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Abstract
Screening tests for blood donations are based upon sensitivity, cost-effectiveness and their suitability for high-throughput testing. Enzyme immunoassay (EIAs) for hepatitis C virus (HCV) antibodies were the initial screening tests introduced. The ”first generation“ antibody EIAs detected seroconversion after unduly long infectious window period. Improved HCV antibody assays still had an infectious window period around 66 d. HCV core antigen EIAs shortened the window period considerably, but high costs did not lead to widespread acceptance. A fourth-generation HCV antigen and antibody assay (combination EIA) is more convenient as two infectious markers of HCV are detected in the same assay. Molecular testing for HCV-RNA utilizing nucleic acid amplification technology (NAT) is the most sensitive assay and shortens the window period to only 4 d. Implementation of NAT in many developed countries around the world has resulted in dramatic reductions in transfusion transmissible HCV and relative risk is now < 1 per million donations. However, HCV serology still continues to be retained as some donations are serology positive but NAT negative. In resource constrained countries HCV screening is highly variable, depending upon infrastructure, trained manpower and financial resource. Rapid tests which do not require instrumentation and are simple to perform are used in many small and remotely located blood centres. The sensitivity as compared to EIAs is less and wherever feasible HCV antibody EIAs are most frequently used screening assays. Efforts have been made to implement combined antigen-antibody assays and even NAT in some of these countries.
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INTRODUCTION
Transfusion therapy is an important component of modern health care and is dependant primarily on safe and adequate blood supply. The real challenge of blood transfusion lies in minimising risks and optimising clinical benefits. The first cases of transfusion associated jaundice were reported in 1943[1,2]. It was only in the 1960’s that the causative agent - hepatitis B virus was identified and screening of donor blood for hepatitis B surface antigen (HBsAg) was initiated in the United States (US) in 1971 and became a US federal regulation in July 1972[3]. During the same period a retrospective study was conducted by Grady and Chalmers in 1964 where it was shown that the incidence of transfusion associated hepatitis (TAH) in recipients of blood transfusion from volunteer donors was 0.6 cases/1000 units compared with 2.8 cases/1000 units where blood was collected from a mixture of volunteer and commercial blood donors[4]. This report was followed by a prospective study on recipients of blood transfusion to determine the incidence of TAH when blood was transfused from volunteer or commercial donors and reconfirmed the increased association between commercial blood donors and TAH[5]. The blood banks began switching over to blood collection from voluntary non-paid donors. By the end of 1975 the US Food and Drug Administration made it mandatory to collect blood from only voluntary non-remunerated blood donors[6]. Adoption of these two measures namely voluntary blood donation and screening donor blood for HBsAg led to 70% reduction of TAH and 85% reduction in transfusion associated hepatitis B[7]. Despite HBsAg screening, cases of TAH continued to occur, though majority of these (75%) were not due to hepatitis B virus (HBV). Hepatitis A virus (HAV) was identified in 1973[8] and serological assays for antibody detection became available. It was presumed then, that HAV might be the agent of non-B TAH, but serological screening of recipient and donor samples for anti-HAV showed non-reactivity[9]. Thus began the search for non A non B (NANB) hepatitis agent. During the period of non-discovery of the NANB hepatitis agents, surrogate tests i.e., alanine aminotransferase and anti-HBc were performed for routine blood donation screening[3]. Extensive experimental studies were conducted in chimpanzees[10,11] by inoculating the animals with serum from patients with acute or chronic NANB hepatitis and asymptomatic carriers, and finally in 1989 the virus was cloned and characterized. It was designated as hepatitis C virus (HCV)[12]. World over about 170 million people are chronically infected with HCV (3% of world population)[13]. However the prevalence varies in general population from high (> 10%) in Egypt, Cameroon, Rwanda, Bolivia, Gabon and Burundi, intermediate (2.5%-10%) in Mediterranean countries, South America, Africa and Middle East to low (< 2.5%) in North America, Europe, Australia[14]. Seroprevalence amongst blood donors as reported from different countries varies from 0.4% to 13.3%[15-20].

SCREENING BLOOD DONATIONS FOR HCV

The natural course of HCV infection is characterised by the appearance of the following markers in chronological sequence; HCV RNA, HCV antigens and subsequently HCV antibodies. The tests however were introduced in the reverse order for donor screening since the technologies had to be optimised to achieve maximum sensitivity and specificity for blood transfusion safety.

SEROLOGICAL ASSAYS

Serology based assays may detect presence of anti-HCV antibodies, HCV antigen or both simultaneously. The testing platforms could be enzyme immunoassays (EIAs), chemiluminescence (CLIA) or rapid tests. The test principle in EIAs and CLIAs is the same, but end point detection in EIAs is measured as colour change and in CLIAs as luminescence. The CLIA end point detection signal has been reported to have better sensitivity than enzyme based assays. The improvements in assay performance, particularly of the EIAs have been termed as “generations” of the assays. The first generation anti-HCV EIA detected antibodies 12 to 26 wk after exposure, creating a long window period of infectivity and some patients never seroconverted with this assay. The false positivity rate in low risk populations was reported to be as high as 60%. The limited sensitivity of the first generation assay was attributed to the use of the antigen c100-3 (NS4) alone which represents only 12% of the viral genome[21,22]. The second generation anti-HCV EIA incorporated two more epitopes, one each from the core antigen and a non-structural antigen (NS3). The range of window period of infectivity reduced to 10 to 24 wk. The third generation EIAs incorporated additional antigen from the non-structural HCV antigen (NS5) and showed a further reduction in the window period by one week. Despite increase in sensitivity with each successive “generation” of the assay, the prolonged serology negative but ‘infectious’ window period remained a cause for concern, with second generation assays, the average window period remains around 82 d[23] and with third generation assays it reduces to but still remains around 66 d[24,25].

Window period can be shortened by either detection of viral antigen or the genome. ELISA assays for the detection of HCV core antigen were developed and tested on both blood donors and patients at high risk of acquiring infections i.e., patients on chronic haemodialysis[26-28]. In a study on HCV antibody negative blood donors core antigen assays detected HCV antigen in 11 out of 18 (61%) of the donor samples initially positive for HCV RNA by real-time polymerase chain reaction (RT-PCR). In the 7 cases (39%) where the antigen assay was negative, the HCV core antigen became detectable between 2 and 21 d after the initial testing[27]. In another study[28] HCV core antigen was tested on 6 HCV antibody negative and HCV RNA positive blood donors and 135 serial samples from 28 antibody negative patients on haemodialysis. Five of the six donors (83%) were positive for HCV antigen, while in haemodialysis patients 81 samples tested positive out of 92 HCV RNA positive samples (88%). A correlation was observed between viral load and the detection of HCV antigen. The positive results were obtained in 96% of the study population when the number of HCV RNA copies per ml was greater than 105 and only 53% when the number of HCV RNA copies was lower. Average time from RNA to antigen positivity was estimated at 2 d in contrast to a study in which compared with amplified HCV RNA testing the core antigen only testing increased the window period by 8 d[27]. Thus HCV antigen appears at the earliest within 2-8 d of HCV-RNA positivity. The average window period reduction can be achieved by 49 d. In a recently published meta-analysis the pooled sensitivity of the HCV core antigen assay was 0.84% (95%CI: 0.83-0.85) and the pooled specificity was 0.98% (95%CI: 0.97-0.98)[29]. The HCV core antigen only assay did not find widespread applicability in blood donor screening since two serology based assays had to be performed on the same donor unit. Additional high cost of the assay also precluded its use as a screening test. A sandwich ELISA for the detection of HCV NS3 antigen has been developed indigenously in a resource constrained country[30]. The authors used a high sensitivity and specificity anti-HCV-NS3 antigen monoclonal antibody and a highly efficient, purified anti-HCV polyclone antibody from a chronic HCV patient with high titre anti-HCV (titre-1 in 10000). The HCV NS3 antigen positivity rate in the 173 anti-HCV positive samples and the 3708 HCV-negative samples was 24.3% and 1.3% respectively. Innovations like these may help to make technological advancements affordable to large parts of the developing world. ELISA assays are the most widely used serological screening tests for HCV antibody detection in blood centres. The assays can be run in batches and can be fully automated for testing large numbers of donor samples. About 70%-80% of HCV antibody positive samples are also HCV RNA positive, hence there is high probability of HCV transmission from seropositive donors[16,31].

Combination antigen-antibody assays were introduced, where two markers of the same infection could be detected simultaneously. These assays came to be known as “fourth generation” or “antigen-antibody combo” tests and appeared more suitable in a blood bank setting where large numbers of donor samples need to be screened in the shortest possible time. The combined antigen-antibody assays are usually sandwich ELISAs where the solid phase and second phase comprise both HCV derived antigens and antibodies against HCV. The performance of these combined assays was evaluated on three panels of antibody negative plasma samples from HCV RNA only positive donors[32]. Assay kits from two manufacturers were compared, there was variability in antigen detection which also seemed genotype dependent and influenced to some extent by the viral load. The detection of HCV infection by these two fourth generation assays was 29% and 50% respectively in HCV RNA positive samples. Combined assays resulted in suboptimal detection of HCV antigen when compared to antigen only assays. Despite this, combination assays are a definite improvement over antibody only assays, as they detect the infection earlier and are capable of detecting immunosilent carriers who are viremic without detectable antibodies in their plasma[33]. In another study, 70.5% of HCV RNA positive and anti-HCV negative samples collected in pre-seroconversion phase were detected by antigen-antibody assays[34]. This study was conducted on 107 sequential samples from 10 HCV seroconversion commercial panels. The specificity was further analysed in 2503 consecutive blood donations and was estimated at 99.8%. The average window period reduction with combined assays was estimated at 26.8 d and this would translate to a reduction of the HCV transfusion transmissible risk by 41%. The authors observed that the assay failed to detect HCV antigen in few samples where the HCV-RNA load was greater than 106/mL. They postulated that this might be explained by inaccessibility of the core antigen to monoclonal antibodies included in the assay. Nevertheless these assays provide a viable alternate to molecular methods where cost constraint is a limiting factor.

RAPID TESTS

In many blood centres located within resource-constrained countries the laboratory facilities are limited as regards instrumentation, electricity supply and trained manpower. In such situations rapid tests provide an alternate screening methodology to EIAs. These tests can be performed within few minutes and the results can be read visually and are not dependant on any instruments or electrical supply. They are based upon any one of the following principles; agglutination[35], immunofiltration[36] or immuno-chromatography[37]. The antigens used in the test are usually same as those incorporated in third generation EIAs. Each test strip or cassette has an inbuilt control band for validation. The reported sensitivities with these tests ranged from 98%-100%[35-37], however in the presence of associated human immunodeficiency virus (HIV) coinfection, the test sensitivity was detected to be only 77.5%[38]. An added advantage of rapid tests is to perform a quick risk assessment of source person in case of needle stick injury to health care workers. In a multinational assessment of blood-borne virus testing at 51 blood centres in 17 African countries, the sensitivity of rapid anti-HCV tests varied from 47% to 100%. Samples with the lowest HCV antibody levels were more frequently negative, especially with the rapid tests, thus compromising blood safety. Four samples with high antibody levels which were detected by all EIAs, tested negative with rapid tests[39].

MOLECULAR TESTING OF HCV

In the late 1990s and early 2000s, several developed countries introduced direct viral nucleic acid detection for HCV and HIV-Ⅰ , following later by HBV. The earlier tests were based largely on in-house PCR and testing was voluntary. As technology advanced and the potential of blood donor screening by viral nucleic acid detection was realised, semi-automated and fully automated high throughput commercial platforms become available. Amplification of the small amounts of viral nucleic acid RNA/DNA present in donor plasma was an integral part of the technology, these tests came to be referred to as nucleic acid amplification technology. Viral nucleic acids are detected by one of the two technologies in blood centres[40] (1) PCR; and (2) transfusion mediated amplification (TMA). PCR is ideal for DNA amplification. For RNA amplification as required for HCV a reverse-transcription step is needed to generate cDNA. Both the steps, that is reverse transcription and DNA amplification can be incorporated into a single step by incorporating reverse transcriptase and DNA polymerase in the same reaction. TMA technology uses two enzymes-RNA polymerase and reverse transcriptase (RT). The RT enzyme creates cDNA which serves as a template to generate RNA by the activity of the enzyme RNA polymerase. In this way about a billion RNA amplicons are produced in less than an hour.

NAT testing for HCV was the first viral nucleic acid detection screening test introduced in blood centres. Testing was performed on minipools (MP-NAT), with pool size varying from 96 to 6 blood donations[41]. The first country to introduce NAT screening of whole blood and apheresis donations in 1997 was Germany. Initially this technology was started on voluntary basis, but in 1999 HCV NAT was made mandatory, prior to release of blood components[42]. Subsequently HCV NAT became mandated in at least 23 countries across the world[43], although NAT has been implemented in blood centres in over 40 countries. Testing in minipools has been reported to reduce sensitivity and this has led to decrease in pool size, varying from 24 to 6 donations. Many blood centres have progressed to individual donation (ID-NAT) testing. In a comparative study between MP-NAT and ID-NAT testing, the latter was observed to be significantly more sensitive in detecting HCV and HIV RNAs but the difference in sensitivity was limited for HBV DNA[44]. To enhance the sensitivity of MP-NAT, fully automated nucleic acid extraction systems are available. In Germany where MP-NAT is performed on pool size of 96, ultracentrifugation prior to viral extraction has yielded analytical sensitivity of NAT, equivalent to smaller pool size[45]. Many blood centres have progressed to individual donation (ID-NAT) testing. Regardless of minipool or individual donation testing, blood centres are using the multiplex commercial NAT platforms where simultaneous detection of HCV, HBV, HIV-1 and recently even HIV-2 is available. This helps in conserving reagents, reducing sample volume required and gives results for 3 viral agents within the same time frame. The initial NAT reactive results are then confirmed using discriminatory assays for each of the specific virus.

NAT has a high analytical sensitivity for HCV RNA and ID-NAT can detect as low as 2.0 to 9.4 IU/mL[46]. NAT testing for HCV reduced the infectious pre-sero-conversion period dramatically to 4 to 6 d. It also helped to detect immunosilent carriers. The residual risk of transfusion-transmitted HCV infection has declined significantly in countries where universal NAT screening has been implemented. In a study from the US, during a 10 year period 66 million donations were screened with HCV antibody and NAT, 244 HCV (1:270000) NAT yield donations were identified and the prevalence of HCV in first time donors decreased by 53%[47]. Enhanced blood safety is also evident from studies published from other countries. In Germany between 1990 and 1998, approximately seven transfusion-transmitted cases occurred annually, but after implementation of NAT, no additional case has been reported, except one where NAT was false negative due to very low viral load[42]. The marked improvement in blood safety is due to the high analytical sensitivity of NAT assays and addition of NAT to serological testing has been instrumental in reducing residual risk of transfusion-transmitted HCV to less than 1 per million donations[48]. NAT is an additional though highly sensitive and significant advance in blood safety. There are situations where NAT is negative but HCV serology is positive. In a recent international survey on NAT testing of blood donations 29.4% of HCV antibody positive donations tested HCV NAT negative[43]. Hence serology and NAT testing are complimentary tests. NAT must be viewed as an additional though highly significant advancement in blood safety.

TESTING IN DEVELOPED COUNTRIES

Developed countries have successfully implemented stringent donor screening, voluntary blood donation and advanced and sensitive technologies for blood donation screening to reach acceptable levels of blood safety. Second/third generation HCV antibody screening EIAs or CLIAs coupled with HCV RNA detection by NAT has resulted in marked reduction in transfusion transmitted risk. The NAT yield rate (HCV RNA positive, antibody negation donations) is lowest (< 1 per million donations screened) in UK, France, Germany, Canada and South Africa. The residual risk (risk of HCV infectious donations entering the blood supply) in these countries varies from 1 in 7.7 million in France to 1 in 31.59 million in United Kingdom[31]. The residual risk though minute remains due to viral load below limit of detection of NAT assays or specific genotype prevalence or mutant variants of the virus. Implementation of NAT has been expensive both in terms of technology and human resource training and despite its low cost effectiveness as evidenced by low NAT yields it continues to be progressively implemented in the interest of the public.

TESTING IN RESOURCE-CONSTRAINED COUNTRIES

The testing scenario is highly variable and depends upon availability of laboratory infrastructure, instrumentation as well as trained staff and financial resources. These countries are mostly located in Africa, Asia and Latin America and as per WHO database on blood safety, blood donations are still not routinely tested for infectious marker screening including HCV in 39 countries. Forty seven per cent donations are tested in laboratories without quality assurance[49]. The testing technologies vary from rapid tests to EIAs, CLIAs or even NAT as in Egypt or few blood centres within countries as in India. The HCV NAT yield as reported from Egypt was 15 in 15655 donation (1 per 1043) which carries a residual risk of 1 per 65000 donations[50]. In the first multicentre evaluation of NAT in Indian blood donors HCV RNA yield was 1 per 12224 donors[51]. Subsequent studies showed higher HCV NAT yields (3 in 18354 donors)[52]. In a study from China where HCV testing with MP-NAT was employed, the residual risk estimate from NAT yield was 1 in 540541 as compared to HCV antigen-antibody EIA (1 in 320000) and with third generation EIA (1 in 59588)[53]. There is an urgent need for the resource-constrained countries to implement testing where none exists and to replace rapid tests wherever feasible with either sensitive antibody assays or combined antigen-antibody assays to shorten the antibody pre-seroconversion window period. Quality control is essential for both precision and accuracy of test results. NAT testing where affordable and feasible should be introduced since the prevalence of HCV, HBV and HIV-1/2 is higher in these countries and NAT might detect more window period donations than low-prevalence countries.

FUTURE DEVELOPMENTS

Serological and NAT testing has contributed dramatically to improving blood safety. However, a minimal residual risk still remains. In addition, emerging and re-emerging pathogens and bacterial contamination continue to pose further risks to blood safety. Recognition of any new infectious threat necessitates development of appropriate assays systems, regulatory approvals and staff training. One approach is to inactivate pathogens in donated blood. Pathogen reduction technologies (PRT) are available for platelets and plasma and lead to 4-6 log reduction of transfusion transmissible HCV, HIV, HBV, CMV as well as syphilis organisms[54,55]. Issues of concern with PRT are high costs, neo-antigen formation in the product and post PRT yields and function of platelets or plasma coagulation factors. PRT for red cells is not yet licensed. Attempts are on-going to develop pathogen inactivation process for whole blood[56,57]. This step may obviate the need for multiple PRT platforms for blood components. Second approach is to consider microarray platforms for all potential transfusion transmissible infections or combination technologies[42] (antibody, antigen and NAT) as one platform.

“Zero risk” blood supply still remains an elusive goal. The blood transfusion services continue to be challenged by mutations in known viruses, immunosilent carriers and emerging infectious agents.

CONCLUSION
In conclusion the best strategy for HCV screening should ideally include a sensitive antibody assay coupled with a direct viral detection method, either HCV antigen or HCV RNA. “Fourth generation” combined antigen-antibody assays can provide a single serological platform in resource-constrained settings.
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