
Conflict-of-interest disclosure: The author
has served as a consultant for Emmaus Medi-
cal and Global Blood Therapeutics. n

REFERENCES
1. Liu Y, Jing F, Yi W, et al. HO-1hi patrolling

monocytes protect against vaso-occlusion in sickle
cell disease. Blood. 2018;131(14):1600-1610.

2. Ballas SK, Smith ED. Red blood cell
changes during the evolution of the sickle
cell painful crisis. Blood. 1992;79(8):
2154-2163.

3. Schaer DJ, Buehler PW, Alayash AI, Belcher JD,
Vercellotti GM. Hemolysis and free hemoglobin
revisited: exploring hemoglobin and hemin
scavengers as a novel class of therapeutic
proteins. Blood. 2013;121(8):1276-1284.

4. Muller-Eberhard U, Javid J, Liem HH, Hanstein
A, Hanna M. Plasma concentrations of
hemopexin, haptoglobin and heme in patients
with various hemolytic diseases. Blood. 1968;
32(5):811-815.

5. Belcher JD, Chen C, Nguyen J, et al. Heme
triggers TLR4 signaling leading to endothelial
cell activation and vaso-occlusion in murine

sickle cell disease. Blood. 2014;123(3):
377-390.

6. Foresti R, Bains S, Sulc F, Farmer PJ, Green CJ,
Motterlini R. The interaction of nitric oxide with
distinct hemoglobins differentially amplifies
endothelial hemeuptake and hemeoxygenase-1
expression. J Pharmacol Exp Ther. 2006;317(3):
1125-1133.

7. Carlin LM, Stamatiades EG, Auffray C, et al.
Nr4a1-dependent Ly6C(low) monocytes moni-
tor endothelial cells and orchestrate their dis-
posal. Cell. 2013;153(2):362-375.

8. Quintar A, McArdle S, Wolf D, et al. Endothelial
protective monocyte patrolling in large
arteries intensified by western diet and
atherosclerosis. Circ Res. 2017;120(11):
1789-1799.

9. Michaud JP, Bellavance MA, Préfontaine P,
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Molecular mechanism
of P1 antigen expression
Lesley J. Bruce | National Health Service Blood and Transplant

In this issue of Blood, Westman et al demonstrate that expression of the
P1 blood group antigen is regulated by the transcription factor RUNX1, which
binds to an intronic region of A4GALT present in P1 alleles but not P2 alleles.1

The P1PK and GLOB blood group systems
are clinically important, both in immunohe-
matology and in their broader disease as-
sociations. It has taken many years to sort
out the relationships between the different
antigens of these systems, and this, along
with the many historical changes in their
nomenclature, has increased the acknowl-
edged complexity of these systems. It is
known that the key P1PK/GLOB antigens
present on red blood cells (RBCs) are P1, Pk,
and P, and the antibodies produced when
these antigens are missing are anti-P1, anti-
Pk, and anti-P (or if all aremissing, anti-PP1Pk,
also known as anti-Tja). The two common
P1PK/GLOBphenotypes areP1 (20% to90%
prevalence; P1, Pk, and P antigens on RBCs
and no serum antibodies) and P2 (10% to
80% prevalence; Pk and P antigens on RBCs
and sometimes anti-P1 in the serum). The
three rare phenotypes are p (no P1PK/GLOB

antigens on RBCs and anti-PP1Pk in serum),
P1k (P1 and Pk antigens on RBCs and anti-P in
serum), and P2k (Pk antigen on RBCs and anti-
P, anti-P1, and sometimes also anti-PX2 in
serum).2

The P1PK/GLOB antigens are present on
RBCs, havewide tissue distributions, and can
act as host receptors for various pathogens
and toxins. Anti-P1 is usually a weak, cold-
reactive antibody and is rarely implicated in
hemolytic transfusion reactions or hemolytic
disease of the fetus and newborn; however,
anti-PP1Pk antibodies can cause hemolytic
transfusion reactions, and a higher fre-
quency of miscarriage is seen in women
with the rare phenotypes p, P1k, and P2k.2

This effect may result from the low ex-
pression of P1, Pk, and P in the fetus and
newborn relative to the high expression of
these antigens in the placenta.3

Disease associations of the P1PK/GLOB
antigens include the recognition by pro-
teins of pathogenic Escherichia coli in
human epithelial cells of the urinary tract,
which can cause chronic urinary tract in-
fections or hemolytic uremic syndrome.2,4

P1 and Pk also form receptors for Strep-
tococcus suis, a zoonotic bacterium that
can cause bacterial meningitis,5 and Pseu-
domonas aeruginosa, an opportunistic hu-
manpathogen.2 Pk (and also P1) inhibits the
entry of HIV into peripheral blood mono-
nuclear cells in vitro.2 Pk forms a receptor for
Shiga toxinwhich can causedysentery,6 and
P antigen forms a receptor for parvovirus
B19, which may cause fetal anemia and
can result in paroxysmal cold hemoglo-
binuria in children after a viral infection.7

The P1PK blood group system currently
includes the P1, Pk, and NOR antigens,
whereas the GLOB blood group system
contains P and PX2.8 The antigens in the
P1PK/GLOB blood group systems are
carried on glycosphingolipids. A sche-
matic representation of the biosynthetic
pathways of selected glycosphingolipids
is shown in the figure and highlights two
key enzymes, a1,4-galactosyltransferase
(A4GALT) and b1,3-N-acetylgalactosa-
minyltransferase (B3GALNT1), involved
in the synthesis of P1, Pk, NOR, P, and
PX2. Pk is formed directly from lacto-
sylceramide whereas P1 is formed from
lactosylceramide in a 2-step process via
paragloboside. The formationofbothP1and
Pk involves A4GALT. The NOR antigen is
synthesized by a variant A4GALT enzyme
with a single nucleotide substitution,
Gln211Glu.8 Most Pk antigen is con-
verted by B3GALNT1 into the P antigen,
which explains why Pk was once thought
to be a low-prevalence antigen. Most
RBCs express low levels of Pk antigen,
but RBCs from P1 individuals express
more Pk antigen than those from P2 in-
dividuals. Full Pk antigen expression
occurs when there is a mutation in
B3GALNT1 and Pk is not converted to P.

Knockout mutations in A4GALT result in
the p phenotype, and the reason why
p individuals lack not only Pk and P ex-
pression but also P1 was a long standing
enigma. In 2011, it was shown thatA4GALT
synthesizes both the P1 and Pk antigens
and that a polymorphism (rs8138197) in a
new exon in this gene predicts the P1 and
P2 phenotypes2; however, the mechanism
of this differential expression is yet to be
determined.
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Individuals with the In(Lu) phenotype ex-
press lower amounts of P1 antigen, and
In(Lu) results from heterozygous mutations
in the KLF1 gene.9 This, and the fact that
P1 individuals have higher levels of A4GALT
transcripts than P2 individuals, suggested
that expression of Pk and P1 may depend
on binding of a transcription factor. West-
man et al identify 3 potential transcription
factor binding sites (KLF1, RUNX1, and
EGR1) overlapping a single nucleotide
polymorphism (rs5751348) in linkage dis-
equilibrium with rs8138197.10 By using an
electrophoretic mobility-shift assay, P1 or
P2 oligonucleotide probes, and mass spec-
trometry, the authors identify RUNX1 as
the transcription factor critical to P1 expres-
sion. They further show that knockdown of
RUNX1 (but not KLF1) decreases A4GALT
transcription, thus confirming that RUNX1
regulates the expression ofA4GALT. Thus,
a mechanism underlying the expression of
P1 has been uncovered, and this means
genetic typing to predict P1 expression
should be directed at rs5751348.
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Schematic representation showing the synthesis pathways of selected glycosphingolipids. Structures relevant to this commentary are marked with bold text and highlighted
in green. The names of the glycosyltransferases involved in the formation of the relevant structures are A4GALT (a1,4-galactosyltransferase) and B3GALNT1 (b-1,3-
N-acetylgalactosaminyltransferase1). Cer, ceramide. Adapted from Westman et al.8
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