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enhance endurance performance by transfusing homolo- since it provides immoral athletes with an illegal
gous red blood cells (RBCs) and thereby increasing the | M= performance advantage.! Athletes use blood dop-
oxygen carrying capacity of their blood. Detecting this ing to increase the absolute quantity of hemoglobin in
dangerous practice is difficult by currently used methods. | their blood, and therefore the amount of oxygen that
The aim of this work was to develop tests capable of can be transported from the lungs to exercising mus-
detecting a mixed red cell population by flow cytometry, cle. Circulating hemoglobin can be increased by three
utilizing the likelihood of differences in minor blood group methods: 1) using an exogenous substance such as
antigens. recombinant human erythropoietin to stimulate the

Design and Methods. Twelve antisera directed against | bone marrow to produce extra red blood cells (RBCs);
blood group antigens, derived from donor plasma, were 2) infusing hemoglobin-based oxygen carriers; or 3)
used in conjunction with a secondary antibody directly | transfusing RBCs. Since recombinant human erythro-
conjugated with fluorescein to label IgG-coated RBCs. | poietin is detectable in urine? and hemoglobin-based
Optimal concentrations of RBCs and antibodies were | oxygen carriers are demonstrably of non-human ori-
determined on panel cells used in blood banking for the | gin 3 there is a commensurate risk of detection for ath-
identification of specific antibodies. Blood samples from letes using either approach. However antidoping
25 patients purportedly transfused with 1-3 units ofRBCs | 5 thorities do not have a sensitive test for blood trans-

were screened for evidence of transfusion, and the per- fusion, and anecdotal reports indicate that athletes

centages of antigen-positive and antigen-negative red : S : _
cells were automatically calculated by the software Eg‘r’]e resorted to this technique in order to avoid sanc

installed in the flow cytometer after setting gates around s . .

these populations on histograms of fluorescence. Every red cell of any individual has an identical and
Results. Mixed RBC populations were identified in 22 | SPecific spectrum of blood group antigens which is

of 25 patients tested. The three patients with antigenically |  under genetic control. Currently the only test available

homogeneous popu|ati0ns of RBCs were Subsequenﬂy to antldoplng authorities that is Capable of deteCtIng

Background and Objectives. Athletes may illegally B'OOd doping is the scourge of endurance sports

found not to have received their scheduled transfusions. | the consequences of blood transfusion is a partial
Interpretation and Conclusions. This technique can |  agglutination or mixed field reaction.* This test relies on
detect small (<5%) populations of cells that are anti- visual detection of the incomplete agglutination of

genically distinct from an individual’s own RBCs. These RBCs in the presence of certain specific antisera.
results show the potential for flow cytometry to identify Whereas this technique may be adequate to identify a

illicit homologous blood transfusion in athletes, and sug- mixed field of agglutination when the RBC populations
gest the risk of false positives may be low. are nearly equal, it certainly cannot detect a mixture
_ _ containing 10% antigen-negative RBCs, which perforce
Key words: transfusion, flow cytometry, blood-doping, will fail to agglutinate with the antiserum. It should be
blood group antigens. noted that the infusion of one unit of blood (approxi-
. oo mately 450 mL) will dilute the blood of the recipient (a
Haematologica 2003; 88:1284-1295 volume of approximately 5000 mL)s by around 10%.
http://www.haematologica.org/2003_11/1284.htm Many hematology and immunology laboratories

throughout the world have established the feasibility of
quantifying mixed RBC populations by flow cytometry
through the use of standard blood bank antisera in
combination with a fluorescent-labeled secondary anti-
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body directed against human immunoglobulin. Analy-
sis of red cell antigens labeled in this way is a simple
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antigen mismatched between donor and recipient,
recognizing a subpopulation of 10% donor cells is
well within the sensitivity of flow cytometric analy-
sis (for a minor population of Rh(D)-positive RBCs
within a population of Rh(D)-negative RBCs, this
sensitivity has been estimated to be 0.07%).

The principal objective of this research was to
develop a sensitive test to detect the abuse of
blood transfusion by athletes. We sought to vali-
date the use of blood group antisera to identify
mixed RBC populations in blood samples from
patients receiving homologous transfusion, using
the technique of flow cytometry. We also deter-
mined the optimal antibody concentrations for our
panel of antisera by testing against a screening
panel of RBCs used in blood banks for the identi-
fication of specific antibodies.

Design and Methods

Subjects

Blood samples were obtained from patients
attending a nearby medical facility. Most patients
were undergoing orthopedic surgery, which
enabled evaluation of a pre-surgical blood sample
(collected for routine cross-matching), together
with a post-surgical sample taken within a few
days of surgery (for routine blood tests). Medical
records of transfusion candidates were evaluated
to ensure no subjects had received a blood trans-
fusion in the previous six months, and prior to
transfusion each patient was phenotyped by a
standard blood bank protocol using a tube method
(inall cases patients were homogenous for antigen
groups pre-transfusion). Positive and negative con-
trols from a screening panel of RBCs were includ-
ed, with antisera that were different from those
used in the flow cytometric analysis of the post-
transfusion sample.

In compliance with standard blood bank prac-
tice, all donor units were phenotyped only for ABO
and Rh(D), normal practice except when a recipi-
ent is sensitized to a particular antigen, in which
case the donor unit is then tested only for the rel-
evant antigen(s). It was impractical to phenotype
the donor blood transfused to the patients in this
study because of the strictly limited access to
donor unit(s) prior to transfusion.

Flow cytometer protocol

Blood samples were analyzed using a Coulter Elite
XL-MCL flow cytometer (Beckman Coulter, Miami,
FL, USA), with an air-cooled, software controlled, 15
mW argon ion laser operating at 488 nm. The
instrument was checked daily using the standard
fluorospheres available from Beckman Coulter. For
RBC analysis, the voltage settings were chosen to
select the appropriate cell population, the scatter-
plot of forward and side scatter using linear scal-

ing, a discriminator setting on forward scatter of
100, and a bitmap drawn to exclude white cells,
platelets and debris from the analysis (these set-
tings are different for every flow cytometer).

Antigen-positive (labeled) and antigen-negative
(unlabeled) red cells were evaluated using a single-
parameter histogram to display fluorescence data,
with the green fluorescence channel (FL1) repre-
sented on the horizontal axis on a logarithmic scale
and the cell count (linear) displayed on the vertical
axis. Fifty thousand events were counted in each
analysis with the analyzer set to autoscale (the
highest peak is displayed within the histogram and
the y-axis scale then varied according to the height
of that peak). The display is greatly simplified by
the division of the horizontal axis into a series of
discrete units or channels. Electrical impulses gen-
erated by the particles passing the laser light source
for each of the channels are counted separately and
as an absolute total, thereby generating a percent-
age figure as well as the individual numbers of
events. Gates are set with reference to an antigen-
negative population and then by eye according to
the position of the peaks representing RBCs that
are either positive or negative for the antigen in
question. The percentages of antigen-positive and
antigen-negative red cells are automatically calcu-
lated by the software installed in the flow cytome-
ter once the gates have been set around these pop-
ulations (the mean channel fluorescence or MCF
values, representing the intensity of the fluores-
cence, are also given). The shape of the resulting
histogram is greatly influenced by the type of
amplification (log or linear) applied to the signals.
In clinical flow cytometry, pulses which have under-
gone a log amplification prior to histogram display
are typically utilized for the analysis of fluorescent-
labeled antibody emissions.®

The commercially available buffer tablets nor-
mally used in preparation of wash buffers for flow
cytometry have proved to be unsatisfactory
because of high backgrounds in cytometric analy-
sis of RBCs.® Therefore throughout the experiments
described here, we used a phosphate-buffered
saline (PBS) made from nine parts 0.9% sodium
chloride and one part 0.15 M potassium hydrogen
phosphate, adjusted to a pH of 7.2 with hydrochlo-
ric acid.

Antisera

Primary antisera to blood group antigens were
obtained from a number of companies (Table 1).
The source of the antibodies in every case was
donor plasma, and all material had been tested and
found to be negative for infectious agents accord-
ing to methods licensed by the FDA. Each antibody
batch, predominantly of class IgG, had been rigor-
ously tested by the manufacturers against panels
of RBCs positive and negative for the antigen of
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Table 1. Antisera used in the quantification of blood group antigens by flow cytometry.

Antibody to  Company Cat. N.
No. batches
tested

C Dominion Biologicals Ltd., Dartmouth, NS, Canada 1

Immucor Inc., Norcross, GA, USA 1

c Gamma Biologicals Inc. Houston, TX, USA 7231 1

Dominion Biologicals Ltd., Nova Scotia, Canada 1

E Immucor Inc., Norcross, GA, USA 1

Dominion Biologicals Ltd., Dartmouth, NS, Canada 1

e Gamma Biologicals Inc. Houston, TX, USA 7241 3

CSL Ltd., Parkville, VIC, Australia 01791001 1

Blood Bank Network, San Juan Capistrano, CA, USA 1

Dominion Biologicals Ltd., Dartmouth, NS, Canada 1

K(KEL 1)  CSL Ltd., Parkville, VIC, Australia 02430501 1

Biotest AG, Dreieich, Germany 808 080 1

Dominion Biologicals Ltd., Dartmouth, NS, Canada 1

k (KEL 2) Gamma Biologicals Inc. Houston, TX, USA 7537 2

M Dominion Biologicals Ltd., Dartmouth, NS, Canada 1

Blood Bank Network, San Juan Capistrano, CA, USA 1

Fya Biotest AG, Dreieich, Germany 808 186 1

Gamma Biologicals Inc. Houston, TX, USA 7591 1

Dominion Biologicals Ltd., Dartmouth, NS, Canada 1

Fyb Biotest AG, Dreieich, Germany 808 191 2

Gamma Biologicals Inc. Houston, TX, USA 7594 1

Blood Bank Network, San Juan Capistrano, CA, USA 1

Jka Biotest AG, Dreieich, Germany 808 176 1

Gamma Biologicals Inc. Houston, TX, USA 7601 2

Dominion Biologicals Ltd., Dartmouth, NS, Canada 1

Jkb Biotest AG, Dreieich, Germany 808 181 2

S Gamma Biologicals Inc. Houston, TX, USA 7454 1

S Gamma Biologicals Inc. Houston, TX, USA 7457 1

Biotest AG, Dreieich, Germany 808 065 1
Fluorescein-labeled secondary antibody fragment

Sheep anti-human Ig (H & L), F(ab")2, HDF 2

Chemicon Australia Pty. Ltd.,
Melbourne, Australia,

interest (all antibodies were marked for in vitro
diagnostic use by the indirect antiglobulin test).

In normal blood banking practice these antisera
would be used in conjunction with an anti-human
immunoglobulin directed against IgG, with or with-
out specificity also for C3d, to induce agglutination
of the cells. For flow cytometric tests, agglutination

of the RBCs causes blockages in the instrument
and gives rise to erroneous results, so it was nec-
essary to choose primary antibodies of class 1gG
and a labeled secondary antibody to introduce a
marker on the antigen-positive cells. The conven-
tional anti-human immunoglobulin was therefore
replaced by a fluorescein-labeled, affinity-purified
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polyclonal antibody F(ab"). fragment. We used
sheep anti-human Ig (H & L), F(ab"). (Chemicon
Australia Pty. Ltd., Melbourne, Australia, Cat. No.
HDF) at a dilution of 1:50. Some primary antisera
may require treatment with 0.01 M dithiothreitol
(DTT)™ to destroy any IgM component in the poly-
clonal mixture, since this can cause agglutination
of the RBCs. The only antiserum in these experi-
ments that needed this treatment was an anti-C
from Dominion Biologicals Ltd.

Optimizing the antibody concentration

The antibody concentration for blood group
quantification by flow cytometry is critical and ser-
ial dilutions of each batch of antiserum must be
tested with a standardized volume of RBCs.

For this purpose, reference panels of RBCs
(Abtectcell 11I) were obtained from CSL Ltd.
(Parkville, Australia). These panels consist of three
vials of RBCs in a 3% v/v suspension from three
donors of representative Rh type R1R1, R2R2 or rr
(fresh panels are issued every two weeks). The cells
are provided by volunteer donors and are selected,
collected and tested by the Red Cross NSW Blood
Transfusion Service. For nearly all the antigens of
interest, it was possible to test for homozygous,
heterozygous and negative antigen expression
through the selection of a combination of panels
still within their expiry period. A larger panel of 11
screening cells, and thus a wider selection of anti-
gens, is available from the same company (Pheno-
cell) and similar extended cell panels are available
from other companies such as DiaMed (Mt Waver-
ley, Australia), Gamma Biologicals Inc. (Houston,
USA) and Biotest AG (Dreieich, Germany).

From these panel cells, aliquots of 50 L of a 3%
RBC suspension (approximately 2.5x108 cells/mL),
containing 100% positive cells for the relevant anti-
gen, were washed once with 2 mL PBS and the
supernatant removed. Doubling dilutions of the
appropriate antibody were prepared in PBS and 50
L of each dilution were added to an aliquot of RBCs
and mixed by brief centrifugation followed by vor-
texing. The cells were incubated with the antibody
for approximately 30 min at room temperature (RT)
then washed once with 2 ml PBS. A 50 pL aliquot
of the secondary fluorescein-labeled antibody frag-
ment was then added to each tube and mixed as
before (brief centrifugation followed by vortexing).
The cells were incubated for 30 min at RT in the
dark, after which they were washed once with 2 mL
of PBS, resuspended in 2 mL PBS, then briskly vor-
texed before analysis. Tests on each antibody includ-
ed the undiluted product as well as a series of dou-
bling dilutions up to 1:32, and the chosen RBC pan-
el included cells negative for the corresponding
antigen as well as cells with homozygous and het-
erozygous expression of the antigen.

To allow for checks on the optimal dilution for

any one antibody, cell mixtures were prepared using
panel RBCs negative (nine volumes) and positive
(one volume), or vice versa, for the antigen of inter-
est. Aliquots of the mixture were incubated with
three separate dilutions of the antiserum (one dou-
bling dilution on either side of the perceived opti-
mal dilution). The optimal dilution was defined as
that which showed the widest difference in MCF
between negative and positive RBCs (since the
largest difference in MCF provides maximal separa-
tion along the x-axis between the two populations).
Each fresh batch of antiserum was re-titrated (it
was assumed that results from a chosen dilution of
antisera from a single batch and single supplier
remain valid at least until the expiry date).

Determination of the quantity of the secondary
antibody needed for adequate labeling of the cells
began with RBCs already coated with antibody at
a suitable dilution of one of the primary antisera.
The concentration of the fluorescent antibody was
generally dictated by the manufacturer’s recom-
mendations and dilutions of 1:25, 1:50 and 1:100
in PBS were found to cover the normal working
range. The specificity of the primary antiserum did
not appear to influence the optimal concentration
of the labeled secondary antibody.

Precision

Within-run precision studies were carried out in
a mixed cell suspension, containing a 10% minori-
ty population of e-positive, K-negative RBCs. Two
operators each aliquoted 10 separate vials for each
antigen, and these vials were then mixed with the
appropriate diluted antibody. Each vial was run three
times on the flow cytometer to detect a mixed anti-
gen population, with gates set independently by
each operator. Mean values and coefficients of vari-
ation (CV) were calculated based on 60 determina-
tions for each antigen.

Studies of imprecision due to the use of different
batches of antisera (and preparation) were carried
out in two mixed cell suspensions that contained a
minority and a majority of RBCs positive for antigen
e. Two different batches of anti-€ from Gamma Bio-
logicals Inc (Houston, TX, USA) were used. Ten sep-
arate vials were prepared for each mixed cell pop-
ulation, and these vials were then mixed with the
appropriate diluted antibody. Each vial was run three
times on the flow cytometer to detect a mixed anti-
gen population. The data were analyzed with nest-
ed analysis of variance, using Minitab (Minitab Inc.,
State College, PA, USA).

Simulation of mixed cell detection overtime

To demonstrate the ability of flow cytometry to
detect mixed cell populations in an antidoping set-
ting, panel RBCs were used to prepare a sample con-
taining a minority population of c-positive and e-
negative RBCs (to mimic a transfusion of a single
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Figure 1. The effect of antibody concentration on the separation of RBCs positive or negative for the antigen KEL
1 (Kell) using flow cytometry. Antigen-negative RBCs are the highest peak, closest to the y-axis. In histogram
1A the antiserum was at a 1:2 dilution, and positive cells were barely detected as a shoulder on the right hand
side of the main peak of negative cells. Histogram 1B shows the results of treatment of the same sample with
a 1:8 dilution of antiserum, where the small peak representing the minority population of antigen-positive cells
are clearly separated from the larger peak. The horizontal lines depict the gates set with reference to an anti-

gen-negative and antigen-positive RBC population.

Table 2. Detection of the KEL 1 (Kell) antigen on RBC
and the effect of antibody concentration on the mean
channel fluorescence (MCF). Heterozygous positive
and negative panel RBCs were treated with aliquots
of two serially diluted antisera.

Anti-KEL 1 (CSL) Anti-KEL 1 (Biotest)

Dilution RBC* RBC- Dilution RBC* RBC-

MCF MCF MCF MCF
neat 0.60 0.19 neat 0.62 0.20
1:2 0.93 0.22 1:2 1.32 0.20
1:4 1.84 0.23 1:4 4.50 0.23
1:8 0.91 0.23 1:8 3.94 0.22
1:16 0.56 0.21 1:16 247 0.21
1:32 0.44 0.21 1:32 1.35 0.20

unit of homologous blood that differed from the
recipient in being c-positive and e-negative). The
mixtures were then diluted to simulate the gradual
removal of the transfused cells over time by normal
physiologic mechanisms. The dilution of the mix-
tures was calculated through the observation that
following the infusion of two units of c-positive
blood to a known c-negative transplant patient, the
percentage of c-positive cells increased from 0.1%
(equivalent to the noise level of the flow cytometer)

1288

to 20.6% immediately post-transfusion. The per-
centage of positive cells was still 9.3% after 50 days,
3.1% after 76 days and 0.4% after 111 days (unpub-
lished data).

Analysis of patients’ samples

Studies were carried out using blood samples col-
lected from 25 post-surgical patients. Approxi-
mately 0.5 mL of well-mixed whole blood was
washed once with 2 mL PBS and 30 L of the packed
cells were resuspended in 970 L PBS to make a 3%
suspension. Aliquots of 50 pL of the suspension
were incubated with 50 pL of the appropriate dilu-
tion of each of the 12 antisera in the panel at room
temperature for approximately 30 min. After one
wash in 2 mL PBS, the tubes were incubated with 50
L of the diluted secondary antibody and incubat-
ed in the dark at room temperature for approxi-
mately 30 min. The cells were washed once in 2 mL
PBS and resuspended in 2 mL PBS. The cell suspen-
sions were freshly vortexed before cytometric analy-
Sis.

Results

Optimal antibody concentrations

Many antisera exhibited a pronounced prozone
effect at high concentration, but in such instances
dilutions of 1:4 or 1:8 were found to give an
increased MCF and good resolution between pos-
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Figure 2. Flow cytometric analyses of a mixture of panel RBCs containing a majority population of c-negative, e-
positive cells deliberately spiked with a minority population of c-positive, e-negative cells. Samples were subse-
quently diluted to demonstrate the gradual disappearance of the minor population over time. The top four his-
tograms represent the blood sample labeled with anti-c, demonstrating a majority of c-negative cells (peak clos-
est to the y-axis) spiked initially with 10.6 % c-positive cells simulating a transfusion with one unit of blood (2A).
After 30 days, the percentage of c-positive cells would be expected to be approximately halved, as illustrated in
2B (5.5%); a further 30 days would give a histogram such as 2C (3.0%) and in another 30 days, a histogram like
2D (1.5%). The bottom four histograms represent the same cell mixtures but labeled with anti-e. The minor pop-
ulation was measured at 10.4% (2E), 5.1% (2F), 2.9% (2G) and 1.2% (2H).

itive and negative RBCs. It must be emphasized one supplier.

that because these reagents are derived from donor To demonstrate the effect of using different dilu-
plasma, not only the optimal concentrations of tions of antisera on the separation of mixed pop-
antisera from different suppliers must be investi- ulations of RBCs, histograms representing two dilu-
gated, but also each batch of antiserum from any tions of a batch of Biotest anti-KEL 1 used in the

Table 3. Detection and quantification of a minority population of KEL 1 %Kell) antigen positive cells (heterozygous)
using two different antisera at various dilutions. The MCF values for both populations are listed, togethér with
the percentage of KEL 1-positive cells detected.

Anti-KEL 1 (CSL) Anti-KEL 1 (Biotest)
Dilution Positive Negative % Dilution Positive Negative %
RBC RBC Positive RBC RBC Positive
MCF MCF MCF MCF
1:2 1.62 0.20 7.6 1:2 152 0.19 5.4
1:4 3.08 0.24 9.5 1:4 6.06 0.24 9.8
1:8 224 0.22 85 1:8 5.65 0.22 9.9
1:16 212 0.23 1.2 1:16 4.86 0.22 10.2
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analysis of blood samples containing a minority
population of antigen-positive cells are presented
in Figure 1. Treatment of 50 L aliquots of 3% RBC
suspensions (approximately 107 RBCs) with a 1:2
dilution of the antiserum (Figure 1A) did not give
an acceptable separation of antigen-positive and
negative cells, whereas a further dilution of the
antiserum to 1:4 (Figure 1B) showed a clear sepa-
ration of the two populations. Dilutions of 1:8 and
1:16 resulted in histograms almost identical to
those in Figure 1B. The gates were initially set using
single KEL 1-negative and KEL 1—positive popula-
tions.

Table 2 lists the MCF of panel RBCs treated ini-
tially with serial doubling dilutions of anti-KEL 1
(Kell) from two different suppliers (CSL and
Biotest). One of the panel RBCs tested was nega-
tive for KEL 1 and the other was a heterozygous
positive. Despite the difference in the MCF values
obtained with the individual antisera, the optimal
dilution (chosen because it provided the highest
MCF for the antigen-positive cells) was 1:4 for
both. In a separate experiment, these same panel
cells were used to prepare a sample containing
10% antigen-positive cells, and aliquots were
treated with each of these diluted antisera. The
results of the flow cytometric analysis of these
mixtures appear in Table 3. The slight differences
in MCF values between Tables 2 and 3 are a func-
tion of the incubation times with primary and sec-
ondary antibodies (normally each about 30 min),
and to some extent the age of the diluted second
antibody, which is light-sensitive.

Precision

For within-run precision studies, the mean (£SD)
value (from 30 replicates from one operator) for
the population of e-positive cells was 9.1+0.25%
and 9.1+0.24% for the K-negative population. The
coefficients of variation for the overall within-run
precision from 60 determinations for the e and K
antigens were 3.4% and 7.1% (respectively). Nest-
ed analysis of variance was used to identify the
components of variation; CVs for operators were
2.1% and 6.7%, samples within operators 1.7% and
1.9%; and replicates within samples 2.0% and
1.6% (for e and K, respectively).

In addition to the overall CV, nested analysis of
variance was used to identify three components of
variation associated with different batches of anti-
sera, namely between batch, samples within batch-
es and replicates within samples. For the minority
population of e-positive RBCs, overall CV was 2.9%
and the components of variation were 0.0%, 2.5%
and 1.4%, respectively. For the majority population
of e-positive cells, overall CV (for e-negative cells)
was 4.4%, with the three components of variation
calculated to be 3.6%, 2.1% and 1.3%, respective-

ly.

Simulation of mixed cell detection over
time

The two antisera used in this test, anti-c and
anti-e, provide clear evidence of two populations
even when the minor one is at a very low level (Fig-
ure 2) . The top four histograms represent the cell
mixtures labeled with anti-c. Figure 2A shows the
majority of c-negative cells (the peak closest to the
y-axis) spiked with 10.6% c-positive cells. After 30
days, the percentage of c-positive cells would be
expected to be approximately halved, as illustrat-
ed in 2B (5.5% c-positive cells); a further 30 days
would give a histogram such as that shown in Fig-
ure 2C (3.0%) and in another 30 days, a histogram
like that in figure 2D (1.5%).

The bottom four histograms in Figure 2 repre-
sent the same cell mixtures but labeled with anti-
€ (the recipient was e-positive and the transfused
unit e-negative). For this antigen, at the same (sim-
ulated) time intervals, the minor population was
found to be 10.4% (Figure 2E), 5.1% (Figure 2F),
2.9% (Figure 2G) and 1.2% (Figure 2H). The expla-
nation for why the peaks on the upper and lower
histograms look different even though the per-
centages of minority cells were similar, is related to
the log scale used on the x-axis rather than any
difference in sensitivity. Specifically, because the
x-axis is represented on a log scale, a minor peak
close to the y-axis is spread out and the height of
the peak much lower than is the case with a minor
peak further along that axis. Therefore, since the
peaks of e-negative cells (Figure 2G) are closer to
the y-axis they will appear smaller than the peaks
associated with the same percentage of c-positive
cells (Figure 2C) which are further along the x-axis.

For the unmixed populations, positive events for
a sample containing 100% c-negative red cells
were measured at 0.2%, and positive events for
100% e-positive population were 99.5%. When the
minor RBC population is positive, it is possible to
be confident of a 1.5% result (Figure 2D), but when
the minor population is negative, a histogram with
just 2.9% (Figure 2G) still demonstrates a clearly
identifiable second peak.

Not all antisera gave as clear-cut a separation
between antigen-positive and negative cells as
that illustrated in Figure 1B. Anti-M and anti-S fre-
quently gave ambiguous results despite titration
to optimize conditions. Such ambiguity was com-
pounded by heterozygous expression of M or S on
the donor or recipient RBC, and confidence was
reduced further when the minor population was
antigen-negative. However, histograms generated
during the analysis of aliquots of 1, 2, 3and 5 L
(approximately 5-25x10¢ RBCs) from a post-trans-
fusion blood sample treated with an optimal dilu-
tion of anti-Fya were almost identical despite an
approximately five-fold increase in the number of
RBCs being tested, suggesting that the volume of
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Table 4. Detection of mixed red RBC populations in 8 patients receiving 1-3 units of homologous blood matched
for ABO and RhSD) antigens and using antibody panel I. Patients 1-5 had undergone orthopedic surgerK, patient
6 was an Rh(D) positive neonate transfused with Rh D? negative blood after fetomaternal hemorrhage and
patients 7-8 were transfused for correction of anemia following trauma. The hemoglobin values before transfu-
sion are %ven at the bottom of the table. Rh(D) negative patients receiving Rh negative blood were not tested

for other Rh antigens.
Antigen 1 ) 3 4 Patient 5 . 8
% RBC positive

C 99.5 88.3 8.0 99.8 99.8 21.1 70.7

c 13.6 72.6 72.3 994 9.7 66.8 98.7

E 16.6 0 86.6 10.7 0.1 0.2 195

e 99.8 99.7 99.8 100 99.9 99.7 99.6

K 81.7 68.6 69.2 0.1 0.1 0.4 10.1 0.1
99.8 100 99.7 99.9 99.8 99.8 99.7 99.8

Fy2 824 67.0 67.2 115 100 37.6 10.5 25.0

Fyo 99.8 99.8 9.8 88.7 99.7 99.8 99.5 87.7

Jka 100 99.7 99.8 99.9 89.2 99.8 984 99.9

Jkb 99.8 99.8 100 0.3 994 30.2 99.6 132

S 0.2 295 29.9 11.7 89.7 0.2 0.2 24.1

s 99.9 99.9 99.8 99.9 99.9 100 99.5 88.0

Units issued 1 2 2 2 1 2 pedi 3 2

Units given 1 2 2 2 1 2 pedi 3 2

Hb g/L 113 73 80 88 108 103 68 94

Phenotype of the pretransfusion sample from each patient is as follows: 1. CCee, K+ k+, Fy2+ Fy"+, Jka+ Jk+, S- s+; 2. Ccee, K+ k+, Fya+
Fyb+, Jka+ Jko+, S- s+; 3. cCEe, K+ k+, Fya+ FyP+, Jka+ JkP+, S- s+; 4. Ccee, K- k+, Fy2- Fy>+, Jka+ JkP-, S- s+; 5. CCee, K- k+, Fya+ Fy+,
Jka+ Jkb+, S+ s+; 6. Ccee, K- k+, Fya+ Fyb+, Jka+ Jkb-, S- s+; 7. Ccee, K- k+, Fya- Fyb+, Jka+ Jkb+, S- s+; 8. ccee, K- k+, Fya- Fyb+, Jka+ JKk-,

S- s+,

RBCs is perhaps not as critical as is the antibody
concentration.

Transfused patients

All patients received blood matched for ABO and
Rh(D) except for patient 6, a baby affected by a feto-
maternal hemorrhage, who received group O, Rh(D)
negative blood. Patient 8 was Rh(D) negative, and
it was assumed that the phenotype was most like-
ly Rh(ccee); antisera against the Rh antigens were
therefore not included in the test panel.

Table 4 lists eight patients whose post-transfu-
sion blood sample was tested against a panel of 12
antisera (antibody panel 1) including one against
the antigen Cellano (k, KEL 2). This antiserum was
included in the hope that the antigen expression of
a heterozygote could be distinguished from that of
a homozygote. The particular antiserum used in
these experiments (a new batch from Gamma Bio-
logicals Inc.) did not do this and an anti-M anti-
body was substituted in the subsequent test pan-
el (antibody panel 11).

In all eight patients there was clear evidence of
mixed antigenic populations, and in every one there
were at least two differences in antigenic reper-
toire. For example in patient 1, the appearance of
minority populations positive for ¢ and E, and a
drop in the majority populations positive for K and
Fya suggested that the single transfused unit dif-
fered from that of the recipient in having a CcEe,
K-negative, Fya-negative phenotype. No transfused
unit was fully phenotyped, but a mixed antigenic
population was not detectable in the pre-transfu-
sion sample. The percentage of RBCs in the minor
antigen population bears a relationship to the
degree of anemia as well as the number of units
transfused. For example patient 7, with a hemo-
globin value of 68 g/L before transfusion, received
three units of homologous blood. The results of the
flow cytometric analysis suggest all three were C-
negative, two units were E-positive, one was K-
positive and one was Fya-positive. These assump-
tions do not hold for the results from patient 6, a
baby whose blood volume was therefore substan-
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Table 5. Detection of mixed RBC populations in 7 patients undergoing orthopedic procedures and initially record-
ed as receiving 1-3 units of ABO and Rh(D) matched blood. Blood samples from these patients were tested using
antibody panel Il. The hemoglobin values before transfusion are given at the bottom of the table. After these
tests were complete, patients 9, 10 and 12 were found not to have received their assigned units.

Antigen 9 10

C 99.5 99.0 99.8
c 0.1 99.9 98.2
E 0.1 0.2 69.4
e 100 99.3 99.8
K 0.2 0.2 0.2
M 0.1 99.8 04
Fya 0.1 0.3 10.3
FyP 99.7 100 99.6
Jka 99.9 0.2 98.3
Jkb 0.2 99.9 98.8
S 0.3 98.6 0.3
s 99.8 100 99.6
Units issued 2 2 2
Units given 0 0 2
Hb g/L 97 112 85

Patient
12 13 14 15
% RBC positive
0.1 99.7 87.3 99.0
100 22.7 99.3 23.6
99.7 0.3 99.9 0.2
98.8 100 99.1 99.9
0.3 0.5 0.4 0.1
99.8 0.6 88.5 99.6
99.8 100 86.1 884
0.2 77.3 99.2 0.2
99.1 15.6 85.7 99.9
99.8 84.8 85.0 100
99.7 88.9 0.2 0.1
99.6 84.3 99.3 99.6
2 2 2 2
0 2 2 2
103 39 84 85

Phenotype of the pretransfusion sample from each patient is as follows: 9. CCee, K-, M-, Fy2- Fy"+, Jka+ Jk°-, S- s+; 10. Ccee, K-, M+, Fya-
Fyb+, Jka- Jkb+, S+ s+; 11. CcEe, K-, M-, Fya- Fyb+, Jka+ Jko+, S- s+; 12. ccEe, K-, M+, Fya+ Fy?-, Jka+ JkP+, S+ s+; 13. CCee, K-, M-, Fy2+
Fyb+, Jka- Jkb+, S+ s+; 14. CcEe, K-, M+, a+ Fyb+, Jk+ Jk*+, S- s+; 15. CCee, K- M+, Fya+ Fyb-, Jka+ JKkb+, S- s+,

tially smaller (this patient received two 50 mL pedi-
atric units or pedipacks of packed red cells).

The results from patients 9-25 tested with the
antibody panel Il are listed in Tables 5 and 6.
There was no evidence of mixed antigenic RBC
populations in patients 9, 10 and 12 despite com-
puter records at the time the tests were done. It
was subsequently found that the blood packs had
been stored in the ward refrigerators (all six units
were recovered).

The remaining patients were confirmed as hav-
ing been transfused and there was flow cytomet-
ric evidence of transfusion with homologous blood
as shown by the mixed antigenic populations. In all
patients there was more than one antigen impli-
cated in the demonstration of a mixed RBC popu-
lation, except for the Rh(D)-negative patient 24.

Discussion

The technique of flow cytometry successfully
identified mixed antigenic populations in patients
who were transfused with at least one unit of
homologous blood. The resolution of this technique
is dependent on optimal concentrations of the pri-

mary antiserum and the secondary antibody frag-
ment but less critically upon the volume of RBCs
tested. The lifetime of an RBC is approximately 120
days® and transfused RBCs are known to remain in
the circulation for at least 90 days. The capacity
to detect small proportions of antigenically-dis-
tinct donor red cells, combined with the very low
chance of being transfused with an identical
homologous unit, recommends this as a potential-
ly effective and sensitive method for identifying
athletes who have transfused donor blood. False
positive results do not appear to present a problem.

In a therapeutic setting it is essential that blood
transfusions are compatible in terms of ABO blood
grouping and generally also for the antigen Rh(D).
Other antigenic groups present on the red blood
cell surface are not considered to be of concern
unless the patient has a known antibody directed
against such an antigen, or has a history of adverse
transfusion reactions. It is therefore unusual for
patient and donor bloods to be matched for any of
these minor antigens, and certainly not for all of
them. Were a cynical athlete to select a donor
whose red cells were lacking one antigen present
on his or her own cells, it would be difficult for the
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Table 6. Detection of mixed RBC populations in 10 patients transfused because of anemia caused by hemorrhage
or, in the case of the neonatal patient 18, severe maternal pre-eclampsia. Samples were tested using antibody
panel 1. The hemoglobin values before transfusion are given at the bottom of the table. Rh(D) negative patients
receiving Rh(D) negative blood were not tested for other Rh antigens.

Antigen Patient
16 17 18 19 20 21 22 23 24 25
% RBC positive
C 99.1 99.0 69.2 908 100
c 86.9 100 99.9 997 98.8
E 0.1 0.3 15.0 7.9 0
e 98.5 99.1 895 989 99.8
04 0.3 04 0.3 10.2 0.3 0.3 0.3 0.5 0.2
M 0.2 774 59.0 788 991 877 831 91.7 98.6 0.3
Fya 35.0 121 40.9 0.8 791 870 991 84 99.9 20.5
Fyb 68.6 99.2 99.3 99.6 0.3 994 129 91.9 98.6 88.7
Jkea 87.7 99.1 99.1 10.8 87.7 99.1 99.2 914 84.2 98.6
Jkb 99.0 0.3 99.0 89.6 131 80.5 99.7 8.3 99.5 0.2
S 0.3 87.1 99.2 0.2 115 12.0 0.2 7.8 98.8 0.1
S 99.7 111 38.9 99.0 89.1 88.9 99.8 99.4 99.2 99.8
Units issued 2 2 1 pedi 2 2 2 2 2 2 2
Units given 2 2 1 pedi 2 2 2 2 2 2 2
Hb g/L 80 68 101 111 92 74 7 74 91 74

Phenotype of the pretransfusion sample from each patient is as follows: 16. Ccee, K-, M-, Fy2- Fy"+, Jka+ Jkb+, S- s+; 17. K-, M+, Fya- Fyb+,
Jka+ JKb-, S+ s-; 18. Ccee, K-, M+, Fya- Fyb+, Jka+ Jkb+, S+ s-; 19. K-, M+, Fya- Fyb+, Jka- Jkb+, S- s+; 20. K-, M+, Fya+ Fyb-, Jka+ Jk®-, S-
s+; 21. Ccee, K-, M+, Fya+ Fy+, Jka+ Jkb+, S- s+; 22. Ccee, K-, M+, Fya+ Fyb-, Jka+ Jkb+, S- s+; 23. K-, M+, Fya- Fy®+, Jka+ JKP-, S- s+; 24.
K-, M+, Fya+ FyP+, Jka+ Jko+, S+ s+; 25. Ceee, K-, M-, Fya- FyP+, Jka+ Jk°-, S- s.

conventional partial agglutination reaction test to
recognize that a minority of cells (10% donor)
reacted differently to the larger population of
agglutinated cells (90% recipient) during a test
that targeted the missing antigen (the so-called
mixed field scenario). In contrast, the technique of
flow cytometry is able to quantify specific red cell
antigens, and therefore unlike an agglutination-
based approach, it can highlight small populations
of cells that either express, or lack, a specific anti-
gen. Flow cytometric phenotyping of recipient
RBCs following transfusion has proved to have sig-
nificant advantages over previous laborious tech-
niques™ and can be applied to mixed cell popula-
tions arising as a consequence of disease, or fol-
lowing bone marrow or peripheral blood stem cell
transplantation, or through blood transfusion.
These three scenarios are the only conditions under
which an antigenically heterogenous RBC popula-
tion could arise in any single individual, apart from

special instances of hemorrhage between mother
and fetus, intrauterine twin-twin transfusion, or in
the rare tetragametic chimeras.'2

The ability of flow cytometry to detect foreign
cells has been extensively studied in the setting of
fetomaternal haemorrhage, where a level of 0.25%
represents a fetal bleed (approximately 12 mL of
fetal blood). This is at the limit of efficacy of the
normal maternal prophylactic dose of anti-D
immunoglobulin; therefore, it is critical that a hem-
orrhage even slightly above this level should be
accurately measured and appropriate treatment
instigated.2® Flow cytometry has been successfully
applied in this specialized setting, and sensitivity at
this level implies that the method has the capaci-
ty to detect antigenically-distinct RBCs for a con-
siderable period post-infusion. Were an athlete to
transfuse one or more units of homologous blood,
the detection window would far exceed the 3-4
week period during which a meaningful perfor-
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mance advantage could be obtained.

A limitation of this approach may be that ath-
letes might seek to identify friends, colleagues or
relatives who were antigen-matched for the spe-
cific panel of antibodies screened (candidates could
be phenotyped by conventional blood banking
techniques). The incidence of antigens corre-
sponding to our panel Il of antisera, as reported by
Reid & Lomas-Francis,*2 means that the chance of
an identical donor in a Caucasian population is 1.7
per thousand, in an Asian population (with fewer
antigens surveyed) it is two per thousand and in a
black American population it is three per million.
However antidoping authorities are free to obtain
still greater discrimination by introducing a more
extensive panel of red cell antigens. Surface anti-
gens, while the easiest to measure, are by no means
the only way of identifying mixed RBC populations.

Fixing and permeabilizing the RBC allows cytoso-
lic antigens and even internal membrane structures
to be detected and quantified. It is estimated that
there are over 250 discrete red cell antigens, but
many of these represent very high or very low fre-
quency polymorphisms and so are not particularly
useful. We predict perhaps 20 antigens may be
suitable for use in an antidoping setting.12 Provid-
ed that the additional antigens are not publicly dis-
closed, it would be highly unlikely that donor blood
would be specifically matched for the newly intro-
duced test antigens.

This element of surprise would be reserved for
use by antidoping authorities, and should become
a significant deterrent to immoral athletes seeking
to subvert the system.

The greatest problem concerning quantification
of mixed RBC populations by flow cytometry is the
lack of suitable IgG monoclonal antibodies direct-
ed against the minor blood group antigens. The IgG
antibodies derived from donor plasma are specific
in terms of their reaction with RBCs positive for the
antigen in question, but there is no control over the
avidity of the antibody and little control over titer.
Not only are there differences in similar antibod-
ies from different suppliers, but batch-to-batch
variation from a single supplier can be even more
startling. This has necessitated a close control over
the antibody concentration used in the tests
described here. Some antisera are considerably
more satisfactory than others, a function not only
of the antibody itself, but also of the number of
antigenic sites expressed on each RBC. Antigen
expression is not only a function of the zygosity,
such that homozygous individuals theoretically
express twice the number of antigens per cell than
do heterozygous people, but there is also a large
degree of variation between antigens. For example,
Rh(D) has between 10,000 and 33,000 sites per
RBC, whilst KEL 1 has only 3,000 per cell.*# Should

the flow cytometric method of detection of blood
doping through transfusion become an accepted
procedure, it is to be hoped that serological com-
panies may be persuaded to develop and stan-
dardize their IgG monoclonal antibodies for use in
flow cytometry rather than jettisoning them, which
is their current fate. Because blood transfusion is
an acute doping practice used at or immediately
preceding competition, it is rational that athletes
should be tested at the time of competition (post-
race) rather than during out-of-competition peri-
ods. Analysis can be conducted on the same EDTA
tubes (or indeed any anticoagulated blood) used
for routine hematologic testing by antidoping
authorities. The analytic technique is not depen-
dent on cell characteristics prone to overt deteri-
oration during limited storage, nor during tempo-
rary storage at room temperature, provided ambi-
ent conditions are not excessive (unpublished
observations). Storage at 4°C is therefore ideal but
not mandatory. Since donated blood is stable for
five weeks in storage bags kept at 4°C, we predict
antigens will be stable in an EDTA medium for at
least several weeks. This provides ample opportu-
nity for blood samples to be processed, packaged
and transported to an appropriate testing labora-
tory.
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What is already known on this topic

Blood doping is a serious problem for endurance
sports. While methods have been developed for the
detection of recombinant human erythropoietin
abuse and use of artificial blood substitutes, no reli-
able methods are available for the detection of blood
doping via homologous blood transfusions.

What this study adds

A flow cytometric assay based on a panel of anti-
sera against 12 blood groups antigens reliably
detected the presence of homologous cells in the
blood of patients who had previously received blood
transfusions. The assay was capable of detecting
transfused red cells with a lower limit of detection
around 5% of the total red cell population. Since the
antigens can be detected in blood stored at 4°C for
a few weeks, confirmatory testing on duplicate sam-
ples is also a possiblity.

Caveats

In the absence of a monoclonal antibody-based
panel of antisera, variations in the analytical perfor-
mance of this test due to variability in potency or
specificity of the polyclonal antibodies remain a
major concern. Rigorous standardization of the assay
will be essential to obtain reliable results in differ-
ent laboratories.
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