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Abstract

BACKGROUND—ACfter 3 years of individual-donation nucleic acid test (ID-NAT) screening by
the South African National Blood Service (SANBS), a repository of 73 human immunodeficiency
virus antibody (anti-HIV)-negative window period (WP)-yield samples and 28 anti-HIV—positive,
HIV-RNA-negative elite controllers (ECs) became available for comparison of a p24 antigen (p24
Ag) assay (Innogenetics), two viral load assays (Siemens branch DNA [bDNA] 3.0 and Abbott
real-time polymerase chain reaction [RT-PCRY]), and three triplex NAT assays (Novartis
Diagnostics Ultrio and Ultrio-Plus and Roche TagScreen) by replicate testing of dilutions.

STUDY DESIGN AND METHODS—Viral loads were assessed by bDNA and RT-PCR assays
and if below 100 copies (cps)/mL, by Ultrio limiting dilution probit analysis. The probability of
virus transmission by WP and EC donations was estimated for different levels of the 50%
minimum infectious dose (IDsg) using Poisson distribution statistics.

RESULTS—The equal distribution of WP donations plotted by log HIV-RNA levels indicated a
random appearance of donors in the ramp-up phase. The HIV p24 Ag assay detected 45% of WP
samples and the cutoff crossing point was estimated at 8140 (bDNA)/ 22,710 (RT-PCR) cps/mL.
On replicate retesting of 40 HIV p24 Ag—negative ID-NAT WP-yield samples Ultrio minipool
(MP)8, Ultrio-Plus MP8, and TagScreen MP6 detected 79, 81, and 78%, respectively. Modeling
with an estimated IDgq of 31.6 virions/RBC indicated that 15% of p24 Ag-negative ID-NAT WP-
yield donations would have transmitted HIV if MP6-8 NAT had been used. Only 2% of RBC
transfusions from ECs are estimated to be infectious with a worst-case IDsgg estimate of 316
virions.

CONCLUSION—Our analysis of viremia and infectivity of WP and EC donations enables
comparison of the efficacy of NAT options in preventing HIV transmission risk.
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Simultaneous screening of 2,147,446 South African blood donations over a 3-year period for
human immunodeficiency virus (HIV)-RNA by individual-donation nucleic acid testing (ID-
NAT) and anti-HIV by chemiluminescence immunoassay has detected a total of 3067 HIV-
positive donations, which can be distinguished into three categories of infections:1 1) 2965
concordantly HIV-RNA and antibody-reactive donors (96.7%); 2) 81 antibody-negative,
HIV-RNA—positive window period (WP) donations (2.6%); and 3) 21 anti-HI\V—positive
donors with undetectable HIV-RNA, so-called elite controllers (ECs;2 0.7%). The latter two
categories of infection require further confirmatory testing, that is, ideally ID-NAT and anti-
HIV on a follow-up sample along with viral load and p24 antigen (Ag) testing as well as
replicate triplex NAT or discriminatory (d)HIV assays for the NAT-yield samples and
Western blot assay and replicate ID-NAT assays for the EC samples on the index plasma
bag. To enable this supplemental testing on potential WP and EC samples, aliquots are taken
from the fresh-frozen plasma (FFP) units when available and are frozen at -80°C in a
biorepository.

The South African National Blood Service (SANBS) collects and tests between 700,000 and
800,000 donations per annum of which the majority, 80%, are from regular repeat donors.
The HIV prevalence in repeat donors (0.019%) is 50-fold lower than that in first-time donors
(0.98%). The majority of HIV infections in South Africa are of the Clade C subtype.3 Upon
testing of 76 WP donations with sufficient viral load for sequence analysis, 72 (95%) were
of Clade C, two of Clade B, one of Clade A, and one of CRF02_AG (unpublished data). Of
the 81 WP donations confirmed by anti-HIV seroconversion and/or p24 antigen (p24 Ag)
and viral load testing, 73 had sufficient quantity of plasma available for further
characterization by 1) a p24 Ag assay (Innogenetics, Ghent, Belgium); 2) two viral load
assays (Siemens Versant branch DNA [bDNA] 3.0 assay; Abbott real-time polymerase chain
reaction [RT-PCR] assay); and 3) three NAT blood screening assays, that is, the Ultrio and
Ultrio Plus assays (Novartis Diagnostics, Emeryville/Gen-Probe, San Diego, CA) and the
TaqgScreen assay (Roche Molecular Systems, Pleasanton, CA). Twenty-eight WP samples
with a viral load below 500 copies/mL (cps/mL) in the bDNA assay were used for preparing
twofold dilution panels, which were tested in multiple replicates using the Ultrio and Ultrio
Plus assays and the TagScreen assay (testing performed by Creative Testing Solution,
Tampa, FL). The parallel testing of the WP sample dilution panels against HIV-1 Subtype B
and C standard dilution panels calibrated in cps/mL allowed us to 1) estimate the HIV-RNA
concentration in each of 23 WP samples with viral load below the detection limit of the
bDNA assay, 2) compare the relative sensitivity of the three NAT blood screening assays,
and 3) compare the sensitivity of p24 antigen testing with that of ID and minipool (MP)-
NAT options for the three assays, that is, MP4, MP8, and MP16 for the Ultrio and Ultrio
Plus assays and MP6 for the TagScreen assay.

The mathematical risk analysis methods currently used*° assume that donors present
randomly during the early WP at the blood bank. However, so far there are no studies
confirming that HIV-infected blood donors indeed appear randomly over time in the
seronegative window phase. The accurate estimation of the viral loads in the individual WP
samples, even below the detection limit of the quantitative HIV-RNA assays, enabled us to
examine whether or not the viral loads in the ramp-up phase of viremia are equally
distributed relative to the previously documented doubling time.
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During 4 years of ID-NAT screening SANBS also identified 28 EC donations for which
plasma samples were available in enough volume for testing in multiple replicate Ultrio and
Ultrio Plus assays. The comparison of the proportion of reactive results, relative to detection
rates on HIV-1 Subtype B and C standard dilution panels, enabled us to estimate the very
low concentrations of HIV-RNA in the plasma of these ECs.

In this study, we also estimate the probability of infectivity of the individual WP and EC
donations using formulas published by Weusten and coworkers,® taking the transfused
plasma volume, different assumptions for 50% minimum infectious dose (IDsg), and the
observed viral load distributions of WP and EC donations into account. This made it
possible to estimate the transmission risk of the actual WP donations for each of six
screening options that were evaluated in the study, that is, p24 Ag, ID-NAT, MP4, MP6,
MP8, and MP16 NAT and compare this with the probability of EC donations to be infectious
in a theoretical testing scenario based on ID-NAT alone without screening of anti-HIV and
p24 Ag.

MATERIALS AND METHODS

The following paragraphs describe the testing algorithms employed by SANBS from
October 2005 to September 2008, to confirm presence of HIV in the samples that were
selected for the preparation of test panels used for the comparison of HIV assays. Thereafter,
the assays and statistical analyses are described. The flow diagram in Figure 1 summarizes
the different HIV assays that were performed on the undiluted and diluted NAT- and
serology-yield samples. For this study approval was obtained from the SANBS Human
Research Ethics Committee

Testing algorithm and selection of samples

SANBS tests all donations in parallel for HIV-1 using the Abbott Prism HIV-1/2 antibody
assay (Abbott Diagnostics, Delkenheim, Germany) and the Procleix Ultrio assay (Novartis
Diagnostics) on the Tigris instrument. Any reactive results are repeated in duplicate on
Prism and Tigris-Ultrio assays as well as in singlate on the dHIV assay developed to resolve
and confirm Ultrio-reactive donations. Concordantly reactive donations in Ultrio, dHIV, and
anti-HIV Prism assay are considered confirmed infections and were not part of this study.

HIV WP NAT yields—A potential HIVV WP NAT vyield is a donation that is Ultrio repeat-
reactive and/or dHIV reactive, but anti-HIV nonreactive on Prism. The potential yield case
becomes a confirmed HIV-NAT-yield case when the recalled donor seroconverts to anti-HIV
and/or p24 Ag in follow-up samples, and/or the index donation plasma is reactive in the p24
Ag assay and/or a viral load assay. Of 81 confirmed WP NAT yields in 3 years of ID-NAT
screening 75 samples were tested for both p24 Ag (Innotest, Innogenetics) and viral load in
either Siemens Versant bDNA 3.0 or Roche TagMan PCR assays, as well as in replicate
Ultrio and dHIV assays. Forty-two of the 75 WP samples (56%) were negative for p24 Ag
and 19 (25%) were also negative in the viral load assay routinely used for confirmation. For
these 19 bDNA- or qPCR-negative samples, the presence of HIV-RNA could be confirmed
by five replicate Ultrio and dHIV assays on samples taken from the frozen plasma unit. Of
the 75 samples two HIV p24 antigen—negative WP samples could not be used for the study
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because of lack of sample in one case and because of double infection with HBV in another
case. Hence, of the 75 p24 antigen and viral load tested WP samples, 73 samples were
available for comparing different NAT blood screening options and the p24 Ag assay. Of
these samples 70 samples were available for comparison of two viral load assays (Fig. 1).

ECs—A potential “serology-yield” case is a donation that is repeat reactive for HIV
antibody on Prism and nonreactive or non—-repeat reactive on NAT. Such a donor was
classified as an EC when he or she was established to not be on antiviral therapy and when
the Western blot was positive but gPCR is negative or yielded a very low viral load.
Although the definition of an EC is an HIV-infected person who is not on antiretroviral
therapy and has a viral load of fewer than 50 cps/mL for a period of 2 years while anti-HIV
is confirmed positive in Western blot,2 we could not follow these donors for 2 years to
confirm persistent low-level viremia but nonetheless believe classification as ECs is
reasonable. The samples from the plasma units (when available) from ECs were tested in
gPCR and in 10 to 30 replicate dHIV and/or Ultrio assays to confirm whether HIV-RNA was
detectable. After 4 years of testing 28 confirmed EC cases had available FFP units from
which plasma samples were prepared for estimating viral load on the basis of the proportion
of dHIV reactive assays. Of these 14 samples were also available in enough quantity for
comparison of the reactivity rates in the Ultrio and Ultrio Plus assays.

Preparation of HIV-positive donation samples and dilution panels

SANBS maintains a national plasma repository, which aliquots and stores each virus-
positive FFP unit detected during routine blood screening. The frozen plasma bags of the
NAT and serology yields are thawed and aliquoted into 3.5-mL aliquots and stored at —80°C.
Seventy-three WP samples were available for the comparison studies of HIV viral load and
triplex NAT blood screening assays. Each WP NAT-yield plasma sample had already been
tested on the bDNA quantitative assay or Roche TagMan assay by Toga Laboratories
(Edenvale, Gauteng, South Africa). Twenty-eight samples that had a viral load less than 500
cps/mL were used to make dilution panels. A doubling dilution was made from 1:1 to 1:64
for each dilution panel. In addition a 1:6 dilution was made of each of the 28 WP donations
with a viral load below 500 cps/mL. The dilutions were made with negative human plasma
that was filtered through a 113-mm strengthened 24-cm filter (Whatman, Catalog No.
1113-240, GE Healthcare, Waukesha, WI). Each twofold dilution panel comprised of seven
members and the 1:6 diluted samples were divided into multiple vials each containing 4.5
mL of plasma. The panels were frozen at —80°C until replicate testing in the NAT assays.

Standard dilution panels

Two commercially available panels with dilution series with known viral concentrations of
HIV-RNA Subtype B and Subtype C were supplied by Biologicals Quality Control
(BioQControl, DDL Laboratories, Rijswijk, the Netherlands). The HIV-1 RNA
concentrations in these panels have been calibrated using multiple replicate tests in the
Versant bDNA 3.0 assay (Siemens, Tarrytown, NY).
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HIV assays performed on study panels

Viral load assays—The two highest concentrations of each DDL panel were tested in
three replicates on the bDNA assay to confirm the quantification of the BioQControl panels
in cps/mL. The WP NAT yields that had sufficient plasma stored (n = 70) were tested in one
replicate on the bDNA assay. One aliquot of these WP samples was shipped to Abbott
Laboratories (Chicago, IL) for testing in the Abbott HIV RT-PCR assay (Abbott
Diagnostics).

Triplex NAT assays—The sample Members 3 to 10 of the BioQControl Genotype B and
C panel were tested in 24 replicates on the Ultrio and Ultrio Plus assays (Novartis
Diagnostics). Each of 28 WP NAT-yield samples that had a viral load below 500 cps/mL
was made into a dilution panel and each panel member was tested in 12 replicates on the
Ultrio and Ultrio Plus assay. Twenty-eight EC samples were tested undiluted in 10 to 30
replicates in the Ultrio assay. Fourteen of these samples in enough supply were also tested
undiluted in 10 to 30 replicate assays in the Ultrio Plus assay. All Ultrio and Ultrio Plus
testing was performed at the SANBS virology laboratory.

Thirteen of the twofold dilution panels of the WP NAT yields with the lowest viral loads
also had each panel member tested in six replicates with the TagScreen assay on the s201
system (Roche Molecular Systems), along with the 1:6 dilutions (recommended MP size for
the TagScreen assay) of 25 HIV WP samples with viral loads below 100 cps/mL. To enable
sixfold replicate TagScreen assays two 4.5-mL aliquots of the samples were shipped on dry
ice to CTS Laboratories (Tampa, FL). Each aliquot was tested in three separate TagScreen
test runs performed within 48 hours after thawing of the samples. To allow for replicate tests
on the MPX s201 TagScreen system each sample needed to be relabeled before testing with
donation bar code and test series numbers.

HIV p24 Ag assay—Each of the WP NAT-yield donations samples were tested on the
Innogenetics Innotest MAB p24 Ag assay (Innogenetics) as part of the routine confirmatory
assays during operational supplemental testing. This assay is known to be one of the most
sensitive p24 Ag assays.5

Statistical analyses and risk modeling

Using the data of all HIV assays entered into spreadsheets we performed a series of
statistical analyses described in the following paragraphs.

Sensitivity of NAT options—For each of the 28 WP NAT-yield samples tested by Ultrio
and Ultrio Plus in twofold dilutions (undiluted, 1:2, 1:4, 1:8, 1:16, 1:32, and 1:64) we
counted the number of reactive results out of 12 replicate assays per sample for ID, MP4,
MP8, and MP16 test options. Samples containing viral loads above 500 cps/mL were not
tested in dilutions, since it was assumed they would be 12 of 12 (100%) reactive at all MP
sizes including MP16 (this assumption was confirmed in dilution panels of WP samples with
viral loads between 100 and 500 cps/mL in the bDNA assay). For each of the ID-and MP-
NAT options the sum of the total number of reactive results in the 73 anti-HI\VV-negative WP
samples was calculated and divided by the total number of replicates (73 x 12) tested. The
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same was also done for the ID and MP6 NAT options for the TagScreen assay, but in this
method each undiluted and 1:6 dilution was tested in six replicates. The proportion of
reactive results in each of the ten evaluated NAT options was also calculated for the 40 HIV
p24 Ag-negative samples to mimic a situation where the anti-HIV screening assay would be
replaced by a p24 Ag/anti-HIV combo assay. The proportions of reactive results between the
test options were compared by chi-square test. Differences were considered significant when
the p value was below 0.05.

Probit analysis—We used probit analysis in a statistical package (SPSS, SPSS, Inc.,
Chicago, IL) to determine the 95 and 50% detection limits of the NAT methods on the HIV
Subtype B and C standard dilution panels that were tested in 24 replicate assays at each
concentration of the standards (see Appendix, Table Al). We compared the relative
sensitivities of Ultrio, Ultrio Plus, and TagScreen assays by parallel line probit analysis. For
each of the WP samples the sensitivity of Ultrio and Ultrio Plus relative to TaqScreen was
determined. If the 95% confidence limits overlap the value 1.0 the difference between the
two assays was not significant for that particular sample. For WP donation samples that had
RNA levels below the limit of quantitation by the viral load assays the HIV-RNA
concentrations were estimated from the replicate qualitative NAT results based on the shift
in probit curves in parallel line probit analysis. The very low viral loads in EC samples were
estimated by comparing the percentage of Ultrio reactives on the undiluted samples with the
probit curve of either the HIV Subtype B or Subtype C standard dilution panels. Finally,
parallel line probit analysis was used as a way to estimate the viral load (in cps/mL) at the 50
and 95% HIV p24 Ag seroconversion points based on the results from 75 WP samples. This
was done to obtain limit of detection (LOD) estimates for the p24 Ag assay, similar to those
used for NAT systems, to enable using the risk analysis method according to Weusten and
colleagues® for comparison of residual risk for the NAT options and p24 Ag testing in the
South African donor population.

Transmission risk analysis—We calculated the probability of infection by red blood
cells (RBCs) and FFP units with inferred 50% minimum infectious dose (N5p) of 3.16, 31.6,
316, and 3160 virions. The infectivity is determined by Poisson statistics and calculated by
the formula:

Pr(infectious)=1—exp(—N. p,),

with N the expected number of viral particles in the blood product and p,, the individual
probability of a viral particle to cause infection. From this equation a simple relation can be
derived between the viral load corresponding to aNsq and py:

Nso. py=In(2) = 0.69.
From this equation it can be estimated that p,, is 0.22, 0.022, 0.0022, and 0.00022 when the
IDgq (or Ngp) is 3.16, 31.6, 316, and 3160 virions, respectively. For RBCs and FFP units we

assumed that the transfused plasma volume was 20 and 200 mL, respectively. So, if the viral
load in a donation was estimated at 0.5 cps/mL by probit analysis for an RBC unit N was
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(0.5 x 20)/2 or 5 virions. The probability that an RBC transfusion is infectious can then be
calculated using the equation above. For example, for an IDgq of 3.16 virions and 5
transfused virions

Pr (infectious)=1—exp(—5 x 0.22)=66.9%

for RBC units. However, for a FFP unit from the same donation with N = 50 virions in 200
mL plasma,

Pr (infectious)=1—exp(—50 x 0.22)=100%.

For each of the 73 WP donations the probability of an RBC unit to be infectious was
estimated using the formulas described above. However, to determine the probability that the
lower viral load WP donations would indeed transmit HIV to a recipient the probability of
infectivity (calculated as described above) was multiplied with the probability of
nondetection in the NAT option evaluated. For this latter variable we did not use the
observed proportion of nonreactives in the NAT option, but used the normalized probability
of detection deduced from the HIV Subtype C standard probit curve at the viral load that
was found by parallel line probit analysis. Hence, for each of the estimated viral loads the
probability of nondetection was determined from the probit formula that was entered in a
spreadsheet. The product of the two probabilities of infectivity and of non-detection was
then calculated for RBC units (20 mL of plasma) for each of the NAT options and for IDsg
values of 3.16, 31.6, and 316 virions. We then calculated the sum of the probabilities of each
WP donation to be infectious and not detected by the NAT option to estimate the number of
undetected transmission cases for these 1D5q values. One has to bear in mind that this is the
transmission risk on retest of the ID-NAT WP donations by the different NAT options and
does not include the residual transmission risk of the WP donations with viral loads below
the Ultrio detection limit that were not detected during the 3 years of ID-NAT screening.

For the 28 ECs undetected by routine ID-NAT we used the equation above using 1Dsq levels
of 31.6, 316, or 3160 virions for each individual case for which the HIV-RNA concentration
was determined by probit analysis. The overall risk of all EC donations to be infectious is
the sum of the probabilities, so it becomes possible to estimate an average probability of a
random EC transfusion to be infectious for different IDsq values.

Comparison of quantitative HIV-RNA and p24 Ag assays—The log values of the
HIV-RNA concentration reported by the bDNA and Abbott RT assay were plotted against
each other, and the slope, correlation coefficient, and intercept were determined by linear
regression analysis. The conversion factor between the copy numbers reported by the two
assays was deduced from the difference between the intercepts. Similarly, the logit-
transformed’ p24 Ag signal-to-cutoff ratio (S/CO) values were plotted against the log of
bDNA cps/mL. The sensitivity of the p24 Ag assay, or the S/CO = 1 cutoff crossing point, in
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cps/mL of WP ramp-up samples was calculated from the point where the linear regression
line intersected with the log HIV-RNA scale.

RESULTS

Comparison of quantitative HIV-RNA assays in WP samples

Of 70 SANBS NAT-yield (WP) samples 51 (72.8%) were bDNA reactive and 65 (92.9%)
were reactive in the Abbott RT assay, of which seven had viral loads below the 40 cps/mL
quantification limit. For 23 WP samples below 100 cps/mL in the bDNA assay, the viral
loads were quantified by replicate Ultrio assays on twofold dilutions. Parallel line probit
analysis against the DDL HIV Subtype C standards showed that the viral loads in these
samples varied between 0.78 and 97.1 cps/mL. The Abbott RT assay reported 2.8 (1.9-4.0)-
fold higher concentrations on the quantifiable HIV WP samples than the bDNA assay,
according to linear regression analysis (Fig. 2). Apart from a probable systematic
underquantification in the bDNA assay for Subtype C according to limiting dilution analysis
(see standardization details in the Appendix), there was good agreement between the two
viral load assays (r? = 0.99), which indicates that the WP samples were efficiently detected
by both the Siemens bDNA and the Abbott RT assays.

Comparison of quantitative HIV-RNA and p24 Ag assays on WP samples

Of 73 WP samples, 33 (45%) were reactive in the Innogenetics p24 Ag assay. We performed
a linear regression analysis plotting the logit-transformed S/CO values of the p24 Ag assay
against the log HIV-RNA concentration and found a cutoff crossing point at 8140 cps/mL
(Fig. 2). This crossing point was influenced by one positive p24 Ag result (S/CO, 1.71) on a
sample with 5988 cps/mL in the bDNA assay that might have been false reactive on the p24
Ag assay. The two samples with the closest viral loads to this sample had 7394 and 8689
cps/mL and were p24 Ag nonreactive with S/CO values of 0.49 and 0.59. The three samples
with the nearest higher viral loads of 14,333, 16,123, and 22,365 cps/mL were borderline
p24 Ag reactive, with S/CO values of 1.06, 1.00, and 1.17, respectively. We also approached
estimation of the p24 Ag detection limit in the WP ramp-up samples differently by
performing a parallel line probit analysis against the HIV Subtype C standard dilution series.
The 95% LOD was 64,000 cps/mL and the 50% LOD was 10,000 cps/mL, which is in good
agreement with the cutoff crossing point (S/CO, 1.0) of 8140 cps/mL found by regression
analysis. The p24 Ag S/CO of 1 cutoff crossing point in the HIV Subtype C WP ramp-up
samples would be 22,710 cps/mL when converted to Abbott RT cps/mL (Fig. 2).

Random appearance of donors in the WP

For the analysis of the viral load distribution and the related time that donors donate blood
during the WP ramp-up phase we decided to exclude the majority (29/33) of HIV p24 Ag-
positive WP samples and restrict the analysis to 47 donations with a bDNA test result below
27,000 cps/mL, which is the end of log linear ramp-up stage according to seroconversion
panel studies published by Fiebig and colleagues.® Up to this level it is assumed that the
HIV-RNA growth curve is exponential and not attenuated by the antibody response or lack
of target cells to sustain maximal viral replication. The viral loads of the 47 ID-NAT yields
in the early ramp-up phase varied from 0.8 to 84 cps/mL for the 25 donors with undetectable
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viral load in the bDNA assay and from 96 to 26,157 cps/mL in 22 donors with measurable
viral load in the bDNA assay. The 15 donors with the lowest viral loads increasing from 0.8
to 17.0 cps/mL were detected with 49.3% to 99.6% probability by replicate ID-NAT testing,
according to interpolation based on the HIV Subtype C standard probit curve. To correct for
the nondetected cases each donor case with low viral load was divided by the probability of
detection. The HIV-RNA concentration was converted into days by using an HIV doubling
time of 0.85 days (95% confidence interval [CI], 0.76-0.98) according to Fiebig and
colleagues.8 Since each virion particle has two HIV-RNA copies, a concentration of 2 cps/20
mL in an RBC unit or 0.1 cps/mL was arbitrarily set as the start of the infectious WP or t =
0. By translating the viral load into the time of appearance based on the log linear increase
of viremia, the number of corrected donor appearances per day (whereby Day 1 was defined
as 0.5-1.5, Day 2 as 1.5-2.5, etc.) could be established. We then plotted the corrected
cumulative appearance of the donors as the number of cases over the days for doubling times
(95% CI) of 0.85 (0.76-0.98) days and found a correlation of 0.988 with linear regression
analysis (Fig. 3). The linear increase of the number of donors over time in the WP supports
the conclusion that the donors who are in an early stage of HIV infection present to give
blood randomly over the first 15 days of the WP.

Length of HIV antigen—negative and —positive WPs

Given that we excluded high-viral-load donations from the above analysis because the log-
linear relationship between viral load and time no longer exists as antibody seroconversion
approaches, the question remained as to whether donors also appear randomly to give blood
in the later HIV p24 Ag—positive high-viral-load phase of infection. If we assume donors
present at the blood bank at the same rate during the p24 Ag—positive and —negative phases
of the WP, the length of these phases can be estimated from the ratio of the number of
donors identified in these two stages, which were 45.4 and 35.6, respectively, when
corrected for six of 81 incompletely characterized WP infections. The length of the early
HIV-RNA+/p24 Ag-WP is 11.5 days based on a doubling time of 0.85 days and using
seroconversion points of 0.8 and 10,000 cps/mL (according to calibration in bDNA copies)
or 2.3 and 27,900 cps/mL (according to calibration in Abbott RT copies) for the Ultrio and
p24 Ag assays, respectively. From the ratio of p24 Ag—positive to p24 Ag-negative WP
donors, the p24Ag+ WP is then estimated at 9.0 days. Hence, based on random donor
appearance in the acute phase, an HIV-RNA+/anti-HIV (Prism)-negative WP of 20.5 days
was estimated assuming that the mean viral doubling time of Genotype C is the same as for
Genotype B (0.85 days).8 Note that the pre-ID-NAT WP is not included in this estimate. If
the 1Dgq is one virion/20 mL, the pre—ID-NAT WP is 2.9 or 4.1 days based on the LODs of
the Ultrio assay on the Subtype C standard expressed in bDNA and Abbott RT cps/mL,
respectively (see Appendix, Table Al).

Comparison of viral load distribution in WP and EC samples

Figure 4 compares the viral load distribution as found by probit analysis against the HIV
Subtype B standard probit curve in WP and EC samples. Viral load in WP samples varied
between 1.2 and more than 500 cps/mL. Nine of 73 WP samples had viral loads below 10
cps/mL (range, 1.2-8.3 cps/mL), which was detectable with 49% to 95% probability in
replicate Ultrio assays. Four of 28 samples from ECs (all with viral load <40 cps/mL in
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Roche TagMan assay) had similar low viral loads varying from 1.2 to 5.5 cps/mL, detected
48% to 90% of the time by Ultrio in 20 to 25 replicate assays. Twelve of the 28 ECs had
even lower viral loads varying between 0.3 and 1.0 cps/mL and were detected 10% to 40%
of the time in 10 to 30 replicate Ultrio assays. Two cases were reactive in only one of 19 and
one of 29 dHIV replicates and had estimated viral loads of 0.1 to 0.2 cps/mL. Finally,
samples from seven donors classified as ECs that had strongly reactive chemiluminescence
results and unequivocal positive Western blot patterns were never reactive in 10 to 33
replicate ID-NAT assays. These seven donors were tested in the dual target (LTR/gag) Roche
TagMan assay as well as the single target (LTR) TagScreen assay to exclude test failure of
the dual target (LTR/pol) Ultrio assays, and all had undetectable viral load.

Relative sensitivity of blood screening NAT assays on WP samples

The relative sensitivities of the Ultrio and Ultrio Plus assays were compared by performing
replicates of 12 assays on twofold dilutions of the 23 bDNA assay—negative WP samples.
These assays were found to be equally sensitive for detection of low-level HIV-RNA in
parallel line probit analysis, except for one sample containing 28 cps/mL that was detected
with 2.7 (1.0-7.4)-fold higher sensitivity by the Ultrio Plus assay. The 13 samples with the
lowest viral loads were also tested on the same twofold dilution panels in six replicate
TaqgScreen assays. Four samples were detected at 2.3- to 3.0-fold lower concentrations by
Ultrio Plus than by TagScreen, whereas in nine samples the difference in sensitivity was not
significant. When all 13 samples were analyzed together in a parallel line probit analysis, the
difference in analytical sensitivity between the Ultrio and TagScreen assays in ID-NAT
configuration was not significant, whereas Ultrio Plus was marginally but significantly (p
<0.05) more sensitive (Table 1).

Sensitivity of blood screening NAT assays on EC samples

Table 2 shows the proportion of reactive results on multiple replicate Ultrio and Ultrio Plus
assays on 14 EC samples. Ultrio and Ultrio Plus detected the samples with equal sensitivity.
Overall Ultrio Plus detected 32% and Ultrio 28% of replicates as reactive (p = 0.31).

Sensitivity of ID- and MP-NAT options on WP samples

Table 3 shows the proportion of 73 anti-HIVV-negative WP samples that tested reactive on 12
or six replicate tests per sample in each of 10 NAT options evaluated. On retest of the eight
lowest viral load samples (1.2-12.5 cps/mL) the ID-NAT options detected them 17% to 92%
of the time. This explains why the three NAT assays in ID-NAT configuration detected all 73
ID-NAT-yield samples with 97.2% to 97.8% sensitivity on 12 replicate Ultrio and Ultrio
Plus assays and six replicate TagScreen assays per WP sample. However, on diluted samples
that mimicked MP4, MP8, and MP16 NAT on Ultrio and Ultrio Plus and MP6 NAT on
TaqgScreen, the proportions of reactive results on WP samples declined significantly.
TaqScreen MP6 detected 88.1% of replicates and had comparable sensitivity to Ultrio MP8
and Ultrio Plus MP8 that detected 88.6 and 89.7% of replicates, respectively. Ultrio MP16
and Ultrio Plus MP16 were significantly less sensitive (82.4 and 85.3%), but were
significantly more sensitive than the Innotest p24 Ag assay, which detected 45.2% of
samples as reactive. To evaluate a situation in which SANBS would introduce a p24 Ag/anti-
HIV assay for serologic testing reducing the incremental yield of NAT, we also compared
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the relative proportions of reactive assays on replicate testing of 40 samples that were
nonreactive on the p24 Ag assay (Fig. 5). Not surprisingly the differences in the proportions
of reactive replicate assays between the pool sizes became larger, ranging from 87% for
Ultrio MP4, to 79% for Ultrio MP8, and to 68% for Ultrio MP16.

Modeling transmission risk of NAT options in WP

We estimated the probability of HIV transmission from the probability of nondetection and
the probability of infectivity given the amount of virus infused by 20 mL of plasma in RBC
transfusions using Poisson distribution formulas (see example described under Materials and
Methods). The graphs in Figure 6 show the probability of virus transmission on retest of the
40 p24 Ag—negative ID-NAT-yield cases with increasing viral loads ranging from 1.2 to
8689 cps/mL by the different ID- and MP-NAT options for different assumed minimum
infectious doses. Table 4 gives the sum of the total number and percentage of HIV
transmissions by RBC transfusions that are expected on retest of the 40 p24 Ag—negative
WP cases for these ID5q values. For example with a not unlikely scenario of an ID5 of 31.6
virions (see Discussion), MP16 NAT would allow 9.1 transmissions derived from the 40 ID-
NAT-positive but p24 Ag—negative donations (23%) to occur. With Ultrio MP8 or
TagScreen MP6 this number would reduce to 5.4 of 40 cases (15%). This implies that 5.4 of
8.9 (66%) and 5.4 of 8.3 (71%) of ID-NAT-yield cases that were not detected by Tagscreen
MP6 and Ultrio MP8, respectively, are expected to be infectious with an ID5q of 31.6
virions. With this infectivity level the risk of p24 Ag—negative WP samples transmitting HIV
on retest by Ultrio ID-NAT would be 2.0%. Note that the predicted numbers of HIV
transmissions in the modeling of Table 4 start from 40 p24 Ag-negative WP samples with
viral loads ranging from 1.2 to 8700 cps/mL and do not include the risk of lower viral load
WP donations missed by ID-NAT screening. In 2,190,836 donations screened during the 3-
year ID-NAT screening period, the risk modeling? predicts 3.3 undetected HIV transmission
cases with an IDgq of 31.6 virions (1.5 ID-NAT-negative infectious RBC units/million).

Modeling infectivity of EC blood

As described under Materials and Methods the viral load of each of the ECs can be
translated to a probability of infectivity by transfusion of 20 mL of plasma by RBC units or
200 mL of plasma by FFP units using Poisson distribution formulas. When the sum of the
probabilities is divided by the 28 cases for different assumptions of the minimum infectious
dose one can calculate the mean probability of an EC RBC unit being infectious. Table 4
shows the probability of EC transfusions transmitting HIV modeled for different ID5g
values. If the IDgq is 316 virions the probability of HIV transmission would be 2.2% for
RBC transfusions and 15.5% for FFP transfusions. If, however, the IDsgq is 3160 virions, the
infectivity would only be 0.2 and 2.2% for RBC and FFP transfusions, respectively. Even if
the ID5q of EC blood was similar to the estimated infectivity of HIV by WP transfusions,
that is, 31.6 virions (see Discussion), the probability of virus transmission by RBC
transfusions of ECs would be only 15.5%.
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DISCUSSION

The first objective of our study was to compare the sensitivity of the HIV p24 Ag assay with
the currently used triplex ID- and MP-NAT systems for detection of anti-HIV-negative WP
donations in South Africa. It was reassuring to establish that there were no important
differences in analytical sensitivity between the currently used commercial NAT methods
(Ultrio, Ultrio Plus, and TagScreen) when applied in ID-NAT configuration (Table 1). Only
33 of 73 (45%) ID-NAT WP-yield donations were detected by the Innogenetics p24 Ag
assay and 82% to 90% were detectable by MP6- to MP16-NAT (Table 3). This latter
proportion reduced to 68% to 81% when only p24 Ag-negative ID-NAT yields were
assessed (Fig. 5).

The testing of relatively large numbers of HIVV WP and EC donor samples using either
undiluted or diluted samples in the different NAT methods allowed us also to determine the
viral load distribution in these two categories of HIV-infected donors with discrepant results
in NAT and serology assays (Fig. 4). The viral loads in p24 Ag-negative WP samples ranged
from 1.2 to 8700 cps/mL, whereas it ranged from 6000 to more than 500,000 cps/mL in p24
Ag-reactive WP samples. By contrast, the viral load in the EC samples was extremely low
and ranged from less than 0.1 to 5.5 cps/mL. There was a good correlation between the
Siemens bDNA and Abbott RT assays in detecting the Clade C WP samples, but the latter
assay reported 2.8-fold higher copy numbers (Fig. 2 and Appendix). However, when 1U/mL
values are compared the level of consensus between the two viral load assays improves (see
Standardization details, Appendix).

The examination of the viral load distribution and comparison of different methods for HIV-
RNA quantification provided insight into the fundamentals of the currently used
mathematical models for estimation of residual transmission risk,%° that is, 1) strong
evidence that recently infected donors present randomly over time during the infectious WP
(Fig. 3) and 2) accurate quantification in HIV-RNA copies,® which have a direct relationship
with potentially infectious virions (see Appendix). In this context Kleinman and coworkers1?
recently reviewed infectivity studies that are relevant for transmission risk analyses.®> The
IDgq of HIV-1 in the early WP was estimated to be 3.1 (1-10) virions or 6.2 (2-20) RNA
copies if the results obtained by experimental inoculation of simian immunodeficiency virus
(SIV) in macaques?! are applicable to human infection. In the anti-SIV—positive phase (viral
set point) the infectivity was approximately 100-fold less, due to the neutralizing effect of
SIV antibody.1! These authors proposed that for worst-case risk analyses modeling should
use an 1Dsq of 3.1 (1-10) virions in plasma for seronegative WP donations and of 316 (100-
1000) virions in plasma for EC donations. However, there are data from human HIV
transmission cases by transfusion of stored blood components not detected by MP-NAT that
would indicate that the minimum infectious dose of HIV in stored components prepared
from WP donations could very well be 10- or even 100-fold higher than the IDs established
in the SIV model, that is, 31.6 (10-100) or even 316 (100-1000) plasma virions per
transfused component.12

The p24 Ag concentration in plasma is known to correlate with the logit-transformed S/CO
ratios® and linear regression analysis of results on the SANBS Clade C WP samples showed
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a parallel increase with the viral load in the ramp-up phase starting at 10,000 cps/mL
according to quantification in the bDNA assay® and 28,000 cps/mL in the Abbott RT assay
(Fig. 2). When applying the mathematical formulas for the infectivity of individual WP
donations of known viral load in cps/mL as determined in this study, we were able to predict
that 15 and 23% of p24 Ag-negative WP donations or 66% to 71% of WP donations missed
by MP6-16NAT options are likely to transmit the virus (Fig. 5, Table 4), even if the
minimum infectious dose in stored RBC transfusions is 10-fold higher than 3.16 (1-10)
virions established in a macaque-SIV infectivity model.11 This analysis confirms the utility
of ID-NAT screening for HIV in a high-incidence setting like South Africa, which has
interdicted low-level viremic donations at an increasing rate as the donor pool has expanded
to include larger proportions of first-time and black donors who are at increased risk of HIV
infection.

Our comparative analysis indicates that if MP16-NAT instead of ID-NAT had been used by
SANBS 12.8 of 40 (32%) of the p24 Ag—negative WP donations identified during the initial
3 years of ID-NAT screening would have gone unrecognized, and 9.1 of 40 (23%) would
likely have transmitted HIV if the ID5g is 31.6 virions. If the infectivity of HIV in stored
RBCs from WP donations is 10-fold lower (IDsg of 316 virions), as roughly estimated by
Kleinman and colleagues,9 on only a few MP-NAT breakthrough transmission cases, the
modeling predicts that only 2.5 of 40 (6%) of p24 Ag—negative ID-NAT-yield donations
missed by MP16-NAT would have been infectious.

Not surprisingly, the correct estimation of the minimum infectious dose is crucial for HIV
transmission risk analysis and therefore we also looked at data from the United States to
shed some light on this issue: Over the past decade MP16-NAT has been used to screen 66
million donations by the American Red Cross, and 32 HIV WP donations have been
interdicted.13 Recently the viral load distribution of 29 of these donations was studied in the
Abbott RT assay* and 17 had viral loads below 10,000 cps/mL, which is the level of
viremia above which p24 Ag is detectable. If, like in SANBS, 32% of the projected p24 Ag-
negative ID-NAT-yield cases would be undetectable by MP16-NAT, an additional eight WP
donations would have been detectable had ID-NAT been employed. During the past decade
only three donations have been implicated as MP16-NAT breakthrough infections after
lookback investigations of seroconverting donors documented by the American Red
Cross.1517 Hence, 3 of 25 (11%) (2/17 [11%] according to ARC data of Dr Susan Stramer,
personal communication) projected to be p24 Ag-negative ID-NAT yields in the United
States were documented to be infectious. So, if the observed MP16-NAT breakthrough cases
in the United States would represent all cases (assuming that no additional unrecognized
transmission events have occurred) one could predict that the 1Dsg of HIV is somewhere
between 31.6 virions and 316 virions as can be deduced from our modeling data (compare
with Table 4). If, however, half of the MP16-NAT breakthrough HIV transmissions were not
recognized, the IDsgq is expected to be closer to 31.6 (10-100) virions.

We, therefore, believe that the 1Dsq of 3.16 (with a range of 1-10) virions, as deduced from
the SIV-macaque model!! could be used for worst-case WP risk analysis, but that an IDsq of
31.6 (range of 10-100) virions is probably a better estimate for HIV infectivity in stored
blood components from WP donations. With this infectivity level, the residual pre-ID-NAT
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WP transmission risk estimated according to the method of Weusten and colleagues® based
on 5 years of SANBS data® is 5.5 and 1.5 transmissions per million donations with IDsg
estimates of 3.16 or 31.6 virions, respectively (and Ultrio LODs on Subtype B standard; see
Appendix). If p24 Ag testing would have been still in use instead of ID-NAT the risk
modeling predicts that 31 HIV transmissions would have occurred per million RBC
transfusions with an 1Dsq of 31.6 virions. To date, after 7 years of screening of 5.3 million
donations no HIV transmission events have been established in South Africa following
lookback investigations and recipient hemovigilance. Before ID-NAT was introduced the
lookback program identified on average two documented transfusion transmissions per year.
This observed transmission rate is approximately 15-fold lower than the current risk estimate
in case NAT would not have been implemented. The relatively low number of established
transmission events before implementing NAT may be due to several factors: 1) the fact that
transfusion of blood from black donors known to be at higher risk was avoided at that time,
2) lack of efficiency of lookback programs in general, and 3) a lower infectivity level than
the ID5q of 31.6 (10-10) virions used in the risk modeling above. Obviously the introduction
of ID-NAT has reduced HIV transmission risk more than 10-fold, documenting the value of
this intervention for blood safety on the African continent.

The simultaneous detection of HIV infection by serologic and ID-NAT screening showed
that 0.7% of mainly first-time donations in South Africa that tested confirmed HIV antibody
positive were negative by ID-NAT. These seropositive donors had viral loads below the 95%
LOD of the Ultrio assay and hence were confirmed as ECs. These ECs have been identified
among HIV-infected blood donors in several countries and the proportion varies between 1
and 4% depending on the sensitivity of the NAT screening systems employed.1® None of
these EC donations in South Africa had quantifiable viral load results in the Roche TagMan
dual target (LTR/gag) viral load assay, confirming that the Ultrio dual target (LTR/pol) assay
did not fail to detect any strains of HIV-1.2921 |n a considerable proportion (25%) of EC
donors HIV-RNA could not be detected despite 10 to 33 replicate Ultrio assays.
Theoretically, these replicate Ultrio-nonreactive donors could have aborted the infection, and
further studies are required to examine whether proviral DNA is detectable in their
peripheral blood mononuclear cells. Quantification of HIV-RNA by probit analysis showed
that the viral load of these ECs varied between 0 and 80 virions/20 mL plasma in RBC units.
Although the blood of these donors is not transfused because they are anti-HIV reactive, one
wonders whether blood from ECs would be infectious. This question is relevant for a
theoretical testing scenario in which p24/anti-HIV combo assays would be replaced by ID-
NAT alone (a scenario not likely to be approved of by regulators). Indeed, blood of anti-
HIV—positive individuals is not 100% infectious, as shown in studies looking back into
recipients of seropositive components before introduction of antibody testing in the United
States.22 Eleven percent of antibody-positive transfusions were not infectious, and low viral
loads (<1000 cps/mL) and longer storage times (>2 weeks) of RBCs at 4°C were
significantly associated with nontransmission. Since the viral load in ECs is extremely low
(<10 cps/mL) one could predict that the risk of infection would also be low because the
infectivity of the virus in plasma is expected to be 100-fold reduced by neutralizing
antibody.1? However, lymphocytes from ECs have been demonstrated to harbor integrated,
intact proviral genomes and virus has been isolated from EC lymphocytes using sensitive
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coculture methods;23 indeed SANBS has been able to detect proviral DNA in blood
lymphocytes in a few EC cases (unpublished observations).

To support efficacy and cost-effectiveness analysis of alternative screening scenarios, we
thought that it was useful to estimate the potential infectivity of RBC and FFP units of ECs
based on the low plasma viral loads found in these infected donors. The mean probability of
HIV transmission of the individual EC donations can then be used in further transmission
risk modeling and efficacy analysis of different screening scenarios, such as 1) p24 Ag/anti-
HIV combo assay, 2) anti-HIV/MP-NAT, 3) anti-HIV/ID-NAT, and 4) ID-NAT alone. Our
infectivity modeling study assuming a 100-fold reduced IDgq of 316 virions, as established
for transfusions of seropositive blood in the SIV-macaque model,1! estimated an overall
probability of 2.2% that HIV in RBCs from ECs is infectious. We propose that this
probability be used in modeling the efficacy of alternative screening scenarios comparing
p24 Ag/anti-HIV combo assay with and without MP-NAT versus the option of using ID-
NAT alone. Since the vast majority of ECs are first-time donors, the latter option of using a
dual-target ID-NAT-only screening strategy in repeat and lapsed donors deserves
consideration in cost effectiveness models.
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ABBREVIATIONS
bDNA branch DNA
cps copies
dHIV discriminatory human immunodeficiency virus (assay)
EC(9) elite controller(s)
ID individual donation
IDgg 50% minimum infectious dose
LOD(s) limit(s) of detection
MP minipool
Nsg 50% minimum infectious dose

p24 Ag p24 antigen

SANBS South African National Blood Service

S/ICO signal-to-cutoff ratio
Y simian immunodeficiency virus
WP(s) window period(s)
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Standardization details

HIV-RNA quantification

The viral loads of the ECs and WP samples of fewer than 100 cps/mL used for the
transmission risk analysis in this study were determined by parallel line probit analysis
against the BioQControl HIV-1 Subtype B and C reference panels. The manufacturer of
these reference panels has tested the HIV subtype stock solutions from which these dilution
panels were prepared in multiple bDNA assays in parallel test runs for the calibration in
cps/mL (Grabarczyk et al., manuscript submitted for publication). When testing the two

highest concentrations of the HIV Subtype B and C standard dilution panels in triplicate
assays together with the WP samples in two DNA assay runs we were able to confirm the
concentrations given in the package insert of the BioQControl dilution panels (Table Al).
The mean bDNA assay value in cps/mL of the total of six replicate assays was 11% lower on
the two HIV Subtype B panel members and 6% higher on the Subtype C panel members and
thus in line with the values provided by the manufacturer (Table Al). We were therefore
confident to combine the HIV-1 concentrations of WP samples of more than 100 cps/mL
measured by the bDNA assay with those of fewer than 100 cps/mL determined by probit
analysis in the different statistical analyses performed in this study. The 95 and 50% LODs
of the Ultrio assay on the HIV Subtype B standard were somewhat higher when expressed in
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bDNA cps/mL than when expressed in Abbott RT cps/mL in contrast to the HIV Subtype C
standard dilutions on which the LODs were higher in the Abbott RT assay (Table Al).
According to Poisson distribution the 63% LOD on the Ultrio assay should correspond with
one detectable HIV-RNA molecule per assay, which translates to a 63% LOD of 2 cps/mL if
the Ultrio would have 100% detection efficiency, since the input volume in the Ultrio assay
is 0.5 mL. We found, however, 63% LOD (95% CI) values of 1.8 (1.3-2.6) and 1.2 (0.8-1.7)
cps/mL on the HIV Subtype B and C standards, respectively, which indicates that the bDNA
assay slightly but significantly underestimates the concentration of HIV-RNA Subtype C by
at least a factor of 1.72 (1.18-2.41), assuming that the Ultrio and Ultrio Plus assays operate
at 100% detection efficiency on both the HIV Subtype B and the HIV Subtype C standards.
We therefore decided to rely on the quantification against the Subtype B standard for the
transmission risk analyses in this study. However, to be consistent with the bDNA assay
results on the Clade C WP samples we used quantification against the Genotype C standard
for the comparison of the viral load assays and the random appearance of donors in the WP
(Figs. 2 and 3 of the main article).

TABLE Al

Analytical sensitivity of Ultrio and Ultrio Plus on HIV-1 Subtype B and C reference panels
calibrated in cps/mL by multiple bDNA3.0 or Abbott RT assays ™

cps/mL cps/mL

DDL DDL

HIV HIV

Subtype Geomean subtype Geomean

B cps/mL bDNA (n C % Ultrio cps/mL bDNA (n

standard % Ultrio reactive =3 Standard % Ultrioreactive  Plusreactive =3)

2583 2182 2882 2845

861 815 961 1096

258.3 24/24 (100%) 288.22 24/24 (100%) 24/24 (100%)

86.1 24/24 (100%) 96.11 24/24 (100%) 24/24 (100%)

25.8 24/24 (100%) 28.82 24/24 (100%) 24/24 (100%)

8.6 24/24 (100%) 9.61 24/24 (100%) 23/24 (96%)

2.6 16/24 (67%) 2.88 22124 (92%) 23/24 (96%)

0.86 8/24 (33%) 0.96 9/24 (38%) 13/24 (54%)

0.26 3/24 (13%) 0.29 5/24 (21%) 7124 (29%)

0.09 0/24 (0%) 0.10 2/24 (8%) 3/24 (13%)

95% LOD 8.3(5.3-15.3) In bDNA cps/mL™  95% LOD 6.9 (4.2-13.3) 50(3.1-9.6)  InbDNA cps/mL™

50% LOD 1.3(0.89-1.8) 50% LOD 0.8 (0.5-1.2) 0.6 (0.4-0.9)

95% LOD 6.2 (4.0-11.4) In Abbott BT 95% LOD 13.1(8.0-25.4) 9.6 (5.9-18.2) In Abbott BT
cps/mL cps/mL

50% LOD 0.9 (0.7-1.3) 50% LOD 1.5(1.0-2.2) 1.1(0.8-1.6)

Abbott RT to bDNA assay conversion factors are 0.75 and 1.91 on HIV Subtype B and C, respectively, as measured on
replicate assays on BioQControl-DDL standards.

The regression analysis showed that the Abbott RT assay reported 2.8 (1.9-4.0)-fold higher
values than the bDNA assay. This result was not significantly different from a 1.9-fold
difference in quantitative values when stock solutions of the BioQControl Subtype C
standard were compared in multiple bDNA and RT-PCR assays (data not shown). By
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contrast when the BioQControl HIV Subtype B standard was compared by replicate testing
in these viral load assays the Abbott RT assay reported on average 0.75-fold lower values
than the bDNA assay. Similar results were found when the Abbott RT assay was compared
with the bDNA assay on a large number of clinical samples of different subtypes in an
international multicenter validation study.24

For our comparison study we decided to quantify the HIV-RNA concentration in cps/mL and
not in international units (1Us). The BioQControl HIV-1 subtype standard has been
calibrated against the WHO standard in multiple bDNA 3.0 assays (Grabarczyk et al.,
manuscript submitted for publication) and it was found that with replacement of the WHO
HIV-1 97/656 standard by the HIV-1 97/650 standard the conversion factor (95% CI) shifted
from 0.39 (0.34-0.44) to 0.58 (0.51-0.66) cps/IU. The manufacturers of the Siemens bDNA
and Abbott RT-PCR assays have independently determined these conversion factors on only
the first WHO HIV-1 97/656 standard and report 0.306 and 0.58 cps/IU, respectively, in the
package inserts. Hence if we would have compared the correlation between the two viral
load assays on the SANBS Clade C WP samples in IU/mL the 2.8 (1.9-4.0)-fold difference
would decrease 1.9-fold to a 1.5 (1.0-2.1)-fold difference. Likewise, the 1.9-fold difference
in the concentration in cps/mL in the BioQControl HIV Subtype C standard would disappear
when IU/mL values are compared. However, when quantifying the BioQControl Genotype B
standard by the two viral load assays in IU/mL the level of consensus would diminish from
an Abbot RT/bDNA factor of 0.75 with cps/mL to 0.40 when 1U/mL are compared. Further
studies are required to confirm that there is a difference in the level of consensus between
the two viral load assays for Subtype B and C, a phenomenon that was also observed in
another performance evaluation study.24 Nevertheless, in our study on a large number of
Clade C WP samples, quantification in IU/mL would have improved the level of consensus
between the two viral load assays, showing the value of using a common international
standard for quantification.

Importance of accurate quantification of HIV-RNA in cps/mL for transmission risk analysis

Although the introduction of the WHO standard for HIV-1 RNA has improved the
comparability of quantitative results between laboratories using different NAT methods,
many clinical and blood screening laboratories still express viral load in cps/mL. For blood
safety testing there is an important reason why quantification of HIV-RNA in cps/mL is
preferred above quantification in arbitrary 1Us. There is a direct relationship between HIV-
RNA copies and potentially infectious virions. The risk of virus transmission in the early
WP ramp-up phase starts when one infectious virus is present in the plasma of a transfused
blood component and is determined by the Poisson distribution of infectious viruses in the
blood of the early infected donor and the probability that units with that level of viremia
would not be detected by the screening assays employed. Weusten and colleagues? used
Poisson distribution statistics to develop a mathematical model for calculating the
transmission risk of a WP donation to cause infection in a recipient, which is determined by
1) the amount of plasma in the transfused component, 2) the 95 and 50% LOD of the ID-
NAT assay and the MP size, 3) the doubling time of the virus in the WP ramp-up phase, and
4) the estimated infectivity of the virus expressed as the 50% minimum infectious dose
(IDgp). For this risk model it is essential that both the 95 and 50% lower LODs of the NAT
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system and the minimum infectious dose (IDsg) are expressed in the same RNA copy
numbers. The authors are well aware of the fact that the viral load assays are not 100%
precise and accurate in the measurement of the number of HIV-RNA molecules, but the in
vitro RNA standards used for calibration of the bDNA 3.0 assay have been thoroughly
quantified by three different physico-chemical methods.® Since HIV is a diploid virus we
assumed in the risk calculations that one virion carries two genome copies as measured by
the bDNA assay. To be able to quantify HIV-RNA in WP and EC samples with viral loads
below the detection limit of the bDNA assay we used HIV Genotype B and C standard
dilution panels (BioQ-Control, DDL Laboratories, Rijswijk, the Netherlands) that were
calibrated in cps/mL using multiple bDNA 3.0 assays and were also quantified by the Abbott
RT-PCR assay. Our data indicate that the Siemens bDNA assay underestimates the viral load
for HIV Subtype C RNA copies more than 1.7-fold and that the Abbott RT assay is likely to
slightly overestimate true genome copy numbers 1.6-fold based on limiting dilution analysis
of the Ultrio assay. However, there was no indication of a significant under-detection of the
true viral load in cps/mL by the bDNA assay for HIV Subtype B (Table Al). Probably the
quantification of viral load in cps/mL by probit analysis against the BioQControl standard
dilution panels in our article deviates less than a factor of 2 from true values. Bearing the
limitations of standardization of HIV-RNA in true genome copies in mind, we believe that
the estimates of the 95 and 50% LODs and IDsg in this article are accurate enough for the
purpose of the transmission risk analyses performed in this article.®
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Fig. 1.

Overview of HIV assays performed on HIV WP and EC samples. VL = viral load.
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Fig. 2.
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Log-linear correlation between HIV-RNA concentration in 70 ID-NAT WP-yield samples

measured in cps/mL by Siemens bDNA 3.0 assay (>100 cps/mL) or by Ultrio limiting
dilution probit analysis on DDL HIV Subtype C standards calibrated in bDNA cps/mL

(<100 cps/mL) and viral load in cps/mL found by Abbott RT-PCR assay (green circles) and
Logit S/CO values in Innogenetics HIV p24 Ag assay (blue diamonds).
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80

Assumed HIV doubling time 0.85 (0.76-0.98) day
70

Corrected cumulative number donors

days

1 virion/20 mL

Fig. 3.

Cl?mulative number of HIV-infected donors appearing in the early WP ramp-up phase
(<27,000 cps/mL) during 3 years of ID-NAT screening corrected for the reduced probability
of detection by Ultrio during the initial infection phase (<20 cps/mL). Cumulative
appearance of donors at viral doubling time of 0.85 days (4) and at doubling times of 0.76
and 0.98 days (<) representing 95% Cls.8
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Serology yield

& Elite
“, controllers
86&‘&%\ '

Equal distribution of HIV-RNA load (bDNA cps/mL) in samples from WP donations and

ECs observed during 3 years of ID-NAT screening.
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M % Ultrio M % Ultrio Plus [ % TaqScreen

_96% 95%

87%

78% 79%

IDT MP4 MP6 MP8 MP16

NAT option

Proportion of ID- or MP-NAT reactives on retest in 12 or six replicate assays per sample in
Ultrio (Plus) and TagScreen, respectively, of 40 HIV p24 Ag—negative WP donations found
during 3 years of ID-NAT screening.
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Probability of RBC transfusions from 40 HIV p24 Ag-negative ID-NAT WP-yield
donations with increasing viral load from 1.2 to 8700 cps/mL to be infectious and not
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detected on retest by 1D and MP-NAT options calculated for three levels of the minimum

infectious dose.
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TABLE 1

Sensitivity of Ultrio and Ultrio Plus relative to TagScreen on twofold dilution panels of the 13 HIV WP
samples with the lowest viral load as determined by parallel line probit analysis from the proportions of
reactive results on 12 Ultrio (Plus) and six TagScreen replicate assays

Relative sensitivity (95% CI)

WP NAT yield cps/mL to Subype B cps/mL to Subtype C Ultrio Plusrelativeto
sample standard standard Ultriorelativeto TaqScreen  TagScreen

1 1.2 0.8 1.04 (0.3-3.7) 1.15 (0.4-4.4)

2 16 1.0 2.88 (0.3-346) 1.73 (0.1-88.3)

3 3.2 2.0 0.61 (0.2-1.5) 1.23(0.5-3.2)

4 3.8 2.4 0.88 (0.5-1.7) 1.42 (0.8-2.3)

5 5.7 3.6 1.74 (0.5-9.0) 1.16 (0.3-5.0)

6 5.8 3.7 0.85 (0.4-1.7) 1.38 (0.7-2.8)

7 8.3 5.3 2.43 (1.3-5.7) 1.17 (0.6-2.2)

8 11.4 73 1.42 (0.7-3.1) 2.98 (1.4-7.9)

9 125 8.0 2.95 (1.4-7.5) 2.29 (1.1-5.4)

10 17.1 10.9 0.39 (0.2-0.8) 0.85 (0.4-1.7)

11 23.0 14.7 1.24 (0.7-2.3) 1.28 (0.7-2.4)

12 25.9 16.5 1.64 (0.8-3.6) 2.46 (1.2-6.2)

13 26.2 16.7 2.93 (1.4-7.9) 2.36 (1.1-6.0)
Overall all panels 1.08 (0.86-1.37) 1.34 (1.06-1.69)7

*
Difference not significant.

fDifference significant (p < 0.05).
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TABLE 3

Proportion of ID-NAT WP samples detectable by HIV p24 Ag assay and on retest of several ID-NAT and MP-
NAT options™

Number of 73 WP gamplesreactiveT (%) in replicate assays
Pool size HIV p24 Ag(single) Ultrio (12replicates) Ultrio Plus (12 replicates) TagScreen (six replicates)
IDT 33.0 (45.2) 71.4 (97.8) 71.4(97.8) 70.8 (97.2)
MP4 67.9 (93.0) 67.4(92.3)
MP6 64.1 (88.1)
MP8 64.7 (88.6) 65.5 (89.7)
MP16 60.2 (82.4) 62.2 (85.3)

*
Data are reported as number (%).

fNumber of replicates reactive divided by 12 for Ultrio and Ultrio Plus and divided by six for TagScreen.
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