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Abstract

Background—Twenty-four low frequency platelet antigens (HPAS) have been implicated as
immunogens in neonatal alloimmune thrombocytopenia (NAIT). We performed studies to define
more fully how often these antigens trigger maternal immunization leading to NAIT.

Study design and methods—In a Phase 1 study, fathers of selected NAIT cases not resolved
by serologic testing but thought to have a high likelihood of NAIT on clinical and serologic
grounds were typed for low frequency HPAs (LFHPASs) by DNA sequencing. In a Phase 2 study,
high-throughput methods were used to type fathers of 1067 consecutive unresolved NAIT cases
for LFHPAs. Mothers of 1338 unresolved cases were also typed to assess the prevalence of
LFHPAs in a population racially/ethnically similar to the fathers.

Results—In Phase 1, LFHPAs were identified in 16 of 244 fathers (6.55%). In Phase 2, LFPAS
were found in only 28 of 1067 fathers (2.62%). LFHPAs were identified in 27 of 1338 maternal
samples (2.01%). HPA-9bw was by far the most common LFHPA identified in the populations
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studied and was the only LFHPA that was significantly more common in fathers than in mothers
of affected infants (P=0.02).

Conclusions—Maternal immunization against recognized LFHPAs accounts for only a small
fraction of the cases of apparent NAIT not resolved by standard serologic testing. Typing of the
fathers of such cases for LFHPAs is likely to be rewarding only when a maternal antibody specific
for a paternal platelet glycoprotein is demonstrated and/or there is compelling clinical evidence for
NAIT.

INTRODUCTION

Neonatal alloimmune thrombocytopenia (NAIT), caused by maternal antibodies directed
against fetal platelet antigens~#, occurs about once in 1000 live births and is the major
cause of intracranial hemorrhage in full-term infants®>~’. To provide optimal care for affected
infants and for management of future pregnancies, it is important that a serologic diagnosis
be made whenever possible. However, maternal HPA antibodies are identified in only 20—
35% of apparent NAIT cases referred for laboratory investigation#8:. In about 80% of the
resolved cases the antibody detected is specific for HPA-1a carried on B3 integrin
(GPIlla)*810.11 Antibodies identified in the remaining cases are mainly specific for
HPA-5b, -1b, -3a or 15b#811.12

Over the past two decades, individual cases of NAIT have been described in which the
mother was immunized against a low frequency HPA antigen (LFHPA)*. As of this writing,
a total of 24 such antigens have been identified. Each is determined by a single amino acid
substitution in platelet GP 11b/I1a, Ib/1X or la/lla%13 except for HPA-14bw, which results
from an in-frame deletion of three nucleotides in the gene encoding GPII1al4. Healthy donor
platelets carrying the relevant target antigen are usually not available to confirm specificity
when a maternal antibody reacts only with paternal platelets in the initial screen. Therefore,
maternal immunization against a low frequency HPA antigen can easily be overlooked. To
investigate the prevalence of this problem, Ghevaert et al® collected DNA from fathers of
1054 unresolved NAIT cases identified in four European laboratories and used a Tagman-
based method to type for the low frequency HPA antigens 4b, 6-8bw, 10-14bw, 16bw and
17bw. A recognized low frequency antigen was identified in only eight instances. They
concluded that maternal immunization against low frequency HPA antigens is unlikely to
account for more than a small fraction of suspected NAIT cases but recognized that results
could have been affected by poor quality of some DNA samples (which had been stored for
up to 10 years). In addition, for technical reasons, fathers were not typed for HPA-9bw, a
low frequency antigen that may be particularly immunogenicl®16 and, since this study was
performed, 11 new low frequency HPA antigens (HPA- 7c, and 18 through 28) have been
described*13,

To better define the prevalence of LFHPAs in a North American population and more fully
define the role of these antigens in NAIT, we determined the prevalence of 22 LFHPAS in
1311 fathers of referred NAIT cases not resolved by routine serologic testing. DNA from
1338 mothers was similarly typed to estimate the normal prevalence of these antigens in a
population similar to the fathers in ethnic/racial background.
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Blood samples from parents of infants suspected of having neonatal alloimmune
thrombocytopenia were referred to the Platelet and Neutrophil Immunology Laboratory
(PNIL) of the BloodCenter of Wisconsin (BCW) for diagnostic testing because infants were
suspected on clinical grounds of having NAIT. Maternal serum was tested against paternal
platelets and a typed panel of normal platelets for platelet-reactive and glycoprotein-specific
antibodies as previously described!’ using flow cytometry and/or modified capture ELISA
(MACE)®18.19_ Genotyping for antigens HPA-1 through -6, -9 and -15 was carried out using
in-house allelic discrimination assays described previously2°. Diagnosis of NAIT was
considered to be confirmed when a maternal antibody was identified that recognized an
HPA antigen present in the father or, in rare cases, was specific for GPIV (CD36); other
cases were considered to be “unresolved.” Detailed clinical information was available only
on cases in which a low frequency HPA paternal antigen was identified in the Phase 1 study;
histories in these cases were consistent with NAIT of varying degrees of severity. Some
cases in which LFHPAs were identified in the Phase 1 study (see Results) have been
described previously in a different context117.20,

Genotyping for low frequency variants encoding alloantigens

DNA from1478 unresolved NAIT cases (in 927 cases both parents, in 140 cases father only
and in 411 cases mother only) was typed for HPA antigens (-4 through -26) by one or more
of three different methods: 1) PCR amplification of selected exons and direct sequencing of
the PCR products??, 2) a TagMan OpenArray Real-time PCR platform (Applied Biosystems
Life Technologies Corporation, Carlsbad, California) and 3) PCR allelic discrimination
assays. All antigens identified by the latter two methods were confirmed by direct DNA
sequencing. LFHPAs -27 and -28 were not examined in this study. Single nucleotide
polymorphism (SNP) genotyping using the TagMan OpenArray Genotyping system was
performed as described previously?1:22, Pre-designed and custom-designed genotyping
assays consisting of allele-specific minor groove binding probes and PCR primer sets loaded
onto individual through-holes of a metal-based array were supplied by the manufacturer
(Applied Biosystems). Detailed assay information can be obtained from corresponding
author upon request. Genomic DNA and TagMan OpenArray Master Mix (Life
Technologies, Carlsbad, CA) were loaded onto the arrays and PCR was performed on the
GeneAmp PCR System 9700 (ABI). Arrays were imaged on an OpenArray NT Imager
using the OpenArray SNP Genotyping Analysis Software (Life Technologies). Assays were
validated using genomic DNA samples containing known rare SNPs when available.

DNA samples heterozygous or homozygous for both alleles are readily encountered when
typing is done for relatively common SNPs. With low frequency SNPs, however, samples
homozygous for the rare allele are almost never seen. Since the OpenArray SNP genotyping
software is designed to discriminate between three allelic populations (a/a, a/b and b/b), the
readout was unsuitable for analysis using the standard OpenArray software. Accordingly,
data were analyzed with Microsoft Excel software and a Cartesian plot in which
fluorescence signal intensities of the VIC reporter (allele one) and FAM reporter (allele 2)
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were normalized to the internal fluorescence Rox signals. Individual reactions were
discarded if the signal fell within a “no call” zone established independently for each SNP
assay. This occurred whenever any of the following criteria were met; 1) the internal
reference Rox signal was below the average Rox signal +/— 3SD for each that SNP, 2) the
sum of VIC and FAM signal intensities was less than the average sum of VIC and FAM +
3SD of four no template control reactions or 3) both the normalized VIC and normalized
FAM signal intensities were less than average normalized VIC and FAM signals +/- 3SD of
no template controls. A formula was then generated for each SNP to make automatic
genotype calls based on the signals of positive and negative control samples. All samples
were tested in duplicate. When both duplicates tested positive for a low frequency SNP, the
finding was confirmed by direct sequencing of a PCR product derived from the relevant
exon. Representative OpenArray data obtained in typing for SNPs encoding HPA-15 and
HPA-9 are shown in Figure 1. HPA-15a and -15b alleles have an allelic frequency of 0.455
and 0.545 respectively, resulting in three genotypic populations corresponding to
HPA-15a/a, -15a/b and -15b/b. Due to the rarity of the HPA-9bw allelel®, only two
populations were identified corresponding to the HPA-9a/a and HPA-9a/bw genotypes.

As noted, primers incorporated into the OpenArray SNP assays by Applied Biosystems Life
Technologies are custom-designed using proprietary techniques to optimize the likelihood
that the desired SNPs can be detected under the same conditions. In preliminary studies, we
found that the customized assays failed to detect SNPs encoding the antigens HPA-8bw,
-11bw, -12bw, -21bw, 22bw and 23bw. Therefore, these antigens were typed using allelic
discrimination assays as described previously23. Fluorescently-labeled probes for each SNP
were designed using Primer3 (http://frodo.wi.mit.edu/) software available on the world wide
web?4, Common sequence probes were labeled with 5° FAM reporter dye and 3" lowa
Black FQ quencher and mutant sequence probes were labeled with 5 Cy5 reporter dye and
3’ Black Hole quencher dye. The reaction mixture containing Quanta PerfeCTAQPCR
SuperMix, UNG, Low Rox (Quanta Biosciences, Gaithersburg, MD), primers, probes and
genomic DNA isolated from peripheral blood cells'® was cycled on the Applied BioSystems
7500 (Life Technologies, Carlsbad, CA) device. Cycling conditions and probe/primer
sequences are available upon request. All mutations identified were confirmed by direct
sequencing of a PCR product derived from the relevant exon. Representative allelic
discrimination data obtained in typing for SNPs encoding HPA-12 and HPA-21 are shown
in Supplemental Figure 1.

Statistical Analyses

The prevalence of carriers for each allele in the maternal population studied was estimated
as the proportion of carriers among mothers of children with suspected NAIT and non-
carrier fathers. Mothers of children with carrier fathers were excluded, because they are
potentially negatively selected for carrier status. Confidence intervals were calculated using
the exact binomial method.

The inference for evaluating whether a low frequency allele is associated with NAIT is
based on the imbalance of fathers being carriers compared to mothers using a combination
of matched parents (both a father and mother of an affected child) and unmatched parents
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(either a father or a mother of an affected child). Among matched parents, the inference is
based on a one-sided exact McNemar’s test and the confidence interval was constructed
using Newcombe’s method for difference in binomial proportions with paired dataZ®.
Among unmatched parents the inference is based on a one-sided Fisher’s exact test and the
confidence interval was constructed using Newcombe’s methods for difference in binomial
proportions with independent data25. The combined estimate and confidence interval is then
based on a weighted average of the matched and unmatched estimates proportional to the
number of subjects in each group?’. Exact permutation test p-values were computed as the
sum of the probabilities of the possible outcomes under the null hypothesis using the mid-p
method?8.

Studies involving human subjects and animals were approved by the institutional review
board of the BloodCenter of Wisconsin

Study format

The study was conducted in two phases. In Phase 1, cases studied were ones in which
serologic evidence of maternal-fetal incompatibility for common HPA antigens was not
found in the standard NAIT evaluation and one or more of the following three conditions
applied: mother’s serum reacted strongly with father’s platelets in flow cytometry, mother’s
serum reacted with father’s GPIIb/Illa in MACE, the clinical history was compelling for
NAIT. In Phase 2, DNA from fathers of 1067 serologically unresolved cases referred
consecutively for NAIT testing was typed using high throughput methods. DNA from 1338
mothers of suspected NAIT cases was similarly studied to obtain an unbiased estimate of the
normal prevalence of these antigens in a population similar in its demographics to the
population of fathers studied.

Phase 1 studies

DNA from 244 fathers of unresolved NAIT cases satisfying the criteria listed above was
typed by direct sequencing of exons known to encode low frequency HPA antigens. For
practical reasons, GPIIb/ll1a was sequenced most often because these GPs are known to
carry most low frequency antigens. As shown in Table 1, low frequency antigens were
identified in 16 fathers. Antigens HPA-4b, 6bw, 11bw, 12bw, 13bw, 19bw, 20bw, 21bw,
22bw, and 23bw were identified in ten individuals; six fathers were positive for HPA-9bw.
The novel antigens HPA-19bw through -23bw were identified by sequencing the entire
extracellular domains of GPIlb and GPllla in five families in which there was compelling
clinical and serologic evidence for NAIT17.20,

Phase 2 studies

As noted, Phase 1 studies were performed in a highly selected group of NAIT cases. Phase 2
studies were done to estimate the prevalence of low frequency antigens in fathers of cases
selected only because they were not resolved on the basis of maternal-fetal incompatibility
for common HPA antigens. Antigens for which the OpenArray technique was found to be
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suitable were typed by that method because of its simplicity and relatively low cost.
OpenArray was found to be unsuitable for antigens HPA-8bw, -11bw, -12bw, -21bw,
-22bw, and -23bw. Therefore, SNPs encoding these markers were detected using allelic
discrimination assays. The same approaches were used to identify SNPs in maternal DNA
samples. For logistical and technical reasons, it was not possible to type every DNA sample
for every antigen. All SNPs identified by either of the testing methods were confirmed by
direct sequencing of the exon in which the SNP is located.

Results obtained in typing paternal DNA from 1067 suspected NAIT cases using the
OpenArray and allelic discrimination assays are summarized in Table 2, where it can be
seen that 28 paternal DNA samples were positive for the low frequency antigens HPA-4b (1
case), 6bw (2 cases), 8bw (1 case), 9bw (17 cases), 12bw (4 cases), and 21bw (3 cases).

Maternal DNA samples

Mothers and fathers of NAIT cases are likely to have similar racial/ethnic backgrounds and
it is extremely unlikely that both parents will possess the same low frequency antigen,
thereby biasing the representation of any particular antigen in the maternal samples. For
these reasons, the prevalence of low frequency antigens identified in the maternal population
is probably superior to that found in a randomly selected normal population as a basis for
assessing the significance of low frequency antigens identified in the fathers. As shown in
Table 2, the low frequency antigens HPA-4b (4 cases), -6bw (5 cases), -9bw (12 cases),
-12bw (4 cases), -13bw (3 cases) and -21bw (one case) were identified in 27 of 1338
maternal samples.

DISCUSSION

In our Phase | study, low frequency HPA antigens were identified in 16 of 244 (6.6%) of
fathers of infants suspected of having NAIT not attributable to maternal-fetal incompatibility
for common HPA antigens (Table 1). As noted, NAIT was thought to be highly likely in this
group on the basis of initial laboratory and clinical findings. The Phase 2 study was
conducted to estimate the prevalence of low frequency antigens in fathers of serologically
unresolved cases referred consecutively for NAIT testing without regard to clinical status
other than the fact that NAIT was suspected. As shown in Table 2, low frequency antigens
were identified in the Phase 2 study in only 28 of 1067 fathers (2.6%), most of which (17
cases, 1.6%) were accounted for by HPA-9bw. Typing for low frequency HPA antigens was
carried out with DNA from 1338 mothers of unresolved NAIT cases to estimate how often
low frequency antigens might be encountered by chance in a population similar in ethnic
and racial make-up to the group of fathers studied. Low frequency antigens were identified
in 27 (2.0%) of the mothers; 12 of these (0.90%) were HPA-9bw-positive.

The low frequency antigens HPA-4b, 6bw, 8bw, 9bw, 12bw, 13bw and 21bw were
identified in one or more individuals in the Phase 2 study (Table 2). Data were analyzed to
determine whether the carrier prevalence in fathers exceeded that in mothers. Only
HPA-9bw was found to be significantly more common in fathers (1.65%) than in mothers
(0.94%) (p=0.021) (Table 3). This finding is statistically significant (p=0.02) when
HPA-9bw alone is considered, but not when a multiple-testing adjusted cutoff is used.
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Prevalence of the remaining low frequency SNPs (HPA-4b,-6bw,-8bw,-12bw,-13bw
and-21bw) was not significantly different in the paternal and maternal populations. The
estimated prevalence of each low frequency antigen (95% confidence levels) tested for in
the maternal population (excluding cases where an antigen was identified in a father) is
shown in Table 3, where it can be seen that the HPA-9bw allele is expected to be present by
chance in 8.3 of every 1000 individuals (95% ClI: 3.3-17.0). These estimates, of course,
apply only to the population of mothers whose blood samples were referred for study, and
not to the population at large. It is well established that the antigens HPA-4b and HPA-21bw
(Asians) and 6bw (Finns and Asians) are more common in certain racial groups29-31 and it
was not feasible to define the racial make-up of the study population.

The similar distribution of low frequency antigens other than HPA-9bw in the paternal and
maternal populations (Table 2) favors the possibility that the antigens HPA-8bw, 12bw and
21bw were identified in some fathers by chance and were unrelated to NAIT. As an alternate
means of addressing the issue of causality, we examined results obtained when maternal
serum was tested against platelets from fathers who were found to possess a low frequency
HPA antigen. Maternal serum reacted significantly with paternal platelets in a flow
cytometric assay in 18 of 25 instances. However, Class | HLA antibodies present in 11 of
the maternal samples undoubtedly explain some positive cross match results. It is also
possible that in some cases ABO incompatibility produced a positive test results in flow
cytometry. Immunoprecipitation (MACE) assays using maternal serum and paternal
platelets were positive in only 2 of 23 cases in which the low frequency antigen identified in
the father was expressed on GPI1b/1l1a. These findings differ from those made in the Phase 1
study in which 15 of 16 maternal serum samples reacted with paternal platelets in flow
cytometry (2 possibly influenced by HLA) and 8 of 8 reacted with paternal GPIIb/Illa in
MACE. It is apparent that serologic findings made in the Phase 2 cases do not, in
themselves, provide persuasive evidence for NAIT.

In the only previously reported study of this type, Ghevaert and colleagues determined the
prevalence of 11 low frequency HPA antigens in 1054 fathers of suspected NAIT cases, 831
of which could not be accounted for by maternal antibodies against common HPA antigens®.
Eight fathers were positive for the antigens HPA-6bw (4 cases), HPA-10bw (one case),
HPA-11bw (one case) and HPA-12bw (two cases). Three of the HPA-6bw cases were
identified in a Finnish population in which this antigen is relatively common. Cross-matches
with maternal serum against paternal platelets were positive in four of the eight cases.
Findings made in our study support the conclusion of Ghevaert et al that only a small
fraction of NAIT cases not attributable to incompatibility for common HPA antigens can be
accounted for by maternal immunization against recognized low frequency antigens. The
small number of low frequency paternal HPA antigens identified in the two studies supports
the view that typing of fathers for low frequency antigens should probably be limited to
cases in which a common HPA antibody is not identified but the likelihood of NAIT is high
as judged from initial laboratory and clinical findings. A possible exception is the antigen
HPA-9bw, which was not tested for by Ghevaert et al for technical reasons® and which was
identified in 17 of 1030 fathers (1.65%) but only in 12 of 1277 mothers (0.94%) in the Phase
2 study (Table 2). Three previous reports describe 15 cases of NAIT associated with
maternal-fetal incompatibility for HPA-9bw. Nearly all of the affected infants had severe
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thrombocytopenia and bleeding and five had intracranial hemorrhagel®16:32_ In our Phase 2
study, we found that about one percent of the maternal population was HPA-9bw-positive
(gene frequency about 0.5%), higher than the value of 0.3% (3 of 500) found by Norris et al
in a normal Dutch population32. Thus, HPA-9bw appears to be much more common than
other low frequency HPA antigens described to date. Moreover, the prevalence of NAIT
cases caused by maternal-fetal incompatibility for this marker identified in two studies
suggests that it may be more immunogenic than most of the other HPA antigens!®:16,
Although we would expect the majority of affected infants in this study whose father was
HPA-9b positive to have inherited the -9b allele it was not feasible to obtain follow-up DNA
samples from the infants to verify this assumption. Beyond these considerations, for reasons
not fully understood, HPA-9bw antibodies can be extremely difficult to detect in standard
serologic assays®16, In light of these facts, an argument can be made that fathers of NAIT
cases should be routinely typed for HPA-9bw and our own laboratory has adopted this
policy. In fathers of Asian ancestry, typing for HPA-4b29:33 HPA-6bw31:33 and
HPA-21bw30:34 can also be considered.

Our findings leave open the question of why maternal-fetal incompatibility for HPA is
documented serologically only in a minority of cases in which NAIT appears to be likely on
clinical grounds. Recent studies have shown that low avidity antibodies specific for HPA-1a
that cannot be detected using conventional serology can cause clinically significant
NAIT35:36 Antibodies specific for Class | HLA antigens are common in pregnancy? and,
although such antibodies are widely thought not to cause NAIT, many anecdotal reports
suggest that they can do so under some circumstances®. Rarely, NAIT can be caused by
high-titer antibodies specific for blood groups A and B37 or glycoprotein 1V (CD36)38.
Further studies of these and other potential explanations for the “diagnostic gap” in NAIT
are needed.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. TagMan OpenArray Genotyping analysis

Typical HPA-15 and HPA-9 results shown for 45 fathers of unresolved NAIT cases. Signal
intensities of Vic versus Fam fluorophores (normalized to internal Rox signal) are plotted.
Each individual is genotyped in duplicate. No template controls (NTC) are denoted by grey
squares (four individual reactions throughout the array). The no call region (marked with
open square) is defined as the average signal of NTCs + 3SD. A. HPA-15 genotypic analysis
(black circles): The Vic fluorophore reports the HPA-15b and FAM reports HPA-15a allele.
HPA-15a and -15b alleles have an allelic frequency of 0.455 and 0.545 respectively
resulting in three genotypic populations corresponding to HPA-15a/a, -15a/b and -15b/b. B.
HPA-9 genotypic analysis (black circles): Vic reports the HPA-9a allele and FAM reports
HPA-9bw. Two populations are seen rather than three because the allelic frequency of
HPA-9bw is 0.002 and an HPA-9bw/bw individual has never been encountered.
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