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Abstract

Red blood cell (RBC) transfusions are of vi-
tal importance in patients with sickle cell dis-
ease (SCD). However, a major complication
of transfusion therapy is allo-immunization.
The low-affinity Fc gamma receptors (FcyRs),
expressed on immune cells, are important
regulators of antibody responses. Genetic
variation in FCGR genes has been associated
with various auto- and allo-immune diseases.
The aim of this study was to evaluate the as-
sociation between genetic variation of FCGR

and RBC allo-immunization in SCD.

In this case-control study, DNA samples
from 2 cohorts of transfused SCD patients
were combined (France and the Neth-
erlands). Cases had a positive history of
allo-immunization, having received 21 RBC
unit. Controls had a negative history of
allo-immunization, having received 220 RBC
units. Single nucleotide polymorphisms

and copy number variation of the FCGR2/3
gene cluster were studied in a FCGR-specific
multiplex ligation-dependent probe ampli-
fication assay. Frequencies were compared

using logistic regression.

Two-hundred-seventy-two patients were
included (130 controls, 142 cases). The
non-classical open reading frame in the FC-
GR2C gene (FCGR2C.nc-ORF) was strongly
associated with a decreased allo-immuniza-
tion risk (OR 0.26, 95% CI 0.11-0.64). This
association persisted when only including

controls with exposure to 2100 units (OR
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0.30, CI 0.11-0.85), and appeared even
stronger when excluding cases with Rh or K

antibodies only (OR 0.19, CI 0.06-0.59).

In conclusion, SCD patients with the
FCGR2C.nc-ORF polymorphism have over
a threefold lower risk for RBC allo-immu-
nization compared to patients without this
mutation. This protective effect was stron-
gest for exposure to antigens other than the

immunogenic Rh or K antigens.



Introduction

Red blood cell (RBC) transfusions are of
vital importance in patients with sickle

cell disease (SCD). However, an important
and frequent complication of transfusion
therapy is allo-immunization." The develop-
ment of allo-antibodies against foreign RBC
antigens complicates donor matching proce-
dures and significantly limits the availability
of matching blood for future transfusions.
In addition, allo-immunized patients are

at risk of developing delayed hemolytic
transfusion reactions (DHTR), a potentially

lethal complication.?

Allo-immunization occurs significantly more
frequently in SCD patients as compared

to the general population with incidences
ranging from 18-76% with ABO and RhD
matching only.** This high allo-immuni-
zation rate in SCD patients can partly be
explained by the differences in RBC anti-
gens between donors, primarily of European
descent, and recipients, primarily of African
descent.’ Extended antigen matching for
Rhesus (Rh) phenotype and Kell (K) has
significantly reduced the rate of allo-im-
munization, whereas additional antigen
matching for Fy, Jk and MNS appears to

be even more effective.®"" Unfortunately,
extended matching is not always applied due
to limited availability of matching units and

the high costs involved."

Interestingly, only a subgroup of patients

appears to develop allo-antibodies after

transfusion.®'?™ It is yet unclear why some
patients develop allo-antibodies whereas oth-
ers remain tolerant despite high transfusion
exposures. A better understanding of the
pathophysiology of RBC allo-immunization
may help to identify these high risk patients
and could add to the detection of targets for
preventive strategies, ultimately promoting

a more safe and cost-effective application of

transfusion therapy in SCD.

The basic concept of allo-immunization
involves the uptake of transfused allogenic
RBC antigens by antigen-presenting cells,
presentation of antigen by the HLA class 11
complex to CD4+ T helper cells and subse-
quent B cell activation with antibody pro-
duction.™'® However, the occurrence of an
actual antibody response is determined by a
complex interplay of both genetic predispo-
sition and circumstantial factors at time of
transfusion, such as the extent of antigenic

incompatibility between donor and host, the
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immunogenicity of a specific allo-antigen and

the level of systemic inflammation."'®"® As
for genetic predisposition, the HLA class II
genotype of a patient is a potential predictor
of the allo-immunization status, both in SCD

as in general transfused populations.'®:20-24

In addition, polymorphisms in immunoreg-
ulatory genes have been implicated in RBC

allo-immunization (TRIM21, CD81).2526

This is the first study to assess the associ-

ation between RBC allo-immunization in
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SCD and the genes encoding for low-affinity
Fc gamma receptors (FcyRs) for IgG. FcyRs
are glycoproteins, expressed mainly by im-
mune effector cells such as antigen-present-
ing cells, macrophages and monocytes. They
allow these cells to bind to the Fc portion of
IgG, attached to circulating antigen, facili-
tating activation of the cell or presentation
of antigenic peptides. FcyRIIb and FcyRIII
are believed to mediate antigen internaliza-
tion and presentation to T cells.?” Evidence
supporting this importance of FcyRs in
antigen uptake and presentation is provided
in studies that show that a single amino acid
mutation in the FcyRIIb or FcyRIII cytoplas-
mic tail prevents antigen internalization and
presentation.?® FcyRIIb appears to play an
important role in the regulation of B cells
and antibody producing plasma cells.?® The
receptor has been proposed to maintain
peripheral tolerance for B cells®, a theory
that is supported by the fact that FcyRIIb
knockout mice lose peripheral B cell toler-
ance, produce auto-antibodies and develop
auto-immune disease.®'"*® Furthermore,
FcyRIIb regulates affinity maturation and
memory B cell development.?*3® Moreover,
FcyRs can shape the antibody repertoire by
modulating B cell receptor-mediated cell ac-
tivation and proliferation.?*% These effects
emphasize the crucial role of FcyRs in the

formation of allo-antibodies.

The family of FcyRs includes the high af-
finity FcyRI and the low affinity FcyRII and
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FcyRIII, comprising of various subclasses
(FeyRlIIa, FeyRIIb, FeyRIlc, FeyRIIIa and
FcyRIIIb). These low affinity FcyRs provide
both pro- and anti-inflammatory regulation
of immune responses and are encoded by
the genes FCGR2A, FCGR2B, FCGR2C,
FCGR3A and FCGR3B.? Polymorphisms

in these genes are common and may affect
the function of these proteins, thereby
affecting the balance between activating
and inhibitory signaling pathways. Various
polymorphisms in FCGR genes have been
associated with the occurrence of certain
auto- and allo-immune diseases, such as
idiopathic thrombocytopenic purpura,
systemic lupus erythematosus and inhibitor

development in hemophilia A.37-40

The aim of this study was to evaluate wheth-
er polymorphisms in the FCGR2 and FCGR3
gene are associated with RBC allo-immu-
nization in a cohort of SCD patients. A
secondary aim of this study was to assess if
variation within these genes confers suscep-

tibility for the occurrence of a DHTR.



Methods

Patients

In this observational, case-control study, DNA
was available from two longitudinal cohorts of
transfused SCD patients: one from the Neth-
erlands and one from France. All patients of
the Dutch cohortwere eligible for this study.?
The French cohortwas arandom selection

of transfused SCD patientsincluded in the
SCDTRANSFU cohort, astudy population of
patients exclusively transfused at the Henri
Mondor Hospital in Créteil, France. Patients
from both cohorts were included in this study
ifa) a DNA sample was available, and b) they
had anegative history of allo-immunization
with aminimum transfusion exposure of at
least 20 RBC units (controls), or a positive his-
tory of allo-immunization, with a minimum
transfusion exposure of atleast 1 RBC unit
(cases). Aminimum of 20 units was applied in
negative patients to assure that patients had
sufficient transfusion exposure to potentially
form any allo-antibodies.? The institutional
review boards of all participating centers ap-
proved the study. This study was conducted in

accordance with the Declaration of Helsinki.

Data collection and definitions

In the primary analysis of this study, we
assessed the association between polymor-
phisms in the FCGR2 and FCGR3 genes,
and RBC allo-immunization. Cases were de-
fined here as all patients with a clinically sig-
nificant allo-antibody. Controls were defined
as all patients with a negative history of

allo-immunization, with a minimum trans-

fusion exposure of at least 20 RBC units.
Patients with exclusively one of the following
antibodies were excluded from this analysis:
auto-antibodies, cold antibodies and natu-
rally occurring antibodies such as anti-A, an-
ti-B, anti-A1l, anti-IH, anti-H, anti-Al, anti-I,
anti-Lea, anti-Leb and anti-P1. Anti-M was
defined as naturally occurring if demon-
strated upon first antibody screening with
no history of prior transfusion exposure.

To test the robustness of our findings a
sensitivity analysis was performed to assess
the effect of immunization against the highly
immunogenic Rh and K antigens (RhD, C,

¢, E, e and/or K) on the association between
FCGR polymorphisms and allo-immuni-
zation. We hypothesized that the genetic
constitution of a patient is less important for
the formation of Rh and K specific allo-anti-
bodies, since these antibodies are so readily
formed."®"*! To test this hypothesis, we
categorized allo-immunized patients (cases)

in two subgroups: the first group contained
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patients with exclusively Rh or K specific anti-

bodies, the second group contained patients
with at least one antibody other than Rh or
K. Associations between FCGR polymor-
phisms and allo-immunization were assessed

and compared between these two subgroups.

Lastly, we performed a separate analysis

in the French cohort to assess associations
between FCGR polymorphisms and the
occurrence of DHTR. DHTR information was
solely available for patients from the French

cohort. In this analysis, cases were defined as
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all patients with a positive history of DHTR.
Controls were defined as patients with a
negative history of DHTR, with a minimum
transfusion exposure of atleast 20 RBC units,
irrespective of the allo-immunization status.

DHTR was defined as described previously.*?

DNA extraction

Genomic DNA was isolated from whole
blood according to manufacturer’s instruc-
tions using the Gentra Puregene kit (Qia-

gen, Hilden, Germany).

Multiplex ligation-dependent probe ampli-
fication (MLPA)

CNVand SNPs in the low-affinity FCGR genes
FCGR2A,FCGR2B, FCGR2C, FCGR3A and
FCGR3B were routinely determined with an
FCGR-specific MLPA assay (MRC-Holland,
Amsterdam, The Netherlands). The MLPA
assay was performed according to the manu-
facturer’s protocol, essentially as previously
described.*****In short, specific MLPA probes
recognizing the FCGR2A, FCGR2B, FCGR2C,
FCGR3A and FCGR3B genes were designed.
To effectively investigate CNV atleast 3 probes
per gene were designed. Moreover, specific
probes for the following polymorphisms and
haplotypes were used: FCGR2A (131H/R),
FCGR2A (27Q/W), FCGR2B (2321/T),
FCGR2C (exon 3 ORF/STOP), FCGR3A
(158V/F) and FCGR3B (NA1/NA2/SH).
Probes were added for the splice site mutation
at the border of exon 7 intron 7 in FCGR2C
(rs76277413 c.798 +1 A > G), to distinguish the
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non-expressed non-classical FCGR2C-ORF
variantfrom the classical FCGR2C-ORF.*¢ The
assay also contained non-specific probes for
the promoter regions of FCGR2B and FC-
GR2C for which the polymorphisms make up
the promoter haplotypes 2B.1, 2B.2 and 2B .4
as described by Su etal.*” allocations of these

haplotypes as described in Tsang et al.*®

Statistical analysis

The allele frequencies of single nucleotide
polymorphisms (SNPs) and copy number
variation (CNV) were compared between al-
lo-immunized and non-allo-immunized, and
DHTR and non-DHTR patients, using single
variant logistic regression, adjusted for cohort
(French or Dutch) as covariate and assuming
an additive genetic effect (in case of variants
with more than two genotypes). Comparisons
were expressed in odds ratios (OR), 95%
confidence intervals (CI) and corresponding
P-values. In our primary analysis, we applied
a Bonferroni correction to adjust for multiple
testing. A P-value less than 0.0038 (0.05/13
variants) was considered statistically signifi-
cant here. In all subsequent sensitivity analy-
ses, a P-value of less than 0.05 for significance
was applied. Expression levels of FcyRs were
analyzed using GraphPad Prism 7.02. For
comparison of MFIs the one-way ANOVA-test
was used followed by Sidak post-hoc test for
correction of multiple comparison. *#**P <
.0001; ##%P <.001; **P < .01; *P < .05
Adetailed description and additional meth-

odsare available in supplemental Methods.



Results

Study population

Our study population of eligible patients was
composed of transfused SCD patients from

a cohort from France and a cohort from the
Netherlands (figure 1). Baseline characteris-
tics of these 2 cohorts are described in table
1. Patients in the French cohort were slightly
older, had a higher cumulative transfusion
exposure and had a higher proportion of
patients of African ethnicity, as compared

to the Dutch cohort. Of the total number of
282 eligible patients, 10 patients were exclud-
ed as they exclusively had either auto-anti-
bodies or naturally occurring antibodies.
The remaining 272 patients (130 controls
and 142 allo-immunized cases) formed our

primary study population.

Table 1. Patient characteristics for both cohorts

FCGR gene CNV or polymorphism, and
susceptibility to allo-immunization

We have analyzed the low-affinity FCGR2/3
genes, including FCGR2A, FCGR2B,
FCGR2C, FCGR3A, and FCGR3B, of SCD
patients with or without allo-immunization
by genotyping copy number variation (CNV)
and single nucleotide polymorphisms (SNPs)
by multiplex ligation dependent probe am-
plification (MLPA).

The FCGR2/3 gene locus contains 4 distinct
CNV regions (CNR)*3, as shown in figure 2.
Table 2 shows the frequencies of the tested
CNRs. CNV was found most frequently in
CNR1 (FCGR2C/FCGR3B) where 56 pa-
tients showed a change in copy number. Copy

number changes in the four CNRs were not

N (%) or median (IQR) ’:’:;‘:: e N::::;la“ds
Age at last follow-up in years 34 (29-45) 27 (21-38) =
Female sex 92 (54) 66 (58) E
Hemoglobin genotype

HbSS / HbSB° 163 (96) 98 (88)

HbSC / HbSB* 6 (4) 15 (12)
Ethnicity *

Africa 144 (88) 30 (27)

Latin-America 18 (1) 76 (67)

Asia 0(0) 3@)

Other 2(1) 4(4)
Cumulative transfusion exposure - units 72 (13-179) 47 (22-136)

* Ethnicity was unknown in 5 patients in the French cohort (N=164)
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France

N=169
Controls, 220 units (N=77)
Cases (N=92)

The Netherlands
N=113
Controls, 220 units (N=53)
Cases (N=60)

!

DHTR subgroup France
Controls, 220 units (N=106)
Cases (N=51)

N=282

Cases (N=152)

Total cohort

Controls, 220 units (N=130)

Cases with naturally
occurring or auto-
antibodies only
(N=10)

Controls with
<100 units exposure = [@=======s
(N=69)

N=272

Cases (N=142)

Primary study population

Controls, 220 units (N=130)

A

A

Cases (N=142)

Sensitivity analysis |
Controls, 2100 units (N=61)

Sensitivity analysis Il
Controls, 220 units (N=130)
Cases, Rh/K only (N=40)

Cases, other antibodies (N=102)

Figure 1. Flow chart of patients included in the study.

A DNA sample was available of 282 patients from both the French (FR) and the Netherlands (NL) cohorts. Ten patients
were excluded as they exclusively had naturally occurring or auto-antibodies (patients excluded FR N=1; NL N=9),
leaving a total of 272 patients in our primary study population. We performed 2 sensitivity analyses, |) excluding
controls with <100 units transfusion exposure (patients excluded FR N=36, NL N=33); Il) dividing cases into patients
with exclusively antibodies with Rh or K specificity, and patients with at least one antibody other than Rh or K. A
separate analysis was performed to assess the association of FCGR polymorphisms with the occurrence of delayed
hemolytic transfusion reactions (DHTR). Data on the history of DHTR status was only available in the FR cohort

(N=157; 12 controls were excluded as they had <20 units exposure)
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Table 2. Copy numbers and allele frequencies of FCGR2/3 genetic variation in 130 control pa-
tients (>20 transfused units, no allo-antibodies) and 142 allo-immunized patients

Controls/no allo-immunization, n (%)

0 1 2 3 4

Copy number region

CNR1 0 (0%) 15 (12%) 105 (81%) 9 (7%) 1 (1%)

CNR2 0 (0%) 1 (1%) 128 (98%) 1 (1%) 0 (0%)

CNR3 0 (0%) 0 (0%) 128 (99%) 1 (1%) 0 (0%)

CNR4 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
Allele frequencies
FCGR2A-131H 45 (35%) 62 (48%) 23 (18%) 0 (0%) 0 (0%)
FCGR2A-27W 112 (86%) 18 (14%) 0 (0%) 0 (0%) 0 (0%)
FCGR3A-158V 53 (41%) 59 (45%) 18 (14%) 0 (0%) 0 (0%)
FCGR2C-ORF 125 (96%) 5 (4%) 0 (0%) 0 (0%) 0 (0%)
FCGR2C.nc-ORF 109 (84%) 21 (16%) 0 (0%) 0 (0%) 0 (0%)
FCGR3B-NA1 44 (34%) 63 (49%) 22 (17%) 0 (0%) 0 (0%)
FCGR3B-SH 93 (72%) 35 (27%) 2 (2%) 0 (0%) 0 (0%)
FCGR2B-232T 71 (55%) 53 (41%) 6 (5%) 0 (0%) 0 (0%)
FCGR2B haplotype 2B.4 127 (98%) 3 (2%) 0 (0%) 0 (0%) 0 (0%)

Text in bold indicates significant values. CNR: copy number region, FcyR: Fc gamma receptor,
OR: odds ratio, Cl: confidence interval, n.a.: not applicable

significantly associated with susceptibility to
allo-immunization in our study population.
In addition, polymorphisms in the
FCGR2/3 locus were analyzed for associa-
tion with allo-immunization (table 2). Single
variant logistic regression revealed a highly
significant association for FCGR2C.nc-ORF
(OR 0.26, CI 0.11-0.64, P=0.003). This OR
indicates a protective effect of this polymor-
phism for allo-immunization. Only seven of
the 142 (5%) allo-immunized patients had
this polymorphism, against 21 of the 130
(16%) non-immunized control patients. This
association was consistent in our sensitivity

analysis when including only controls with
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a transfusion exposure of 2100 units (figure
1; OR 0.30, CI 0.11-0.85, P=0.023). Other
polymorphisms were not associated with
allo-immunization.

Interestingly, when excluding cases with
exclusively antibodies against the relatively
immunogenic Rh and K antigens, the protec-
tive association of the FCGR2C.nc-ORF poly-
morphism with allo-immunization appeared
to be even stronger (figure 1 and table 3A;
OR 0.19, CI 0.06-0.59, P=0.004). In contrast,
when only including these cases with exclu-
sively Rh or K specific antibodies in our anal-
ysis, the association was not present anymore

(OR 0.50, CI 0.14-1.81, P=0.292).




Table 2. Continued

Cases/allo-immunized patients, n (%)
0 1 3 4 OR 95% CI

Copy number region

CNR1 3(2%) 18 (13%) 111(78%) 10(7%) 0(0%) | 0.76  0.47-1.24  0.271

CNR2 0 (0%) 2 (1%) 137 (96%) 3 (2%) 0 (0%) 1.27 0.28-5.68  0.758

CNR3 0 (0%) 1(1%) 138 (97%) 3 (2%) 0 (0%) 155 0.25-9.44  0.635

CNR4 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) n.a. n.a. n.a.
Allele frequencies
FCGR2A-131H 43 (30%) 77 (54%) 22 (15%) 0 (0%) 0 (0%) 127  0.76-2.14 0.358
FCGR2A-27W 128 (90%) 14 (10%) 0 (0%) 0 (0%) 0(0%) | 0.69 0.33-1.46  0.334
FCGR3A-158V 66 (46%) 56 (39%) 20 (14%) 0 (0%) 0(0%) | 091 0.65-1.29 0598
FCGR2C-ORF 138 (97%) 4 (3%) 0 (0%) 0 (0%) 0(0%) | 075 0.20-287  0.675
FCGR2C.nc-ORF 135 (95%) 7 (5%) 0 (0%) 0 (0%) 0(0%) | 026 011-0.64  0.003
FCGR3B-NA1 58 (41%) 60 (43%) 21 (15%) 2 (1%) 0(0%) | 0.89 0.64-1.23  0.471
FCGR3B-SH 102 (72%) 34 (24%) 6 (4%) 0 (0%) 0(0%) | 1.07 068-1.69 0772
FCGR2B-232T 72 (51%) 57 (40%) 13 (9%) 0 (0%) 0(0%) | 116 072187 0537
FCGR2B haplotype 2B.4 | 139 (99%) 2 (1%) 0 (0%) 0 (0%) 0(0%) | 0.64 010-3.91 0.628

Despite the clear protective association, 7
patients with the FCGR2C.nc-ORF poly-
morphism in the total study population still
formed allo-antibodies. Table 3B demon-
strates that of these seven patients, 3 patients
developed only antibodies with Rh specificity
within 1-9 units of RBC transfusions. Two pa-
tients primarily developed a Rh antibody, and
subsequently formed additional allo-antibod-
ies. The remaining 2 patients developed an-
ti-Jsa (KEL 6) or anti-Kpa (KEL 3) antibodies,
which both belong the K antibody system.*®

Lastly, we also evaluated if the association

was consistent in both the French and the

Dutch subcohort of patients. In the French
subcohort, the association was strongly pres-
ent (N=165, OR 0.13, CI 0.04-0.47, P=0.002),
while the association did not persist in Dutch
patients (N=104, OR 0.82, CI 0.21-3.23,
P=0.77). Yet, patients in the Dutch subcohort
had a higher exposure to units matched

only for ABO and RhD antigens, as the study
observation window of this cohort was wider.
Therefore, the proportion of cases with ex-
clusively Rh or K antibodies was significantly
higher in the Dutch subcohort compared

to the French subcohort (respectively 26/51
cases [61%]; and 14/91 cases [15%], P<0.001).
Overall, these data indicate that the protec-
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Table 3. The influence of highly immunogenic Rhesus or Kell allo-antibodies on the association between
the FCGR2C.nc-ORF polymorphism and allo-immunization

A.

Controls vs allo-immunized cases,
Cases, exclusively Rh or K antibodies*

OR 95% Cl P N (control/cases)

FCGR2C.nc-ORF

0.50 0.14-1.81 0.292 130/40

Controls vs allo-immunized cases,
Cases, at least 1 antibody other than Rh or K

OR 95% Cl P N (control/cases)

FCGR2C.nc-ORF

0.19 0.06-0.59 0.004 130/102

Text in bold indicates significant values. OR: odds ratio, Cl: confidence interval.
*RhD, C, c, E, e and/or K antibodies

B.

Allo-immunized
cases FGCR2C.

i fi i-
Antibody Units to first anti

nc-ORF body
Patient nc-1 Anti-C 1
Patient nc-2 Anti-Jsa 31
Patient nc-3 Anti-E 2
Patient nc-4 Anti-E 9
. Primary:  Anti-E/M/Jkb
P - >
atient ne-5 Following: Anti-S, anti-Fya, anti-H 3
Patient nc-6 Anti-Kpa 16
Primary: Anti-E
Patient nc-7 Following:  Anti-Knops- auto (RH4-RH6-RH5)- FY5- 2

MNS1-MNS3-LE1-LE2-YT2-Htl-ASP
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tive effect of FCGR2C.nc-ORF appears to
be strongest for allo-immunization against
antigens other than Rh or K, and is there-
fore most relevant if extended matching for

Rh and K antigens is performed.

FCGR gene CNV and SNPs and suscepti-
bility to DHTR

An important clinical complication of
allo-immunization is DHTR. Besides their
role in the formation of allo-antibodies,
FcyRs are especially known for their ca-
pacity to induce antibody-mediated phago-
cytosis or antibody-mediated cellular toxici-
ty (ADCC) associated with hemolysis once
an allo-antibody is present.®® Therefore, we
have analyzed the low-affinity FcyR genes
of SCD patients to investigate the pres-
ence of a potential association with DHTR
after allo-immunization. The history of
DHTR status was available in 157 patients
of the French cohort (figure 1). One-hun-
dred-six of these patients did not have a
history of DHTR and served as controls.
Fifty-one patients did develop DHTR and
were defined as cases. Although a trend of
association was found again for FCGR2C.
nc-ORF (OR 0.48, CI 0.15-1.51, P=0.210),
single variant logistic regression analysis
did not show any significant associations
between FcyR polymorphisms or CNV, and
DHTR (table SI).

Functional consequence of the FCGR2C.
nc-ORF polymorphism

Due to a premature stop codon, the FC-
GR2C gene is a non-expressed pseudogene
in FCGR2C-stop individuals. A SNP in exon
3 can lead to an open reading frame (ORF)
which results in expression of the gene (FC-
GR2C-OREF variant). An additional splice
site mutation near exon 7 can generate an-
other stop codon which in turn results in no
expression of FcyRIIc.*®3" This last variant is
the FCGR2C.nc-ORF polymorphism.

To explain the association between this
polymorphism in a non-expressed gene

and allo-immunization, we assessed FcyR
expression profiles of patients with the
FCGR2C.nc-ORF polymorphism and com-
pared this to patients with FCGR2C-stop

or FCGR2C-ORF, by use of flow cytometry
(figure 3). First, we looked at FGCR2C ex-
pression. Since the extracellular domain of
FcyRIIb and FcyRIIc are identical, we used
an antibody that recognizes FcyRIIb/c. We
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have analyzed NK-cells which do not express

FcyRIIb but can express FcyRIIc. In parallel
to what can be found in Caucasian do-

norst6:52
in patients with FCGR2C-stop or FCGR2C.

nc-ORF (figure 3A).

, no expression of FcyRIIc was found

Alternatively, the FCGR2C.nc-ORF poly-
morphism could be linked to a functional

unknown polymorphism elsewhere in the
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red, NK cells of healthy controls with the FCGR2C-ORF variant (n=4). B. FcyRIIb/c expression on neutrophils, monocytes, B cells, T cells and NK cells on
patient cells expressing the FCGR2C.nc-ORF variant (n=6), FCGR2C-stop variant (n=8), FCGR2C-ORF variant (n=2) C. FcyRlla expression on neutro-
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FCGR gene locus. To investigate differential
FcyR expression due to a potential unknown
polymorphism linked to the FCGR2C.
nc-ORF polymorphism, we next assessed
FCGR2A, FCGR2/B/C and FCGR3A/B ex-
pression on neutrophils, monocytes, B cells
and T cells among patients with FCGR2C.
nc-ORF, FCGR2C.nc-stop or FCGR2C-ORF.
The large spread seen for FcyRIII can be at-

tributed to CNV in tested patients. Interest-

ingly, FcyRIIb/c expression was significantly

lower on B cells in FCGR2C.nc-ORF patients
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Figure 4. FcyRIl expression on B cells and mono-
cytes of SCD patients and healthy controls.

A. FcyRIIb/c expression on B cells on cells expressing
the FCGR2C.nc-ORF variant (patients, n=6; healthy
donors, n=6) or FCGR2C-stop variant (patients, n=4;
healthy donors, n=10)

B. FcyRlla expression on monocytes expressing the
FCGR2C.nc-ORF variant (patients, n=4; healthy donors,
n=5) or FCGR2C-stop variant (patients, n=6; healthy do-
nors, n=12)

compared to FCGR2C.nc-stop patients (fig-
ure 3B). When adding healthy (Caucasian)
controls with FCGR2C.nc-ORF or FCGR2C.
nc-stop, we still find a lower FcyRIIb/c
expression on FCGR2C.nc-ORF individuals
(figure 4A). In addition, FcyRIIa expression
was lower on monocytes in FCGR2C.nc-
OREF patients compared to FCGR2C.nc-stop
patients (Figure 3C). However, when we add
healthy (Caucasian) controls with FCGR2C.
nc-ORF or FCGR2C.nc-stop, the difference
in FcyRIIa expression is no longer present
(figure 4B). Lastly, no significant differences
in FcyR expression were found on other cell

types (figure 3A-D).
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Discussion

This is the first study investigating the associa-
tion between polymorphisms in the FCGR2/3
gene cluster and allo-immunization against
RBC antigens. In a combined cohort of
French and Dutch patients with SCD, the
FCGR polymorphism FCGR2C.nc-ORF

was strongly associated with a lower risk of
allo-immunization, conferring a more than
threefold lower risk for patients with this poly-
morphism. The protective effect appeared to
be strongest when cases with exclusively Rh or
Kallo-antibodies were excluded. These find-
ings suggest that FCGR2C.nc-ORF is involved
in the pathophysiology of RBC allo-immuni-
zation in SCD, especially for immunization
against antigens other than Rh and K.

We did not find a significant association be-
tween FCGR2/3 polymorphisms and DHTR.
It mustbe noted that DHTR is a multifaceted
complication of allo-immunization thatis
often difficult to diagnose since the symptoms
mimic vaso-occlusive crisis.®® Moreover, the
exact mechanism of DHTR is still unclear.
DHTR has also been reported in the absence
of detectable allo-antibodies." Itis hypoth-
esized that FcyR-mediated phagocytosis or
ADCC phagocytosis is mediated by comple-
ment receptors, or hemolysis may be induced
via complement activation and the formation
of the membrane attack complex. In addition,
bystander hemolysis or continuation of autol-
ogous RBCs during vaso-occlusive crisis have
been postulated to mediate DHTR." There-
fore, DHTR is a complex process that most

likely cannot solely be attributed to FcyRs.

The protective effect of FCGR2C.nc-ORF was
strongest when we excluded cases with only
Rh or K antibodies. Moreover, in patients
with the protective FCGR2C.nc-ORF hap-
lotype that paradoxically did form allo-an-
tibodies, the majority primarily formed
antibodies of Rh or K specificity, beyond any
other RBC antigen-specific antibodies. These
data suggest that allo-immunization against
the highly immunogenic Rh or K antigens
appears to be less dependent on the immuno-
genetic background of a patient and supports
the clinical relevance of extended antigen
matching for these antigens in patients with
SCD. This would also explain why the protec-
tive association did not persist in the Dutch
subcohort of patients, as Rh or K antibodies

were significantly more frequent here.

The protective marker for allo-immuniza-
tion that we have identified, lies within the
FCGR2C gene. FCGR2C expression depends
on a combination of three minor alleles,
namely the ¢.169T>C variant in exon 3 which
can lead to an ORF (FCGR2C-ORF); and two
splice-site mutations in intron 6 just before
exon 7, ¢.798+1A>G and ¢.799-1G>C, which
can introduce a premature stop codon (FC-
GR2C.nc-ORF).*¢**When expressed, FcyRIlc
is an activating receptor on NK cells, B cells,
monocytes and neutrophils that can induce
innate immune responses such as ADCC.*®
Moreover, FcyRIIc counterbalances the
inhibitory FcyRIIb on B cells and is thought

to enhance antibody responses to immuni-



zation,> which suggests a pivotal role for

this gene in (allo-)immunization. However,
FCGR2C.nc-ORF is a polymorphism in a
non-expressed gene. It is unlikely that this
polymorphism is of any direct functional
effect. Instead, it may act as a marker for a
linked functional variation located elsewhere
within the relevant region of chromosome

1. FCGR2C polymorphisms in non-coding
variants of the gene have previously been as-
sociated with HIV-1 vaccine protection.> In a
follow-up study by Peng et al., it was suggested
that these FCGR2C polymorphisms (present
in introns) were associated with expression
of FcyRIIa and Fe receptor-like A (FCRLA).%®
FCRLA is a FCGR homologue that can be se-
lectively expressed on B cells and is suggested

to be involved in B cell development.®”

In our phenotype analysis, we found a
reduced expression of FcyRIIb on B cells in
patients with FCGR2C.nc-ORF. This may
provide a clue for a functional explanation
of the observed, protective effect against
RBC allo-immunization. It is possible that
FCGR2C.nc-ORF is linked to an unknown
polymorphism in the promotor region of FC-
GR2B, thereby indirectly affecting FcyRIIb
expression on B cells. However, additional
genotype and phenotype analysis of a larger
number of FCGR2C.nc-ORF and FCGR2C.
stop patients will be required to further
explore this hypothesis.

FCGR2C.nc-ORF and its potential linkage

did not seem to induce differential expres-

sion of FcyRII or FcyRIIT on neutrophils,
monocytes, T cells or NK cells (figure 3). We
have not been able to check FcyR expres-
sion on freshly isolated tissue dendritic cells
or macrophages which are the principal
antigen presenting cells. Moreover, since
the extracellular domain of FcyRIIc is
identical to FcyRIIb%, we cannot discrimi-
nate between these two receptors with flow
cytometry using blood cells other than NK
cells.*® Although previously reported in SLE
patients to be relevant on B cells, we have
not observed any FcyRIIc expression in these
cells either.® In addition, due to their high
degree of homology, our antibodies cannot
discriminate between FcyRIIIa and FcyRIIIb
(the latter being solely expressed on neu-
trophils). It is therefore possible that our
phenotype analysis was not sensitive enough
to identify subtle differences in FcyR expres-
sion. Besides inducing differential expres-
sion of FcyRs, a polymorphism can also alter

the affinity of the receptor for IgG. This type

Part Il

of functional variation will not be detected

with our phenotype analysis but requires
extensive genotype analysis.

Previous studies have highlighted the ethnic
variation in the FCGR2/3 gene locus.54%0-70

While Africa holds the most genetically

diverse populations, it is striking that the
FCGR2C gene seems to be less polymorphic
in our SCD population compared to Cau-
casians.®® FCGR2C is expressed in approx-

43,60

imately 18-33% of Caucasians**®°, while it

is rarely found in African individuals.®® In
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our cohort, 3% of the patients had the FC-
GR2C-OREF variant. This frequency may have
been too low for us to detect associations for
this variant with allo-immunization. It would
be interesting to assess this association in a
larger SCD cohort, since FCGR2C-ORF has
been found to be associated with idiopathic
thrombocytopenic purpura, an antibody-me-

diated auto-immune disease.*?

This also addresses a limitation to our study.
We may have missed weak associations of
genetic variations that are less common in
our study due to our limited sample size.
Therefore, this study does not exclude the
possibility that other FCGR polymorphisms
can be associated with allo-immunization,
although they did not reach significance in
the current study. Secondly, our study is spe-
cific to allo-immunization in patients with
SCD with originally an African background.
These results can therefore not directly be
extrapolated to other transfused popula-
tions, and should be subject of future study.
In conclusion, we have found a protective
association between FCGR2C.nc-ORF

and RBC allo-immunization in SCD. This
association was strongest for immunization
against antigens other than the highly im-
munogenic Rh or K. These findings suggests
that the genetic constitution of patients is
of less importance in the formation of Rh
and K allo-antibodies, emphasizing the
importance of extended matching for these

RBC antigens. Future studies are needed to

232

understand the functional and immunolog-
ical mechanism behind the protective effect
of FCGR2C.nc-ORF on allo-immunization.

This may ultimately add to the development

of preventive strategies.
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Supplementary methods

Data collection and definitions

The following data were available for both
the Dutch and French study cohorts: date of
birth, gender, ethnicity, sickle cell genotype,
total transfusion exposure at the end of
follow-up (number of RBC units), history

of antibody formation. Information on the
occurrence of a DHTR was only available for

the French cohort.

In the primary analysis of this study, we
assessed the association between polymor-
phisms in the FCGR2 and FCGR3 genes, and
RBC allo-immunization. Cases were defined
here as all patients with a clinically signifi-
cant allo-antibody. Controls were defined as
all patients with a negative history of allo-im-
munization, with a minimum transfusion
exposure of at least 20 RBC units. Patients
with exclusively one of the following an-
tibodies were excluded from this analysis: au-
to-antibodies, cold antibodies and naturally
occurring antibodies such as anti-A, anti-B,
anti-Al, anti-IH, anti-H, anti-Al, anti-I, an-
ti-Lea, anti-Leb and anti-P1. Anti-M was de-
fined as naturally occurring if demonstrated
upon first antibody screening with no history

of prior transfusion exposure.

To test the robustness of our findings in the
primary analysis, we performed the follow-
ing sensitivity analyses. Firstly, a more strict
definition for controls was applied where
only non-immunized patients with a trans-

fusion exposure of at least 100 units served
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as controls. A second sensitivity analysis was
performed to assess the effect of immuniza-
tion against the highly immunogenic Rh and
Kantigens (RhD, C, ¢, E, e and/or K) on the
association between FCGR polymorphisms
and allo-immunization. We hypothesized
that the genetic constitution of a patient is
less important for the formation of Rh and K
specific allo-antibodies, since these anti-
bodies are so readily formed." To test this
hypothesis, we categorized allo-immunized
patients (cases) in two subgroups: the first
group contained patients with exclusively Rh
or K specific antibodies, the second group
contained patients with at least one antibody
other than Rh or K. Associations between
FCGR polymorphisms and allo-immuniza-
tion were assessed and compared between

these two subgroups

Lastly, we performed a separate analysis

in the French cohort to assess associations
between FCGR polymorphisms and the oc-
currence of DHTR. DHTR information was
solely available for patients from the French
cohort. In this analysis, cases were defined as
all patients with a positive history of DHTR.
Controls were defined as patients with a
negative history of DHTR, with a minimum
transfusion exposure of at least 20 RBC units,
irrespective of the allo-immunization status.

DHTR was defined as described previously.*

Transfusion and laboratory policies

Patients in this study may have been exposed



to both units matched only for ABO and
RhD antigens, units additionally matched
for Rh phenotype and K, and units more ex-
tensively matched also for at least Fy(a) and,
if possible, Jk(b), S and s. In addition, once a
patient developed an antibody, matching was
extended to the antigen against which the

antibody was produced.

In both cohorts patients were routinely
screened for allo-antibodies before trans-
fusion, using a 3-cell panel. Screening was
repeated at least every 72 hours if further
transfusions were required. Gel column
agglutination methods were used to assess
both RBC antigen phenotype and potential
antibodies. In case of a positive allo-anti-
body screening, a standard panel was used to

specify the allo-antibody.

Flow cytometry

Peripheral blood mononuclear cells (PB-
M(Cs) were isolated from fresh heparinized
whole blood from SCD patients with the
FCGR2C.nonclassical-ORF or FCGR2C.stop
polymorphism by lysis of red blood cells by
an isotonic ammonium-chloride buffer. To
define leukocyte populations, the following
monoclonal antibodies were used: anti-CD3
(clone SK7, PE-Cy7 labeled, BD pharmin-
gen), anti-CD14 (clone M5E2, PE-Cy7
labeled, BD pharmingen), anti-CD19 (clone
HIB19, APC labeled, BD pharmingen) and
anti-CD56 (clone B159, APC labeled, BD

Pharmingen). Fcy-receptors expression was

measured by use of the following monoclo-
nal antibodies: anti-CD64 (clone 10.1, FITC
labeled, BD pharmingen), anti-CD32a,b,c
(clone AT10, FITC-labeled, Bio-connect),
anti-CD32b,c (clone 2B6, Alexa Fluor 488
labeled, a generous gift from MacroGenics)
and anti-CD16 (clone 3G8, FITC labeled,
BD pharmingen). Non-specific binding and
background fluorenscence were corrected
for by subtracting the median fluorescence
intensity (MFI) of relevant isotype controls
with the same fluorescent label from the MFI
of the FcyR specific antibodies. Cells were
analyzed using a FACS CANTO II (BD Bio-
sciences) equipped with FACSDiva Software

(BD Biosciences).
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