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Abstract
BACKGROUND—Antibodies specific for the neutrophil antigen HNA-3a cause severe,
sometimes fatal transfusion-related acute lung disease (TRALI) when transfused, but it has not
been possible to screen blood donors for anti-HNA-3a because using neutrophils as targets was
impractical and molecular properties of the antigen were unknown. Recently it was shown that
HNA-3a is carried on choline transporter–like protein-2 (CTL2) and that the HNA-3a/b phenotype
is closely correlated with an R154Q amino acid polymorphism in CTL2. However, it has not been
shown by direct experiment that R154 is essential for the HNA-3a epitope.

STUDY DESIGN AND METHODS—Preliminary attempts to express recombinant full-length
CTL2 (R154) recognized by anti-HNA-3a were unsuccessful. We therefore tested HNA-3a–
specific antibodies from donors implicated in TRALI reactions for reactivity against chemically
synthesized linear and cyclic CTL2 peptides containing R154 or Q154.

RESULTS—Nine of 20 HNA-3a antibodies recognized the R154, but not the Q154 version of a
cyclic 36-residue CTL2 peptide (D131-K166). However, 11 others failed to distinguish between
the two versions of this peptide.

CONCLUSION—The findings provide direct evidence that R154 in the context of CTL2 D131-
K166 is necessary to create the HNA-3a epitope but, in the context of cyclic CTL2 peptide D131-
K166, is sufficient to detect only about one-half of the HNA-3a–specific antibodies implicated in
TRALI. It is likely that fragments of CTL2 longer than can be made on a large scale with an
automated synthesizer will be needed to produce a target capable of detecting all examples of anti-
HNA-3a in donated blood.

Antibodies specific for the white blood cell antigen HNA-3a are particularly prone to cause
severe, often fatal transfusion-related acute lung injury (TRALI),1–3 but it has not been
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possible to screen blood donors routinely for anti-HNA-3a because it is impractical to use
neutrophils for antibody detection, and although the HNA-3a/b antigen system was
described almost 50 years ago,4 its molecular properties were unknown. We recently
showed that HNA-3a, previously thought to be neutrophil-specific, is also expressed on T
and B lymphocytes and platelets (PLTs) and is carried on choline transporter–like protein-2
(CTL2) encoded by the gene SLC44A2.5 Genomewide association studies and sequencing
of DNA from individuals typed serologically for HNA-3a/b demonstrated a tight association
between a predicted amino acid polymorphism (R154Q) in CTL2 and HNA-3a antigen
expression.5 Similar findings were reported independently by Greinacher and colleagues.6

However, neither of these studies provided direct evidence that arginine at Position 154 of
CTL2 is essential to create the structure recognized by anti-HNA-3a. In initial studies, we
found that recombinant full-length CTL2 is very difficult to express in a configuration
recognized by alloantibodies, owing to its complex structure, which appears to have at least
10 transmembrane domains.7 As an alternative to using the full-length protein, we prepared
synthetic CTL2 peptides containing arginine (R) or glutamine (Q) at Position 154 and
characterized their reactions against a panel of anti-HNA-3a antibodies. Here, we show that
a subset of 20 HNA-3a antibodies recognizes linear and cyclic versions of a 36-mer CTL2
peptide (D131-K166/R154) but is non-reactive with D131-K166/Q154. However, about half
of the antibodies failed to make this distinction. The findings indicate that R154 in the
context of CTL2 peptide D131-K166 is necessary to create the epitope recognized by
HNA-3a antibodies, but that amino acid residues extending C-terminal and/or N-terminal
from D131-K166 will be needed to create a target suitable for detecting all examples of anti-
HNA-3a in blood donors.

MATERIALS AND METHODS
Antibodies

Nine serum samples containing HNA-3a–specific antibodies were identified by the Platelet
and Neutrophil Immunology Laboratory of the BloodCenter of Wisconsin in persons whose
donated blood was transfused to patients experiencing TRALI reactions. Antibody
specificity was determined by the pattern of reactions against panels of typed neutrophils
using flow cytometry and fluorescein isothiocyanate-labeled, anti-human immunoglobulin
(Ig)G secondary antibodies8 and/or neutrophil agglutination9 and by showing that the donors
were HNA-3a-negative. Other samples were gifts from the Neutrophil Antibody Reference
Laboratory, American Red Cross (St Paul, MN; GTI Diagnostics, Waukesha, WI; and Dr
Patricia Kopko, Sacramento, CA). Specificity of antibodies in the latter samples was
determined by the referring laboratories from reactions against panels of typed neutrophils
and was reconfirmed by our laboratory on the basis of flow cytometric and agglutination
reactions against cell panels consisting of at least two HNA-3a–positive and two HNA-3a–
negative neutrophils and T lymphocytes. Normal sera were obtained from normal healthy
individuals and tested negative for neutrophil and lymphoycte-reactive antibodies by flow
cytometry.

Peptides
Peptides comprising CTL2 Amino Acids N146-K166 and D131-K166 containing either
R154 or Q154 (Fig. 1) and linked to biotin through a spacer group were chemically
synthesized by the Protein Core Laboratory of the Blood Research Institute, high-
performance liquid chromatography purified, and validated by mass spectrometry using
standard methods.10 The design of the peptides selected was based on hydrophilic
predictions (indicating likely antigenicity) using computer software (AbiePro3.0, Chang
Bioscience, Castro Valley CA). Both a nonoxidized (linear peptide) and an oxidized cyclic
version (cyclic peptide) of D131-K166 were produced. The cyclic peptide was produced by
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intramolecular linkage of cysteines (C) at Amino Acids 139 and 158 as described by Tam
and colleagues.11 Oxidation of the purified cyclic peptide was validated by matrix-assisted
laser desorption/ionization time-of-flight mass spectral analysis.

Enzyme-linked immunosorbent assay
Biotin-labeled peptides (1.0 μg) were immobilized in wells of microtiter plates previously
coated with 1.0 μg of streptavidin and blocked. Fifty microliters of HNA-3a antibody
diluted 1:10 was added, incubated for 1 hour at room temperature, and washed four times
with buffer. Bound immunoglobulin was detected with peroxidase-labeled goat anti-human
IgG (Jackson ImmunoResearch Laboratories, West Grove, PA).

Statistical analysis
Log-transformed values were analyzed using mixed-effects modeling with random effect
accounting for sample-to-sample variability and antibody type and peptide (R154 vs. Q154)
as crossed fixed effects. The familywise Type I error rate was controlled over the pre-
planned comparisons at 5% using Holm's method.12 All analyses were performed using
computer software (2.10.1, R Foundation for Statistical Computing, Vienna, Austria; with
the nlme 3.1–96 and multicomp 1.1–6 packages).

RESULTS
One of six HNA-3a antibodies recognized the 21-mer CTL2 peptide N146-K166 (R154)

Initially, we studied reactions of six well-defined HNA-3a–specific antibodies (Antibodies
1–6) with 21-mer CTL2 peptides N146-K166 (R/Q154) (Fig. 1) using ELISA. Only
Antibody 5 reacted preferentially with the R154 version (Fig. 2A). To determine whether
antibodies testing negative might bind to N146-K166/R154 with low avidity, the six
antibodies were diluted to a point at which they gave weak-positive reactions against
HNA-3a–positive lymphocytes. The diluted antibodies were incubated with peptides N146-
K166 (R154/Q154; 4 mg/mL) and then tested against HNA-3a–positive and –negative
lymphocytes using flow cytometry. Reactions of Antibodies 1 and 5, but not those of
Antibodies 2 through 4 and 6 against HNA-3a–positive lymphocytes, were inhibited
significantly by the R154, but not the Q154 version of this peptide (p < 0.05; Fig. 2B). The
findings indicate that Antibody 1 recognizes N146-K166/R154, but the interaction is not
sufficiently strong to permit detection in an ELISA.

Nine of 20 HNA-3a–specific antibodies recognized both the cyclic and linear CTL2
peptides D131-K166 (R154)

Failure of five of six HNA-3a antibodies to recognize the 21-mer peptide N146-K166
(R154) in ELISA (Fig. 2) made it desirable to study reactions of a larger panel of antibodies
against a longer peptide. We therefore obtained 14 additional anti-HNA-3a sera from
colleagues elsewhere and investigated reactions of all 20 antibodies against the CTL2 36-
mer D131-K166 (R/Q154). Because D131-K166 contains cysteines at Positions 139 and 158
that might be disulfide linked,7 testing was done with a peptide in which the cysteines were
S-S linked (cyclic peptide), and a peptide without linkage of the cysteines (linear peptide).
As shown in Fig. 3, nine antibodies (1, 5, 8, 9, 10, 11, 17, 18, 20) reacted preferentially with
the cyclic peptide D131-K166 (R154; p < 0.001, Fig. 3A), and nine antibodies (5, 8, 9, 10,
11, 17, 18, 19) reacted preferentially with the linear version of D131-K166 (R154; p =
0.002; Fig. 3B). Seven antibodies (2, 3, 4, 6, 13, 14, 19) failed to react with either peptide
and four (7, 12, 15, 16) reacted with both. Interestingly, Antibodies 1 and 20 and Antibody
19 failed to distinguish between R154 and Q154 versions of the linear and cyclic peptides,
respectively (Fig. 3).
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In general, antibodies that gave the strongest signals in ELISA had the highest titers against
HNA-3a-positive lymphocytes in the flow cytometric assay. However, there were numerous
exceptions. For example, Antibody 2 was negative in ELISA but reacted with HNA-3a-
positive lymphocytes in flow cytometry at 1-in-80 dilution. Among the sera that reacted
preferentially with cyclic D131-K166 (R154) in ELISA, Antibody 9 produced an optical
density (OD) of only 0.50 to 0.80 in ELISA but could be detected by flow at 1-in-80
dilution, while Antibody 17 produced an OD about 3.0 in ELISA but could be detected by
flow cytometry only at 1-in-20 dilution. Granulocyte agglutination test results are difficult to
quantify, but as judged by visual inspection, all 20 HNA-3a-specific antibodies agglutinated
HNA-3a-positive neutrophils equally well.

DISCUSSION
Ordinarily, confirmation that an amino acid polymorphism is responsible for a biallelic
alloantigen system would be obtained by expressing both alleles of the carrier protein in an
appropriate cell line and demonstrating that alloantibodies of known specificity produce the
expected pattern of reactions against the two gene products. To date, we have attempted to
express the two alleles of full-length CTL2 (R154, Q154) in insect cells, CHO cells, and two
different human cell lines but have not yet succeeded in expressing proteins that can be
consistently distinguished by anti-HNA-3a using flow cytometry to detect membrane-
associated protein and immunoblotting to detect intracellular gene products. Difficulties
encountered in expressing full-length CTL2 containing the epitope recognized by anti-
HNA-3a appear to be related to its complex structure (Fig. 1). It is of interest that
Greinacher and colleagues expressed CTL2 fragments containing R154 as GST fusion
proteins (GST-CTL2) in Escherichia coli and found that GST-CTL2 55-231 (R154) was
recognized in Western blot by two HNA-3a-specific antibodies and that a shorter peptide,
GST 145-167 (R154), was recognized by a single antibody.6 However, the specificity of
these reactions is uncertain because reactions of the antibodies with the Q154 (HNA-3a-
negative) versions of the same peptides were not described. We have performed Western
blotting studies of lysates from HNA-3a-positive and HNA-3a-negative T cells, but have
been unable to distinguish between the two CTL2 alleles using various HNA-3a-specific
antibodies (data not shown), suggesting that the HNA-3a epitope does not survive
modifications of the protein resulting from detergent solubilization and sodium dodecyl
sulfate electrophoresis. This behavior is similar to that of the red blood cell (RBC) D antigen
carried on the 12-membrane-spanning RhD protein, which in general is not recognized by
anti-D after solubilization by detergent.13

Because of problems encountered in expressing immunologically intact, full-length CTL2,
we adopted the alternative approach of chemically synthesizing CTL2 peptides containing
R154 or Q154 and studying their reactions with anti-HNA-3a to obtain direct evidence that
R154 is critical for the HNA-3a epitope. Our finding that 9 of 20 HNA-3a antibodies
recognized both cyclic and linear versions of peptide CTL2 D131-K166 (R154) but not the
Q154 version of these peptides (Fig. 3) shows that R154 and adjacent peptides sequences are
necessary to create the epitope recognized by many (and presumably all) HNA-3a-specific
antibodies. However, failure of 11 antibodies to react preferentially with these D131-K166
(R154) peptides indicates that residues N- and/or C-terminal from D131-K166 and/or as yet
undefined posttranslational modifications of the protein are required for about 50% of
HNA-3a antibodies to bind with sufficient avidity to be detected by ELISA.

Reactions of Antibodies 7, 12, 15, and 16 with both the R154 and the Q154 versions of the
cyclic and linear CTL2 peptides D131-K166 (Fig. 3) require comment. To characterize these
reactions more fully, Antibodies 7 and 12 were absorbed with HNA-3a-positive and
HNA-3a-negative lymphocytes. Reactions of the absorbed sera were comparable to those of
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unabsorbed sera (data not shown). At present, we have no satisfactory explanation for the
reactions of these sera. Since all sera gave HNA-3a-specific reactions using intact
lymphocytes and granulocytes as targets, it seems possible that the unexpected reactions of
Sera 7, 12, 15, and 16 reflect an artifact introduced by use of the synthetic peptides as
targets.

Our findings, limited information available about CTL2 structure, and prior studies of other
alloantigens, enable some predictions to be made about the minimum CTL2 structure that
may be needed to detect all examples of anti-HNA-3a. The first extracellular loop of CTL2
(Residues 55-231) where R154 is located contains eight cysteine residues, some of which
are predicted to be disulfide linked.7 Our finding that nine of 20 HNA-3a-specific antibodies
reacted preferentially with the R154 version of cyclic (S-S linked) peptide D131-K166
provides evidence that Cysteines 139 and 158 are probably disulfide linked naturally in the
mature CTL2 protein, since if they were not, introducing an unnatural linkage between these
residues would almost certainly distort the structure of the HNA-3a epitope in such a way
that few, if any, of the antibodies would bind. It is of interest that the 20 HNA-3a antibodies
studied reacted almost identically with the linear and cyclic versions of peptide D131-K166
(R154). The likely explanation for this is that, in solution, a structure that juxtaposes
Cysteines 139 and 158 is energetically favored.14,15 Although reactions with the HNA-3a
antibody panel indicate that the nonreduced peptide closely mimics the structure of the
reduced peptide, the inherent instability of the former could explain its failure to provide a
suitable target for Antibodies 1 and 20, which required the cyclic version of D131-K166
(R154) for binding. At present, we have no satisfactory explanation for the weak reaction of
Antibody 19 with nonreduced D131-K166 (R154) only.

In addition to C139 and C158, the first extracellular loop of CTL2 contains cysteines at
Positions 74, 95, 106, 112, 116, and 172. Valentin and colleagues16 showed that a long-
range disulfide bond linking the GPIIIa PSI domain, where the HPA-1a epitope (determined
by Leucine 33) is located, to C435 of the first EGF repeat of GPIIIa is required to stabilize
the structure recognized by approximately one-half of HPA-1a-specific antibodies. By
analogy, it is possible that linkage between two or more of the six unassigned cysteine
residues in the CTL2 55-231 loop is required to produce a configuration suitable for binding
of all HNA-3a antibodies. A second concern is that asparagine residues at Positions 187 and
200 of CTL2 may be glycosylated.7 Saccharide residues are important for recognition of the
PLT antigen HPA-3a (Baka)17–19 and the RBC MN antigens20,21 by some alloantibodies.
Therefore, the possible requirement for a glycan residue at Position 187 and/or 200 for
binding of some HNA-3a antibodies deserves investigation. Finally, in addition to the R/Q
mutation at Position 154 that is critical for expression of the HNA-3a and -3b antigens,
mutations predicting amino acid substitutions at Positions 98 and 215 of the first
extracellular loop of human CTL2, Position 413 of the third loop, and Positions 589 and 593
of the fifth loop are registered in the human genome SNP database.22 It is known that
mutations in various extracellular loops of the 12-membrane-spanning D antigen influence
expression of the D antigen.23 The possibility that binding of some HNA-3a antibodies to
CTL2 is affected by mutations other than R/Q 154 therefore deserves consideration.

In summary, our findings show that, although the cyclic CTL2 peptide D131-K166 (R154)
is suitable for detection of about one-half of HNA-3a-specific antibodies, the remainder
require other structural elements of CTL2 to bind sufficiently well to be detected in an assay
that requires washing of the target antigen. It is possible to synthesize peptides containing as
many as 100 amino acid residues, but yield drops off significantly with increasing length. In
the case of CTL2, a longer peptide centered on the polymorphic Amino Acid 154 could
contain as many as eight cysteine residues, which would be unlikely to form the appropriate
disulfide linkages upon oxidation. It is likely that fragments of CTL2 longer than can be
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made on a large scale with an automated synthesizer will be needed to produce a target
capable of detecting all examples of anti-HNA-3a in donated blood.
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Fig. 1.
Predicted structure of CTL2 showing amino acid sequences of synthesized CTL2 peptides.
Location of the R/Q154 polymorphism (arrow) associated with the HNA-3a/b antigens and
sequences of peptides containing R154 or Q154 that were tested for reactivity against
HNA-3a antibodies are shown. Large and small shaded circles indicate cysteine residues;
large ones are predicted to have a high likelihood of disulfide bond formation. Open circles
indicate asparagine residues; those with dark triangles are predicted to be glycosylated.
Adapted from Nair et al.,7 where the basis for structural predictions is described.
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Fig. 2.
Reactions of serum samples containing HNA-3a–specific antibodies implicated in TRALI
with linear 21-mer CTL2 peptides N144-K166 containing R or Q at Position 154. (A)
Reactions of HNA-3a Antibodies 1 to 6 with CTL2 peptides N144-K166 (R/Q154) detected
by ELISA. Results are mean ± 1 SD OD of triplicate measurements in ELISA. Asterisks
indicate sera that gave significantly stronger reactions against N144-K166 (R154) than
against N144-K166 (Q154; p < 0.05). Dotted line depicts mean OD obtained with plasma
samples from 10 normal donors against the R154 peptide; dashed line depicts mean optical
density obtained with normal plasma samples against the Q154 peptide. (B) Flow cytometric
studies characterizing reactions of Antibodies 1 through 6 against HNA-3a–positive
lymphocytes with and without prior incubation with 4 mg/mL CTL2 peptide N144-K166
(R154 or Q154). Reactions of Antibodies 1 and 5 were significantly inhibited by the R154
but not the Q154 peptide. Results are shown as median fluorescence intensities as a
percentage of buffer control and are mean ± 1 SD of duplicate tests.
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Fig. 3.
Reactions of 20 serum samples containing HNA-3a–specific antibodies implicated in
TRALI with oxidized (cyclic) and linear 36-mer CTL2 peptides D131-K166 containing R or
Q at Position 154. (A) Antibodies 1, 5, 8, 9, 10, 11, 17, 18, and 20 reacted preferentially
with the R154 form of the cyclic peptide. (B) Antibodies 5, 8, 9, 10, 11, 17, 18, and 19
reacted preferentially with the R154 form of the linear peptide. Results shown are mean ± 1
SD OD of triplicate measurements in ELISA. Asterisks indicate p < 0.001 (cyclic peptide)
and p < 0.002 (linear peptide) for sera with preferential reaction against D131-K166 (R154).
Dotted line is mean + 1 SD OD obtained with sera from 10 normal donors against the R154
peptide; dashed line indicates mean + 1 SD optical density obtained with normal sera against
the Q154 peptide.
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