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Abstract

Several of the complications observed in sickle cell disease (SCD) are influenced by variation in hematologic traits (HT),
such as fetal hemoglobin (HbF) level and neutrophil count. Previous large-scale genome-wide association studies carried
out in largely healthy individuals have identified thousands of variants associated with HT, which have then been used to
develop multi-ancestry polygenic trait scores (PTS). Here, we tested whether these PTS associate with HT in SCD patients
and if they can improve statistical models associated with SCD-related complications. In 2,056 SCD patients, we found
that the PTS predicted less HT variance than in non-SCD individuals of African ancestry. This was particularly striking at
the Duffy/DARC locus, where we observed an epistatic interaction between the SCD genotype and the Duffy null variant
(rs2814778) that led to a two-fold weaker effect on neutrophil count. PTS for these HT which are measured as part of
routine practice were not associated with complications in SCD. In contrast, we found that a simple PTS for HbF that
includes only six variants explained a large fraction of the phenotypic variation (20.5-271%), associated with acute chest
syndrome and stroke risk, and improved the statistical modeling of the vaso-occlusive crisis rate. Using Mendelian
randomization, we found that increasing HbF by 4.8% reduces stroke risk by 39% (P=0.0006). Taken together, our results

highlight the importance of validating PTS in large diseased populations before proposing their implementation in the
context of precision medicine initiatives.

is associated with a reduction in the occurrence of several
complications such as VOC, ACS, and death.?* HbF >30% is

Introduction

Sickle cell disease (SCD), the most frequent monogenic
disease worldwide, is caused by mutations in the -globin
gene.! SCD patients present a wide range of complications
such as vaso-occlusive crisis (VOC), acute chest syndrome
(ACS), stroke, and end-organ dysfunction, and their life
expectancy is reduced when compared to the general
population. Critically, the causes of this clinical heteroge-
neity are not fully understood.

Hematologic traits (HT) are among the main factors
known to be associated with clinical outcomes in SCD.
Fetal hemoglobin (HbF) is a major disease modifier, and

associated with an almost complete absence of complica-
tions in SCD patients.®* However, most SCD patients have
lower HbF levels while not receiving disease-modifying
therapy, and for some complications, such as stroke, the
risk reduction associated with HbF has not been quanti-
fied in large cohorts. Several other HT have been associ-
ated with SCD-related complications, notably elevated
white blood cell (WBC) count and neutrophil count with
survival,2%” low hemoglobin (Hb) levels with composite
severe outcomes and death,”® and platelet (PLT) count
with ACS.®°
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Polygenic trait scores (PTS) have been developed in an ef-
fort to harness the power of large-scale human genetic
studies to make useful clinical predictions, and many
studies have already recognized their value in the context
of precision medicine initiatives.” For each participant, PTS
are calculated by adding up the number of phenotype-as-
sociated alleles across associated variants, each weighted
by the effect of the alleles on the phenotype. One widely
discussed limitation of PTS is their poor performance when
tested in populations that have different ancestral back-
grounds than those in which they were optimized.” Another
equally important aspect that has not been as extensively
studied is how well PTS, which are normally calibrated in
“healthy” individuals, perform in “diseased” individuals.”
This is important, because PTS could, in theory, be useful
to stratify patients into mild or severe categories. For
example, if higher WBC count is associated with an in-
creased risk of death in SCD patients, would a PTS devel-
oped to capture WBC count variation in healthy individuals
be useful to predict death in SCD patients?

Here, we explored how SCD impacts the performance of
HT PTS, and whether these PTS are clinically useful pre-
dictors of SCD-related complications. Our analyses had
four aims. First, to study the performance of HT PTS in
explaining HT variation in SCD patients. Second, to test if
these HT PTS are associated with SCD-related complica-
tions. Third, to explore whether specific genetic variants
included in the HT PTS have reduced impact (i.e., effect
size) on HT variation in the context of SCD. Finally, al-
though not one of the main goals of our study, we also
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aimed to carry out genome-wide association studies
(GWAS) of HT in up to 1,736 SCD patients to identify strong
effect variants that could influence blood-cell phenotypes
in this patient population. A summary of the study design
is shown in Figure 1.

Methods

Complete details of the methods used are available in the
Online Supplementary Appendix.

Study populations

We collected data from three SCD cohorts with SS geno-
type individuals: the Cooperative Study of Sickle Cell Dis-
ease (CSSCD, n=1,278),* Genetic Modifier (GEN-MOD,
n=406),%% and Mondor/Lyon (n=372)" (Online Supplemen-
tary Table S7). For replication, we tested associations in
the Duke University Outcome Modifying Gene (OMG) SCD
cohort (n=333), which has been described elsewhere.’® We
collected data according to the principles of the Declar-
ation of Helsinki and the study was approved by the in-
stitutional ethics committees. Informed consent was
provided by all study participants. For comparison, we
also accessed data from non-SCD individuals of African
ancestry from the BioMe cohort™ and the UK Biobank (On-
line Supplementary Table S7).2° To ensure that the differ-
ences found were not due to a difference in the sample
size between the SCD cohorts and the UK Biobank, we
down-sampled the African-ancestry UK Biobank cohort to

Figure 1. Study design and aims. We tested if polygenic trait scores (PTS) developed in non-sickle cell disease (SCD) individuals
associate with hematologic traits (HT) (Aim 1) and clinical outcomes (Aim 2) in SCD patients. We also tested if genetic variants
associated with HT have different effect sizes when comparing non-SCD and SCD individuals (Aim 3). Finally, we performed ge-
nome-wide association studies (GWAS) to identify genetic variants associated with HT in SCD patients (Aim 4). HbF: fetal he-

moglobin.
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the same number of participants (n=1,278) as in the
CSSCD and repeated our analyses.

Polygenic trait scores for hematologic traits

For all HT except HbF, we used the multi-ancestry PTS ob-
tained by the Blood-Cell Consortium to test for association
with HT.® For HbF, we derived a PTS by considering the
conditional effect sizes of six variants at three loci (BCLT1A,
HBS1L-MYB, HBB) associated with HbF levels in SCD pa-
tients (Online Supplementary Table S2).2-2° We calculated
a bootstrapped, empirical P-value to compare the variance
explained by PTS in SCD and non-SCD individuals. We also
tested g(HbF), a previously published 4-SNP PTS for HbF,?*
in a subset of the CSSCD cohort (n=816). Finally, we ana-
lyzed the respective contribution of a-thalassemia and
PTS on HT variance explained in the CSSCD cohort.

Association between hematologic traits or polygenic
trait scores with SCD-related clinical outcomes

In the CSSCD cohort, we tested the association between
PTS and outcomes (VOC rate, ACS rate, stroke), consider-
ing only PTS for which the corresponding HT was associ-
ated with the outcome (P<0.05). We performed an
analysis of deviance to determine if the PTS improves the
model beyond the measured HT.

Mendelian randomization

We used a two-sample Mendelian randomization (MR) ap-
proach to test if HbF captured by the 6-SNP PTS,,,, causally
impact SCD-related complications (VOC rate, ACS rate and
stroke). We calculated instrument (i.e., PTS for HbF)-expo-
sure (i.e., HbF) and instrument-outcome (i.e., complications)
effects from the GEN-MOD and CSSCD cohorts, respect-
ively. We used the multiplicative random-effect inverse vari-
ance-weighted (IVW) approach as the main method for
each MR analysis.

Genome-wide association studies of hematologic traits
in SCD patients

We performed GWAS for each HT available in the three
SCD cohorts separately, then performed a meta-analysis
of the results.

Comparing effect sizes of hematologic trait-associated
single nucleotide polymorphism in SCD patients and
non-SCD individuals

For each single nucleotide polymorphism (SNP)-HT pair
considered in the multi-ancestry PTS models, we used
the t-statistic to compare the effect in SCD (derived
from SCD GWAS meta-analyses) and non-SCD individuals
(derived from published multi-ancestry meta-analyses
from the Blood-Cell Consortium).”* We computed g-value
with a 5% false discovery rate to correct for multiple
testing.

T. Pincez et al.

Results

Performance of hematologic polygenic trait scores in
SCD patients

We investigated the phenotypic variance explained by PTS
of HT in SCD patients of African ancestry from three cohorts
(CSSCD, GEN-MOD, Mondor/Lyon) and in non-SCD African-
American individuals from BioMe not included in the dis-
covery effort used to generate the PTS, as well as non-SCD
individuals of African ancestry from the UK Biobank (using
all African-ancestry participants [n=6,627] or a random sub-
set with a sample size similar to the CSSCD [n=1,278]). In
SCD participants, PTS reached significance (P<0.05) in at
least one cohort for nine of the 12 HT tested (Table 1); this
number remained unchanged after adjustment for multiple
testing. PTS for hematocrit (Ht), Hb concentration, and lym-
phocyte count were not significant. The variance explained
by significant PTS was 0.5-4.1% for RBC traits, 0.9-3.8% for
WBC traits, and 0.7-4.2% for PLT traits. When we compared
the performance of these PTS in SCD participants and non-
SCD African-ancestry individuals, we found that all PTS with
significant association, except the PTS for eosinophils, ex-
plained less phenotypic variance in SCD participants (Table
1, Figure 2A). One of the most striking differences was seen
for WBC and neutrophil counts: the mean variance ex-
plained was 1.9% and 3.3% in SCD participants and 10.3%
and 11.8% in non-SCD individuals, respectively (Figure 2A).
HbF levels are an important modifier of severity in SCD.
Since it is rarely measured in large non-SCD cohorts, the
genetics of this trait have not been extensively studied in
very large sample sizes. However, smaller GWAS in SCD pa-
tients have identified robust associations between HbF
levels and genetic variants at three loci: BCL11A, HBS1L-MYB
and the p-globin locus (reviewed by Lettre et al.?®). Given
this, we derived PTS,,r that includes six conditionally inde-
pendent variants (Online Supplementary Table S2). PTSr
was strongly associated with HbF levels in all three SCD co-
horts and explained 20.5-27.1% of the variance (Table 1). We
compared this PTS with a previously published 4-SNP
model for HbF (g(HbF)).>* We used the subset of the CSSCD
cohort (n=816) with genotyping or imputation data available
for each SNP. Our 6-SNP PTS,,- explained 24.6% of HbF vari-
ance (P=5.7x10%") whereas g(HbF) explained 20.8% of HbF
variance (P=1.5x10-%?),

Finally, we analyzed the respective contribution of a-tha-
lassemia and PTS on HT variance explained in the CSSCD
cohort (Figure 2B). Because HbF is such a strong modifier
of SCD phenotype, we also assessed whether PTS,,,- could
contribute to the phenotypic variation of other HT. a-tha-
lassemia was the main contributor of mean corpuscular he-
moglobin (MCH) and mean corpuscular volume (MCV) but
was also associated to other RBC, WBC, and PLT traits.
PTS,,r explained a large fraction of several RBC traits, but
was also associated with several WBC traits; this is consist-
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ent with the known beneficial effect of HbF in normalizing
HT in SCD patients. PTS for the corresponding HT was the
main contributor for several WBC traits and PLT count.
Taken together, although most of the PTS for HT derived in
non-SCD individuals were associated with HT in SCD indi-
viduals, they did not perform as well in this patient popu-
lation. By contrast, a simple PTS for HbF derived from GWAS
performed in SCD patients explained a large proportion of
the HbF phenotypic variance.

Associations between hematologic trait polygenic trait
scores and SCD-related complications

Variation in HT has been associated with several clinical out-
comes observed in SCD patients such as death,? stroke,?6-2
VOC,* and ACS.*®* We were able to reproduce most of these
results in the genotyped subset of the CSSCD (Online Sup-
plementary Table S3). We asked ourselves whether PTS for
HT were also associated with these complications in the lar-
gest available SCD cohort (CSSCD). For these analyses, we
used significant PTS (Table 1) for which the corresponding

T. Pincez et al.

HT was also significantly associated with the complication
(Online Supplementary Table S3). In total, we tested seven
PTS-complication combinations, and found significant as-
sociations for PTS,--stroke and PTS,,~ACS (Table 2).

We extended these analyses to determine if the PTS could
improve the association of the models beyond the base-
line HT measures. We reasoned that, because PTS capture
HT heritable variation, they would more faithfully repre-
sent “life-long exposure” and add information that is in-
dependent of the imprecisions associated with HT
measurement in the lab. The statistical models did not
improve for stroke and ACS rate, but we found that PTS,,-
improved the association with VOC, as described pre-
viously (Table 2).2%2° Interestingly, additional analyses re-
vealed that PTS,,- improves the association of the model
with VOC in patients with low HbF values (<10%), levels
at which HbF is not associated with VOC (Online Supple-
mentary Table S4). For high HbF values (>10%), HbF is
strongly associated with VOC, and adding PTS,,- did not
improve the statistical model.

Table 1. Hematologic trait variance explained by polygenic trait scores in sickle cell disease patients.

SCD cohorts Non-SCD cohorts
Va':'i::ts CSSCD GEN-MOD Mondor/Lyon BioME" UK Biobank D‘L"I‘L“I;is:gﬁ:fd
Phenotype i the  (Nmax=1,015) (Nimax = 401) (Nimax = 324) (Nimax = 2,651) (Nimax = 6,584) (N,... = 1,278)
Lk Variance p Variance p Variance p Variance p Variance p Variance p
(%) (%) (%) (%) (%) (%)
Red blood cell (RBC) traits
Hematocrit 356 - 0.70 - 0.66 - 0.14 14 00071 21  13x10%® 15  9.4x10°
Hemoglobin 364 - 0.41 - 0.24 - 0.77 13 74x10° 3.0  1.9x10% 20  2.0x10°
MCH 384 069 0014 13 0.021 - 0.88 22  54x10" 55  24x10® 69  4.6x10"
MCV 454 23 8.8x107 0.078 - 0.55 20 9.1x10" 66  1.8x105" 104  6.7x10"7
RBC 449 047  0.032 41 8.1x10° - 0.16 3.8 <22x10" 10.6 5.8x10% 93  2.2x10°
HbF 6 205 10.0x10%° 265  1.2x10% 271  2.0x10%
White blood cell (WBC) traits
WBC 443 15  25x10¢ 27 0.002 1.6 0.047 122 <22x10"® 83 1.5x10™ 7.0  2.3x10%
W&%&gz‘;gm” 389 05 0.023 33  36x10* 23 0.024 18 <22x10" 14  39x10® 1.4  6.5x10°
Eosinophils 346 0.9 00038 32  45x10* 11 62x10° 35 3.3x10©2 37  2.8x107
Lymphocytes 409 - 0.18 - 0.42 14 7.7x10° 36 6.9x10© 22  2.1x10°
Monocytes 394 044  0.00026 - 0.18 39 <22x10"® 51  1.9x107 61  1.4x10"
Neutrophils (NEU) 352 2.8  1.4x10° 3.8  3.9x10* 123 <2.2x10" 11.3  54x10' 10.1  8.9x10%
[\‘gaé,"/"gg‘;“é)ch” 313 08 00065 39  1.3x10* 067 1.4x10* 12  36x10%2 11  3.5x10°
Platelet (PLT) traits
PLT 553 0.7 0.008 20 00045 42  19x10* 36 <22x10" 67 1.9x10% 7.3  4.0x10?
MPV 392 41 2.4x10% 8.6 <22x10" 12.0 1.7x10™ 123  3.4x10%

Only the phenotypic variance explained for polygenic trait scores (PTS) that were nominally significant were calculated (P<0.05). Empty cells
indicate phenotypes that were not available in the corresponding study. All P-values <0.05 remain statistically significant after multiple testing
correction except for WBC and WBC (without chr1 - Duffy/DARC) phenotypes in Mondor/Lyon cohort. The 2PTS models (except for fetal he-
moglobin [HbF]) and the results from the PBioMe African American participants have been reported previously.® For HbF, we selected six in-
dependently associated variants.?"?® SCD: sickle cell disease; CSSCD: Cooperative Study of SCD; GEN-MOD: Genetic Modifier; N: number;
MCH: mean corpuscular hemoglobin; MCV: mean corpuscular volume; MPV: mean platelet volume.
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Quantifying the causal impact of HbF levels on SCD
complications by Mendelian randomization

Using MR, we sought to confirm the causal protective effect
of high HbF levels on stroke,?*?® ACS,* and VOC.?® Although
the literature suggests links between high WBC or neutro-
phil counts and SCD survival,? we did not test these poten-
tial causal relationships by MR because of limited statistical
power (see Online Supplementary Appendix). We performed
two-sample MR using the pseudo-independent SNP from
PTS,,~ We found a causal association between HbF and
stroke: a one standard deviation increase in genetically-de-
termined HbF levels (corresponding to 4.8% of HbF) de-

T. Pincez et al.

creases the risk of stroke by 39% (odds ratio [95% con-
fidence interval]=0.61 [0.46-0.81]; P=0.0006) (Figure 3). In
this analysis, the low-frequency variant rs114398597 located
between HBSTL and MYB on chromosome 6 appears as an
outlier (Figure 3), but we confirmed that the MR result re-
mained significant after its exclusion (P=3.7x10-%) (Online
Supplementary Table S5). Although the direction of the ef-
fect was similar using the sensitivity MR-Egger and
weighted median methods, these analyzes were not statis-
tically significant, suggesting insufficient power (Online Sup-
plementary Table S5). We found no heterogeneity in the
effect (12 = 0%) and confirmed the absence of horizontal

A —
159 = Non-SCD —— P<0.01 P<0.01 P<0.01
SCD :
9
® 10-
-% P=0.04 P<0.01
o P=0.01
5 P<0.01
3 NS
8 °7
e
S - 1
I
0_
MCH MCV RBC WBC EOS MON NEU PLT MPV
RBC traits WBC traits PLT traits
B 20 Bm PTS for HbF
1 . B PTS for corresponding HT
< 10T Bl o-thalassemia
°
o
c
N
o
X
Q
8 5=
c
8
%
>

Ht Hb

MCH MCV RBC HbF WBC EOS LYM MON NEU PLT

RBC traits

WBC traits

Figure 2. Variance explained by polygenic trait scores for hematologic traits. (A) Comparison of variance explained by polygenic
trait scores (PTS) for hematologic traits (HT) in African-ancestry non-sickle cell disease (SCD) individuals from BioMe and the UK
Biobank, and participants from three SCD cohorts (CSSCD, GEN-MOD, Mondor/Lyon). We only present the variance explained by
nominally significant PTS in at least one SCD cohort (Table 1). When the PTS for a given HT was significant in more than one SCD
cohort, we calculated the mean and standard deviation (error bars) of the variance explained. We show the empirical P-value for
comparison between SCD and non-SCD individuals. (B) Respective contribution of the PTS for corresponding HT, PTS,,- and a-
thalassemia status on the HT variance explained. Analyses performed in the CSSCD cohort. Only the variance explained if the
PTS or a-thalassemia was nominally significant is presented (P<0.05). EOS: eosinophils; MCH: mean corpuscular hemoglobin;
MCV: mean corpuscular volume; MON: monocytes; MPV: mean platelet volume; NEU: neutrophil count; PLT: platelet count; RBC:
red blood cell count; WBC: white blood cell count; Ht: hematocrit; Hb: hemoglobin; HbF: fetal hemoglobin.
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pleiotropy (Egger intercept, -0.09, standard error = 0.21;
P=0.69). We did not find causal association between HbF
levels and ACS/VOC rates (Online Supplementary Table S5,
Online Supplementary Figure ST); this may have been due to
limited statistical power (Online Supplementary Appendix).

SCD partially masks the genetic effect of the Duffy/DARC
null variant on white blood cell and neutrophil counts

To understand why the PTS under-performed in SCD pa-
tients (excluding PTS,.r), we carried out meta-analyses of

T. Pincez et al.

GWAS results for the 11 HT in the three SCD cohorts, and
compared effect sizes (Bscp) for the SNP found in the PTS
(4,201 SNP-HT pairs) with the effect sizes from multi-an-
cestry meta-analyses (Bnon-sco).® Across all SNP and HT,
normalized effect sizes were weakly correlated when
considering the same effect alleles (Pearson’s r = 0.09;
P=2.4x107"°) (Figure 4A). Among the 273 variant-HT pairs
that were nominally associated in SCD meta-analyses
(P<0.05), 162 (59.3%) had a concordant direction of effect
in non-SCD meta-analyses (P=0.002, binomial test).

rs6940878
0 HBS1L-MYB rs1427407
\"\\' HBS1L-MYB
e = e R
rs10128556 B I
& rs7606173 HBG2 T
X BCL11A
£
17}
c -1+
= 1
° rs114398597
= HBSTL-MYB
o °
o
p
n
-2 MRtest

/ Inverse variance weighted (multiplicative random effects)

7/ MR Egger

/ Weighted median

T T T
0.25 0.50 0.75

SNP effect on HbF

Figure 3. Mendelian randomization results for fetal hemoglobin levels on stroke. Each dot represents one of the fetal hemoglobin
(HbF)-associated SNP, with its corresponding effect on normalized HbF levels (x-axis, standard deviation units) and stroke risk
(y-axis, logistic regression beta). The analysis without rs114398597 is significant; see Online Supplementary Table S5 for details.

MR: Mendelian randomization.

Table 2. Polygenic trait score for fetal hemoglobin levels is associated with stroke and acute chest syndrome and improves a

statistical model of vaso-occlusive crisis rate.

Association of PTS with outcome

Outcome
HR [95%CI] or Beta (SE)
HbF* 0.72[0.59-0.88]
Stroke WBC 1.00 [0.82-1.22]
(N cases = 104)
(N controls = 1,168) NEU 0.98 [0.81-1.19]
LYM 1.01 [0.83-1.23]
HbF -0.20 (0.06)
ACS rate (N =1,271)
EOS -0.02 (0.05)
VOC rate (N =1,271) HbF 0.06 (0.05)

Comparison of models with and without PTS

P %2 (1 df) P
0.002 0.23 0.63
0.99 1.42 0.23
0.82 2.43 0.12
0.90 0.25 0.62
0.0005 0.91 0.34
0.75 0.48 0.49
0.21 16.1 6.0x10°

Analyses in 1,278 genotyped CSSCD participants. To contrast models, we performed an analysis of deviance and compared a baseline model
(hematologic trait [HT], age, sex, a-thalassemia, and 10 first principal components) with a model that included the same predictors as well
as the polygenic trait score (PTS). All P-values <0.05 remain statistically significant after multiple testing correction. *Fine and Gray’s method
was used to consider death as a competitive risk of stroke that may have influenced the result. PTS,,r was still associated with stroke in the
subdistribution hazard model: hazard ratio (HR) 0.75, 95% confidence interval (Cl) (0.61-0.94), P=0.01. ACS: acute chest syndrome; VOC: vaso-
occlusive crisis; Beta: effect size in standard deviation units; SE: standard error; df: degree-of-freedom; HbF: fetal hemoglobin; WBC: white
blood cell count; EOS: eosinophils; NEU: neutrophil count; LYM: lymphocyte count.

Haematologica | 108 March 2023

875



ARTICLE - Polygenic hematologic traits in SCD

After correction for multiple testing (g-value <0.05), we
found two variants significantly associated with HT in SCD
patients, but with significantly different effect size when
comparing Bsco and Pron-sco : rs8090527 and rs2814778 (On-
line Supplementary Table S6, Online Supplementary Figures
S2, S3). We confirmed that the effect sizes were still dif-
ferent when comparing fsco to Pron-sco derived from a down-
sampled subset of African-ancestry UK Biobank individuals
(P<0.05) (Online Supplementary Table S6). We did not ex-
plore the association between the intergenic rs8090527

T. Pincez et al.

variant and PLT count further as we were unable to rep-
licate it in an independent SCD cohort (Online Supplemen-
tary Table S6). The second variant is the previously
described Duffy/DARC null variant (rs2814778),* which had
a two-fold weaker effect on neutrophil count in SCD when
compared to non-SCD individuals. Based on this observa-
tion, we wondered if the apparent poor performance of the
WBC and neutrophil count PTS in SCD participants was due
to the lower impact of the Duffy/DARC null variant in this
patient population. In non-SCD individuals, removing the
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Figure 4. Sickle cell disease partially masks the genetic impact of the Duffy/DARC null variant (rs2814778) on neutrophil count.
(A) Comparison of effect sizes (Beta) for 3,917 SNP-hematologic trait pairs in sickle cell disease (SCD) patients (x-axis) and non-
SCD participants (y-axis). Only variants with a minor allele frequency >1% in the SCD meta-analyses were considered. We highlight
two variants with significantly different effect sizes between SCD and non-SCD individuals. (See text for details). The blue line
represents the best-fit linear regression line. (B) Variance explained (mean and standard deviation) by polygenic trait scores (PTS)
for neutrophil (NEU) and white blood cell (WBC) counts with and without chromosome (chr) 1 variants in SCD (three cohorts)
and non-SCD (BioMe and UK Biobank cohorts) individuals. (C) Raw neutrophil count (y-axis) as a function of the multi-ancestry
neutrophil PTS (without chr 1 variants, x-axis) in Duffy-positive (Fy+, T/T or C/T genotypes at rs2814778) and Duffy-negative (Fy-
, C/C genotype) SCD (CSSCD) or non-SCD (UK Biobank) individuals. Regression lines for each of the four subgroups are shown.
(D) Comparison of raw neutrophil count between Fy+ individuals with a PTS within the lowest quintile and Fy- individuals with
a PTS within the highest quintile, for both SCD (CSSCD) and non-SCD (UK Biobank) individuals. ns: non-significant.
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PTS variants on chromosome 1 (to ensure that the large ad-
mixture signal due to the Duffy/DARC locus does not im-
pact the analysis) reduced the mean variance explained for
WBC from 10.3% to 1.6%, and for neutrophils from 11.9% to
0.9% (Table 1, Figure 4B). When we repeated this analysis
in SCD participants, the PTS for WBC was not affected
(from 2.1% to 1.9%), whereas the variance explained by the
neutrophil count PTS changed slightly from 3.3% to 2.2%
(Figure 4B).

We next specifically focused on the association between
Duffy/DARC rs2814778 and WBC or neutrophil counts in SCD
and non-SCD individuals. First, consistent with the reces-
sive inheritance of the Duffy-negative blood group, we
showed that a recessive genetic model provided a better fit
with the data than the standard additive model (Online Sup-
plementary Table S7). Thus, we used a recessive model for
all subsequent genetic analyses of this variant. For non-SCD
individuals, the single Duffy/DARC variant explained 18.4-
24.2% of the phenotypic variance (Table 3). In contrast, the
associations between rs2814778 and WBC or neutrophil
counts were either weak or non-significant in SCD partici-
pants, with this variant contributing only 0.9-3.3% of the
variance in these HT (Table 3). To quantify the magnitude of
the difference in effect sizes and provide meaningful clinical
estimates, we calculated that the Duffy null genotype
(homozygosity for the C-allele at rs2814778) was associated
with a mean reduction of 0.76x10° WBC/L (P=0.004) and
0.84x10° neutrophils/L (P=1.6x10"%) in the CSSCD, and of
1.9x10° WBC/L (P=3.3x10"%) and 1.6x10° neutrophils/L
(P=4x107"%%) in the UK Biobank. When we considered both
SCD status and the Duffy blood group, we found that: 1)
SCD has the strongest impact on neutrophil count; 2) Duffy
has a weaker effect on neutrophil count in SCD patients;
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and 3) the neutrophil PTS (without chromosome 1 variants)
remains associated with neutrophil count in all groups (Fig-
ure 4C). To further illustrate how SCD modifies the effect of
Duffy, we considered the neutrophil PTS (without chromo-
some 1 variants) quintiles and compared neutrophil count
in Duffy-positive individuals with a PTS in the lowest quin-
tile with Duffy-negative individuals with a PTS in the highest
quintile (Figure 4D). Whereas in non-SCD UK Biobank par-
ticipants Duffy outweighs the PTS effect, it is equivalent in
SCD patients. We observed a similar effect when analyzing
a subset of the non-SCD African-ancestry cohort from the
UK Biobank with a sample size similar to the CSSCD, sug-
gesting that the difference in effect size is not due to a dif-
ference in sample size (Online Supplementary Table S8,
Online Supplementary Figure S3). Finally, we investigated
whether sickle cell trait (heterozygosity for the hemoglobin
S allele) also modifies the Duffy/DARC effect on neutrophil
count. We did not find a significant interaction between
these two genotypes in the UK Biobank (P=0.33), indicating
that the epistatic effect is specific to SCD.

Taken together, our data suggest that SCD partially masks
the strong effect of the Duffy/DARC null variant
(rs2814778) on neutrophil count. In non-SCD individuals,
the Duffy null variant is the main determinant of neutro-
phil count, whereas in SCD individuals, its effect is equiv-
alent to the effect of other neutrophil count-associated
common variants (as captured by the neutrophil PTS
without chromosome 1).

Genome-wide association studies of hematologic traits
in SCD patients

To determine if new genetic variation could specifically
modulate HT variation in SCD, we carried out GWAS for 11

Table 3. Genetic association results between the Duffy/DARC null variant (rs2814778) and white blood cell and neutrophil counts.

N Me;:)r; I(Ls R) ( C-Eall\l';le) Beta (SE) P Variance (%)
Neutrophils
CSSCD 934 5.42 (2.44) 0.842 -0.353 (0.073) 1.6x10° 3.3
GEN-MOD 400 5.84 (2.67) 0.939 -0.019 (0.209) 0.93 -
UK Biobank 6,564 3.10 (1.27) 0.906 -1.166 (0.033) 6.0x102% 23.1
gi‘z)"t‘)’g;lskamp'ed UK 1,278 3.04 (1.17) 0.912 -1.228 (0.080) 7.0x104 24.2
WBC
CSSCD 1,014 12.19 (3.78) 0.845 -0.178 (0.064) 0.005 0.9
GEN-MOD 400 10.60 (3.67) 0.939 -0.092 (0.208) 0.66 -
Mondor/Lyon 322 10.62 (3.01) 0.935 -0.151 (0.214) 0.48 -
UK Biobank 6,584 5.81 (1.66) 0.906 -1.041 (0.036) 5.0x1017! 18.4
gi‘z)"t‘)’g;lskamp'ed UK 1,278 5.75 (1.56) 0.912 -1.038 (0.083) 4.8x10 17.3

The direction of the effect is given for the CC genotype (in a recessive genetic model). Neutrophil count is not available in Mondor/Lyon.
Effect sizes (Beta) and standard errors (SE) are in standard deviation units. SD: standard deviation; CSSCD: Cooperative Study of Sickle Cell
Disease; GEN-MOD: Genetic Modifier; WBC: white blood cell count; EAF: effect allele frequency.
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blood-cell traits across all three SCD cohorts available.
Given the relatively small sample size of the dataset, we
restricted our analyses to variants with a minor allele fre-
quency (MAF) >1%. We found little evidence of association,
except for Ht and Hb levels (Online Supplementary Figure
S4). We found 24 genome-wide significant (P<5x10-%) SNP-
HT associations, including 23 at the known HbF loci and
associated with Hb levels, Ht or RBC count (Online Sup-
plementary Table S9). The last variant, rs113819343, was
associated with PLT count in the SCD meta-analyses
(P=1.4x1078). This variant is common in African-ancestry in-
dividuals (MAF=5.5%, gnomAD) but rarer in European-an-
cestry populations (MAF=0.098%). This variant is not
associated with PLT count in the multi-ancestry
(n=473,895; P=0.72) nor in the African-specific (n=15,171;
P=0.27) meta-analyses from the Blood-Cell Consortium.”
Our attempt to replicate this association with PLT count
in 333 SCD patients from the OMG cohort was unsuccess-
ful (P=0.69), so it is not possible to conclude if this as-
sociation is real or a false-positive result.

Discussion

In this study, we explored the utility of PTS for HT in SCD
patients. Our analyses highlight several important results,
including some with clinical implications. First, we found
that PTS for HT derived in non-SCD individuals largely
underperformed when tested in SCD patients. This empha-
sizes the need to derive polygenic predictors directly in
SCD patients before trying to implement them into preci-
sion medicine initiatives for this patient population. This
will require larger SCD cohorts with comprehensive clinical
and genetic information. Second, our characterization of
the weak association between the Duffy/DARC null
rs2814778 variant and neutrophil count in SCD patients
suggested that the weaker impact of PTS may partly be due
to an epistatic effect of SCD with other HT-associated vari-
ants. These results explain the unsuccessful attempts to
use the Duffy/DARC null variant as an SCD genetic
modifier,*>3* and stress the importance to use all neutro-
phil-associated variants (ideally identified by GWAS carried
out in SCD patients) as potential predictors of SCD com-
plications. Third, a small set of six HbF-associated variants
(PTS,r) Were associated with stroke and ACS rate, and im-
proved the statistical modeling of VOC rate. These results
support the addition of PTS,,r in clinical efforts to stratify
SCD patients based on risk of developing complications.
Finally, PTS,,r allowed us to confirm and quantify the
causal protective impact of HbF increase on stroke risk re-
duction, a controversial point in SCD literature (see below).
Several non-mutually exclusive factors could explain why
PTS for HT were not as strongly associated with HT vari-
ation in SCD patients. These patients have different base-
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line levels and distribution values for several HT such as
Hb and WBC count. This is in part due to the direct hemo-
lytic effect of hemoglobin S, but also to the broad con-
sequences of SCD, such as the induction of a chronic
inflammatory state that can lead to cytokine-driven
higher WBC count.**3®* Moreover, the frequent intercurrent
complications (e.g., VOC) experienced throughout the
natural course of SCD could result in greater variability in
HT values. Finally, SNP genotyping arrays do not capture
all structural variants, which are the main alterations in
a-thalassemia, a major determinant MCH and MCV. We
showed here that adding a-thalassemia and PTS,,,- to PTS
for corresponding HT greatly increased the variance ex-
plained. Thus, the performance of HT PTS will improve
once comprehensive whole-genome sequencing of large
SCD cohorts becomes available.

The C-allele of the Duffy/DARC null variant (rs2814778) re-
sults in erythroid-specific loss of expression of the
Duffy/DARC chemokine reservoir expression gene.* It has
been known for some time that the Duffy/DARC null vari-
ant is strongly associated with lower circulating neutrophil
and WBC counts in SCD and non-SCD individuals due to
extravasation to tissues,*®3% and in particular the
spleen.®® Although it is unclear why SCD partially masks
the effect of this variant on neutrophil count, we may
speculate that the precocious and pervasive splenic
atrophy observed in SCD patients could lead to a reduced
reservoir size. In addition, various Duffy/DARC variants in
non-SCD and SCD individuals have been shown to affect
the binding of DARC with inflammatory markers such as
interleukin 8.49-%2 Definitive data are still lacking, but the
proinflasmmatory state of SCD patients may contribute to
the observed discrepancy in effect.*?

Whether or not the Duffy phenotype is associated with
complications in SCD patients remains unclear,3233:3744-46
The potential consequences of the Duffy/DARC status in
SCD would be linked to circulating proinflammatory cyto-
kines and, in particular, the resulting effect on neutrophil
and WBC counts, which has been implicated in several
SCD complications.?>®” However, our data showed that the
Duffy/DARC negative phenotype is not a good proxy for
neutrophil count in SCD patients, in contrast to non-SCD
individuals in whom it accounts for a large fraction of the
phenotypic variance.

Although complex multi-ancestry PTS for general HT that
include hundreds of variants performed poorly in SCD pa-
tients, we showed that a simple PTS for HbF made of six
variants at three loci can capture a large fraction of the
phenotypic variance in this important SCD modifier, con-
sistent with previous reports.?®*?* One major difference be-
tween the general HT and HbF is that we developed PTS,
using GWAS data from SCD patients. Interestingly, we ob-
served an association between PTS,,- and ACS or stroke in
the large CSSCD. We also validated previous observations
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that a PTS for HbF can improve a statistical model for VOC
rate,?>®° and further discovered that this PTS,,, was useful
in the subset of patients with HbF levels <10%.

Whether the increase in HbF levels has a beneficial effect
on stroke has long been unclear due to data discrepancies.
The pre-hydroxyurea (HU) CSSCD (still the largest SCD co-
hort to date) did not find that high HbF reduces ischemic
stroke nor risk of silent infarct (changes in white matter).264
Of note, in the CSSCD, results for hemorrhagic stroke and
“overall” stroke (considering both ischemic and hemor-
rhagic stroke) were not reported. A follow-up study of SCD
patients identified through screening of newborn did not
find a protective effect of HbF.*® In contrast, historical,*® as
well as more recent data, found a protective effect of elev-
ated HbF levels on “overall” stroke.?® This protective effect
was also reported for incidence of silent infarct.?"*° Fur-
thermore, some studies investigating the association be-
tween HbF-associated SNP and stroke reported an
association,’™®? while another did not.>® Several factors
could have led to such inconsistent results: 1) different
studies used different definitions of stroke; 2) only the
CSSCD separated ischemic and hemorrhagic stroke based
on computed tomography findings (with the limitations as-
sociated with this technology to define stroke sub-type);
3) retrospective studies used history of stroke as endpoint;
4) small sample sizes with limited power to detect an ef-
fect of HbF on stroke; and 5) differences between SCD
studies regarding the age at which HbF levels were
measured. (HbF is physiologically higher in younger pa-
tients®*). Finally, HU has clearly been shown to reduce
stroke risk in prospective studies,*® but given the multiple
mechanisms by which the drug is beneficial in SCD,%® its
protective effect cannot be solely linked to HU-mediated
HbF increase.

In this study, we used the large genotyped subset of the
CSSCD and combined genetic information in a PTS to
show that HbF associates with stroke in SCD patients.
Our MR analyses revealed that HbF levels have a causal
and protective effect on stroke, although we also ac-
knowledge that the Winner’s curse could have artificially
increased our estimate. In effect, while the MR Egger and
weighted median MR approaches are sensitive methods
to detect horizontal pleiotropy, they are also known to
have less statistical power than the multiplicative ran-
dom-effect IVW method used as the primary discovery
method in our analyses.5"®® Thus, the non-significant re-
sults for the PTS,--stroke using MR-Egger and weighted
median approaches should not be interpreted as a lack
of validation. What this negative result means is that we
cannot exclude the possibility that horizontal pleiotropy
could have impacted our HbF-stroke MR result. However,
because the MR instruments were selected at clear HbF
loci with known regulatory mechanisms (BCL71A, HBSTL-
MYB, beta-globin), we suggest that the risk of confound-
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ing due to horizontal pleiotropy is minimal. Our MR analy-
sis suggests that the impact of HU on stroke is,* at least
in part, mediated by HbF and distinguishes the effect of
HU by specifically quantifying how genetically-deter-
mined (lifelong) HbF levels modulate stroke risk.
Additional large replication cohorts were not available to
our group to validate our findings and we acknowledge that
this is an important limitation of our study. Specifically, re-
plication of the association and MR results for PTS,, and
stroke would require large SCD cohorts (approx. 2,800-
5180 SCD patients; see Online Supplementary Appendix)
given the reduction in stroke incidence following the im-
plementation of successful stroke primary prevention pro-
grams.*®%° Therefore, we encourage investigators to test our
models in their own SCD cohorts, and applaud efforts to
create new large collaborative studies of SCD to energize
the field of SCD modifier genetics.

Our findings have implications beyond SCD. While PTS
have been shown to modulate the penetrance of mono-
genic mutations in diseases such as coronary artery dis-
ease and familial breast and colorectal cancers,®® much
less is known about their effect on expressivity (or dis-
ease severity).” This distinction is important because, al-
though they may not cause the disease, several clinical
variables and other endophenotypes that are captured
by PTS can strongly modify disease severity (e.g., PTS for
kidney functions in the context of hypertension, PTS for
retinopathy/cataract in diabetic patients). Our analyses
indicate that simply translating the genetics of polygenic
traits formulated in healthy individuals to diseased
populations may not provide the expected gain in risk
stratification in the context of precision medicine. For-
tunately, large biobanks and other cohorts should soon
be able to use powerful GWAS for genetic modifiers in
>10,000 patients who all suffer from the same disease.
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