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Abstract 

Multiple novel and diverse tuberculosis vaccines are currently under development. The ability to compare clinical immunogenicity between different candidates would be an important asset. The WHO Initiative for Vaccine Research (WHO/IVR) sponsored 3 meetings of experts to discuss assay harmonization for novel TB vaccine trials. We describe advantages and disadvantages of multiple T cell assay approaches, and make specific recommendations for phase I/IIa trials. These include introducing a single and simple harmonised assay for all trials.
Introduction

The mechanisms of immune protection against human TB, a disease that causes 2 million deaths world-wide each year, are not fully known. T cell immunity is critical for protection


[1,2] ADDIN EN.CITE ; therefore, the current TB vaccine, BCG, and most novel vaccines under development aim to induce this immunity. Most other childhood vaccines act via antibodies: levels of antibodies often correlate with protection. In contrast, antibodies do not have a central role in protection against TB and the T cell correlates of protection against TB remain unknown. 
Multiple novel TB vaccines are under development 


[1,2,3,4] ADDIN EN.CITE . Most vaccines are designed to boost pre-existing immunity induced by BCG; however, some novel candidates aim to ultimately replace BCG as the priming vaccine. The most advanced candidates are already undergoing phase I/IIa testing in humans. In these trials, diverse T cell assays are employed to measure the vaccination-induced immune response, because the immune correlates of vaccination-induced protection against tuberculosis remain unknown. Vaccine safety profile and immunogenicity results will be critical for selection of lead candidates to move forward into efficacy trials. For this choice, the ability to compare immunogenicity between different vaccine candidates would be an important asset. Potential comparisons are confounded by variation in individual laboratory approaches, logistics and the diverse populations studied. Some comparison may be achieved by harmonisation of assays (see below); however, even then, antigen components of vaccines and therefore also antigens in assays may differ. Further, the desired character of induced immunity may differ according to vaccine candidate, making choice of an assay to be harmonized difficult.
To tackle this problem, the WHO Initiative for Vaccine Research sponsored 3 meetings of experts representing current TB vaccine development efforts to discuss the requirements for and challenges in harmonizing of assays in novel TB vaccine trials. Our primary focus was on phase I and IIa vaccine trials; because of larger sample sizes in phase IIb and III trials, and because resources in settings of these trials may differ, other principles may apply. As a general rule, phase I/IIa are completed in settings with relatively good resources, also in developing countries, able to complete most assays listed below successfully.
Assays that may be used in novel TB vaccine trials

Most assays have focused on measuring T cell immunity. Some assays use whole blood and others use isolated PBMC. PBMC may either be used fresh, or after cryopreservation. Some assays have relatively short periods of incubation (<24 hours), some intermediate (1-3 days) and some longer periods (5-7 days). Each assay approach may have distinct advantages, as summarized in tabular format in Supplementary File S5.

The choice of assay or assay system may be guided by the aspect of T cell immunity to be measured; for example, as described in S5, longer term assays may be better to measure central memory responses thought to be critical for long-term protection induced by vaccines 


[5,6,7] ADDIN EN.CITE . Choice is often dictated by what is practical in the setting; for example, if early incubation of whole blood or PBMC isolation early after blood collection at clinics distant to the laboratory cannot be accomplished, it may be wiser to perform longer term diluted whole blood or PBMC assays. Alternatively, rested, cryopreserved PBMC may be used to minimize a potentially significant effect of  processing delay on assay outcome (see below). Further, blood volume restrictions in infants, compared with adults, may further dictate choice of assays. Although most phase I/IIa studies are performed in relatively resourceful settings, availability of specific equipment and skills may dictate which assays are practical. Regardless, independent optimisation of each assay system for each field site application is vital.
More commonly used assays 

Focusing only on widely used and practical assays, we delineate specific advantages and disadvantages of each, particularly for measuring novel TB vaccine-specific immunity. Multiple reviews and comparisons of different T cell assays have already been published, outside the specific setting of TB vaccinology


[8,9,10,11,12] ADDIN EN.CITE .
· Longer term whole blood assay of cytokine production and proliferation


[13,14] ADDIN EN.CITE :
Diluted whole blood is incubated with specific antigens for 5-7 days. Supernatant is harvested and secreted cytokine measured, typically by ELISA (protocol: Supplementary File S2). This assay has been used extensively in large field studies of BCG-induced immunity


[13,14] ADDIN EN.CITE , and is currently the primary screening assay to test multiple novel TB antigens in large Gates-funded consortiums[15]. Both these applications have involved measuring IFN-γ as the primary endpoint. IFN-γ is an example of a cytokine that is stable in culture and that is produced faster than it is consumed by activated cells; therefore, the length of incubation tends to merely increase the cytokine concentrations measured, and may therefore be selected to suit local logistic requirements. However, when measuring cytokines that are labile and produced in low quantities, such as IL-4, or which are consumed by proliferating cells, for example IL-2, longer incubation times may result in lower concentrations. Optimizing assays that measure multiple cytokines together, such as multiplex bead assays, is therefore far from trivial. Particular advantages of this assay (in addition to those delineated in Table 1) include its relative ease, which permits a high through-put of samples, its sensitivity, and its relative robustness in the face of delayed processing of collected blood. 
Proliferation of T cells in the diluted whole blood culture may be measured by thymidine incorporation, or alternatively, by detecting BrdU incorporation into nucleic acids, as has been reported in studies of infant immune responses to BCG


[16,17] ADDIN EN.CITE . BrdU is added for the last 6 hours of incubation, after which white cells are fixed and red cells lysed. White cells are then cryopreserved to permeabilise nucleolar membranes. After thawing, the cell walls are permeabilised and incubated with fluorescence-conjugated antibodies against BrdU and against surface markers such as CD3, CD4 and CD8. The frequency of proliferating (BrdU+) T cells is then determined with flow cytometry. The assay may also be adapted to measure the cytokine-producing potential of the proliferating cells, by adding PMA/ionomycin, which causes calcium influx with cytokine production, and adding brefeldin-A, which blocks export of proteins, including cytokines, together with BrdU for the last 6 hours of incubation. Fluorescence-conjugated antibodies against cytokines allow description of the cytokine-producing potential of BrdU+ cells. The flow cytometry procedures involved makes this assay more expensive, labour-intensive and technology-dependent than traditional thymidine incorporation or ELISA assays; however, a great deal of information can be obtained from very small volumes of blood. In contrast, thymidine incorporation, while sensitive, provides a single outcome which cannot be combined with other markers, and leads to the generation of radioactive waste, with consequent disposal costs and hazards. In whole blood thymidine incorporation assays, absolute counts and background responses are typically lower than in PBMC-based thymidine incorporation assays (below)[18].
In novel TB vaccine trials, a 7 day whole blood assay has been used to detect IFN-γ responses to the vaccines MVA85A[19,20], Aeras-402[19] and HYB-1[21] in phase I studies. Whole blood proliferation assays have, to date, not found application in novel TB vaccine trials; however, may be particularly attractive in future infant studies, as minute blood volumes are required. 
· Longer term PBMC assay of cytokine production and proliferation:
Cytokine secretion may also be measured in the culture supernatant of PBMC incubated for 5-7 days with specific antigens, in a manner similar to that described above. Proliferation of PBMC can be measured either by BrdU incorporation or by thymidine incorporation, or by other non-isotopic stains such as WST-1 (Roche). PBMC may also be stained with the fluorescent dye CFSE prior to incubation, allowing detection of proliferation by CFSE dilution


[22,23] ADDIN EN.CITE . CFSE binds non-specifically to intracellular proteins and each cellular division decreases the fluorescence intensity of the cell by half. Compared with BrdU incorporation, CFSE dilution allows discrimination of multiple cellular populations, as each division leads to a distinct “peak” of fluorescence. It is therefore possible to detect the cytokine producing potential of multiple different populations within a single culture, if PMA/ionomycin and brefeldin-A are added to these assays during the last few hours of culture. Again, surface markers of proliferating cells, such as CD3, CD4, CD8 and γδ, may be detected.
PBMC proliferation and soluble cytokine production has been used extensively to describe mycobacterial immunity, and has also been used successfully in phase I studies of the novel TB vaccines rBCG30[24] and MVA85A[25]. 
· Overnight ELISPOT assay


[26] ADDIN EN.CITE :
PBMC are incubated overnight with specific antigens in 96-well plates on special membranes, which have been pre-coated with anti-cytokine antibodies: IFN-γ is the most commonly used. The cytokine produced is captured by this antibody. Sixteen to 20 hours later, following washes, another anti-cytokine antibody is added, followed by a colour-detection system. Individual cytokine-secreting cells are detected as spot-forming units on the membranes (protocol: Supplementary File S4). (Newer adaptations use fluorescence-based detection methods.) This assay is a sensitive short-term assay for cytokine-producing cells, and has proven to be practical in relatively resource-limited settings. However, unlike the short term intracellular cytokine assay (below), the ELISPOT is not T cell-specific, unless further purification of T cell populations is carried out first. In most cases, production of only 1 cytokine, usually IFN-γ or IL-2, is used to quantitate the cytokine-producing cells. This contrasts with the multiple cytokines that can be measured with multiparameter intracellular cytokine assays or multiplex cytokine assays. This may be a significant disadvantage, given recent evidence from the HIV literature that control of the virus is associated with presence of T cells that produce multiple cytokines, rather than IFN-γ alone[27]. Nevertheless, it remains to be shown whether a polyfunctional response correlates with protection against TB. Multiplex ELISPOT assays are currently being developed[28], although it is not yet clear whether sensitivity can be maintained.
Theoretically, ELISPOT assays may allow more reliable quantitation of cells producing cytotoxic markers such as perforin and granzyme B, compared with intracellular cytokine assays. As these molecules are thought to be pre-formed and present in granules inside cells, immediate release after stimulation, prior to addition of brefeldin-A (see below), may limit usefulness of detection of these molecules by intracellular cytokine detection assays.
Overnight ELISPOT assays have been used successfully as primary immune outcome assays in phase I/IIa trials of rBCG30[24] and of MVA85A


[25,26] ADDIN EN.CITE .
· Extended (48 hour) ELISPOT assay:

Various modifications of the ELISPOT assay have recently been described, but not published to date. These include incubation of PBMC with specific antigens on a round-bottom 96-well plate for 24 hours prior to transfer to the ELISPOT plate, for another overnight incubation. Others have incubated PBMC with specific antigens on ELISPOT plates for even longer periods, allowing expansion of specific cells


[29] ADDIN EN.CITE . These modifications may allow for more sensitive measurement of the vaccination-induced response, but direct comparisons with shorter term assays are lacking at this time.
A 48 hour ELISPOT assay has been used in phase I trials of the novel TB vaccines Mtb72f[30] and HYB-1[21].
· Short term intracellular cytokine assay


[31,32] ADDIN EN.CITE :

For flow cytometric analysis, whole blood or PBMC are typically incubated with specific antigens for 6 to 18 hours. Brefeldin-A or monensin is added for the last few hours of incubation to capture cytokines intracellularly. White cells are then fixed and red cells lysed (if whole blood is used), and the harvested cells may be cryopreserved before further analysis. Whether used directly or after freezing and thawing, cells are permeabilized and incubated with fluorescence-conjugated antibodies against cytokines and against surface markers (protocol: Supplementary File S3). The advantage of this assay is that multiple parameters may be measured at the single cell level; for example, it is possible to measure 4 cytokines and 6 surface markers (such as memory subset markers) simultaneously with multiparameter flow cytometry. This may be important as not all mycobacteria-specific cells produce the hallmark cytokine of Th1 immunity, IFN-γ, classically used to detect mycobacteria-specific immunity, and not all IFN-γ-producing cells are necessarily the same. It is a matter of debate whether this assay is more or less sensitive than the ELISPOT assay. The cost and resources required particularly for multiparameter analysis remains a major drawback.
An intracellular cytokine assay of cryopreserved PBMC has been used for measuring the primary immunological outcome in phase I/IIa trials of Mtb72f, where T cell-associated detection of 2 of IFN-γ, IL-2, TNF or CD40L expression have been defined as a “positive” response[30]. Similarly, an intracellular cytokine assay of cryopreserved PBMC is used for measuring the primary immunological outcome of phase I/IIa trials of Aeras-402, where a positive response is defined as expression of any of IFN-γ, IL-2, TNF alone or in combination[33]. In rBCG30[24] and MVA85A[25] trials, intracellular cytokine assays have been used to measure complementary immune outcomes. Notably, it has been shown that a BCG prime/MVA85A boost can induce specific polyfunctional T cells, i.e., cell expressing a number of IFN-γ, IL-2, TNF and/or MIP-1β[25].  
Less frequently used assays
· Cytotoxic cell degranulation assay


[12,25,34] ADDIN EN.CITE :
As classical chromium-release assays to detect cytotoxic activity are labour-intensive and impractical in low-resource settings, the measurement of degranulation of T cells has been proposed as a relatively simple alternative. PBMC are incubated with specific antigens, usually peptides, in the presence of fluorescence-conjugated anti-CD107, for approximately 6 hours. Upon degranulation of the cytotoxic granule, CD107 is exposed on the surface of the cell, the antibody binds, and the molecule is again internalised. Following incubation, harvested cells are stained for surface markers and the frequency of degranulated (CD107+) cells is determined. Relatively minor modifications in the assay may allow measurement of intracellular cytokine expression at the same time; however, degranulation and cytokine production may be differentially sensitive to the concentration of stimulating antigens. The assay shares disadvantages of being labour-intensive and technically demanding, common to many flow cytometry assays.
To date, a PBMC-based CD107 assay has been used to assess CD4 T cell immunity in a single trial of MVA85A: no significant response could be detected[25].
· Mycobacterial inhibition assays


[35,36] ADDIN EN.CITE :

Various methods have been described to measure whether growth of viable mycobacteria may be inhibited in either whole blood or PBMC that have been incubated with these organisms. Growth of the bacteria is quantitated by detection of CFU via standard culture methods, using uptake of tritiated uracil or by detection of fluorescence or luminescence of labelled or recombinant organisms. The main advantage of these assays is that they are functional, measuring inhibition of mycobacterial growth as a relevant endpoint, which integrates multiple protective mechanisms of mycobacterial inhibition by peripheral blood or PBMC. The assays also provide a functional read-out of the contribution of innate immune cells, i.e., infected phagocytes. The obvious disadvantages of these assays include the requirement for relatively large volumes of blood or PBMC, the labour-intensive nature of the assay, the fact that work has to be completed in a biosafety level 3 facility when virulent Mycobacterium tuberculosis is used for infection, and the assays are not easily harmonised for use in multiple different laboratories.
To date, a mycobacterial inhibition assay has been used in a single novel vaccine trial, that of rBCG30[24]. 
· Tetramer assays[37]:
The main advantage of tetramers or pentamers or other peptide/MHC multimers is that these reagents allow detection of all cells specific for a specific epitope, and not only functional cells, e.g., IFN-γ-producing cells, by flow cytometry. Both MHC class I and MHC class II tetramers have been developed. The surface phenotype of tetramer+ cells may be further characterised, and in some cases, the reagents may be used in functional assays, e.g., to detect intracellular cytokine expression. The major disadvantage of tetramers is that a single reagent is limited to a single antigenic epitope and applies to a person of a specific genetic background (HLA type) only. It is therefore prohibitively expensive to manufacture a range of tetramer reagents that may practically be used in people from diverse genetic backgrounds. Further, although good success has been achieved with MHC class I tetramer reagents, MHC class II tetramer development is even more difficult and has yielded fewer results. Stability of the reagents may be further limit widespread use in field settings; despite these limitations, tetramers remain invaluable research tools.
To date, tetramers have not been used for detection of vaccine-induced responses, even though multiple such studies are planned[19,33].
Box 1: Recommendation of the panel regarding assay selection for tuberculosis vaccine trials

The panel at this stage recommends that:

· particular emphasis be placed on standardising time from blood collection to incubation in assays or to PBMC isolation.

· PBMC be collected and stored, for later assessment whether biomarkers of vaccination-induced protection against tuberculosis that are described are indeed induced by the vaccine, or when critical comparative questions need to be resolved.

· harmonisation and standardisation of these assays, across vaccination sites, should be promoted.
· a combination of both shorter term and longer term assays would be optimal to measure vaccination-induced immunity, be these PBMC or whole blood-based. The choice of specific assays should be left to individual investigators; it was noted that all current vaccine trials already use a combination of shorter term and longer term assays.
· a single and simple harmonised assay be introduced in all trials.
Comparisons of candidate assays for TB vaccine trials

At this stage, comparisons of assay outcomes among different novel TB vaccine trials are not possible, due to the diversity of technical approaches, even if the same basic assay is used. All assay approaches mentioned above have generated measurable results in novel TB vaccine trials; whether these outcomes correlate with clinical outcome may only be assessed once a successful phase IIb trial of an effective TB vaccine has been completed (refer to “Vaccine take” below).    
Direct comparisons of different assays within a novel TB vaccine have not been reported. Among unpublished findings, significant correlation between 3 assays of IFN-γ production, i.e., overnight ELISPOT, 6 day whole blood assay, and intracellular cytokine assay, has been shown in a MVA85A trial[20]. These results may contrast with those reported for BCG-induced immunity, where results of shorter and longer term assays have not correlated[16]. The panel suggested that inconclusive current evidence suggest that shorter and longer term assays may indeed measure differential aspects of mycobacteria-specific immunity, and that both approaches should therefore be included in novel vaccine trials.
Positive controls that may be used

Most novel TB vaccine trials employ both a crude mycobacterial antigen preparation as a positive control, as well as a non-mycobacterial positive control, in T cell assays. As mycobacterial control, purified protein derivative (PPD) from M. tuberculosis, prepared for in vitro use, i.e., without the preservative normally added to skin test preparations, is most commonly used. Alternatively, whole live or heat killed/sonicated mycobacteria may be used. Further, these “crude” antigens may in themselves be very useful to assess the “total” mycobacteria-specific immune response, which may include effects of BCG, of non-tuberculous mycobacterial infection or even M. tuberculosis infection[16]. Most novel vaccine trials include assays based on RD1 antigens of M. tuberculosis, such as ESAT-6 and CFP-10. The non-mycobacterial positive controls streptokine/streptodornase, tetanus toxoid and Candida albicans have also found wide application as positive controls. Polyclonal T cell activators such as phytohaemagglutinin (PHA), anti-CD3 antibody, or the superantigen staphylococcal enterotoxin B (SEB) are recommended in order to assess whether cell preparations that fail to respond to antigen are viable. All of these positive controls are only useful only if standardised preparations are used (see below).
Time to incubation of whole blood, or to PBMC isolation 

Delaying incubation of whole blood, or delaying isolation of PBMC after blood collection, may affect assay outcomes. Delaying incubation of whole blood with BCG by >2 hours resulted in reduction of CD4+ T cell-specific IFN-γ production, measured with an intracellular cytokine assay after 18 hours incubation 


[31] ADDIN EN.CITE . Doherty et al., also showed that delay of even 2 hours of incubation of whole blood with mycobacterial antigens compromised outcomes of a 4 day whole blood IFN-γ ELISA assay, a 48 hour ELISPOT assay, and a 24 hour real-time PCR assay[38]. Hazel Dockrell’s group reported that overnight mycobacteria-specific IFN-γ ELISPOT responses were compromised by delayed blood processing, whereas results of the 6 day IFN-γ ELISA assay were not[39]. We hypothesize that these assays measure expansion of specific T cells, and are therefore less affected than shorter term assays that measure direct ex vivo function more quantitatively. Interestingly, Doherty et al. have shown that PBMC cryopreservation prior to completing assays reduced effects of this delayed processing of blood on outcomes[38]. These findings contrast with reports from HIV vaccinologists


[40,41] ADDIN EN.CITE ; for example, CMV-specific IFN-γ ELISPOT responses and CD8+ T cell IFN-γ production, using cryopreserved PBMC, were dramatically reduced when initial PBMC isolation was delayed to 24 hours after blood collection, compared with processing within 8 hours of blood collection[40]. Overall, available evidence may suggest that suboptimal outcomes of shorter term assays are likely when significant delays occur from the time of blood collection to incubation, or PBMC isolation and cryopreservion for later incubation. The panel therefore recommended that until further evidence becomes available, PBMC for later ELISPOT and short term intracellular cytokine assays be isolated as soon as possible after blood collection and never >8 hours after collection, preferably at the same time point after collection in all participants of a specific study. The same principles apply to short term, undiluted whole blood intracellular cytokine assays; incubation later than 2 hours after collection should not be considered. These recommendations are also in line with those from the TBVAC consortium, based on unpublished findings[21]. In contrast, because longer term assays appear to be less affected by delays in incubation[42], time to processing may be less critical. 
Recent advances in PBMC cryopreservation and thawing
Multiple variables in the PBMC isolation, cryopreservation and thawing process affect ultimate recovery of viable, functional cells


[39,43] ADDIN EN.CITE . Although most labs use very similar procedures, conflicting results regarding fine details such as freezing media composition have emerged


[43,44] ADDIN EN.CITE . However, most researchers now agree that assay results of increased quality may be obtained when PBMC are “rested” for at least 4 hours after thawing, prior to adding antigens for functional assays. In shorter term assays, this procedure may decrease assay background and increased functional response


[45,46] ADDIN EN.CITE .
Harmonisation, standardisation and validation of assays
“Harmonisation” refers to a consensus in assay standard operating procedures for multiple testing sites. "Standardisation" comprises all measures necessary to obtain comparable results, both in terms of time and place. Optimal standardisation will result in comparable results when as test is performed at different times and by different technicians and in different laboratories. This includes comparability of results of a certain test within one laboratory performed at different times, and by different technicians, and comparability of results of a certain test performed in different laboratories. To achieve such results standardized materials and reagents and standardized equipment are important. "Validation" refers to a detailed characterisation of assay performance. Typical validation characteristics include accuracy, repeatability, specificity, detection limit, quantitation limit, linearity and range. 
"Qualification", a term sometimes used to describe partial validation, is an experimental protocol that demonstrates that an accepted method will provide meaningful data for the specific conditions and samples that will be used in the procedure, without a need to validate all the above characteristics. Regulatory authorities require that investigators introduce a validated assay as the primary immunological outcome in novel vaccine trials, if the data is intended to be used for licensure.

Currently, a number of different harmonised standard operating procedures have been prepared within different multi-national consortia or projects such as the EU-supported TBVAC and MUVAPRED, Bill and Melinda Gates Foundation Grand Challenges in Global Health Projects such as GC6-74 (“Biomarkers for TB”), and EUROVAC. All the assays discussed here are used to some extent by these large consortia, and in some cases the differences between protocols are relatively minor. It should therefore be relatively simple to get stakeholders together and produce harmonised protocols, particularly as small differences in protocols may make a major difference in the outcome of certain assays such as the ELISPOT. The panel therefore recommended that efforts at harmonising and standardisation of assays should be supported, taking account of the capability of different sites. We recommend starting the discussion process with harmonising and standardisation of the following:

· Short term ELISPOT assay: The ELISPOT assay is in use in multiple new TB vaccine trials in progress.

· Longer term whole blood IFN-γ assay: Incubation of whole blood for 5-7 days, with measurement of IFN-γ in the supernatant, is relatively simple, and should be widely achievable.
· Positive controls for these assays: It should be recognised that standardisation of all the positive controls discussed above may be difficult due to variability and stability between batches of reagents obtained from different suppliers. Further, is should be noted that the positive controls often deliver quantitative responses that are much higher than responses measured with specific mycobacterial antigens. Positive controls may therefore better be used to ensure viability and functionality of cells, rather than to standardise the detection methods.
· Standardisation of the detection methods: This should be attempted for all assays, by comparing how the assay performs when different individuals carry out the same method on a single set of samples, how reproducible the assay is when performed on blood samples from the same individual over time, and how robust different commercial detection systems are. Ideally, all studies would use the same protocols and commercial reagents; if this is not achievable, standardisation may be achieved by exchange of biological controls such as frozen cells or culture supernatants to enable the values obtained in different laboratories to be compared.
One of the main problems facing harmonisation and standardisation, specifically for novel TB vaccine trials, will be that vaccines differ significantly in their antigenic constitution, and that antigen preparations for assays may therefore differ significantly. Regardless, substantial harmonisation and standardisation of these assays should still be achievable and this should allow different studies to meaningfully compare the magnitude of responses, even if the stimulating agents are different.
A single, common assay in novel vaccine trials

It is likely that investigators will continue to introduce their “favourite” assays in novel TB vaccine trials. However, a single, harmonised assay common to all vaccine trials would be ideal to allow comparison of immunogenicity results between different vaccine candidates, and the use of such an assay is strongly recommended by members of this expert panel.  Ideally, such an assay should be widely implementable, even at remote field sites, while delivering informative results. The panel recommended that the longer term whole blood IFN-γ assay best meets these criteria and should be introduced into all novel TB vaccine trials. Excellent performance of this assay has been demonstrated in multiple large clinical studies. Additionally, GC6-74 (“Biomarkers for TB”) has standardized this method to screen novel TB antigens at field sites.  A harmonised protocol has been developed (Supplementary File S2). Importantly, standardlised reagents, and standardisation of the equipment to measure cytokine levels should also be addressed.
“Vaccine take”, and immune correlates/surrogates of protection against TB
All current assays described here use the magnitude and, to some extent, the qualitative character of the immune response to measure “vaccine take”. Without a complete knowledge of immune correlates of vaccination-induced protection against TB, all assays may be described as vaccine take assays. The antigens used in “vaccine take” assays usually focus on components of the vaccine itself; therefore, it should be recognised that if these antigens are also expressed in environmental mycobacteria and/or M. bovis BCG and/or M. tuberculosis, the “vaccine take” may be confounded by measurement of the latter – baseline measurements prior to vaccination may serve as a control. (“Vaccine take” assays do not aim to diagnose M. tuberculosis infection, or to distinguish this infection from vaccination-induced responses; specific additional tests using M. tuberculosis-specific antigens such as ESAT-6 and CFP-10 may be applied for this differentiation.)
The current assays focus on T cell immunity that is thought to be important for protection, particularly IFN-γ production. Because there is emerging evidence that IFN-γ production alone is not necessarily an immune correlate of vaccination-induced protection against TB


[19,47] ADDIN EN.CITE , it is important to define these correlates in complementary projects. Multiple ongoing projects aim to define immune correlates of protection, which may ultimately be validated as surrogates of protection in phase IIb/III trials of effective TB vaccines. (Phase I/IIa trials are not appropriate for determining immune correlates of protection.) Until these correlates/surrogates are available, it would be extremely useful to also store blood products in a manner that is efficient, and that would allow an excellent functional yield of cells or products when thawed at a later stage. These blood products would then be available to measure newly described immune correlates/surrogates of protection, in retrospective studies, or for application of newer technologies. Appropriate ethical standards should be followed when storage of samples for future analysis is planned.
The panel therefore recommended that PBMC should be stored for possible future use in novel TB vaccine trials. Various protocols for PBMC isolation, cryopreservation, and thawing are available; panel recommendations, with updates on advances in PBMC isolation, cryopreservation and thawing, will be posted on the WHO website mentioned above. It should be noted that the shortest possible interval from blood collection until cryopreservation is desirable (see above), but because this may not be practical, it may be best to standardise the time from blood collection to PBMC isolation. Storage of cryopreserved cells requires attention to ethical requirements for future use of such samples. Further, long term storage in biobanks requires specific quality assurance and control procedures, and careful consideration of ethical and regulatory issues surrounding such storage.

Supplementary documents

The protocol for the recommended “universal” assay may be found in Supplementary File S2. A sample short term whole blood stimulation protocol may be found as Supplementary File S3, and an IFN-gamma ELISPOT protocol as Supplementary File S4. The advantages and disadvantages of different assay approaches for delineating T cell immunity are described in tabular format in Supplementary File S5.  

References
1. Flynn JL (2004) Immunology of tuberculosis and implications in vaccine development. Tuberculosis (Edinb) 84: 93-101.

2. Kaufmann SH, Baumann S, Nasser Eddine A (2006) Exploiting immunology and molecular genetics for rational vaccine design against tuberculosis. Int J Tuberc Lung Dis 10: 1068-1079.

3. Martin C (2006) Tuberculosis vaccines: past, present and future. Curr Opin Pulm Med 12: 186-191.

4. Skeiky YA, Sadoff JC (2006) Advances in tuberculosis vaccine strategies. Nat Rev Microbiol 4: 469-476.

5. Lauvau G, Pamer EG (2001) CD8 T cell detection of bacterial infection: sniffing for formyl peptides derived from Mycobacterium tuberculosis. J Exp Med 193: F35-39.

6. Migueles SA, Laborico AC, Shupert WL, Sabbaghian MS, Rabin R, et al. (2002) HIV-specific CD8+ T cell proliferation is coupled to perforin expression and is maintained in nonprogressors. Nat Immunol 3: 1061-1068.

7. Sallusto F, Lenig D, Forster R, Lipp M, Lanzavecchia A (1999) Two subsets of memory T lymphocytes with distinct homing potentials and effector functions. Nature 401: 708-712.

8. Gotch F, Holmes H, Imami N (2005) The importance of standardisation of laboratory evaluations in HIV vaccine trials. Microbes Infect 7: 1424-1432.

9. Keilholz U, Martus P, Scheibenbogen C (2006) Immune monitoring of T-cell responses in cancer vaccine development. Clin Cancer Res 12: 2346s-2352s.

10. Hobeika AC, Morse MA, Osada T, Ghanayem M, Niedzwiecki D, et al. (2005) Enumerating antigen-specific T-cell responses in peripheral blood: a comparison of peptide MHC Tetramer, ELISpot, and intracellular cytokine analysis. J Immunother 28: 63-72.

11. Letsch A, Scheibenbogen C (2003) Quantification and characterization of specific T-cells by antigen-specific cytokine production using ELISPOT assay or intracellular cytokine staining. Methods 31: 143-149.

12. Suni MA, Maino VC, Maecker HT (2005) Ex vivo analysis of T-cell function. Curr Opin Immunol 17: 434-440.

13. Black GF, Weir RE, Floyd S, Bliss L, Warndorff DK, et al. (2002) BCG-induced increase in interferon-gamma response to mycobacterial antigens and efficacy of BCG vaccination in Malawi and the UK: two randomised controlled studies. Lancet 359: 1393-1401.

14. Weir RE, Morgan AR, Britton WJ, Butlin CR, Dockrell HM (1994) Development of a whole blood assay to measure T cell responses to leprosy: a new tool for immuno-epidemiological field studies of leprosy immunity. J Immunol Methods 176: 93-101.

15. Grand Challenges in Global Health Grant #37772, “Biomarkers of Protective Immunity against TB in the context of HIV/AIDS in Africa”, and #37885, “Preclinical and Clinical Evaluation of a Post-Exposure TB Vaccine”.

16. Davids V, Hanekom WA, Mansoor N, Gamieldien H, Gelderbloem SJ, et al. (2006) The effect of bacille Calmette-Guerin vaccine strain and route of administration on induced immune responses in vaccinated infants. J Infect Dis 193: 531-536.

17. Murray RA, Mansoor N, Harbacheuski R, Soler J, Davids V, et al. (2006) Bacillus Calmette Guerin vaccination of human newborns induces a specific, functional CD8+ T cell response. J Immunol 177: 5647-5651.

18. Weir RE, Butlin CR, Neupane KD, Failbus SS, Dockrell HM (1998) Use of a whole blood assay to monitor the immune response to mycobacterial antigens in leprosy patients: a predictor for type 1 reaction onset? Lepr Rev 69: 279-293.

19. Hanekom WA (2007) Unpublished observations.

20. McShane H (2007) Personal communication.

21. Ottenhoff T (2007) Personal communication.

22. Lyons AB, Parish CR (1994) Determination of lymphocyte division by flow cytometry. J Immunol Methods 171: 131-137.

23. Parish CR (1999) Fluorescent dyes for lymphocyte migration and proliferation studies. Immunol Cell Biol 77: 499-508.

24. Hoft DF (2007) Personal communication.

25. Beveridge NE, Price DA, Casazza JP, Pathan AA, Sander CR, et al. (2007) Immunisation with BCG and recombinant MVA85A induces long-lasting, polyfunctional Mycobacterium tuberculosis-specific CD4(+) memory T lymphocyte populations. Eur J Immunol 37: 3089-3100.

26. McShane H, Pathan AA, Sander CR, Keating SM, Gilbert SC, et al. (2004) Recombinant modified vaccinia virus Ankara expressing antigen 85A boosts BCG-primed and naturally acquired antimycobacterial immunity in humans. Nat Med 10: 1240-1244.

27. Betts MR, Nason MC, West SM, De Rosa SC, Migueles SA, et al. (2006) HIV nonprogressors preferentially maintain highly functional HIV-specific CD8+ T cells. Blood 107: 4781-4789.

28. Boulet S, Ndongala ML, Peretz Y, Boisvert MP, Boulassel MR, et al. (2007) A dual color ELISPOT method for the simultaneous detection of IL-2 and IFN-gamma HIV-specific immune responses. J Immunol Methods 320: 18-29.

29. Bejon P, Keating S, Mwacharo J, Kai OK, Dunachie S, et al. (2006) Early gamma interferon and interleukin-2 responses to vaccination predict the late resting memory in malaria-naive and malaria-exposed individuals. Infect Immun 74: 6331-6338.

30. Spertini F (2007) Personal communication.

31. Hanekom WA, Hughes J, Mavinkurve M, Mendillo M, Watkins M, et al. (2004) Novel application of a whole blood intracellular cytokine detection assay to quantitate specific T-cell frequency in field studies. J Immunol Methods 291: 185-195.

32. Maecker HT, Rinfret A, D'Souza P, Darden J, Roig E, et al. (2005) Standardization of cytokine flow cytometry assays. BMC Immunol 6: 13.

33. Mueller S (2007) Personal communication.

34. Betts MR, Brenchley JM, Price DA, De Rosa SC, Douek DC, et al. (2003) Sensitive and viable identification of antigen-specific CD8+ T cells by a flow cytometric assay for degranulation. J Immunol Methods 281: 65-78.

35. Hoft DF, Worku S, Kampmann B, Whalen CC, Ellner JJ, et al. (2002) Investigation of the relationships between immune-mediated inhibition of mycobacterial growth and other potential surrogate markers of protective Mycobacterium tuberculosis immunity. J Infect Dis 186: 1448-1457.

36. Kampmann B, Tena GN, Mzazi S, Eley B, Young DB, et al. (2004) Novel human in vitro system for evaluating antimycobacterial vaccines. Infect Immun 72: 6401-6407.

37. Weichold FF, Mueller S, Kortsik C, Hitzler WE, Wulf MJ, et al. (2007) Impact of MHC class I alleles on the M. tuberculosis antigen-specific CD8(+) T-cell response in patients with pulmonary tuberculosis. Genes Immun.

38. Doherty TM, Demissie A, Menzies D, Andersen P, Rook G, et al. (2005) Effect of sample handling on analysis of cytokine responses to Mycobacterium tuberculosis in clinical samples using ELISA, ELISPOT and quantitative PCR. J Immunol Methods 298: 129-141.

39. Smith SG, Dockrell HM (2007) Manuscript submitted.

40. Bull M, Lee D, Stucky J, Chiu YL, Rubin A, et al. (2007) Defining blood processing parameters for optimal detection of cryopreserved antigen-specific responses for HIV vaccine trials. J Immunol Methods 322: 57-69.

41. Kierstead LS, Dubey S, Meyer B, Tobery TW, Mogg R, et al. (2007) Enhanced rates and magnitude of immune responses detected against an HIV vaccine: effect of using an optimized process for isolating PBMC. AIDS Res Hum Retroviruses 23: 86-92.

42. Dockrell HM (2007) Personal communication.

43. Disis ML, dela Rosa C, Goodell V, Kuan LY, Chang JC, et al. (2006) Maximizing the retention of antigen specific lymphocyte function after cryopreservation. J Immunol Methods 308: 13-18.

44. Kollmann T (2007) Personal communication.

45. Horton H, Thomas EP, Stucky JA, Frank I, Moodie Z, et al. (2007) Optimization and validation of an 8-color intracellular cytokine staining (ICS) assay to quantify antigen-specific T cells induced by vaccination. J Immunol Methods 323: 39-54.

46. Maecker HT, Moon J, Bhatia S, Ghanekar SA, Maino VC, et al. (2005) Impact of cryopreservation on tetramer, cytokine flow cytometry, and ELISPOT. BMC Immunol 6: 17.

47. Mittrucker HW, Steinhoff U, Kohler A, Krause M, Lazar D, et al. (2007) Poor correlation between BCG vaccination-induced T cell responses and protection against tuberculosis. Proc Natl Acad Sci U S A 104: 12434-12439.



Funding

The World Health Organization Initiative for Vaccine Research has sponsored the 3 meetings which formed the basis of this manuscript. WAH, HMD, THMO, TMD, FW and SKP are the Bill & Melinda Gates Foundation through Grand Challenges in Global Health Grant #37772, “Biomarkers of Protective Immunity against TB in the context of HIV/AIDS in Africa”, and WAH, THMO, TMD, FW also through #37885, “Preclinical and Clinical Evaluation of a Post-Exposure TB Vaccine”. WAH, HMD, THMO, HM and TMD are also supported by the European Commission, within the 6th Framework Programme. (The text represents the authors’ views and does not necessarily represent a position of the Commission who will not be liable for the use made of such information.) WAH is supported by the NIH, RO1-AI065653 and NO1-AI70022, as is DFH, NO1-AI25464, NO1-AI70022 and RO1-AI48391. WAH is also supported by the Aeras Global Tuberculosis Vaccine Foundation, the Dana Foundation, and the European and Developing Countries Trials Partnership. HM is a Wellcome Trust Senior Clinical Research Fellow. No specific funding was received for this manuscript.
Author contributions

All authors attended at least 1 of the 3 the WHO committee meetings, and all participated in preparation of this manuscript.

TTThe author UJF is a staff member of the World Health Organization. The author alone is responsible for the views expressed in this publication and they do not necessarily represent the decisions, policy or views of the World Health Organization.

Competing interests

No competing interests exist.
