. Within 8-10 71 

h, the small EB (0.2-0.3 µm in diameter) differentiate into RBs, the larger (0.5-1.6 µm) 72 

form, which proliferate within the same membrane-bound vacuole. After several 73 

divisions by binary fission, the RBs differentiate back into EBs towards the end of the 74 

cycle (48-72 h, depending on the species) and are released from the infected cell either by 75 

lysis or exocytosis to begin a new cycle of infection (Hackstadt, 1999). The EB, in 76 

contrast to the RB, is structurally rigid, as a result of extensive disulphide linkages 77 

between various cysteine-rich proteins in, or associated with, the outer membrane. This 78 

rigidity results in EBs being resistant to both chemical and physical factors, so that they 79 

are adapted for prolonged extracellular survival, which is an important factor in terms of 80 
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chlamydial pathogenesis and the treatment of chlamydial infections. The host-cell death 81 

observed at the end of the infection cycle could thus be involved in the release of EBs 82 

from the host cell and could partially contribute to the inflammatory response of the host, 83 

since macrophages undergoing apoptosis secrete inflammatory cytokines and cells 84 

becoming necrotic stimulate inflammation (Hackstadt, 1999). 85 

Apart from this typical developmental cycle, a third persistent form exists in vitro 86 

(in cell culture systems), where enlarged aberrant RBs have been experimentally induced 87 

by a variety of stimuli, including IFN-γ, antibiotics and nutrient deprivation (Hogan et al., 88 

2004) (Figure 1). These stimuli, particularly IFN-γ, can alter chlamydial growth and 89 

facilitate a persistent or chronic infection. C. trachomatis has also been reported to cause 90 

chronic infections detectable by nucleic acid amplification tests, suggesting that this 91 

persistent form may also occur in vivo (Dean et al., 2000). Being intracellular pathogens, 92 

all chlamydial species have the potential to cause both acute and chronic infection. In 93 

addition, there is increasing evidence that these bacteria are capable of establishing a 94 

persistent infection that may become reactivated, thus causing recurrent infections 95 

(Stephens, 2003; Hogan et al., 2004; Goellner et al., 2006). While induction of persistent 96 

chlamydial bodies is an important area of research, extensive discussion on this topic is 97 

beyond the scope of this review. 98 

 99 

3. Pathogenesis and immune response in the natural host 100 

In ewes, C. abortus infection is characterized by abortions during the last 2 or 3 weeks of 101 

gestation or the birth of stillborn or weak lambs that die in the first days of life. It has also 102 

been reported that some lambs can be born healthy and survive infection, although they 103 
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may go on to abort during their first pregnancy (Papp and Shewen, 1997; Rodolakis et al., 104 

1998; Entrican et al., 2001; Philips and Clarkson, 2002). Except for reproductive failure, 105 

sheep rarely display any other clinical signs of C. abortus infection, other than vulval 106 

discharge 2 to 3 days prior to abortion. Infected goats, on the other hand, may abort at 107 

any time during pregnancy, although most do so within the 2-3 weeks before the expected 108 

time of giving birth (Mathews, 1999). In some caprine cases, other signs, such as 109 

respiratory tract disease, polyarthritis, conjunctivitis and retained placentas maybe seen 110 

along with abortion (Rodolakis et al., 1984). Mild febrile symptoms are observed in non-111 

pregnant animals after an experimental infection (Amin and Wilsmore, 1995). 112 

The route of transmission in the flock is usually oronasal, after exposure to infected 113 

placentas and uterine discharges during lambing time. It is been reported that ewes and 114 

goats can excrete C. abortus up to two weeks after abortion and that EBs may remain 115 

infectious for several weeks thereafter, thus increasing the likelihood of spreading. 116 

Therefore, a proportion of asymptomatic animals can become carriers of the disease, 117 

which are shedding the bacteria during the oestrus and lambing time (Papp et al., 1994) or 118 

even in faeces. It is pertinent that an association of infection by enteric C. abortus strains 119 

with placental and foetal pathology has been reported (Rodolakis and Souriau, 1989; 120 

Tsakos et al., 2001). Some reports that demonstrate the susceptibility of the vaginal 121 

epithelium to experimental infection with C. abortus suggest that venereal transmission is 122 

also possible (Papp and Shewen, 1996), but the establishment of the role of this 123 

transmission route in the epidemiology of C. abortus infection requires further 124 

investigation.  125 
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After abortion due to C. abortus, ewes can conceive and give birth to normal lambs, but 126 

they may shed C. abortus for up to 2 or 3 years, during ovulation, suggesting that the host 127 

mounts a response that is sufficient to restrict but not eradicate the chlamydiae (Papp et 128 

al., 1994). If the primary infection is at lambing time the sheep probably do not 129 

seroconvert to the established tests, and it is not until abortion that titres develop and 130 

antibody levels persist for several months (Wilsmore et al., 1984) however, antibody 131 

titres may not be indicative of protective immunity since seropositive sheep may still 132 

abort (Dawson et al., 1986). Thus, humoral immunity is not sufficient on its own to 133 

induce effective protection following infection with C. abortus (McCafferty, 1990).  134 

An interesting aspect of C. abortus infection is the lack of any pathological changes until 135 

after 90 days of gestation (normal gestation in sheep is approximately 147 days), 136 

irrespective of the timing of infection (Buxton et al., 1990). Following initial infection, it 137 

is thought that the organisms reside first in the tonsils from where it is disseminated by 138 

blood and lymph to other organs (Jones and Anderson, 1993). The data point to the 139 

existence of a latent stage of C. abortus, the localization of which remains unclear 140 

although lymphoid tissue is a candidate for such a site (Papp et al., 1993; Buxton et al., 141 

1996). 142 

Studies of placentitis in experimentally infected pregnant ewes demonstrated that 143 

chlamydial inclusions first appear in the trophoblast lining the chorioallantoic villi at the 144 

hilus of placentomes (Buxton et al., 1990). Subsequently, loss of the chorionic surface 145 

and inflammatory changes in the underlying chorioallantois developed and, as the disease 146 

progressed, chlamydial inclusions could develop in the endometrial epithelium at the 147 

edge of placentomes and associated with a focal endometritis (Buxton et al., 1990). 148 
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Recent reports described the immunopathological events that occur in the placenta of 149 

experimentally infected pregnant ewes, but little is known about the immune response 150 

and functional significance of the cells involved. The initial loss of trophoblastic 151 

epithelium is accompained by severe inflammatory infiltration, composed mainly of 152 

neutrophils. Macrophages are scarce in the infiltrate, while lymphocytes are observed 153 

only occasionally in the deeper chorioallantois. Although low in numbers, CD8+ T cells 154 

are more represented in the lesions than CD4+ T cells, and number of the B cells is 155 

always very low (Buxton et al., 2002; Sammin et al., 2006). As with other bacterial 156 

placental pathogens, there may be chorionic arteriolitis with fibrinoid degeneration 157 

(Navarro et al., 2004; Sammin et al., 2006); some neutrophilic infiltration and numerous 158 

macrophages could be observed in the wall of those arterioles (Buxton et al., 2002). The 159 

inflammatory infiltrate in the endometrium has been shown to consist of a significant 160 

number of macrophages and lymphocytes where CD4+ and CD8+ T may also be found 161 

(Navarro et al., 2004; Sammin et al., 2006). The differences found in the immune 162 

response in the uterus and the placenta point up the difference in the immune reponse to 163 

C. abortus in these two tissues. 164 

It has been reported that colonization of the placenta by C. abortus stimulates a strong 165 

inflammatory response, which is necessary to control infection, but which could also lead 166 

to the pathology associated with the infection (Brown et al., 2001; Entrican, 2002). This 167 

work also showed that the inflammatory cytokines, IFN-γ  and TNF-α, which are 168 

produced in response to the infection, can contribute to the pathology and threaten the 169 

maintenance of pregnancy. Therefore, the TNF-α  released in response to chlamydial 170 

infection (possibly to the LPS component) may be contributing to the placental damage 171 
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that leads to abortion (Buxton et al., 2002). IFN-γ is crucially involved in controlling 172 

chlamydial infections (Brown and Entrican, 1996). Although there is little evidence of 173 

IFN-γ  expression in response to infection within the placenta (Buxton et al., 2002), 174 

where it would probably be detrimental to the viablility of pregnancy, IFN-γ and other 175 

cytokines have been associated with the establishment of a persistent or latent infection in 176 

the host, and some authors suggested that the latent phase was mediated by host cytokine 177 

production in non-pregnant ewes (Brown and Entrican, 1996; Entrican et al., 2001). 178 

 179 

4. Pathogenesis in the mouse model 180 

Mice are not a natural host for C. abortus infection. It is rather the former pneumonitis 181 

biotype of Chlamydia trachomatis, currently classified as Chlamydia muridarum, which 182 

is naturally encountered in these animals. However, mice can be experimentally infected 183 

with C. abortus through a variety of routes. Parenteral routes (i.e. intraperitoneal or 184 

endovenous) have been widely used in chlamydia research (Kerr et al., 2005), but also the 185 

intranasal infection was demonstrated to be a useful model (Huang et al., 1999; Buendia 186 

et al., 2007). More recently, the intragastrical route has been used to study some aspects 187 

of the pathogenesis of C. abortus infection (unpublished data from the laboratory of the 188 

authors). Depending on the chosen route, clinical findings can be different. For instance, 189 

parenteral or intragastrical inoculation lead to mild to severe systemic infection 190 

characterized by lethargia, roughed fur and huddling. This infection is controlled by the 191 

host in 4-8 days except in pregnant mice, where the final outcome of the infection is 192 

colonization of the placenta with subsequent abortion (Rodolakis, 1976). When the 193 

intranasal route is used, mice develop severe pneumonia. The initial peribronchial 194 
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interstitial lesion leads in a few days to a lobar pneumonia that can be lethal depending on 195 

the doses. Similarity of the main clinical findings in mice (abortion and pneumonia) with 196 

those observed in small ruminants suggested that mouse infection could be a useful 197 

model for studies on the pathogenesis of the diseases. Indeed, a number of analogies 198 

concerning pathogenesis and immune response have been reported. They are summarized 199 

in Table 1 and will be described in detail in the next paragraphs. 200 

The first murine models of C. abortus infection were developed in order to establish the 201 

clinical signs and pathogenesis of the disease. In non-pregnant animals, the infection is 202 

self-limiting, and in mice it resolves within two weeks without anti-microbial 203 

chemotherapy (Buzoni-Gatel and Rodolakis, 1983). In pregnant mice, inoculation at mid-204 

pregnancy is followed by colonization of the placenta and subsequent abortion in the last 205 

seven days of gestation (Rodolakis, 1976). Other studies (Buendia et al., 1998) showed 206 

that abortion occurs in the late stages of gestation, independently of whether the mice are 207 

infected early in pregnancy (day 7) or mid-pregnancy (day 11). The bacteria rapidly 208 

colonize the liver and spleen and chlamydial antigen can be detected in the placenta 5 209 

days post-infection, mainly in the metrial gland and decidua basalis (Sanchez et al., 210 

1996). The placenta is significantly colonized by C. abortus during the following days to 211 

reach a maximum at day 17-18 and resulting in abortion. Uterine NK cells (formerly 212 

Granulated metrial gland cells) are the most abundant lymphoid cells in rodent placentas 213 

and they may become infected with C. abortus just before abortion occurs. The 214 

degeneration due to bacterial multiplication, in addition to neutrophil infiltration and the 215 

endotoxin environment, might be responsible for initiating abortion at this stage.  216 
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An important aspect of study into the disease included the comparison of the virulence of 217 

different strains of C. abortus performed in mouse models, which has permitted graded 218 

differentiation between virulent and non-virulent strains (Buzoni-Gatel and Rodolakis, 219 

1983; Anderson, 1986; Rodolakis et al.1989; Buendía et al., 1999b). Such studies have 220 

shown that, in propitious circumstances, intestinal strains, now included in the C. 221 

pecorum species (Everett et al., 1999), could reach and colonize the placenta and disrupt 222 

pregnancy as shown by Rodolakis et al. (1989). These authors concluded that the 223 

difference in virulence between intestinal strains and abortion-causing strains is linked to 224 

their ability to invade cells. This triggered further investigations into genetic and 225 

serological differences between strains. Subsequently, the genetic control of mouse 226 

susceptibility to C. abortus infection was determined by Buzoni-Gatel et al. (1994) who 227 

observed differences in the innate capacity of various inbred lines of mice to control 228 

bacterial load in infected organs following a challenge by the microorganism. Later 229 

studies comparing the immune response of C. abortus in two inbred strains of mice, 230 

namely CBA and C57BL/6 mice (Del Rio et al., 2000) suggested that the difference in 231 

the clearance rate of the microorganisms during primary infection was attributable to the 232 

establishment of an earlier innate response and a more pronounced CD8 T–cell presence 233 

in the more resistant C57BL/6 mice. These findings established the basis for subsequent 234 

research to design experiments with different mice strains and mouse models that allowed 235 

a deeper understanding of the immunological mechanisms presented in response to the 236 

infection, as well as the validation of new vaccines, adjuvants and routes of inoculation. 237 

These will be discussed below.  238 

 239 
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5.  Immunity in the mouse model against C. abortus infection  240 

The important role of innate immunity, especially in relation to neutrophils, has 241 

been shown in the mouse abortion model (Buendía et al., 1999a) in the early stages of a 242 

primary infection, when it contributes to establishing specific immunity through the 243 

secretion of different cytokines. It may also control bacterial multiplication prior to the 244 

establishment of a specific immune response. The authors reported that in mice in which 245 

the neutrophils have been depleted, mortality was increased with early abortion in 246 

pregnant mice. The role of neutrophils in the recruitment of T cells to inflammatory foci 247 

has been demonstrated in the response to a primary infection with C. abortus in mice 248 

(Montes de Oca et al., 2000a). The reduced recruitment mainly affects the CD8+ T cells, a 249 

key subpopulation for the clearance of C. abortus infection (Buzoni–Gatel et al., 1992; 250 

Del Rio et al., 2000; Martinez et al., 2006). However, neutrophils have been shown to be 251 

of limited importance in a secondary infection (Montes de Oca et al., 2000b).  252 

Subsequently, natural killer (NK) cells, another component of innate immunity, were 253 

shown to have a role. Buendía and colleagues (2004) demonstrated the relationship 254 

between NK cells and early IFN-γ production in the control of infection of C. abortus, as 255 

well as the complex and close relationship with neutrophils, which could produce 256 

cytokines that are chemotactic and activators of NK cells.   257 

Despite the fact that innate immunity plays an important role in the response to 258 

chlamydial infection, protection against C. abortus requires cell-mediated immunity 259 

(Buzoni-Gatel et al., 1987). The relative importance of the T-cell subsets in this response 260 

depends on the species of the family Chlamydiaceae, but cellular immunity seems to be 261 

mediated by IFN-γ in all species (Perry et al., 1997). Some of these previous findings 262 
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were confirmed by adoptive cell transfer and re-infection in mouse experiments (Buzoni-263 

Gatel et al., 1992). The authors concluded that CD8+ T cells played a major role in host 264 

resistance against C. abortus, although the precise mechanism by which this 265 

subpopulation developed its protective role was not elucidated. The findings of studies 266 

performed with neutrophil-depleted and infected mice (Montes de Oca et al., 2000a) 267 

showed that recruitment of CD8+ T cells to inflammatory foci in affected tissues is 268 

important for the clearance of C. abortus (Martinez et al., 2006). Their crucial role in 269 

primary infection has been confirmed, and it has been suggested that they may have a 270 

regulatory role whereby they prevent an exacerbated Th1 response from inducing severe 271 

injury to the mouse, as seen in C. pneumoniae infection (Penttila et al., 1999). In contrast 272 

to the immune response to C. trachomatis, in which  CD4+ T cells are essential for host 273 

resistance to chlamydial genital tract infection (Su and Caldwell, 1995), C. abortus 274 

infection is mainly controlled by a specific Th1 immune response, which is, at least 275 

partly, IL-12-independent and characterized by the early production of high 276 

concentrations of IFN-γ (Del Rio et al., 2001), as well as the presence of T cells, 277 

particularly  CD8+, which have been shown to be crucial for the clearance of infection 278 

(Martinez et al., 2006)  279 

The specific cell-mediated immune response to C.abortus is comprised of a 280 

complex balance of mechanisms requiring elucidation. Some reports have shown that in 281 

mice an exacerbated production of cytokines in response to C. abortus infection can 282 

induce pathological changes, and abortion has been associated with the detrimental effect 283 

of inflammatory cytokines (IFN-γ, TNF-α) induced by the infection in the placenta 284 

(Bouakane et al., 2003). The role of IFN-γ in the host response against C. abortus was 285 
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initially described by McCafferty et al. (1994) in infected athymic mice. The authors 286 

investigated the effects of endogenous IFN-γ on the resolution of C. abortus infection and 287 

showed that this cytokine is crucial and plays a major role in the early immune response 288 

against the microorganism. Subsequently, Huang et al. (1999) confirmed that exogenous 289 

IL-12 administered early in C. abortus lung infection in BALB/c mice eliminated 290 

mortality and reduced morbidity. Del Rio et al. (2001), in a study with IFN-γ-depleted 291 

C57BL/6 and IL12p40-deficient (IL-12-/-) mice, reported that an interleukin 12-292 

dependent overproduction of IFN-γ may result in an increase in morbidity and pathology. 293 

The authors showed that residual IFN-γ present in IL-12 -/- mice is sufficient to induce 294 

the host response and hence might contribute to the elimination of the bacteria. The low 295 

level of this cytokine detected in the absence of IL-12, but presumably produced by cells 296 

of the innate immune system, was essential for the survival of the animals. 297 

The role played by humoral immunity against C. abortus has been poorly studied, 298 

although it has been demonstrated that the passive transfer of anti-MOMP monoclonal 299 

antibodies protected pregnant mice against chlamydial abortion (De Sa et al., 1995), in 300 

contrast to anti-LPS monoclonal antibody transfer (Salinas et al., 1994). Thus, B cells not 301 

only play a pivotal role in the production and amplification of humoral responses, but 302 

also act as antigen-presenting cells (APCs) in the generation of T cell-mediated immune 303 

response. With the development of B cell-deficient mice (µMT) through the disruption of 304 

the transmembrane portion of the µ chain gene, the functions of B cells other than 305 

antibody production can readily be studied in infections in which the cellular immune 306 

response is important. In order to further our knowledge of the immune mechanisms 307 

involved in the clearance of C. abortus the role of B cells was studied during primary and 308 
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secondary infections with C. abortus (Buendia et al., 2000a). The data presented in this 309 

study demonstrated that µMT were highly susceptible to a primary infection with C. 310 

abortus based on the development of a rapid and exaggerated pro-inflammatory response, 311 

with higher levels of IFN-γ, TNF-α and IL-6 than their wild-type mouse counterparts. In 312 

contrast, µMT mice developed an effective response to a secondary infection after a low-313 

level primary infection, thus demonstrating that when the increase of production of pro-314 

inflammatory cytokines is limited, T cells can be primed in the absence of B cells. The 315 

study suggested that B cells are not essential for controlling the multiplication of C. 316 

abortus in a secondary infection, but could play a role in controlling the exacerbated 317 

inflammatory response induced by C. abortus primary infection. An interesting 318 

hypothesis is that B cells might have an immunoregulatory function in mouse infections 319 

with C. abortus, while their absence could lead to an uncontrolled response (Buendia et 320 

al., 2002a).  321 

 322 

6.  The mouse model in the development of vaccines against C. abortus 323 

The observation that the immune response is directly or indirectly involved in the 324 

pathogenesis of disease caused by C. abortus, further complicated the vaccine 325 

development process. The successful design and delivery of an effective vaccine against 326 

C. abortus infection will depend on a better understanding of this phenomenon. 327 

Inactivated vaccines prepared from egg-grown or cell cultures have formed the basis for 328 

the prevention of the infection since the early 1950s (McEwen et al., 1951). However, 329 

efficiency varies, since outbreaks of the disease have been reported in vaccinated flocks 330 

(Rodolakis and Souriau, 1979; Aitken et al., 1990). Killed vaccines can reduce the 331 
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incidence of abortion and also the shedding of C. abortus at lambing, although they may 332 

not stop shedding completely in all cases, which leads to endemic cycles of infection that 333 

have serious consequences regarding the epidemiology of OEA. An alternative approach 334 

to solve this problem has been to develop a live temperature-sensitive attenuated vaccine 335 

(Rodolakis, 1983), which is commercially available and which has been shown to offer 336 

good protection against C. abortus-induced abortion (Rodolakis and Souriau, 1983; 337 

Chalmers et al., 1997) including atypical strains of C. abortus (Bouakane et al., 2005). 338 

However, the potential dangers of this kind of vaccine need to be understood, particularly 339 

since C. abortus can also cause abortion and severe illness in pregnant women 340 

(Longbottom and Coulter, 2003).  341 

To date, efforts directed at obtaining a suitable subcellular vaccine against OEA 342 

have largely focused on the MOMP, which reportedly induces protection if used in its 343 

native oligomer form (De Sa et al., 1995). In contrast, the efficacy of a MOMP-based 344 

vaccine against C. trachomatis has proved to be limited (Caro et al., 2005b). However, 345 

since cell culture yields of C. abortus are poor, the purification of the MOMP oligomer 346 

from the bacterium is very difficult and prohibitively expensive for an ovine vaccine. 347 

Furthermore, vaccine studies performed in ewes to examine the efficacy of different 348 

forms of recombinant MOMP against experimental infection have been disappointing 349 

(Herring et al., 1998). Finally, vaccination attempts in mice with different DNA 350 

preparations, including the genes of Dnak (Hsp70) and MOMP have failed to induce 351 

protection (Hechard and Grapinet, 2004). 352 

The experimental mouse model is a useful tool for validating commercial or 353 

experimental vaccines against C. abortus (Rodolakis et al., 1981; De Sa et al., 1995; Caro 354 
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et al., 2001; 2003; Rekiki et al., 2004; Hechard and Grapinet, 2004; Bouakane et al., 355 

2005). Mice have been used in this way to test different vaccine production procedures in 356 

order to design new inactivated vaccines against C. abortus (Caro et al., 2003).The results 357 

showed that several experimental vaccines induced good protection in pregnant mice and 358 

elicited an adequate degree of cellular immunity required to clear infection and prevent 359 

abortion as well as the shedding of C. abortus at the time of delivery. Subsequently, 360 

García de la Fuente et al. (2004) showed that these new inactivated vaccines also 361 

increased protection in the natural host and minimized C. abortus shedding at delivery, 362 

thus also limiting the spread of infection in the flock.  363 

One important aspect of vaccination against OEA is the choice of specific 364 

adjuvants that help to activate the appropiate effector cells and cytokines, and so favour a 365 

Th1 type of immune response. Of relevance is a study in C57BL/6 mice, in which aTh2 366 

type immune response was induced by Nippostrongylus brasiliensis in a co-infection 367 

model with C. abortus (Buendia et al., 2002b). Using this mouse co-infection model 368 

either after or before vaccination, Caro et al. (2005a) showed that the efficiency offered 369 

by a vaccine tested, adjuvated with aluminium hydroxide (which is commonly included 370 

in vaccines for veterinary medicine) was reduced when the Th2 response induced by N. 371 

brasiliensis was established just prior to infection with C. abortus. In field conditions, it 372 

is usually not possible to prevent parasitic infections before C. abortus infection, so care 373 

should be taken to select the most appropiate adjuvant or type of vaccine so as to avoid 374 

any deleterious immune effects of a high parasitic burden. 375 

 Little is know about the role of the innate response in C. abortus infection of 376 

vaccinated animals. It is possible that an innate response could modulate the development 377 
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of adaptative immunity through the secretion of different cytokines, and so help to 378 

establish a suitable immunological environment and favour antigen presentation by the 379 

APC. Related to this, some studies have attempted to determine how the cells involved in 380 

innate immunity may influence protection against C. abortus induced by vaccination. 381 

Ortega et al. (2007), using the live attenuated 1B vaccine and two inactivated 382 

experimental vaccines in mice, depleted of PMN and NK cells, and which were 383 

subsequently infected with C. abortus, confirmed that both cell types play a secondary 384 

role in the response induced by vaccination. 385 

 Most mouse models used to date for testing vaccines have involved parenteral 386 

routes of inoculation of C. abortus. Such routes induce a systemic infection that allows 387 

the study of the multiplication of C. abortus in different organs but these experiments 388 

have not provided information on infection via mucosal surfaces. Since oronasal entry 389 

has been established as the most likely route of entry of C. abortus in the natural host 390 

(Jones and Anderson, 1988; Amin and Wilsmore, 1995), a model of intranasal 391 

inoculation that mimics the features of early infection in the natural host was developed 392 

(Buendía et al., 2007). The protection conferred by two previously designed inactivated 393 

vaccines (Caro et al., 2003; 2005a) and the live vaccine 1B, in C57BL/6 mice was tested. 394 

This mouse model offered two advantages: the development of a clear endpoint in non- 395 

immunized mice, which permits the rapid and simple evaluation of the effectiveness of 396 

vaccines, and the use of an infection route that better reflects what happens in the natural 397 

host. In addition, the route of inoculation used permits the response to mucosal surface 398 

infection of C. abortus to be investigated in immunized mice. This last aspect is 399 

important since a strong local immune response could avoid systemic dissemination and 400 
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the subsequent multiplication of the bacterium in the placenta, but whether this avoids 401 

persistent infection needs to be established. 402 

 403 

7. Concluding remarks 404 

There are certain significant similarities between features of C. abortus infection in sheep 405 

and mice, which emphasize the value of the mouse model in research (Table 1). In recent 406 

years, this research has provided new insights into the pathogenesis and control of 407 

infection with C. abortus. However, many questions remain unanswered, including the 408 

identification of the specific mechanisms of acquired immunity that will assist in the 409 

identification of vaccine candidate antigens. Current research aims at improving the 410 

presentation of the chosen antigens and the protective efficacy of vaccines through 411 

careful selection of adjuvants and routes of immunisation and infection. C. abortus 412 

vaccine research will continue to focus on the role of pro-inflammatory cytokines in 413 

influencing Th1/Th2 responses and the identification of additional antigens that induce 414 

protective T cell responses. The latter has become more promising now that the complete 415 

genome sequence of C. abortus is available (Thomson et al., 2005). Future studies along 416 

these lines will undoubtedly provide valuable insights and reveal the precise mechanisms 417 

of immunity that will permit the development of novel control strategies in sheep. 418 
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Figure caption 666 

Figure 1. The developmental cycle of Chlamydiaceae. Chlamydial infection is initiated 667 

by attachment of the infectious EBb to the host cell, followed by EB entry into a 668 

membrane-bound vesicle, called inclusion. The EBs rapidly differentiate into a RBs 669 

that replicate by binary fission within the inclusion. Following several rounds of 670 

replication, the RBs reorganize to form infectious EBs, which are released from the 671 

cell. Under certain conditions, such as an inflammatory environment where IFN-γ is 672 

produced, the intracellular development of chlamydial strains may be altered to adopt 673 

a non-infectious, non-replicating form (aberrant form) that retains viability 674 

(persistence). Aberrant forms can re-differentiate into infectious EBs upon removal of 675 

IFN-γ and subsequent replenishing of intracellular bacterium. 676 

 677 

 678 

 679 
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Table1. Comparison of immunological features of C. abortus infection in the natural host and the mouse model 

THE NATURAL HOST  THE MOUSE MODEL 

Experimental chlamydial infection induces abortion in the third term of gestation or 

stillbirth (Papp et al., 1994) 

 Chlamydial  infection induces abortion in the last days of gestation (Buzoni-Gatel 

and Rodolakis, 1983) 

Time of abortion is independent of the time of infection (Buxton et al., 1990)  Infection in early or mid-pregnancy induces pre-term abortion (Buendia et al., 

1998) 

Differentiation between virulent and non-virulent strains is shown (Rodolakis and 

Souriau, 1989) 

 Differentiation between virulent and non-virulent strains is shown (Rodolakis et 

al., 1989) 

Trophoblastic epithelium is the target cell of the infection (Buxton et al., 2002)  Infection in the placenta starts between decidua and the giant cells layer 

(trophoblast) (Buendia et al., 1998) 

Neutrophilic infiltration is the most evident feature of chlamydial infection in the 

placenta (Navarro et al., 2004) 

 Neutrophils acts as the first line of defence and are the main population observed 

in decidua and labyrinth during chlamydial infection (Buendia et al., 1999a) 

Immune response against chlamydial infection is mainly T-cell dependent (Entrican 

et al., 2001) 

 Cellular immunity is responsible for protection against chlamydial infection 

(Buzoni-Gatel et al., 1987) 

CD8 T cells are the most cell represented lymphoid population both in the placenta 

and  in the adjacent areas of the uterus (Sammin et al., 2006)   

 CD8 T cells have a crucial role in the control and clearance of  chlamydial 

infection (Buzoni-Gatel et al., 1992; Martinez et al., 2006) 

IFN-γ is able to control C. abortus replication  in ovine cells (Brown et al., 2001)  IFN-γ has an important role in the control of early C. abortus infection 

(McCafferty et al., 1994; Del Rio et al., 2001) 

Live vaccines confer optimal protection against chlamydial infection (Chalmers et 

al., 1997) 

 Immunization with live vaccine avoid both abortion and shedding of chlamydiae 

(Rodolakis, 1983) 

Selection of adequate adjuvants significantly increases the protection induced by 

killed vaccines (García de la Fuente et al., 2004) 

 Killed vaccines in combination with some adjuvants (QS-21, Montanide 773) 

induce a level of protection similar to live vaccines (Caro et al., 2003) 

 



Page 33 of 33

Acc
ep

te
d 

M
an

us
cr

ip
t

ER

RBs

Aberrant RBs

NUCLEUS

10 h

48-72 h

IFN-γ

IFN-γ

Figure 1


