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Summary 
A World Health Organization (WHO) sponsored meeting in 2005 identified that there was a 

need to develop an immunoassay standard for anti-malaria Plasmodium falciparum (Pf) as an 

important and urgent requirement for progress in the development of malaria vaccines. A 

candidate anti-malaria (Pf) Reference Reagent has been developed using diluted human 

defribinated plasma. The freeze dried human diluted antiserum preparation was evaluated for its 

suitability as a Reference Reagent containing antibodies to malaria P. falciparum antigens in an 

international collaborative study. Sixteen laboratories from twelve different countries 

participated in the study. Lyophilized ampoule preparations were quantified using Enzyme-

linked immunosorbent assay (ELISA). Based on the results from this collaborative study, it is 

proposed that this anti-malaria (Pf) human serum preparation (NIBSC code: 10/198) is 

established by the WHO Expert Committee on Biological Standardization (ECBS) in October 

2014, as the First WHO Reference Reagent of anti-malaria (Plasmodium falciparum) human 

serum with assigned an arbitrary unitage of 100 units (U) per ampoule.  

 

The intended uses of this Reference reagent, a single multivalent preparation, are (1) to allow 

cross-comparisons of results of vaccine trials performed in different centers/ with different 

products; (2) to facilitate standardization and harmonization of immunological assays used in 

epidemiology research; and (3) to allow optimization and validation of immunological assays 

used in malaria vaccine development.  

 

Introduction 
Malaria is the world's largest parasitic disease, killing more people than any other communicable 

diseases except tuberculosis. Malaria is also a major public health problem in more than 100 

countries, inhabited by a total of some 2.4 billion people, or close to half of the world's 

population. In 2012, there approximately 207 million people contracted malaria resulting in 

about 627 000 malaria deaths, most of which were children under five years old [1].  
 

A working group on laboratory methods for malaria vaccines under the auspices of the World 

Health Organization (WHO) Initiative for Vaccine Research (IVR), PATH Malaria Vaccine 

Initiative (MVI) and The National Institute of Allergy and Infectious Diseases (NIAID) agreed in 

a meeting held in September 2005, that an immunoassay standard for P. falciparum malaria 

antibodies was urgently needed to support vaccine development particularly in immunological 

assays development and standardization; also for harmonization of immunological assays used in 

epidemiology research of malaria [2]. It was concluded that there is an urgent need for a 

reference serum preparation that contain antibodies against malaria antigens. It was proposed 

that this reference would take the form of a lyophilized serum or plasma pool from a malaria-

endemic area. Many malaria vaccine candidates in research and development are blood-stage 

antigens to merozoite surface proteins (MSPs), or apical membrane antigen (AMA), such as 

MSP-142 and AMA-1 [3, 4]. The anti-malaria (P. falciparum) human serum Reference Reagent 

candidate was considered as important in the progress of malaria vaccine development, 

especially in immunological assays development and standardization. Such a preparation would 

contain anti-malarial antibodies for multiple antigens, but the initial standardization exercise 

would concentrate on antibodies to AMA and MSPs; with extension to other antigens 

subsequently as proved necessary. WHO  ECBS endorsed this suggestion in 2005 (WHO letter 

reference QSS-B3/449/4), and a proposal was developed and approved by the ethical boards of 

CDC and KEMRI and the Kenyan National Blood Bank Transfusion Services (KNBTS), and 

agreed by the Chief Medical Officier (CMO), Kenya Ministry of Health.  
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As a result, in 2009, 140 single plasma samples ranging from 20 - 50 ml which had been 

screened for HIV, HBV and HCV by the blood bank, CDC, Kisumu, were collected and sent to 

NIBSC by the KEMRI/CDC. All samples sent to NIBSC were retested and as a result, one 

sample was found to be positive for HBsAg and two weakly positive for HIV-1. These samples 

were destroyed and the Kenyan Blood bank, Kisumu and KEMRI/CDC, Kisumu, notified as 

agreed.  

 

The candidate anti-malaria serum pool was screened for antibodies against five P. falciparum 

antigens, MSP-119 (K1), MSP-142 (3D7), MSP-2 (3D7), MSP-3 (K1), and AMA-1 (3D7, FC27, 

FP3), of which 77% were positive for at least one antigen. This preparation has not been 

evaluated for antibodies specific for any other human malaria species. At NIBSC, the serum 

samples that were highly positive to the antigen AMA-1 were pooled in four groups and 

defibrinated. The defibrinated serum was pooled, and then diluted 1:5 with sterile distilled water 

without any other recipients and dispensed into 5 ml DIN clear glass ampoules (with a filled 

volume of 1 ml/ ampoule) and lyophilized into a single batch (of 5426 ampoules) and coded 

10/198 in 2010. The ampoules were stored in the dark at -20C except for a small number that 

were stored at -150C, -70C, -20C, +4C, +20C, +37C, +45C  or +56C for accelerated 

degradation study. Three additional antiserum samples representing different levels of titer for 

anti-AMA-1 and anti-MSP-2 were filled and lyophilized to be included as blinded test samples 

in the collaborative study. 

 

Collaborative Study 
 

Aims of study 
The purpose of this collaborative study, using the Enzyme Linked ImmunoSorbent Assay 

(ELISA), was to determine whether the anti-malaria (Pf) human serum preparation is fit-for-

purpose and to assign a unitage to the candidate Reference Reagent. 

 
Participants 
The candidate WHO Reference Reagent was distributed to sixteen participating laboratories in 

twelve different countries (Appendix I). The collaborative study involved a wide range of 

appropriately qualified international partners. All participants were sent a questionnaire asking 

them to confirm having extensive experience in ELISA. The participants represented clinical and 

research laboratories, academia, not-for-profit research organizations, government funded 

organizations and charitable organizations worldwide. For this study, a code number was 

allocated at random to each participant, not necessarily representing the order of listing 

(Appendix I). Participants were chosen so that they represented laboratories based in Africa, 

Asia, Europe and the USA.  

 
Organization of the collaborative study 
The collaborative study used the ELISA to evaluate this WHO Reference Reagent candidate. 

Participants were provided with a number of anti-malaria (Pf) human serum preparations and 

specific reagents (including the coating antigens, AMA-1, MSP-142 and MSP-3) on ice, and were 

recommended to store them at 4C until used. These purified (certified with >80% in purity 

based on Coomassie blue stained SDS-PAGE gel analysis) coating antigens were sourced from 

Malaria Vaccine Development Branch, NIAID/ NIH, Rockville, MD 20852, USA. A common 

study protocol (Appendix II) was provided and participants were requested to follow this when 

performing the required tests on the preparations. Minor alterations of the study protocol were 
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allowed due to availabilities of different laboratory equipment. Results were recorded on a result 

template in Excel format provided and data were sent to NIBSC for collation and analysis. 

 

Materials 
Malaria reactive serum was collected from suitable blood donations from malaria exposed 

volunteers, at the CDC field site in Kisumu, Kenya. Pooling of the bulk material was performed 

in a Class II microbiological safety cabinet with aseptic technique to maintain sterility. The bulk 

material was diluted 1:5 with sterile distilled water without any other recipients and was filtered 

through a series of filters, (1.2, 0.45 and 0.22 µm). No additional buffer, bulking agent or 

stabilizer was used. The definitive fill was performed on 18 November 2010, within the 

Standards Processing Division of NIBSC using a Bausch & Strobel Filling Machine 

(AFV5090). The diluted serum preparation was stirred constantly during filling to ensure 

homogeneity of fill and the temperature was maintained between 4° – 8°C; clear glass ampoules 

with capacity of 5 ml volume were used. Freeze-drying was performed using a 4 day cycle (18 – 

22 November 2010) and the finished product was coded 10/198 and stored in the dark at -20°C. 

 

A total of five thousand four hundred and twenty six ampoules were lyophilized into a single 

batch. The ampoules have an average actual fill weight of 1.0085g per ampoule; with a target 

CV of precision of filling for fill mass of <0.25%, where the actual CV of fill mass was 0.11% 

(of 195 randomly selected ampoule, weights being measured). Nitrogen was used to back fill the 

freeze drier chamber at the end of the cycle and hence provide the headspace gas for the ampoule.  

The purity of the boiled off nitrogen is certified at 99.99%. Microbiological assessment was 

made on the product pre- and post-processing and the bacterial, mould, and yeast colony counts 

were negligible at pre- and post-filling stages. The ampoules were also tested for residual 

moisture and oxygen head space analysis. The moisture content of this candidate is 0.84% as 

determined by the Abderhalden method, with a CV of 12%. The mean oxygen head space was 

determined to be 0.34% with a CV of 20.34%. This was determined by taking a mean of 12 

determinations using frequency modulation spectroscopy (FMS) a non-destructive infra-red laser 

absorption technique. NIBSC does not routinely perform an automated 100% post sealing check 

on container integrity.  Visual checks on seal quality and general container integrity are made at 

the time of sealing, whilst labeling and again at the time of picking material ready for dispatch to 

customers. NIBSC will act as custodian of the preparation which is stored under assured 

temperature controlled conditions within the Institute’s Centre for Biological Reference 

Materials, at Potters Bar, Hertfordshire, UK.  

 

Study design and assay methods 
Each participant was provided with 4 ampoules of positive control (XC) and 4 sets of blinded 

test samples coded 1-9 as detailed below. 

 

Sample 

number 

Product Code Product Name 

Control Pool 4 Positive control  (XC) 

1 10/198 Candidate Reference Reagent (S1) 

2 10/198 Candidate Reference Reagent (S2) 

3 Pool 2 Control 2 (C2) 

4 10/198 Candidate Reference Reagent (S1) 

5 12/192 Control 3 (C3) 

6 10/198 Candidate Reference Reagent (S2) 

7 Pool 1 Control 1 (C1) 
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8 10/198 Candidate Reference Reagent  (S1) 

9 10/198 Candidate Reference Reagent (S2) 

 

Participants were requested to test nine samples and a positive control as above using a study 

protocol provided (Appendix II) in each experiment. All ELISA plates included duplicates of the 

candidate 10/198 which were coded as ‘S1’ (sample numbers 1, 4 and 8) or ‘S2’ (sample 

numbers 2, 6 and 9) for statistical analysis purpose. The protocol recommended the following 

key steps: 

Participants were requested to reconstitute the ampoule contents with 1 ml distilled or deionised 

water on the day of assay, and to further dilute the positive control sample 1:3 prior to use. It was 

also indicated that each ampoule should be tested individually. Participants were asked to 

perform three independent experiments on each set of samples, for three separate coating 

antigens, using freshly reconstituted ampoules on each experimental day. For each experimental 

day a total of 27 antigen-coated plates were required for the three separate antigens (MSP3, 

MSP-142 and AMA-1 3D7; i.e. 9 plates per antigen). The plate layout was such that each ELISA 

plate would generate results for two individual samples of the candidate 10/198 (S1 and S2), the 

positive control (XC) and an internal control (C1, C2 or C3) as clearly shown in the plate plan 

(Appendix II). All control and test samples were tested in duplicate on each plate and in serial 

dilutions in order to obtain individual titration curves. Thus plates 1-3 would generate a complete 

set of data for all the nine blinded preparations; and this was repeated twice within the same 

experimental day in plates 4-6 and plates 7-9. Participants were asked to supply all raw data of 

three separate experiments (in Excel format) to NIBSC for analysis.   
 

Stability studies 
All stability studies were performed at NIBSC only. Two independent ELISA experiments were 

performed for each antigen; three individual ampoules were tested, for each experiment. Real 

time stability is not routinely performed on lyophilized serum preparation. 

 

Accelerated degradation study 
Several ampoules of the candidate  10/198 were stored at -150C, -70C, -20C, +4C, +20C, 

+37C, +45C or +56C, for 1, 3, 6, 9, 12, 18, or 24 months. At each time point the ampoules 

stored at the various temperatures were transferred to storage at -20C until further analysis. All 

the stability samples (stored at various temperatures and at the fixed time points) were 

reconstituted and assessed using the same ELISA method and compared to the candidate 

preparation stored at -150C.  

 

In use stability after reconstitution 
Ampoules of the candidate 10/198 were reconstituted and stored at +4C or -20C for 1 or 3 

months. These reconstituted samples were then assayed against a newly opened and reconstituted 

ampoule stored at -20C, to assess the effect of storage at different temperatures after 

reconstitution on the reactivity of the candidate 10/198 in an ELISA assay; in order to establish 

the shelf-life after reconstitution. 

 

Statistical Analysis 
The potencies of all samples were calculated relative to the candidate Reference Reagent 

(ampoules of 10/198 coded S1) by analysis of the raw optical density assay data at NIBSC. Log 

transformed absorbance values were used as the assay response in all cases. As a large volume of 

data of varying quality was received, full curves were not fitted and analysis was based only on 

an approximately linear section of the response range by excluding serum dilutions with 
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responses falling outside 20-80% of the response range observed on the plate. Where this gave 

fewer than three dilutions for analysis the sample was excluded. As this resulted in an excessive 

number of exclusions in laboratories 3, 10 and 15, the response range was extended to 10-90% 

for these laboratories. 

 

The assays were analysed with a weighted logistic parallel line model, using an in-house 

program WRANL [5]. Assays where visual assessment of the plotted data clearly indicated that a 

parallel line model would not fit the data were excluded from further analysis. Assay validity 

was assessed by calculation of the ratio of slopes for each test sample relative to S1. The samples 

were concluded to be non-parallel when the slope ratio was outside of the range 0.67 – 1.50 and 

no estimates are reported. Where potency estimates were calculated, EC50 estimates 

(concentration required to achieve a 50% response) were also determined in order to assess their 

variability within and between laboratories. 

 

Relative potency and EC50 estimates from all valid assays were combined to generate an 

unweighted geometric mean (GM) for each laboratory and these laboratory means were used to 

calculate an overall unweighted geometric mean for each sample. Variability between assays 

within laboratories and between laboratories has been expressed using geometric coefficients of 

variation (GCV = {10
s
-1}×100% where s is the standard deviation of the log transformed 

estimates). Analysis of variance with Duncan’s multiple range test [6] using the log transformed 

potency estimates was used to compare laboratories and samples (p<0.05 used to conclude 

significance). 

 

Cross-reactivity with pre-erythrocytic antigen 
This study was performed at NIBSC only. This is to investigate the cross-reactivity of the 

proposed Reference Reagent to the circumsporozoite protein (CSP), a pre-erthrocytic antigen. 

Purified CSP, expressed in Pichia Pastoris (PpCSP-M3), was kindly donated by David Narum 

(NIAID/ NIH, USA). The ELISA protocol used was the same as in the collaborative study, 

except CSP was used as coating antigen at 1 - 5 µg/ ml. Two independent ELISA experiments 

were performed as in the stability studies. 

 

Results 
 

Data received 
From the 16 participating laboratories, a total of 1227 plates were received for statistical analysis 

(409 per antigen type). Data from experiment 1 for Laboratory 3 were not analysed as the 

substrate used was not consistent with that used in experiments 2 and 3. No other invalid tests 

were reported. Analysis of the remaining assays as described above gave valid estimates of 

relative potency in 93.6%, 92.1% and 92.7% of cases for AMA-1, MSP-142 and MSP-3 

respectively. 

 

Relative potencies of S1 and S2 samples 
Relative potency estimates for the two individual ampoules of 10/198 (S1 and S2) are 

summarised in Table 1 and individual plate values are shown in Figure 1. The agreement 

between potency estimates for S1 and S2 within plates can be assessed using the intra-laboratory 

GCVs shown in the table. These represent the variability between assays of direct comparisons 

of the duplicate samples. They range from 4.9% (Laboratory 16, MSP-142 antigen), showing 

good agreement, to 73.2% (laboratory 10, AMA-1 antigen), showing a high level of variability. 

In the majority of cases, GCVs were less than 30%. 
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Slope ratios for S1 and S2 samples 
Slope ratios for S1 and S2 relative to each other on individual plates can be considered to 

demonstrate the range of ratios that will arise when parallel samples are tested against each other 

using the ELISA method in this study. If the acceptable range of 0.67-1.50 used to conclude 

parallelism is taken to represent a non-parametric tolerance interval with 95% confidence 

determined from the slope ratios for S2 relative to S1 (excluding Laboratories 3, 4 and 10 where 

limited data were available) then the coverage of this interval is approximately 98.5%, 95.5% 

and 98.5% for AMA-1, MSP-142 and MSP-3 respectively. 

 

Relative potency and EC50 estimates for samples XC, C1, C2 and C3 
Relative potency estimates are summarized in Tables 2-4 and Figures 2-4. EC50 estimates are 

summarized in Tables 5-7 and Figures 5-7. Each box shown in the histograms represents a 

laboratory geometric mean (GM) estimate and the numbers in the boxes indicate the laboratory 

code. 

 

Analysis of the log potencies by Duncan’s multiple range test was used to determine any ‘outlier’ 

laboratories by indicating cases where a laboratory’s estimates differed significantly from those 

obtained in all other laboratories (p<0.05). This was the case for Laboratory 2 (sample XC, all 

antigens), Laboratory 3 (sample C1, MSP-3 antigen), Laboratory 4 (sample XC, all antigens; 

sample C3, AMA-1 and MSP-142 antigens) and Laboratory 13 (sample XC, MSP-3 antigen; 

sample C1, AMA-1 antigen; sample C2, AMA-1 and MSP-142 antigens). All overall means and 

GCVs are therefore shown both including and excluding Laboratories 2, 3, 4 and 13.   

 

Assays using antigen AMA-1 
Intra-laboratory variability, as measured by the within-laboratory GCVs shown in Table 2, 

ranged from 3.1% (Laboratory 16, sample C2) to 92.9% (Laboratory 13, sample XC). In the 

majority of cases, GCVs were less than 30%, with eight laboratories achieving this for all test 

samples. 

 

Inter-laboratory variability, as measured by the between-laboratory GCVs shown in Table 2, 

indicated excellent agreement between laboratories. After exclusion of laboratories 2, 3, 4 and 13, 

GCVs were less than 10% for samples XC, C1 and C2, and less than 15% for sample C3. In 

contrast, EC50 estimates showed much greater inter-laboratory variability with equivalent GCVs 

exceeding 60%, as shown in Table 5.  

 

The relative potency levels for the control samples ranged from 0.014 (sample C3; significantly 

lower than the other samples) to 3.482 (sample C1 significantly higher than the other samples). 

The potencies for samples XC and C2 did not differ significantly (0.809 and 0.870 respectively).   

 

Assays using antigen MSP-142 
Intra-laboratory variability, as measured by the within-laboratory GCVs shown in Table 3, 

ranged from 5.6% (Laboratory 16, sample C2) to 94.3% (Laboratory 4, sample XC). In the 

majority of cases, GCVs were less than 30%, with nine laboratories achieving this for all test 

samples. 

 

Inter-laboratory variability, as measured by the between-laboratory GCVs shown in Table 3, 

indicated excellent agreement between laboratories. After exclusion of Laboratories 2, 3, 4 and 

13, GCVs were less than 10% for samples XC, C1 and C2, and less than 15% for sample C3. In 

contrast, EC50 estimates showed much greater inter-laboratory variability with equivalent GCVs 

exceeding 40%, as shown in Table 6. 
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The relative potency levels for the test samples ranged from 0.032 (sample C3; significantly 

lower than the other samples) to 2.454 (sample C1 significantly higher than the other samples). 

Relative potency levels were different to those observed in assays using antigen AMA-1, 

particularly for sample XC (40% lower) and sample C3 (more than 100% higher).  The potencies 

for samples XC and C2 also differed significantly in this case (0.493 and 0.871 respectively).   

 

Assays using antigen MSP-3 
Intra-laboratory variability, as measured by the within-laboratory GCVs shown in Table 4, 

ranged from 5.0% (Laboratory 16, sample C2) to 174.7% (Laboratory 2, sample XC). In the 

majority of cases, GCVs were less than 30%, with eight laboratories achieving this for all test 

samples. 

 

Inter-laboratory variability, as measured by the between-laboratory GCVs shown in Table 4, 

indicated excellent agreement between laboratories. After exclusion of Laboratories 2, 3, 4 and 

13, GCVs were less than 10% for samples XC, C1 and C2, and less than 15% for sample C3. In 

contrast, EC50 estimates showed much greater inter-laboratory variability with equivalent GCVs 

exceeding 50%, as shown in Table 7. 

 

The relative potency levels for the test samples ranged from 0.043 (sample C3; significantly 

lower than the other samples) to 3.006 (sample C1 significantly higher than the other samples). 

Relative potency levels were different to those observed in assays using the other antigens.  The 

potencies for samples XC and C2 also differed significantly in this case (0.548 and 0.812 

respectively).   

 

Stability Studies  
 

Accelerated degradation study 
Not all the stability samples stored at all different temperatures and at all fixed time points were 

tested, and only the results for the 24 month time point were statistically analyzed as this was the 

time point which was the most likely to indicate signs of degradation. Two independent 

experiments were performed for each antigen; three individual ampoules were tested, for each 

experiment 

 

All the samples stored for 24 months at various temperatures were readily reconstituted, within 1 

min, except for the ampoules stored at 56C, which required approximately 1-2 min instead to be 

fully reconstituted. Geometric mean potency estimates of samples of the candidate Reference 

Reagent stored at different temperatures for 24 months (expressed relative to those stored at -

150˚C) are shown in Table 8. Statistical analysis indicated that there was no detectable loss of 

reactivity even at 45C for 24 months, for AMA-1, MSP-142 or MSP-3. At 56C for both MSP-

142 and MSP-3 no loss of activity was seen. Based on these data it was not possible to predict a 

yearly loss for the candidate Reference Reagent.  

 

As lyophilised serum preparation, this candidate 10/198 was shown to be very stable even when 

stored at higher temperature. No further real time stability study is required after the first two 

years of the accelerated degradation study.  

 

In use stability after reconstitution 
Samples were reconstituted and stored at -20°C or +4°C for 1 or 3 months, and then assayed 

together with freshly reconstituted samples. The potencies of the stored reconstituted samples 
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were expressed relative to the freshly reconstituted sample and are shown in Table 9. Only data 

from reconstituted samples stored at different temperatures for 3 months were shown as there 

was no loss of reactivity of the reconstituted samples in ELISA when stored for 1 month at +4°C 

or -20°C. Four plates were performed for each antigen and the estimates shown are the weighted 

geometric mean of the valid estimates obtained. The data indicates that 10/198 is very stable 

after reconstitution with no evidence of any significant loss in potency as indicated by the 

relative potency estimates shown.  

 

Cross-reactivity with pre-erythrocytic antigen 
Three different concentrations of CSP preparation were used as coating antigen in the ELISA 

assay. The cross-reactivity of the Reference Reagent candidate to CSP was compared with AMA 

in this assay and a typical result is shown in Figure 8. This Reference Reagent candidate, sourced 

from an endemic country in Africa, also shows strong positive CSP reactivity. 

 

Discussion 
 

In this study, all 16 participating laboratories provided their results for analysis at NIBSC. Both 

the relative potency and EC50 estimates from all valid assays were generated. The relative 

potencies of S2, XC, C1, C2 and C3 were estimated using the candidate 10/198 (S1) as 

calibration standard, as summarized in Tables 2-4 and Figures 2-4. The EC50 estimates (Tables 

5-7 and Figures 5-7) were determined to demonstrate the degree of variability within and 

between laboratories when no reference standard was used in the calculation. 

The mean potencies of two individual ampoules, S2 relative to S1, are close to 1.0 for all the 

three coating antigens AMA-1, MSP-142 and MSP-3 tested, as shown in Table 1. For the blinded 

control samples (C1-3) tested, the relative potency of C1 was the highest, C2 was the median and 

was relatively closer to XC; and C3 was the lowest for all the three antigens tested. In general, 

excellent agreement of results between laboratories (after exclusions) was demonstrated by much 

lower GCVs in relative potencies (GCVs ranged from 5.4% to 13.9%) compared to those for 

EC50 estimates (GCVs ranged from 46.6% to 82.7%) for all the three coating antigens used in 

the ELISA assays. This clearly demonstrates the effectiveness of using the candidate 10/198 in 

this immunoassay to reduce the variability in results presented between various laboratories.  

Stability studies (both accelerated thermal degradation and in use after reconstitution) were 

performed at NIBSC only, using the same ELISA method. The data from the accelerated thermal 

degradation showed there is no significant loss of reactivity when the ampoules were stored at 

elevated temperatures up to 56°C for 2 years (except for AMA-1 antigen at 56°C); indicating 

that the candidate preparation is sufficiently stable to serve as a WHO Reference Reagent. The 

reconstituted preparation is stable for up to 3 months when stored at 4°C or below. 

 

The current leading malaria vaccine candidate is a pre-erythrocytic protein-based vaccine 

targeting the CSP of P. falciparum [7]. It is useful to demonstrate this candidate 10/198 contains 

anti-CSP reactivity in an immunological assay, such as an ELISA. The data clearly demonstrated 

the candidate 10/198, being sourced in adult endemic population in Africa, have sufficient anti-

CSP reactivity to be useful as a standard in an immunological assay. Thus one of the potential 

uses of this Reference Reagent is in immunological studies of either pre-erythrocytic or blood 

stage protein-based vaccines from multiple centres. This could greatly reduce inter-laboratory 

variability and facilitate comparisons of antibody levels between clinical trials. 

 

Existing sero-epidemiological studies use a wide variety of anti-malaria plasma pools as 

standards to estimate antibody levels/ concentrations. Direct comparisons between studies are 
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therefore difficult and almost impossible. A single reference standard would facilitate 

comparisons. One of the issues limiting the wider use of malaria sero-epidemiological studies 

and application is a lack of standardised reagents and a positive control standard is therefore very 

important in these studies to assess exposure and potentially interruption of malaria transmission. 

Thus it will be of public health benefit and is urgently needed by the malaria research and 

vaccine communities. 

 

This Reference Reagent candidate 10/198 has not been tested for antigens from other malaria 

species. Based on the source of material, it is assumed that most of the immunological reactivity 

should be to P. falciparum, though its cross-reactivity to antigens from other malaria species 

cannot be excluded. 

 

Proposal 

 
There is currently no International Standard/ Reference Reagent of human antiserum for any 

species of malaria. An urgent need to develop an immunoassay reference standard for anti-

malaria (Pf) human serum has been identified by WHO and experts in the field to facilitate 

progress in the development of vaccines, especially in the immunoassay development and 

standardisation. Results from this study confirm that using this Reference Reagent candidate 

(coded: 10/198) in a given immunoassay, such as ELISA, was effective in standardising the 

results between laboratories. Currently there is no suitable preparation with known unitage for 

the calibration of this candidate. It is proposed, and agreed by participants, that this candidate of 

First WHO Reference Reagent for Anti-Malaria (Plasmodium falciparum) human serum 

contains an arbitrary unitage of 100 Units per ampoule. This is a reference standard for use in 

evaluation of clinical trial samples to support malaria vaccine development, and in malaria sero-

epidemiological studies. 

 

The use of a standardised reference serum would allow greater standardisation of all antibody 

based assays: data from collaborative study showed the between laboratories GCV to be much 

lower when results were expressed relative to Reference Reagent candidate 10/198. Thus the 

intended uses of this candidate, a single multivalent reference reagent, are (1) to allow cross-

comparisons of results of vaccine trials performed in different centers / with different products; 

(2) to facilitate standardization and harmonization of immunological assays used in 

epidemiology research; and (3) to allow optimisation and validation of immunological assays 

used in malaria vaccine development.  

 

Comments from participants incorporated in the report 
 

Participant 1: The antibodies and antigens provided must be stored in cold cabinets with 

accurate temperature control. Pharmacological refrigerators or blood bank cabinets are best. 

Domestic fridges are prone to freezing and/or temperatures above 8 degrees C, or can cycle in 

temperature over excessive ranges. Outside of that, operator variability and equipment 

maintenance/calibration (ELISA readers, pipettes, reagents, water quality, and poor washing) are 

the main sources of variability. One further area of concern is mathematics – errors in calculation 

of dilutions are more common than expected with new staff in particular!  

Responses: In any good laboratory practices, one would assume all equipment used in 

experiments are of good maintenance and performance; the scientific and technical staff are 

fully trained for the tasks. No further change is required in this report. 
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Participant 3: It would be interesting to analyze why some laboratories have discordant results. 

I suspect the quality of reagents not provided. So the next time it would be better that you 

provide all the reagents.  

Responses: In reality, it is not possible to ensure all laboratories using the same source or even 

same type of reagents in their assays. In this collaborative study, it is clearly demonstrated that 

by using the candidate IS, the results of control samples can be standardized when it is expressed 

as relative potencies to the candidate IS. No further change is required in this report. 

 

Participant 6:  

Is it possible to give a better definition of the response range and % calculations? I am not sure to 

what this is referencing.  In dose-response curves, we often use “recovery range” to exclude 

points on the curve that fall outside of a certain Observed/Expected range… But that doesn’t 

seem to be the case, here. 

Response: Following another participant’s comment, the Statistical Analysis section has been 

revised to add further clarification of the dilutions that were excluded from the analysis. 

 

What is a 50% response? 

Response: This refers to the midpoint between the minimum and maximum responses observed 

on the plate. 

 

Why was the overall GM not weighted?  I understand that some laboratories contributed more or 

fewer data points, so shouldn’t the overall GM be weighted? 

Response: We agree that careful consideration should be given to an appropriate choice of mean 

when the purpose of the collaborative study is to calibrate a standard. However the purpose of 

the analysis here was to look at the mean results obtained in individual laboratories and their 

variability, so different methods of overall combination have not been considered. 

 

“Based on the data received it was not possible to predict a yearly loss for the candidate standard 

10/198, as no apparent linear trends were observe” If this is not true, based on regression 

coefficients significantly different from zero, then ignore this addition 

Response: This addition is not required. The sentence refers to the fact that significant loss is 

required at elevated temperatures before the Arrhenius model can be used for stability 

prediction. 

 

This report needs to give better explanations of the study designs. It may be fine as an internal 

report, but it lacks the clarity needed for a published report to individuals that are not familiar 

with the analysis methods – indeed, most labs are interested in the IS for applications other than 

cross-lab agreement testing, so they need to understand how you arrive at the agreement figures 

you present. Particularly, more attention needs to be given to 1) the calculations of potency and 

EC50 (the references are nice, but they are very old, and possibly inaccessible to many library 

subscriptions), and 2) stability testing, especially the “stability after reconstitution” study, which 

I still can’t decipher.  

Response: Several changes and clarifications have been made in the Results section following 

comments from participants 

 

I think better justification for the exclusion of 4 participant laboratories could be made. Of 

course, excluding the most deviant performers will improve CVs. What was the criteria for 

defining the outlier laboratories? Was it pre-specified or ad hoc? Was the exclusion based on a 

p<0.05 that the results of a lab were different than the mean result of all labs? Greater than or 

less than mean +/- 2 standard deviations? Deviations in one or more antigens or one or more 

controls or both? If setting alpha at 0.05 and testing 16 different laboratories against the mean 
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with 4 different controls and 3 antigens (192 statistical tests), there is a high likelihood that a 

number of them will be different by chance due to mass significance. The discussion should be 

stronger in the rationale for excluding laboratories.  Taken another way, it can be deduced that 

25% of any selection of labs that receive the IS and perform the assay as specified may have 

deviations from expected, and perhaps that number would be higher if labs were selected 

randomly from all potential labs interested in performing ELISA.  This doesn’t significantly 

detract from the main message that the IS greatly improves GCV within and between labs, when 

compared to a non-normalizing method like the EC50.  

Response: The exclusion was based on analysis of variance using a multiple comparison test 

(Duncan) to look for groups of laboratories between which there are significant differences. The 

Results section has been modified to repeat that this test has been used. 

 

The histograms do not provide significantly more information than the tables and could be more 

easily represented by box-and-whisker plots. This would forfeit the information on laboratory 

number, but that level of minutia is better sorted in the tables anyway. If the idea is to show 

deviations from the medians, such as with lab 2, 3, and 4, then the graphics somewhat highlight 

these (although labeling the outliers of a box-and-whisker plot with lab number would 

accomplish the same thing).. 

Response: We agree that more informative plots could be generated. Histograms have been used 

as this is the usual expectation for WHO ECBS reports. 
 

Participant 15: Just because the nature of the work, it took me a little while to get straight the 

abbreviations and what samples they were referring to. I was also interested to know if the 

timing, i.e. plate order had an effect on the variance observed. Has the data been analyzed based 

on the timing between the samples on the first plates versus later plates since this was a large set 

of plates for a single operator, i.e. can the differences between C1, C2, and C3 be attributed to 

time differences? Or can you make a comment to this relative to overall? 

Responses: The incubation time for the antiserum samples (Day 2 procedure) is overnight at 4°C. 

Thus any variability of incubation time for this step during operation would be considered 

insignificant.  

 

Obviously some labs did better than others, so I was also interested to know more about how the 

various samples were excluded; particularly the increasing of the ELISA response range from 

20-80% to 10-90% (is there some more extensive writing, i.e. a manuscript that you can refer me 

to on this analysis?). The exclusion of dilutions with responses outside 20-80% of the response 

range observed on the plate was simply used to determine an approximately linear range for the 

analysis. It was not possible to fit full four-parameter logistic curves consistently across all 

laboratories in the study, due to highly variable data or lower/upper asymptotes not being 

achieved etc. An extended response range (10-90%) was required in some laboratories as use of 

20-80% would have left several samples with only two dilutions in the linear range and this 

would have resulted in many assays being excluded from the analysis. The text in the Statistical 

Methods section has been modified to clarify this point. Perhaps noteworthy to include a 

comment on the overall higher variability in EC50 responses for the XC, C1, C2, etc. compared 

to potencies? How did the analyzers take this into account with regards to assessing the standard? 

Response: EC50 estimates were calculated without using the candidate IS sample as calibrating 

reference in order to compare their variability to potency estimates obtained using the candidate 

IS. The greater variability is noted and described in both the Results and Discussion sections of 

the report. 

 

And finally, I take that the S3-6 samples weren't analyzed in this report. Am I interpreting this 

correctly, and can an indication of this be added to the manuscript if I interpreted correctly. 
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Responses: There are no S3-6 samples in this study. The Materials and Methods section of the 

study report has been revised to provide a clearer description of the study samples and analysis 

performed. 
 

Participant 16: It is not clear to me but it looks like the amount of antibody is assumed to be 

linearly related to the log-transformed absorbance value. Our lab uses a 4-parameter curve fit for 

this and many labs use such a curve fit since it is not actually a linear relationship.  

Response: The analysis used for this study assumes that the full dose-response curves will follow 

a four-parameter logistic shape, but a restricted part of the response range with a suitable 

transformation of the response has been used for the purpose of relative potency estimation by 

weighted parallel line analysis. We recognise that laboratories performing a well-controlled 

assay may fit the full curve for their routine assays, but this was not possible for all laboratories 

in this study and a consistent approach has been applied in all cases. 

 

I wonder whether this is the standard method of ELISA since it is very labor-intensive and the 

full serial dilution curves only allow 3 samples to be tested per plate. I don’t know that this can 

be readily adapted to high throughput but perhaps this is not the intention. We use a standard 

curve on the same plate and only test 2 concentrations of unknown.  

Response: Admittedly, 81 plates was rather a lot to ask and having to 27 plates a day would have 

resulted in technical error in some incidences. But no, this isn’t usually the norm to carry out so 

many on a day to day basis. Irrespective this study’s intention was to test if the standard was fit 

for purpose hence the layout of the plate plan was to trial every possibility albeit being rather 

labour intensive. 

 

Have you also looked at plate-to-plate and day-to-day variation separately? If row-to-row or 

plate-to-plate variation is smaller than day-to-day variation, then the samples tested in a single 

lab on one day could be compared. Just curious. 

Response: It would be possible to generate variance components for plate-to-plate and day-to-

day variation for some of the laboratories, although this was not done and a single GCV has 

been given to illustrate total within-laboratory variation. 

 

Acknowledgements 

 
We would like to thank the CDC blood bank in Kisumu, West Kenya for sourcing and supplying 

the plasma samples, without which this study could not have occurred. Special thanks go to Dr 

David Narum and NIAID/ NIH for their kind donations of purified malaria antigen preparations 

used in this study. Thanks also go to Dr Margaret Oduor (Director, Kisumu Regional 

Transfusion Bank, Kisumu, Kenya), Dr Simon Kariuchi (Director, KEMRI-CDC Research 

Institute, Kisumu) and Dr Ya-Ping Shi (Head Clinical Immunology & Molecular Epidemiology 

Laboratory, Division of Parasitic Diseases, CDC) for their great help to initiate the project. We 

would like to thank NIBSC CBRM team for optimizing the lyophilization formulation, as well as 

the Standards, Production and Dispatch teams who performed the filling, freeze drying, coding 

and distribution of the candidate material. Thanks also go to Dr Paul Bowyer for his critical 

reading of this report. 

 

The Burnet Institute would like to acknowledge the receipt of financial support from the 

National Health and Medical Research Council, Australia, and the Operational Infrastructure 

Support Scheme of the Victorian State Government, Australia, without which they would be 

unable to participate in this study. Finally we would like to extend special thanks to all the 



WHO/BS/2014.2235 

Page 14 

 

laboratories, and scientists listed in Appendix I, who participated and contributed to this 

collaborative study, without which this study could not have been completed.  

 

Reference 
  

[1] World Health Organization. World malaria report 2013. World Health Organization 

[2] WHO Malaria Vaccine Evaluation Group meeting: Optimizing and standardizing assays for 

vaccine evaluation-the road to a validated malaria assay. NIH, Bethesda, USA. 12-14 Sep 2005. 

 

[3] Ellis RD, Martin LB, Shaffer D, et al. Phase 1 trial of the Plasmodium falciparum blood stage 

vaccine MSP1(42)-C1/Alhydrogel with and without CPG 7909 in malaria naive adults. PLoS 

One 2010;5(1):e8787. 

 

[4] Mullen GE, Ellis RD, Miura K, et al. Phase 1 trial of AMA1-C1/Alhydrogel plus CPG 7909: 

an asexual blood-stage vaccine for Plasmodium falciparum malaria. PLoS One. 2008; 3(8): 

e2940. 

 

[5] Gaines Das, R.E. and Tydeman, M.S. Iterative weighted regression analysis of logit 

responses: A computer program for analysis of bioassays and immunoassays. Comput. Programs 

Biomed. 1982; 15, 13 – 22. 

[6] Duncan D.B. T-tests and intervals for comparisons suggested by the data. Biometrics. 1975; 

31, 339-359. 

[7] The RTS,S Clinical Trials Partnership. A Phase 3 Trial of RTS,S/AS01 Malaria Vaccine in 

African Infants. N Engl J Med. 2012; 367: 2284-95.  



WHO/BS/2014.2235 

Page 15 

 

List of Tables and Figures 
 

Table 1. Relative potencies of two individual ampoules of 10/198 (ampoules coded S2 relative to 

ampoules coded S1) 

 

Table 2. Relative potencies of samples XC, C1, C2 and C3 relative to candidate Reference 

Reagent 10/198 (S1) in assays using AMA-1 antigen 

 

Table 3. Relative potencies of samples XC, C1, C2 and C3 relative to candidate Reference 

Reagent 10/198 (S1) in assays using MSP-142 antigen 

 

Table 4. Relative potencies of samples XC, C1, C2 and C3 relative to candidate Reference 

Reagent 10/198 (S1) in assays using MSP-3 antigen 

 

Table 5. EC50 estimates for samples XC, C1, C2 and C3 in assays using AMA-1 antigen 

 

Table 6. EC50 estimates for samples XC, C1, C2 and C3 in assays using MSP-142 antigen  

 

Table 7. EC50 estimates for samples XC, C1, C2 and C3 in assays using MSP-3 antigen 

  

Table 8. Relative potency estimates for candidate Reference Reagent 10/198 stored at elevated 

temperatures for 24 months 

 

Table 9. Potency estimates for reconstituted samples of 10/198 stored for 3 months relative to 

freshly reconstituted samples 

 

Figure 1. Relative potencies of two individual ampoules of 10/198 (ampoules coded S2 relative 

to ampoules coded S1) 

 

Figure 2. Laboratory mean potencies of samples XC, C1, C2 and C3 relative to candidate 

Reference Reagent 10/198 (S1) in assays using AMA-1 antigen. 

 

Figure 3. Laboratory mean potencies of samples XC, C1, C2 and C3 relative to candidate 

Reference Reagent 10/198 (S1) in assays using MSP-142 antigen 

 

Figure 4. Laboratory mean potencies of samples XC, C1, C2 and C3 relative to candidate 

Reference Reagent 10/198 (S1) in assays using MSP-3 antigen 

 

Figure 5. Laboratory mean EC50 estimates for samples XC, C1, C2 and C3 in assays using 

AMA-1 antigen 

 

Figure 6. Laboratory mean EC50 estimates for samples XC, C1, C2 and C3 in assays using 

MSP-142 antigen 

 

Figure 7. Laboratory mean EC50 estimates for samples XC, C1, C2 and C3 in assays using 

MSP-3 antigen 

 

Figure 8. The comparison of cross-reactivity of candidate Reference Reagent 10/198 with pre-

erythrocytic antigen (CSP) and blood stage antigen (AMA-1). 



WHO/BS/2014.2235 

Page 16 

 

Table 1. Relative potencies of two individual ampoules of 10/198 (ampoules coded S2 relative to 

ampoules coded S1) 

 

Lab 
AMA1 MSP1 MSP3 

GM GCV N GM GCV N GM GCV N 

1 1.061 18.0 24 1.090 18.0 25 1.026 15.8 27 

2 1.083 30.8 25 1.130 27.6 25 1.000 48.7 24 

3 1.021 25.1 10 1.108 61.5 9 1.032 33.2 12 

4 1.142 11.0 3 0.878 12.1 2 1.026 14.0 3 

5 1.044 15.3 27 1.032 16.5 25 1.029 14.1 27 

6 1.048 31.4 27 1.055 20.3 25 1.035 25.4 23 

7 1.020 12.2 27 1.004 8.3 27 0.962 14.1 26 

8 1.049 16.6 26 1.045 18.1 26 1.035 21.4 26 

9 1.050 9.3 26 0.979 19.9 27 0.998 18.1 26 

10 0.860 73.2 23 1.045 27.9 22 0.996 53.1 20 

11 1.000 11.1 27 1.032 12.8 24 0.990 35.2 26 

12 0.993 24.0 26 0.971 25.9 27 0.928 25.7 25 

13 0.947 52.7 26 0.955 25.7 23 1.195 61.7 26 

14 0.970 18.3 27 1.001 14.7 26 1.023 12.8 27 

15 0.949 35.5 27 0.962 17.8 26 0.984 9.8 27 

16 0.999 6.9 27 0.985 4.9 27 0.992 5.2 27 

 

GM – geometric mean 

GCV – geometric coefficient of variation (%) 

N – number of estimates used in calculation of mean 
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Table 2. Relative potencies of samples XC, C1, C2 and C3 relative to candidate Reference 

Reagent 10/198 (S1) in assays using AMA-1 antigen 

 

Lab 
XC C1 C2 C3 

GM GCV N GM GCV N GM GCV N GM GCV N 

1 0.952 23.1 24 4.366 41.4 8 0.885 15.3 7 0.016 32.8 9 

2 1.981 54.0 24 3.777 23.4 7 0.852 18.7 9 0.017 41.5 9 

3 1.100 49.8 9 3.458 25.2 3 0.759 22.6 2 0.021 . 1 

4 1.768 92.3 4 . . . . . . 0.008 49.3 4 

5 0.809 15.5 26 3.496 23.2 9 0.851 5.2 8 0.015 18.6 9 

6 0.720 48.6 27 3.673 31.5 9 0.953 12.2 9 0.013 24.0 9 

7 0.791 16.3 27 3.365 13.4 9 0.891 10.7 9 0.014 18.7 9 

8 0.840 16.6 25 3.361 11.4 8 0.863 8.9 9 0.014 21.1 9 

9 0.830 14.0 27 3.534 8.9 9 0.830 24.9 9 0.014 14.9 9 

10 0.657 55.7 21 3.868 66.5 5 0.834 43.5 7 0.011 3.9 5 

11 0.812 15.4 27 3.324 8.0 9 0.844 15.8 9 0.013 13.9 9 

12 0.874 17.7 27 3.367 26.8 9 0.871 10.5 8 0.015 36.0 9 

13 1.258 92.9 26 2.564 36.8 9 0.521 74.8 9 0.017 17.6 8 

14 0.803 17.2 27 3.539 14.2 9 0.783 11.9 9 0.015 13.3 9 

15 0.812 18.3 27 3.465 29.6 9 0.944 13.8 9 0.017 9.6 9 

16 0.839 5.5 27 3.361 4.7 9 0.899 3.1 9 0.015 8.9 9 

Overall 

GM 
0.941 3.482 0.832 0.014 

Between-lab 

GCV 
36.2 11.8 15.3 23.2 

Overall 

GM* 
0.809 3.549 0.870 0.014 

Between-lab 

GCV* 
9.6 8.2 5.7 12.5 

 

GM – geometric mean 

GCV – geometric coefficient of variation (%) 

N – number of estimates used in calculation of mean 

*excludes laboratories 2, 3, 4 and 13 
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Table 3. Relative potencies of samples XC, C1, C2 and C3 relative to candidate Reference 

Reagent 10/198 (S1) in assays using MSP-142 antigen 

 

Lab 
XC C1 C2 C3 

GM GCV N GM GCV N GM GCV N GM GCV N 

1 0.521 20.7 25 2.468 15.7 8 0.871 11.4 9 0.032 24.3 8 

2 1.951 56.0 25 2.218 45.2 9 0.979 51.8 7 0.033 10.0 9 

3 0.556 57.3 8 2.807 49.6 3 1.121 49.0 4 0.026 . 1 

4 0.995 94.3 4 . . . . . . 0.019 6.9 3 

5 0.472 20.7 26 2.813 36.8 8 0.858 24.2 9 0.033 13.8 8 

6 0.500 14.9 26 2.904 21.9 9 0.989 21.4 8 0.031 25.5 9 

7 0.431 20.9 27 2.466 15.8 9 0.835 13.9 9 0.030 32.7 9 

8 0.512 22.7 26 2.241 16.0 9 0.991 25.1 8 0.036 17.7 9 

9 0.438 18.6 27 2.361 18.5 9 0.876 17.6 8 0.030 10.8 9 

10 0.473 32.5 23 2.429 20.3 7 0.846 48.6 7 0.041 44.3 8 

11 0.479 14.3 24 2.272 11.7 7 0.917 20.3 8 0.034 10.2 9 

12 0.567 34.6 26 2.507 17.2 9 0.824 31.6 9 0.028 29.4 9 

13 0.665 75.2 24 2.090 47.8 8 0.612 67.4 8 0.035 20.8 8 

14 0.450 10.4 26 2.297 12.3 9 0.899 9.6 8 0.032 13.8 9 

15 0.451 16.8 27 2.628 21.6 8 0.962 16.4 8 0.038 11.5 9 

16 0.498 5.6 27 2.459 5.6 9 0.914 6.7 8 0.034 6.4 9 

Overall 

GM 
0.566 2.454 0.893 0.032 

Between-lab 

GCV 
47.4 10.0 14.2 19.6 

Overall 

GM* 
0.493 2.447 0.871 0.033 

Between-lab 

GCV* 
8.3 8.4 6.6 11.5 

 

GM – geometric mean 

GCV – geometric coefficient of variation (%) 

N – number of estimates used in calculation of mean 

*excludes laboratories 2, 3, 4 and 13 
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Table 4. Relative potencies of samples XC, C1, C2 and C3 relative to candidate Reference 

Reagent 10/198 (S1) in assays using MSP-3 antigen 

 

Lab 
XC C1 C2 C3 

GM GCV N GM GCV N GM GCV N GM GCV N 

1 0.620 24.8 26 3.219 17.2 9 0.807 10.9 9 0.038 18.1 9 

2 2.462 174.7 21 3.224 47.6 8 0.692 47.2 8 0.043 25.0 8 

3 0.575 22.7 11 2.210 31.4 5 1.021 11.4 5 0.065 7.6 3 

4 1.305 56.6 4 . . . . . . 0.031 31.1 2 

5 0.547 16.8 27 2.916 15.8 9 0.806 13.0 9 0.047 34.2 9 

6 0.540 19.5 27 3.094 13.5 9 0.889 17.3 8 0.035 25.8 9 

7 0.499 25.2 27 3.249 26.6 9 0.831 14.3 8 0.036 26.6 9 

8 0.530 19.0 25 3.283 15.2 7 0.792 8.5 9 0.039 18.4 8 

9 0.499 16.1 26 3.046 16.0 8 0.769 19.2 9 0.036 18.5 9 

10 0.545 47.4 21 3.172 35.4 9 0.756 36.9 6 0.039 43.3 7 

11 0.569 23.5 26 2.715 25.5 9 0.842 22.0 9 0.053 59.7 9 

12 0.638 33.4 26 2.940 18.1 8 0.745 34.1 9 0.041 18.9 9 

13 1.070 75.5 24 3.516 12.2 6 0.741 64.6 7 0.073 96.3 6 

14 0.543 10.0 27 3.021 12.0 9 0.835 17.0 9 0.041 7.6 8 

15 0.511 12.9 27 2.783 13.8 9 0.852 8.8 9 0.048 14.6 9 

16 0.551 6.5 25 2.937 5.0 9 0.832 8.7 9 0.045 9.3 9 

Overall 

GM 
0.665 3.006 0.811 0.043 

Between-lab 

GCV 
55.6 11.5 9.5 25.5 

Overall 

GM* 
0.548 3.026 0.812 0.041 

Between-lab 

GCV* 
7.9 6.2 5.4 13.9 

 

GM – geometric mean 

GCV – geometric coefficient of variation (%) 

N – number of estimates used in calculation of mean 

*excludes laboratories 2, 3, 4 and 13 
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Table 5. EC50 estimates for samples XC, C1, C2 and C3 in assays using AMA-1 antigen 

 

Lab 
XC C1 C2 C3 

GM GCV N GM GCV N GM GCV N GM GCV N 

1 0.050 48.5 24 0.012 69.0 8 0.051 43.6 7 2.899 37.1 9 

2 0.077 167.7 24 0.077 122.6 7 0.076 132.5 9 13.398 42.7 9 

3 0.891 464.6 9 0.135 179.8 3 0.320 2.8 2 24.912 . 1 

4 0.008 313.7 4 . . . . . . 1.726 79.0 4 

5 0.032 41.7 26 0.008 41.6 9 0.037 18.9 8 1.416 41.3 9 

6 0.078 54.9 27 0.015 30.1 9 0.059 36.1 9 4.124 55.1 9 

7 0.073 14.2 27 0.017 18.1 9 0.070 14.8 9 3.903 10.4 9 

8 0.054 12.0 25 0.013 15.8 8 0.058 18.2 9 3.052 15.0 9 

9 0.062 38.5 27 0.015 47.6 9 0.057 48.3 9 3.940 47.7 9 

10 0.359 43.8 21 0.058 24.6 5 0.315 80.5 7 19.295 28.2 5 

11 0.063 18.3 27 0.016 20.3 9 0.063 17.5 9 3.409 17.7 9 

12 0.063 19.1 27 0.015 28.9 9 0.069 17.8 8 3.801 26.7 9 

13 0.072 91.1 26 0.047 59.8 9 0.153 59.1 9 4.514 22.8 8 

14 0.048 16.7 27 0.011 22.1 9 0.049 11.8 9 2.522 11.6 9 

15 0.096 37.2 27 0.022 49.0 9 0.084 35.0 9 4.631 31.2 9 

16 0.085 7.6 27 0.021 7.9 9 0.082 6.3 9 4.556 11.5 9 

Overall 

GM 
0.073 0.022 0.081 4.492 

Between-lab 

GCV 
170.8 124.3 89.0 120.0 

Overall 

GM* 
0.071 0.016 0.069 3.849 

Between-lab 

GCV* 
79.7 62.4 69.5 82.7 

 

GM – geometric mean 

GCV – geometric coefficient of variation (%) 

N – number of estimates used in calculation of mean 

*excludes laboratories 2, 3, 4 and 13 
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Table 6. EC50 estimates for samples XC, C1, C2 and C3 in assays using MSP-142 antigen 

 

Lab 
XC C1 C2 C3 

GM GCV N GM GCV N GM GCV N GM GCV N 

1 0.279 18.0 25 0.062 35.6 8 0.173 23.5 9 4.054 18.0 8 

2 0.181 80.8 25 0.256 43.1 9 0.146 102.5 7 13.864 6.3 9 

3 1.503 54.0 8 0.281 106.1 3 1.062 60.7 4 15.167 . 1 

4 0.018 256.9 4 . . . . . . 1.176 78.7 3 

5 0.323 216.2 26 0.053 225.6 8 0.173 195.2 9 4.280 218.5 8 

6 0.249 32.6 26 0.046 33.0 9 0.112 24.4 8 4.098 47.2 9 

7 0.283 15.2 27 0.048 25.3 9 0.153 30.1 9 4.007 9.1 9 

8 0.220 20.0 26 0.049 11.4 9 0.125 18.0 8 2.960 11.6 9 

9 0.297 39.8 27 0.057 54.6 9 0.159 46.0 8 4.450 29.0 9 

10 1.053 31.7 23 0.189 39.6 7 0.600 42.0 7 13.113 43.8 8 

11 0.294 32.4 24 0.062 29.5 7 0.151 17.1 8 3.917 34.0 9 

12 0.239 36.4 26 0.060 12.8 9 0.152 33.5 9 4.817 15.4 9 

13 0.299 85.5 24 0.109 57.9 8 0.338 69.9 8 5.278 47.3 8 

14 0.202 18.8 26 0.040 13.5 9 0.102 8.8 8 2.774 33.2 9 

15 0.371 35.6 27 0.066 48.2 8 0.184 45.7 8 4.436 33.5 9 

16 0.331 8.2 27 0.067 7.5 9 0.184 12.8 8 4.686 6.7 9 

Overall 

GM 
0.276 0.077 0.197 4.762 

Between-lab 

GCV 
150.4 88.4 89.4 89.5 

Overall 

GM* 
0.309 0.061 0.167 4.406 

Between-lab 

GCV* 
52.8 48.1 56.0 46.6 

 

GM – geometric mean 

GCV – geometric coefficient of variation (%) 

N – number of estimates used in calculation of mean 

*excludes laboratories 2, 3, 4 and 13 
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Table 7. EC50 estimates for samples XC, C1, C2 and C3 in assays using MSP-3 antigen 

 

Lab 
XC C1 C2 C3 

GM GCV N GM GCV N GM GCV N GM GCV N 

1 0.498 23.6 26 0.098 32.7 9 0.407 35.6 9 7.909 30.1 9 

2 0.304 110.5 21 0.375 36.1 8 0.468 126.3 8 28.558 3.1 8 

3 2.806 48.3 11 0.543 75.7 5 1.732 33.2 5 27.632 17.4 3 

4 0.046 111.5 4 . . . . . . 1.761 27.8 2 

5 0.269 59.1 27 0.046 22.5 9 0.234 60.6 9 2.663 84.7 9 

6 0.565 23.5 27 0.105 24.7 9 0.345 10.7 8 8.304 40.2 9 

7 0.632 24.6 27 0.085 44.5 9 0.463 46.0 8 7.710 24.3 9 

8 0.571 18.3 25 0.078 115.5 7 0.383 29.9 9 6.926 16.3 8 

9 0.608 34.8 26 0.087 28.6 8 0.438 40.9 9 8.994 46.2 9 

10 1.831 34.5 21 0.303 123.1 9 1.263 19.4 6 22.216 31.1 7 

11 0.685 19.7 26 0.142 26.9 9 0.453 21.6 9 8.452 15.9 9 

12 0.513 35.5 26 0.118 9.4 8 0.427 17.1 9 7.906 20.9 9 

13 0.650 105.7 24 0.158 122.3 6 0.902 108.4 7 11.176 18.2 6 

14 0.394 8.9 27 0.069 12.0 9 0.264 5.7 9 5.116 13.1 8 

15 1.025 28.5 27 0.194 23.5 9 0.647 25.7 9 10.040 26.9 9 

16 0.745 5.2 25 0.138 6.9 9 0.509 7.2 9 9.120 8.6 9 

Overall 

GM 
0.555 0.134 0.509 8.607 

Between-lab 

GCV 
142.9 95.4 71.9 107.9 

Overall 

GM* 
0.620 0.108 0.441 7.892 

Between-lab 

GCV* 
60.6 63.9 53.6 62.0 

 

GM – geometric mean 

GCV – geometric coefficient of variation (%) 

N – number of estimates used in calculation of mean 

*excludes laboratories 2, 3, 4 and 13 
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Table 8. Relative potency estimates for candidate Reference Reagent 10/198 stored at elevated 

temperatures for 24 months 

 

Antigen 
Storage 

temperature 
Potency relative to -150˚C 

Estimate 95% confidence limits 

AMA-1 -20˚C 1.13 0.91 1.42 
 +4˚C 0.91 0.77 1.07 
 +20˚C 0.93 0.77 1.11 
 +37˚C 1.00 0.89 1.12 
 +45˚C 1.39 1.11 1.70 
 +56˚C 0.70 0.60 0.80 

MSP-142 -20˚C 0.98 0.92 1.04 
 +4˚C 1.06 0.99 1.13 
 +20˚C 1.03 0.95 1.11 
 +37˚C 0.84 0.72 0.97 
 +45˚C 1.09 0.85 1.42 
 +56˚C 1.00 0.86 1.16 

MSP-3 -20˚C 0.97 0.86 1.11 
 +4˚C 0.98 0.86 1.12 
 +20˚C 0.99 0.87 1.12 
 +37˚C 0.85 0.74 0.97 
 +45˚C 1.03 0.94 1.14 
 +56˚C 1.04 0.61 1.58 

 

 

Table 9. Potency estimates for reconstituted samples of 10/198 stored for 3 months relative to 

freshly reconstituted samples 

 

Antigen 
Storage 

temperature 

Potency relative to freshly reconstituted sample 

Estimate 95% confidence limits 

AMA-1 -20˚C 1.02 0.92 – 1.13 
 +4˚C  0.92 0.83 – 1.03 

MSP-142 -20˚C 1.23 1.13 – 1.34 
 +4˚C  1.01 0.88 – 1.16 

MSP-3 -20˚C 1.10 0.92 – 1.33 
 +4˚C  1.06 0.96 – 1.18 

 

  



WHO/BS/2014.2235 

Page 24 

 

 

Figure 1. Relative potencies of two individual ampoules of 10/198 (ampoules coded S2 relative 

to ampoules coded S1) 
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Figure 2. Laboratory mean potencies of samples XC, C1, C2 and C3 relative to candidate 

Reference Reagent 10/198 (S1) in assays using AMA-1 antigen. 
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Figure 3. Laboratory mean potencies of samples XC, C1, C2 and C3 relative to candidate 

Reference Reagent 10/198 (S1) in assays using MSP-142 antigen 
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Figure 4. Laboratory mean potencies of samples XC, C1, C2 and C3 relative to candidate 

Reference Reagent 10/198 (S1) in assays using MSP-3 antigen 
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Figure 5. Laboratory mean EC50 estimates for samples XC, C1, C2 and C3 in assays using 

AMA-1 antigen 
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Figure 6. Laboratory mean EC50 estimates for samples XC, C1, C2 and C3 in assays using 

MSP-142 antigen 
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Figure 7. Laboratory mean EC50 estimates for samples XC, C1, C2 and C3 in assays using 

MSP-3 antigen 
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Figure 8. The comparison of cross-reactivity of candidate Reference Reagent 10/198 with pre-

erythrocytic antigen (CSP) and blood stage antigen (AMA-1). 
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Appendix I. List of participants 

 
1. Evelina Angov. USMMVP-WRAIR, 503 Robert Grant Avenue, Silver Spring, MD 

20910, USA  

2. Ed Remarque. Department of Parasitology Biomedical Primate Research centre, Post 

Box 3306, 2280 GH Rijswijk. The Netherlands   

3. Daniel Dodoo. Department of Immunology, Noguchi Memorial Institute of Medical 

Research, Accra, P.O. Box Lg 581, University of Ghana, Ghana 

4. Chris Drakeley. Division of Immunology, Faculty of Infectious and tropical Diseases, 

The London School of Hygiene and Medicine, Keppel St, London WC1E 7HT, UK 

5. James Beeson, Linda Reiling, and Gaoqian Feng. Burnet Institute, 85 Commercial Road, 

Melbourne, Victoria 3004, Australia 

6. A Manjurano. National Institute for Medical Research (NIMR) P.O.BOX 1462 Mwanza, 

Tanzania 

7. Simon Kariuki. KEMRI/CDC, Off Busia Road, P. O. Box 1578, Kisumu-40100, Kenya 

8. Francis Ndungu and Dr Faith Osier. Kenya Medical Research Institute, PO Box 230, 

80108, Kilifi, Kenya 

9. Denise L. Doolan. Molecular Vaccinology Laboratory The Queensland Institute of 

Medical Research Courier address: 300 Herston Road, Herston, QLD 4006, Australia 

Mailing address: QIMR Locked Bag 2000, Brisbane, QLD 4029, Australia 

10. Carlota Dobano. University of Barcelona Centre for International Health Research, 

Hospital Centre For International health Research, Carrer Roselló 153, 1ª Planta E-08036 

Barcelona, Spain, Barcelona  

11. Benjamin Mordmueller. Medical Research Unit, Albert Schweitzer Hospital BP118 

Lambarere, Gabon 

12. Ogobara Doumbo and   Bourèma Kouriba. Malaria Research and Training Centre 

(MRTC), department of Epidemiology of Parasitic Diseases  University of Sciences, 

Techniques and Technologies of Bamako, BP 1805, Point G, Bamako, Republic of Mali. 

13. Paushali Mukherjee. Malaria Research Group, International Centre for Genetic 

Engineering and Biotechnology, Aruna Asaf Ali Marg, New Delhi-110067, India 

14. Carole Long. NIAID/NIH. Malaria Immunology Section, Laboratory of Malaria and 

Vector Research. Twinbrook III, Room 3W13, 12735Twinbrook Parkway MSC 8132. 

Rockville, MD 20892-8132 USA 

15. Nilupa Silva, Donna Bryan, Mei Mei Ho. Bacteriology Division, MHRA-NIBSC, 

Blanche lane, South Mimms, Potters Bar, Hertfordshire EN6 3QG, UK 

16. David Cavanagh. University of Edinburgh, Institute of Immunology and Infection 

Research, Ashworth Laboratories, King’s Buildings, Edinburgh EH9 3JT 
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Appendix II. Study protocol for International Collaborative Study 

of 1
st
 WHO Reference Reagent candidate for Anti-Malaria 

(Plasmodium falciparum) Human Serum using ELISA 
 

Objective: The determination of human total IgG content specific for three recombinant 

Plasmodium falciparum antigens. 

General:  This procedure takes 3 days to complete: Antigen coating on day 1, blocking and 

test sample incubation on day 2 and detection with conjugated antibodies with 

substrate on day 3.  

 NB: The coating antigens have different stock concentrations. Make sure you dilute 

accordingly as the plating concentration for all three antigens is 2µg/ ml.  Please 

store all reagents at 4

C once received. USE WITHIN THREE MONTHS. 

 Wear gloves and laboratory protective clothing. 

=============================================================== 

Equipment 
 

(a) 96-well ELISA plates (Immulon 4, flatbottom for protein antigen coating) 

(b) 3 x Plastic containers (2 l) for washing plates 

(c) Pipettes:  5-50 µl x 8-channel;  20-200 µl x 12 channel and 1 ml  

(d) Pipette tips: 200 µl & 1 ml 

(e) Pipetting troughs 

(f) Plate reader 

(g) Large Plastic self-sealing food bags or plate sealing films for use during incubations 

 

Reagents 

 
(a) Coating antigens: AMA-1(stock concentration 1mg/ ml), MSP-3(stock concentration 

1mg/ ml), MSP-142 (stock concentration 0.9mg/ ml) stored at 4

C (all provided). 

REMEMBER that the coating concentration for all three is 2µg/ ml. 

(b) A positive control sample, and nine additional blinded  test samples including the  WHO 

Reference Reagent of human anti-Malaria serum candidate (all provided) 

(c) Phosphate buffered saline (PBS) x10 at pH 7.2. 

(d) OPD  (o-phenylenediamine) dihydrochloride  substrate tablets   (provided) 

(e) Hydrogen peroxide  

(f) Tween 20 

(g) Skimmed milk powder  

(h) Horseradish peroxidase-conjugated rabbit anti-human IgG (provided) 
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(i) 2M H2SO4 (*WARNING* conc H2SO4 is hazardous) 

(j) Buffer solutions: 

 

Coating Buffer: 1.59 g Na2CO3  + 2.93 g NaHCO3 per litre in deionised water. Should 

be pH 9.4 - 9.6. Can be kept for up to 1 month at 4°C 

 

Buffer A : 0.1M citric acid (9.6 g anhydrous in 500 ml deionised water or 10.5g of 

monohydrate) : store at 4°C 

 

Buffer B : 0.2 M phosphate (14.2g Na2HPO4 in 500 ml deionised water).  

 

OPD substrate solution: Add 12 m1 buffer A and 13 ml buffer B to 25 ml  deionised  

water (total volume of 50 ml). 

 

Check 5<pH<6 with pH paper. 

Dissolve one 20 mg OPD tablet in the above 50ml solution. Then add 40µl H202. Make 

this up just before use. (One 20 mg tablet enough for 5 plates) 

Protect from light by wrapping plates in foil store at ambient room temperature. 

 

10X PBS: Add Sodium Chloride 90.00g, Na2HPO4 10.9g and NaH2PO4 3.2g in 1Litre of 

deionised water 

 

PBS/ Tween wash solution (PBS-T): Dilute 10x PBS in deionised water and add 0.5 ml 

Tween 20 per litre of 1X PBS [0.05% Tween in PBS]. Make up fresh each day. 

 

Diluent Solution: 1% (w/v) skimmed milk powder in PBS-T. Weigh 1 g Skimmed Milk 

Powder in 100 ml PBS-T at ambient temperature.  Make up fresh each day. 

 

Stop solution: 2M H2SO4 

 

Method 
 

A. Plate washing 
Set out three wash containers, A, B and C. Half-fill each with PBS-T. 

To wash a plate,  

a) Flick the well contents into the sink,  

b) Plunge the plate into Bucket A to fill with PBS-T,  

c) Remove by flicking the well contents out into the sink. 

d) Repeat in Bucket B, then, finally, Bucket C. 

e) Flick out the PBS-T and drain and pat dry the inverted plate on tissue several times to 

ensure all wells are free of residue buffer. 

 

B.  ELISA 
Day 1 

(1) Mark out and individually label ELISA plates according to template in Appendix B. A set 

of ELISA plates for AMA-1 for example, consist of 9 plates (one set of plates is required 

for each coating antigen).  
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(2) You should have 27 plates in total (for one given assay day), 

Total of 9 plates for AMA-1, 9 plates for MSP-3 and 9 plates for MSP-142. Label each 

plate clearly with the antigen, date and plate number according to plate plan. 

(3) To each well of a 96-well ELISA plate add 50 µl of the appropriate antigen (2 µg/ml in 

coating buffer for AMA-1, MSP-3 or MSP-142);  

Tap gently to distribute the antigen solution evenly over the flat base of the well, stack 

plates together, seal (to avoid evaporation) and incubate coated plates overnight at 4°C.  

Day 2 

(4) Wash 3 times with PBS-0.05% Tween 20  (PBS/T) as described earlier 

(5) Add 200 µl of Diluent solution (1% skimmed milk in PBS/T) to each well 

(6) Incubate for 3 hours at ambient temperature (Room Temp) 

(7) Wash plates 3 times in PBS/T as described earlier 

(8) Reconstitute one ampoule each of lyophilised test (Sample 1-9) and control samples by 

adding 1 ml of deionised water.  

Ensure sample has completely dissolved and mixed by pipetting up and down several 

times. 

(9)  

 Pipette 100 µl diluent buffer into all columns 1-12 of coated plates. 

 Pipette 50 µl of control/ test samples as indicated in Appendix B into well A1-H1.  

 Then using an 8-channel pipette, transfer 50 µl from column 1 across to column 2 to 

make a 3-fold serial dilution. Mix well by pipetting up and down in each column 

before transferring a further 50 µl into next column. 

 Continue this procedure of mixing and transferring across the plate up to column 12 

and discard of the excess 50 l after mixing. 

 Repeat for all plates according to the plate plan in Appendix B. 

 Cover/ seal the plates and incubate overnight at 4°C.  

Day 3 

(10) Wash plates 6 times in PBS/T, as described earlier. Add 100µl/ well horseradish 

peroxidase-conjugated rabbit anti-human IgG (provided) diluted 1/5000 in diluent 

solution.  

 

(11) Incubate for 3 hours at room temperature. 

 

(12) Wash 6 times with PBS/T as described earlier. Add 100µl/ well of OPD substrate 

solution. Protect from light, e.g. by covering in foil. Leave at room temperature for 20 

minutes for the colour reaction to develop in the dark. 

(13) Stop the reaction by adding 25 µl/ well 2M H2SO4.  

 

(14) Read plates as soon as possible at 492 nm using a plate reader 

(15) Save data in EXCEL format provided 
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Appendix A 
 

Trouble-shooting: 
 

The most common problem we see is to do with the substrate.  

Check First:  

a) Have used Na2HPO4 to make up Buffer B? You may have used NaH2PO4 by mistake.  

 

b) Was the Na2HPO4 anhydrous? If not correct the weight of Na2HPO4 for the extra waters of 

crystallisation (Buffer B is 0.2 M) 

 

 

c) What is the pH of the OPD buffer? Check the OPD solution with a piece of narrow range pH 

paper, 2-7. The pH should not be lower than 5.0. If it is 3.0 or lower then you have probably 

used NaH2PO4 rather than Na2HPO4 

 

d) Check that the OPD is working by adding 100 µl of OPD substrate solution (including H2O2) 

to 100 µl of the diluted anti-Human-HRP. This should go brown very quickly (very 

noticeable within 2 min) – this is only a rough test, and if the pH is wrong may still seem to 

work 
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Appendix B 
 

Plate lay out: Plate 1-9 for all control/ test samples.  

NB: Each control and test samples (Sample 1-9) are tested in duplicate rows of each plate. Plate 

1-3, 4-6 and 7-9 are triplicate repeats with randomisation of samples lay out. 
PLATE1     PLATE2    PLATE3 

 
  PLATE4    PLATE5     PLATE6

 
PLATE7    PLATE8    PLATE9 

 

Nine plates each for AMA 1, MSP142, and MSP-3 (Perform the test of 27 plates on three 

separate experiments)  

So a total of 27 plates per experiment with 3 different coating antigens, with a total of 81 

plates for the whole study 

Participants will be required to perform a minimum of three independent assays, on three 

separate sets of days using freshly reconstituted ampoules for each assay.  Participants will be 

required on assay days to test each control and test samples (Sample 1-9) in triplicate, 

randomizing the layout of each test samples and control as shown above. The antigen coating 

concentrating is 2g/ ml for all three antigens. Please store antigens at 4

C for up to three 

months.  
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Recording of results 
Collect electronic and hard copies of the results from the ELISA plate reader. The results should 

be transferred and recorded in a result sheet template as indicated above.  
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Appendix III: Instruction for use and safety data sheet for the 

proposed first WHO Reference Reagent for anti-malaria 

(Plasmodium falciparum) human serum 
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