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c.  REQUIREMENTS FOR VACCINES
Section under study
C1.	Inactivated vaccine
1.	Background
1.1.	Rationale and intended use of the product
For the control of C. burnetii infection in humans and animals, ruminants are vaccinated using inactivated C. burnetii vaccines. The aim of this vaccination is to reduce shedding and the risk of abortion. To date only inactivated vaccines are available against C. burnetii. The inactivated vaccines that are available on the market are derived from C. burnetii strains in phase I or phase II stages, however it has been scientifically demonstrated that the protective antigen of C. burnetii is the full-length phase I LPS (Arricau-Bouvery & Rodolakis, 2005; Okimoto et al., 2004; Ormsbee et al., 1964; To et al., 1998; Williams et al., 1992). To generate an appropriate immune response while minimising the safety hazards, efficient vaccine production should be targeted at vaccines containing phase I antigen (Elliott et al., 2015; Zhang et al., 2013).
2.	Outline of production and minimum requirements for vaccines
2.1.	Characteristics of the seed
2.1.1.	Biological characteristics
The C. burnetii vaccine strain must be well characterised, of known origin, pure and composed exclusively of the selected phase. See Chapter 1.1.8 Principles of veterinary vaccine production for guidelines on master seeds. 
2.1.2.	Quality criteria (sterility, purity, freedom from extraneous agents)
Coxiella burnetii seeds must be pure culture and free from extraneous bacteria and fungi (see Chapter 1.1.9 Tests for sterility and freedom from contamination of biological materials intended for veterinary use). Production must be by the seed-lot system (see chapter 1.1.8). The seed production method is the same as for the antigen production method up to the inactivation step. The seeds are either lyophilised or are stored below –40°C. The seeds are tested for live titre, identity and purity (see chapter 1.1.9).
2.1.3.	Validation as a vaccine strain
Suitability as a vaccine strain is demonstrated in efficacy and safety trials.


2.2.	Method of manufacture
2.2.1.	Procedure
As the current production strains are derived from virulent field isolates, the propagation of live bacteria should be carried out using appropriate biosafety and containment procedures as determined by biorisk analysis (see Chapter 1.1.4 Biosafety and biosecurity: Standard for managing biological risk in the veterinary laboratory and animal facilities). The personnel involved in this work must be well-trained and should be vaccinated against Q fever. 
The production process includes culturing C. burnetii on specific pathogen free (SPF) embryonated chicken egg yolk sac membrane. After 5–9 days of incubation, the eggs are placed to cool and the yolk sacs are harvested. The harvest is homogenised, diluted in buffer and then inactivated with appropriate inactivating agent (e.g. formaldehyde) to ensure that no live organism will survive. The inactivated antigen is subjected to 5–10 × concentration, followed by combined chemical extraction and centrifugation steps to decrease the egg-derived ballast material from the matrix. This will result in a more purified antigen and avoid post-vaccinal reactions in the target species when vaccinating with the final product. 
The concentrated purified antigen is diluted and formulated to the established protective dose. The vaccine formulation is based on antigen quantification (e.g. by weight or, ELISA) and may contain thiomersal as preservative.
Alternative Q fever antigen production processes are under development in some laboratories using cell cultures or cell growth in axenic media (Lockhart et al., 2013; Omsland et al, 2009). Studies of mimetic peptide antigen development have also been published (Peng et al., 2012).
2.2.2.	Requirements for ingredients
See chapter 1.1.8.
2.2.3.	In-process controls
As with all inactivated vaccines, the live titre is determined prior to inactivation so as to guarantee that it is below the maximum value for which the inactivation procedure was validated. The titre can be determined by egg inoculation or by quantitative PCR. The microbiological purity of the cultures is determined at each stage of production prior to inactivation. 
The success of inactivation must be determined by the cultivation test in appropriately sensitive media (e.g. embryonated eggs or cell culture).
As differentiation of phase I from phase II antigens is essential, analytical tools should be established from the start of the vaccine development process. See also Section A.2 of this chapter. These tools should include both in-process and final product quality control tests. For Phase I vaccines, both differentiation and quantification of phase I antigen are highly important. Differentiation of phase I from phase II antigens can be determined at the cellular level by either PCR or ELISA, and at the purified antigen or vaccine level by immunochemical methods (e.g. dot-blot, ELISA, IFA) using phase-specific antisera. The simplest qualitative method for this purpose is cross-checking the sample in dot-blot with both phase I-specific and phase II-specific antisera. Phase I antisera contain specific antibodies to both phase I and phase II antigens while phase II antisera contain only phase II-specific antibodies. Hence, bacteria in the phase I stage will give a double positive result in dot-blot, while phase II bacteria will be positive only with phase II antisera. PCR and immunochemical methods may also serve as identification tools. 
The quantification of the purified antigen for vaccine formulation can be determined by weight, optical density or ELISA. The best choice for antigen quantification is ELISA because of its high sensitivity and specificity. As such assays are not readily available commercially, they must be developed and validated by the vaccine manufacturers.


2.2.4.	Final product batch tests
i)	Sterility/purity
Sterility tests are done on filled vaccine. Each lot must pass sterility requirements, for example those detailed in the European Pharmacopoeia monograph 2.6.1 (see also chapter 1.1.9.).
ii)	Identity
The identity of the antigens in inactivated products is ensured through the seed-lot concept and good manufacturing controls. The identity and phase type should be validated at various points throughout production e.g. by ELISA or PCR.
iii)	Safety
Safety tests in target animals are not required in many regions for the release of each batch or serial. Where required, standard procedures are generally conducted using fewer animals than are used in the safety tests required for licensing, and on animals of the youngest recommended vaccination age.
iv)	Batch potency
The efficacy of Q fever veterinary vaccines is demonstrated by vaccination and a subsequent challenge in target species using a heterologous strain during mid-pregnancy. For obvious safety reasons, these trials must be performed in animal facilities using appropriate biosafety and containment procedures as determined by biorisk analysis (see Chapter 1.1.4. The two main parameters to be assessed are a significant decrease in abortion rate and a decrease in bacterial shedding. The applied batch potency tests are correlated to the guaranteed minimum protection dose and shelf life of the vaccine. In-vitro potency methods are preferred to in-vivo tests. Tests are preferred that can both quantify the potency and provide specific identification at the same time (e.g. ELISA). 
v)	Formaldehyde content
Vaccines inactivated with formaldehyde are tested for residual formaldehyde.
2.3.	Requirements for authorisation/registration/licensing
The following section is based on the requirements for inactivated C. burnettii vaccines in the European Union. Other countries may have slightly different requirements.
2.3.1.	Manufacturing process
The manufacturer must demonstrate that the production method preserves the protective antigenicity and that the procedure used to inactivate the bacteria is sufficient for complete inactivation. The inactivation process must be demonstrated on the highest possible antigen titre. The sensitivity of the inactivation test must be demonstrated on the antigen matrix in such a way that the test could detect antigen titre below the minimum infectious dose. The inactivation must be demonstrated on each production batch.
2.3.2.	Safety requirements
i)	Target and non-target animal safety
The safety of the product must be demonstrated during the development phase of the vaccine through normal dose, overdose and repeated dose applications on target animals as well as in extended field studies at the minimal age of vaccination and on pregnant animals. All safety laboratory tests are carried out on the recommended youngest age for primary vaccination. This age is considered to be the most sensitive category to any signs of vaccine intolerance. 
Laboratory tests are performed in controlled environments while field studies under conditions of normal use with limited untreated or placebo control animals. The safety of the vaccine is demonstrated on the evaluation of signs of local reactions and general signs during 21 days after the first vaccination 
Impact on reproductive performance is evaluated on field study data by comparing the calving data of animals vaccinated during the different stages of pregnancy by Coxiella vaccine and placebo. No statistical difference should be demonstrated on statistically relevant numbers of animals between placebo and Coxiella vaccinated animals.
ii)	Reversion-to-virulence for attenuated/live vaccines and environmental considerations
Not applicable.
iii)	Precautions (hazards)
It is common to see a palpable reaction of some centimetres in diameter at the injection site. The reaction reduces and disappears without further treatment within a few days. It is common to observe a slight increase in rectal temperature up to 4 days post-vaccination. 
2.3.3.	Efficacy requirements
The efficacy of the vaccines must be demonstrated in the target species. The product lot used in the challenge study must represent the final industrial production process with the highest allowable passage number derived from the master seed. The efficacy of the product is demonstrated by a statistically significant difference in abortion and shedding data between vaccinated and control groups. For example in the case of small ruminants, the following protocol can be applied: seronegative animals are vaccinated closest to the minimal allowable time to artificial insemination (e.g. 3 weeks before). The animals are challenged in mid-pregnancy by heterologous calibrated challenge strain. The specific antibody levels are monitored by ELISA from the sera during gestation and from the milk after parturition to demonstrate the establishment of protective immunity. Shedding is monitored weekly after challenge from faeces samples during pregnancy, and from vaginal mucus, milk and via placenta in the case of abortion, and by quantitative PCR post-parturition. The abortion rate of the vaccinated and non-vaccinated groups is monitored. The vaccinated group should show significant reduction in shedding and abortion compared with the non-vaccinated control group.
Efficacy claims can also be supported by extended field studies in the presence of natural challenge by statistical analysis of shedding and abortion data using analytical methods similar to those in laboratory studies, e.g. Guatteo et al. (2008). successfully demonstrated that non-pregnant vaccinated cattle had five times lower probability of becoming a shedder than non-vaccinated animals.
2.3.4.	Vaccines permitting a DIVA strategy (detection of infection in vaccinated animals)
Not applicable to this disease.
2.3.5.	Duration of immunity
Duration of immunity can be demonstrated by serological data, via challenge or by fertility data in field studies. 
2.3.6.	Stability
Vaccine stability is validated by vaccine release tests performed at periodic intervals during the intended shelf-life of the product. For the demonstration of stability at least three representative product lots should be used. 
1.	Production of Coxiella burnetii antigen
Growth and purification of C. burnetti should only be performed in facilities that meet the requirements outlined in chapter 1.1.3. Precautions assigned to Containment Group 3 pathogens must be taken either for phase I or phase II C. burnetii. As seen in the Nine Mile reference strain, the LPS phase variation could be accompanied by a permanent chromosomal deletion that makes impossible a reversion from phase II to phase I. However, a variant of the Australia QD isolate producing truncated LPS had no detectable large deletion. The molecular changes that occurred in LPS phase variation are not clearly defined. Even with extensive repeated passage in non-immunologically competent hosts (cultural cells, embryonated eggs), the majority of isolates are non-clonal as growth from a single colony is difficult to establish (Samuel & Hendrix, 2009). The risk of aerosols must be taken into account at all stages when working with viable C. burnetii. Sustained serological monitoring of Q fever should be carried out for laboratory personnel.
2.	Diagnostic biologicals
An example of C. burnetii preparation for IFA serological diagnostic based on phase II and phase I antigens is given below, but other modified protocols are used around the world (Samuel & Hendrix, 2009). Significant amounts of C. burnetii (>1010 bacteria) can be obtained in 2 weeks in embryonated eggs or cell cultures. Purification of bacteria from host material includes differential centrifugations and takes 1 or 2 days. An infection on mice can require 7–14 days.
Phase II C. burnetii Nine Mile are grown in confluent layers of Vero or L929 cells in 150 cm2 culture flasks at 35°C under 5% CO2 with minimal essential medium (MEM) supplemented with 2 mM L-glutamine and 4% fetal bovine serum. The infection is monitored by microscopic examination of intracellular vacuoles or by Gimenez-stained cells collected from the supernatants of the flasks. Recent specific real-time quantitative PCR has been extremely valuable in routine monitoring. When a heavy C. burnetii infection is seen, the supernatants of 15 flasks are individually pelleted by centrifugation (5000 g, 15 minutes) resuspended in 1 ml of PBS with 0.1% formaldehyde and incubated for 24 hours at 4°C. After pooling, the remaining cells are broken by sonication. Cellular debris is removed by two successive centrifugation steps (100 g, 10 minutes each). The 15 ml suspension is then centrifuged through 20 ml of PBS with 25% sucrose (6000 g, 30 minutes, without a break). The resulting pellet is washed three times in PBS (6000 g, 10 minutes), resuspended in the smallest possible volume of sterile distilled water, and adjusted to 2 mg/ml by UV spectroscopy. An antibacterial preservative, such as sodium azide at a final dilution of 0.1% or thiomersal at 0.01%, is added. Antigen prepared in this manner is frozen at –20°C.
In order to obtain phase I antigen, mice are inoculated with C. burnetii grown in cells (mainly in phase II). Nine days after infection, the spleens are removed. Each one is ground in 7.5 ml MEM, and inoculated into three 75 cm2 culture flasks containing L929 or Vero cell monolayers (2.5 ml per flask). Amplification of phase I C. burnetii is conducted for 4 weeks, with a culture medium change once a week. The infected cells are then harvested and the bacteria are purified as described above (mainly in phase I).
Antigen production can also be performed by culture of C. burnetii in SPF embryonated eggs. At 6–7 days of age, the microorganism is inoculated into the yolk sac of the embryonated eggs, which are harvested after 10–15 days of incubation. Infected yolk sacs have a characteristic straw-yellow colour. Uninfected yolk sacs are orange in colour and have a viscous consistency. Any embryos that die before 5 days of incubation are discarded. The strain used for egg inoculation is a 1/100 homogenate of yolk sac in PBS containing penicillin (500 International Units/ml) and streptomycin (0.5 mg/ml). The yolk sacs are pooled and homogenised with three parts PBS. The suspension is inactivated with 1.6% formaldehyde for 24 hours at 37°C. The lipid supernatant fluid is discarded. The suspension is then centrifuged at moderate speed (500 g) for 30 minutes. After removal of the supernatant fluid, more PBS is added and centrifugation is repeated. The final suspension is diluted with PBS. Sodium azide or thiomersal is added as an antibacterial preservative. The abundance of C. burnetii and the absence of bacterial contaminants in homogenates of yolk sacs suspended in PBS are verified by microscopic examination of a smear on a microscope slide, stained by Stamp’s method. In order to obtain phase I antigen, C. burnetii recovered from spleen material of infected laboratory animals can be propagated, as ground spleen extracts are subsequently transferred in the yolk sacs, given that the amount of phase I cells is still high until the sixth egg passage.
Titration of antigen with at least three different known sera (with high, moderate and low titres, respectively) is sufficient to determine the appropriate dilution for further immunofluorescence tests.
3.	Vaccine
The protective antigen is composed of purified particles in phase I with the nontruncated phase I LPS structure. In some countries, vaccination is practised for occupationally exposed people, such as abattoir workers, veterinarians and laboratory personnel. A vaccine inactivated by formaldehyde (Q-VAX, CSL Ltd, Australia), prepared from the Henzerling strain of phase I C. burnetii, received the approval of the Australian authorities in 1989. Phase I vaccines are effective, but vaccination is contraindicated for individuals who had seroconverted or had been exposed to C. burnetii prior to immunisation.
Several vaccines have been developed against animal Q fever. Results converge today towards the use of a phase I vaccine that is helpful against Q fever in combination with other control measures. An inactivated phase I vaccine is commercially available (Coxevac, CEVA, Hungary) for vaccination of ruminants. A review on Q fever in Slovakia suggests that the decrease in the occurrence of human and animal Q fever could be the result of the large-scale vaccination of cattle that was carried out there over a 10 year period, together with improved veterinary control of domestic animal transport within the country (Serbezov et al., 1999). In the Netherlands, a large vaccination programme has been implemented in goat and sheep farms, accompanied by the controlled processing of manure and checks on animal transports, but it is not clear yet whether bacterial shedding by animals is prevented or at least reduced by vaccination. Controlling the epidemic is difficult and can be compromised by the prolonged stability of the bacterium in the environment and the possible role of animal species other than small ruminants (EFSA, 2010).
This vaccine consists of highly purified whole cells prepared from Nine Mile strain in the phase I (egg passage 3 to egg passage 5) and inactivated by formaldehyde. No adjuvant is used. Recently, a French study demonstrated the efficacy of this vaccine through experimental vaccination and challenge of pregnant goats: the vaccine prevented abortion and shedding in milk, and decreased considerably the shedding in the vaginal secretions and faeces (Arricau-Bouvery et al., 2005). Ideally, vaccine efficacy must be demonstrated by tests on all the target species.
[bookmark: OLE_LINK1]In the case of vaccination on already infected animals, some authors believe that it is preferable to select seronegative herds or animals for immunisation, and to continue vaccination over several years in young animals. First follow-up studies on shedding herds or flocks show a contribution of the vaccination against the infection incidence and the shedding levels (Guatteo et al., 2008; Rousset et al., 2009b). Repeated annual vaccination, particularly of young animals, is recommended. However, the duration of immunity is not defined. The development of serological tools distinguishing between infected and vaccinated ruminants (DIVA) would be helpful. To date, no data are available for comparing the cost–benefit of this strategy with a nonselective strategy in the control of Q fever.
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*   *
NB: There is an OIE Reference Laboratory for Q fever
(see Table in Part 4 of this Terrestrial Manual or consult the OIE Web site for the most up-to-date list: http://www.oie.int/en/our-scientific-expertise/reference-laboratories/list-of-laboratories/ ). 
Please contact the OIE Reference Laboratories for any further information on 
diagnostic tests, reagents and vaccines for Q fever
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