Chapter 7

Early occurrence of
red blood cell allo-
immunization in patients

with sickle cell disease

Joep W.R. Sins, Bart J. Biemond, Sil M. van den Bersselaar, Harriét
Heijboer, Anita W. Rijneveld, Marjon H. Cnossen, Jean-Louis H.
Kerkhoffs, Alfred H. van Meurs, Froukje B. von Ronnen,

Saurabh Zalpuri, Yolanda B. de Rijke, C. Ellen van der Schoot,

Masja de Haas, Johanna G. van der Bom and Karin Fijnvandraat

American Journal of Hematology 2016: 91; 763-769



111 31ed

Abstract

Red blood cell (RBC) allo-immunization is

a major complication of transfusion therapy
in sickle cell disease (SCD). Identification

of high-risk patients is hampered by lack of
studies that take the cumulative transfusion
exposure into account. In this retrospective
cohort study among previously non-transfused
SCD patients in the Netherlands, we aimed to
elucidate the association between the cumula-
tive transfusion exposure, first allo-immuniza-

tion and independent risk factors.

A total of 245 patients received 11 952 RBC
units. Alloimmunization occurred in 43 pa-
tients (18%), half of them formed their first
allo-antibody before the 8" unit. In patients
with exposure to non-extended matched
transfusions (ABO and RhD) the cumula-
tive allo-immunization risk increased up

to 35% after 60 transfused units. This was
significantly higher compared to a general
transfused population (HR 6.6, CI 4.2-
10.6). Receiving the first transfusion after
the age of 5 was an independent risk factor
for allo-immunization (HR 2.3, CI 1.0-5.1).
Incidental, episodic transfusions in compari-
son to chronic scheme transfusions (HR 2.3,
CI 0.9-6.0), and exposure to non-extended
matched units in comparison to extended
matching (HR 2.0, CI 0.9-4.6) seemed to

confer a higher allo-immunization risk.

The majority of first alloantibodies are
formed after minor transfusion exposure,

substantiating suggestions of aresponder phe-
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notype in SCD and stressing the need for risk
factoridentification. In this study, older age

at first transfusion, episodic transfusions and
non-extended matched transfusions appeared

to be risk factors for allo-immunization.



Introduction

Red blood cell (RBC) transfusions form a
cornerstone in the treatment and prevention
of complications in sickle cell disease (SCD).
Transfusion therapy is applied either as an
episodic treatment, e.g. pre-operatively or
in the management of acute complications,
or as a chronic transfusion scheme when the
risk of severe complications of the disease
outweigh the risk and burden of frequent
transfusion exposure.' Despite established
treatments as hydroxycarbamide, the use of
transfusion therapy in SCD has increased

significantly over the past decades.??

RBC allo-immunization is a serious and fre-
quent complication of transfusion therapy.?
It complicates donor matching procedures
for future transfusions, resulting in limited
availability of matched blood and possible
delay in the provision of transfusions in
medical emergencies. In addition, patients
with alloantibodies are at risk of developing
delayed hemolytic transfusion reactions,

a potentially life-threatening complica-
tion.* Incidences of allo-immunization are
significantly higher in SCD compared to
the general population and range from
18-65% in cohorts matched for ABO and
RhD only.>" Extended antigen matching
has been demonstrated to effectively reduce
these rates but is often limited to Rh and

K antigens, as it is laborious and costly.">""
Optimal and cost-effective prevention of
allo-immunization could be achieved by

limiting the administration of extensively

matched blood to patients at high risk for
this complication. However, we currently
lack tools to identify the patients at highest

risk of allo-immunization.

No clear patient-related risk factors for
allo-immunization have been described so
far in SCD.2"® Early evidence suggests that
the immunoregulatory state and variance

in certain immunoregulatory genes may

be potential determinants of allo-immuni-
zation.'2® Recently, transfusions during
events with increased inflammation (e.g.
acute chest syndrome) have been associated
with an increased risk of allo-immunization
in SCD.?* Also, variance in RH genes in the
SCD population may escape detection by
serologic testing and add to higher rates of
allo-immunization.?®?% In addition, an older
age at first lifetime transfusion has been sug-
gested to be an independent risk factor of
allo-immunization.® Other potential deter-

minants studied so far, such as gender and
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hemoglobin genotype, have shown inconsis-

tent results in different studies.??”

Strikingly, most studies addressing the in-
cidence of allo-immunization or associated
risk factors did not adjust for the cumu-
lative number of RBC transfusions. The
exact number of cumulative transfusions
from birth to first antibody formation is
often not reported and in many studies it is
unclear if the transfusion history has been

fully traced, including transfusions outside
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the reporting centers.%'01214-16.28 Yet, the
exposure to foreign RBC antigens is a pre-
requisite for allo-immunization and higher
incidences of allo-immunization have been
observed in patients with a higher num-

ber of transfusions.>”822° The cumulative
number of transfusions may therefore be an
important confounding factor in reports on
the incidence and risk factors of allo-immu-

nization in SCD.

In this study, our primary aim was to assess
the risk of first allo-immunization from the
first lifetime transfusion onwards in rela-
tion to the cumulative number of transfu-
sions that patients have been exposed to. A
unique direct comparison was made with a
large group of transfused patients from the
general population to explore the differ-
ences in allo-immunization risk between
these groups, adjusting for transfusion
exposure. Furthermore, we aimed to identify
independent patient-related risk factors

for allo-immunization in our cohort (e.g.
gender, hemoglobin genotype, age at time of
first transfusion ever), taking the cumulative

number of transfusions into account.

Methods

Study design and population

We performed a retrospective, multicenter
new-user cohort study in three SCD Com-
prehensive Care Centers in the Nether-
lands. The new-user cohort design restricts
the analysis to persons under observation
from the very first exposure, allowing for a
reliable assessment of the true risk of first

allo-immunization in our study.*

Patients were included in our cohort if they
met the following criteria: (1) genotype
HbSS, HbSC, HbSB* or HbSR, (2) 21 trans-
fused RBC units at the included centers,
preceded by a negative antibody screening,
and followed by antibody screening at least
7 days after transfusion.®' All patients were
followed from first vantibody screening, pri-
or to the first lifetime transfusion, to the last
antibody screening after the last transfusion
within the study’s observation period. We
excluded patients with clinically significant
antibodies that were present before the first
recorded transfusion or if we could not ver-
ify their complete transfusion history, both
within and outside the participating centers.
A maximum of 5 untraceable RBC units was
allowed to optimize sample size and yet min-
imize confounding. The institutional review
boards of all participating centers approved
the study. This study was conducted in accor-

dance with the Declaration of Helsinki.

Data collection

The following data on patient characteris-



tics were collected: date of birth, gender,
hemoglobin genotype, history of pregnancy,
demographic origin. Additionally, we collect-
ed data on the total number of RBC units
that patients during study follow-up, dates of
transfusion exposure and whether trans-
fusions were part of a chronic transfusion
scheme (including indication) or were given
as an incidental, single transfusion (defined
as episodic transfusions). Lastly, dates, re-
sults and specificities of all antibody screen-

ings during study follow-up were collected.

Data were collected from medical records
and hospital laboratory databases. All docu-
mented RBC units from birth to January 1*
2014 were included. If we encountered any
suggestion that patients had also been trans-
fused outside the participating centers, we
contacted these other hospitals for additional
information. In case the transfusion history
remained unclear, we contacted patients by
phone for an estimation of the number of
transfusions received outside the participat-

ing centers (e.g. transfusions received abroad).

Transfusions were excluded from our analy-
ses if no consecutive antibody screening was
available at least 7 days after transfusion. A
minimum of 7 days was chosen as most an-
tibodies are not detectable yet at an earlier
stage and may therefore be missed. Also, a
potential antibody found in this period may

still be a result of a previous transfusion.®*

To compare our cohort with a general
non-hemoglobinopathy transfused new-user
cohort, we used the database of a previous
publication on a cohort of non-extended
matched transfused patients at a tertiary
care center in the Netherlands between
2005 and 2009 (n=3042). This population
consisted mainly of patients of Caucasian
ethnicity, and excluded patients routinely
receiving Rh and K matched RBC units and
infants under 6 months of age.®> Median
age was 62 years (interquartile range [IQR]
51-71) and the median number of RBC units
per patient was 6 (IQR 3-11).

Transfusion and laboratory policy
Before 2004 RBC transfusions for SCD
patients were only matched for ABO and
RhD in the Netherlands. In January 2004
extended RBC phenotyping for Rhesus C,
¢, E, e (RhCE) and K antigens was official-
ly introduced in the national transfusion

guideline for SCD patients.*? In the latest
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guideline of 2011 it is recommended that
donor blood should also be Fy(a) compat-
ible and, if possible, matched additionally

for Jk(b), S and s. Once a patient develops
an antibody, matching is extended to the
antigen against which the antibody was pro-
duced. Prestorage filter leucodepletion was
universally implemented in the Netherlands
in 2001. It appears that the allo-immuniza-
tion risk is not affected by this.3**

Primary outcome in our analysis was the

development of any clinically significant
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allo-antibody. The following antibodies were
not considered as clinically significant allo-
antibodies: auto-antibodies, cold antibodies
and naturally occurring antibodies such as
anti-IH, anti-H, anti-Al and anti-I. More-
over, we defined the following antibodies

as naturally occurring if they were demon-
strated upon first antibody screening with
no history of prior transfusion exposure:
anti-M, anti-Cw, anti-Le(a) and anti-Le(b).
These antibodies are reported separately.
Patients with naturally occurring antibodies
at first antibody screening were elegible for

inclusion in our new-user cohort.

Statistical analyses

To adjust for the varying cumulative
exposure to RBC units, we calculated
Kaplan-Meier (KM) cumulative allo-immu-
nization incidences with allo-immunization
as the event and the cumulative number of
transfused RBC units as time variable. KM
cumulative allo-immunization incidences
were interpreted as allo-immunization risk
and presented as percentages with 95%
confidence intervals (CI). To account for
the effect of the introduction of extended
matching for RhCE and K, we classified
patients according to receiving their first
transfusion ever before the year 2004 or
from 2004 onwards, when extended match-
ing for RhCE and K was introduced. Cox
regression analysis was used for the identi-
fication of potential risk factors for allo-im-

munization in our cohort. To evaluate the

potential risk associated with receiving the
first lifetime transfusion at an older age, we
dichotomized patients a priori according

to receiving their first lifetime transfusion
before the age of five years and from the
age of five onwards as previous studies have
shown that this effect can only be observed
at a very young age as compared to older
age.®%737 For the risk assessment of episodic
transfusions compared to chronic transfu-
sions, a time-varying covariate was used.
Risk differences were presented as crude
and adjusted hazard ratios (HR).

A p-value of less than 0.05 was considered
significant. In multivariate analysis we
evaluated the consistency of the potential
determinants, adjusting for exposure to
non-extended matched transfusions prior
to 2004. A maximum of 4 parameters were
allowed in multivariate analysis, selected by

order of significance in univariate analysis.

Additional information on the methods are

provided in the supplementary material.



Results

Population

A total of 1 012 SCD patients were identified
by screening laboratory databases of the
three participating hospitals for abnormal
hemoglobin types (supplemental figure S1).
Of these, 342 patients had received at least
one blood transfusion in the participating
centers, preceded by a negative antibody
screening, and followed by antibody screen-
ing at least 7 days after transfusion. We ex-
cluded another 97 patients from our cohort,
as part of their transfusion history could not
be retrieved (n=92) or significant antibodies
were present before first transfusion in the

participating centers (n=5).

The remaining 245 patients were included
in the analysis of our new-user cohort. This
group was comparable in gender and geno-
type to the 97 patients that were excluded
due to lack of data. However, the excluded
patients were significantly older (median
age at end of follow-up 32 vs 20 years, p
<0.001 ) and had a higher total transfusion
exposure (median exposure 21 vs 11 units,
#<0.001). In addition, there was a higher
prevalence of allo-immunization (40% vs
18%, p <0.001) with a higher proportion of
patients with Rh or K antibodies (36% vs
11%, p <0.001) in the excluded patients.

Table I presents the baseline character-
istics of all 245 patients in the new-user

cohort with a total follow-up of 1 910

observation years and 11 952 RBC units.
The majority of patients were female
(n=142, 58%) and had homozygous HbSS
disease (n=188, 77%). Our cohort consist-
ed mainly of patients of Latin-American
origin (Surinam and Caribbean), originally
being descendants of West-African ances-
tors. Median age at the end of follow-up
was 20 years (IQR 10-28). A minority of 61
patients (25%) had a maximum of 5 RBC
units that could not be traced completely.
These concerned mainly units adminis-
tered before the year 2004 (72%). In total,
142 patients in our cohort (60%) received
their first lifetime transfusion before the
introduction of extended matching for

RhCE and K in 2004.

The median number of transfused units
per patient was 11 (interquartile range
(IQR) 4-37) administered in a median of
6 transfusion days per patient (IQR 2-19).

The majority had exclusively received
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episodic transfusions (n=183, 75%). The re-
maining patients (n=62, 25%) had received
at least part of their transfusions during a

chronic transfusion scheme. The most fre-

quent indications for a chronic transfusion
scheme were recurrent painful crises (30%)

and primary prevention of stroke (22%).

The median interval between a transfusion
and subsequent antibody screening was 378

days (IQR 167-835) in patients that were ex-
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Table |. Baseline characteristics of the study population (n=245)

N (%) or median

N (%) or median

Parameter (1QR) Parameter (IQR)

Total number of patients 245 Transfused elsewhere

Total follow-up, cumulative years * 1910 Never 184 (75)

Total follow-up, cumulative units 11 952 Max. 5 units 61 (25)

Total follow-up, cumulative transfusion days 5582 1t transfusion < 2004¢ 142 (60)

Gender 1st transfusion 2 2004¢ 93 (4)
Male 103 (42) RBC units per patient 11 (4-37)
Female 142 (58) 1-5 76 (31)

In fertile age 89 5-10 41 (17)
History of pregnancy 52 (21) 10-20 39 (16)
Number of pregnancies 2 (2-4) 20-50 36 (15)

Demographic origin 50-100 18 (7)
African 91 (37) 2100 35 (14)
Latin-American 140 (57) Transfusion days per patient 6 (2-19)
Asian 4 (2) Episodic transfusions only 183 (75)
Arabic 5 (2) RBC units episodically transfused patients 6 (3-14)
Other 5] (2) Chronic transfusion scheme 62 (25)

Genotype RBC units chronic scheme patients 109 (59 - 245)
HbSS 188 (77) Interval transfusion to antibody screening, days 237 (62 - 650)
HbSR° 15 (6) Episodically transfused patients 378 (167 - 835)
HbSC 28 (11) Chronic scheme patients 48 (33-77)
HbSB* 14 (6)

IQR, interquartile range

Age * Total length of observation in years from first antibody screening to last antibody

Age at the end of follow-up, years 20 (10 - 28) screening after the last transfusion.
e — 5 (2-14) 1 3u|m8“ age at Aw.ﬁ transfusion ever was c.:x:oss in 32 patients. . .
¢ n=235, transfusion exposure status prior to 2004 (before the introduction of

extended matching for RhCE and K) was unknown in 10 patients
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Figure 1. Cumulative Kaplan-Meier risk curve of first allo-immunization in two subgroups of the SCD study

population and a general transfused population.

Comparison of the risk of first allo-antibody formation, with the cumulative number of RBC units as time unit, between
a general transfused population (Zalpuri et al.), SCD patients receiving their first transfusion unit before the imple-
mentation of extended matching for RhCE and K in 2004 (HR 6.6, Cl 4.2-10.6, p<.001), and SCD patients receiving
their first transfusion unit from 2004 onwards, after the introduction of RhCE and K matching (HR 3.8, Cl 1.8-8.2,
p=.001). Potential transfusion exposure prior to 2004 in the SCD study cohort was unknown in 10 patients (n=235)

clusively episodically transfused, compared
to 48 days (IQR 33-77) in patients exposed

to chronic scheme transfusions.

RBC antibody formation

At antibody screening prior to the first
lifetime transfusion, we identified a total of
18 antibodies in 12 patients (5%). These anti-
bodies were regarded as naturally occurring
antibodies, as they were characterized as
anti-M (n=5), anti-Le(a) (n=4), anti-I (n=2),
anti-Le(b) (n=1) and anti-Al (n=1). Only one
of these 12 patients developed a new allo-an-

tibody after transfusion exposure.

First allo-immunization occurred in 43 of
the 245 patients (18%) at a median age of 21
years (IQR 10-25) and at a median of 8 RBC
units (IQR 5-19). Half of these 43 patients
formed their first antibody before the 8"
RBC unit (49%). This proportion was consis-
tent in the group transfused exclusively after
the introduction of extended matching for
RhCE and K in 2004 (50%). The cumulative
allo-immunization risk increased from 0.7%
at 1 unit (CI-0.7-2.1), to 25% at 20 units (CI
16.1-33.3) up to 35% at 60 units (CI 23.3-
45.7) in the subgroup receiving the first

lifetime transfusion before the introduction
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of extended RhCE and K matching in 2004
(figure 1). This cumulative risk appeared to
be higher compared to the subgroup trans-
fused exclusively after 2004 (HR 1.7, CI 0.8-
3.6, p=.20, figure 1). In the latter group the
allo-immunization risk increased from 0%
at 1 unit up to 16% at 20 units (CI 4.7-27.9).
In addition, the observed allo-immunization
risk estimates in the total study cohort were
consistent in the subgroup of patients with

a complete transfusion history (n=184) and
the group where incomplete data on a maxi-
mum of 5 RBC units was allowed (n=61, HR
1.1, CI1 0.6-2.1, p=.76).

Of all 43 alloimmunized patients, 21 patients
(48%) formed additional antibodies of which
11 (25%) did so concomitantly with first
antibody formation and 12 (27% ) only after
additional transfusion exposure. In total, 22
patients formed only 1 antibody, 12 formed
2 antibodies, 4 formed 3 antibodies and 5
formed >3 antibodies. The risk of second al-
lo-immunization after additional transfusion
exposure in the total study cohort appeared
to be higher compared to the risk of first
allo-immunization (supplemental figure S2,
HR 1.5, CI 0.8-2.9) and varied from 23%
after 10 units (CI 8.1-38.3) to 35% after 60
units (CI 17.4-53.0).

An overview of all antibodies found during
follow-up (n=103) in the total study popu-
lation is given in supplemental table SI. No

patients with anti-D were identified. Most
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frequent specificities found were anti-RhE
(demonstrated in 33% of alloimmunized pa-
tients) and anti-RhC (demonstrated in 30%
of alloimmunized patients) with respectively
amedian number of 8 and 6 transfused RBC
units leading to allo-immunization. High-

er exposures were generally observed for
allo-antibody formation against infrequent
antigens. Patients classified as having Rh al-
lo-antibodies in our analysis were all serologi-
cally negative for the corresponding antigens.
However, in nine patients we identified 13
paradoxical Rh antibodies directed against
an antigen for which the patient was serolog-
ically positive. Genotyping was performed in
only one patient demonstrating auto-e and al-
lo-C reactivity, as a result of heterozygosity for
a RHC variant (r’s allele). All other paradox-
ical Rh antibodies (n=11) were serologically
classified as autoantibodies, and included in
our analysis as such (supplemental table SI).
A potential misclassification of these antibod-
ies would not affect our main results, as eight
of the nine patients with autoantibodies also

formed additional alloantibodies.

Figure 2 demonstrates the relative proportion
of antibody specificities (n=59) to the total
number of clinically significant antibodies
found per time interval of detection. This
overview is limited to the subgroup of patients
never transfused elsewhere (n=184). A signif-
icant proportion of Rh antibodies was found
after the introduction of extended matching

for RhCE and Kin 2004 (23% of all antibodies
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Figure 2. Relative proportion of antibodies on the total number of clinically significant alloantibodies per
time interval of detection in the subgroup of patients never transfused elsewhere (n=184).

The black bars indicate the antibodies found before 2004 (n=19). The dotted bars demonstrate the antibodies found
between 2004 and 2011 after the formal introduction of RhCE and K matching (n=28). The striped bars indicate the
antibodies demonstrated after 2011, after the introduction of extended minor antigen matching for Fy(a), Jk(b), S
and s (n=12). This analysis and figure is limited to 184 patients in whom all transfusions could be traced, excluding
antibodies of patients where a maximum of 5 untraceable transfusions was allowed.

found in this period). Moreover, despite the
new matching policy in 2011 including Fy(a),
Jk(b) and S, six of the total of 12 antibodies
found after 2011 had specificities for these

antigens (see also supplemental figure S3).

Comparison with general population
Comparison of our SCD study cohort with a
general transfused population demonstrated
asignificantly higher risk of allo-immuniza-
tion in SCD patients (figure 1), both for pa-
tients having received RBC units before 2004,
under a non-extended matched transfusion
policy (HR 6.6, CI 4.2-10.6), as well as for
patients exclusively transfused after the in-
troduction of extended matching for at least
RhCE and K (HR 3.8, CI 1.8-8.2). The risk of

allo-immunization in the general population

increased up to 7% (CI 4.0-9.0) after 60 units.
Risk factors of allo-immunization
Supplemental figure S4 presents the uni-
variate KM curves of the allo-immunization
risk in the total study cohort according to
patient and transfusion characteristics. The
differences observed per curve are expressed
in crude HR, as presented in table II. The
risk of allo-immunization was similar in
patients with a severe genotype of SCD
(HbSS/HbS[?) compared to patients with a
milder genotype (HbSC/HbS*, HR 1.0, CI
0.4-2.3, supplemental figure S4B). However,
female gender (HR 1.4, CI 0.7-2.6, supple-
mental figure S4A) and a positive history of
pregnancy (HR 1.6, CI 0.8-3.0, supplemental
figure S4C) appeared to be associated with

an increased risk of allo-immunization,
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Table Il. Risk of first allo-immunization according to patient and transfusion characteristics in the total
study cohort.

Univariate analysis are presented in crude HR, multivariate analysis are presented in adjusted HR. Separate sensitiv-
ity analyses in both the subgroup with exposure to transfusions prior to 2004 and the subgroup exclusively transfused
after the implementation of RhCE and K matching in 2004 are presented in supplemental table SlliI.

Parameter .Propor'tion Crude P Adjusted Pt
alloimmunized (%) HR (CI) HR (CI) T

Gender

Male 16 /103 (16) 1.0 -

Female 27 /142 (19) 1.4 (0.7 - 2.6) 231 - -
Genotype

HbSS / HbSR° 37 /203 (18) 1.0 -

HbSC / HbSB* 6/42 (14) 1.0 (0.4 -2.3) .97 - -
History of pregnancy *

No 29/191 (15) 1.0 1.0

Yes 13 /52 (25) 1.6 (0.8 -3.0) .19 1.3 (0.6 -2.8) .50
Year first unit ¢

>2004 8/93 (9) 1.0 1.0

<2004 33/142 (23) 1.7 (0.8 - 3.6) .20 2.0(0.9-4.6) .10
Age first unit ever *

<5 years 10/87 (11) 1.0 1.0

25 years 26 /126 (21) 21(1.0-4.4) .05 2.3(1.0-5.1) .045
Transfusion strategy

Chronic scheme ever 16/62 (10) 1.0 1.0

Episodic transfusions 271183 (15) 31(1.3-7.7) .01 2.3(0.9-6.0) .08

HR, hazard ratio with exposure in RBC units as time factor. Cl, 95% confidence interval

* History of pregnancy was unknown in 2 patients (n=243)

¢ Potential transfusion exposure prior to 2004 (before the introduction of extended matching for RhCE and K) was
unknown in 10 patients (n=235)

* Age at 1st transfusion ever was unknown in 32 patients (n=213).

1 Adjusted for history of pregnancy, year of first transfusion, age at first transfusion and transfusion strategy.



although these differences were not statisti-
cally significant.

Data on age at first lifetime transfusion was
available in 213 patients (87%). Patients that
received their first lifetime transfusion from
the age of 5 years onwards had a higher risk
to form alloantibodies later in life than pa-
tients whose first transfusion was before this
age (HR 2.1, CI 1.0-4.4, supplemental figure
S$4D, characteristics of both subgroups are
described in supplemental table SII). The
allo-immunization risk in the older group
compared to the younger group at first
lifetime transfusion was respectively 21% (CI
12.2-29.8) versus 10% (CI 1.4-18.2) after 10

transfused units.

Lastly, transfusions given episodically were
associated with a 3-fold increased risk for
allo-immunization compared to transfu-
sions that were part of a chronic transfusion
scheme (HR 3.1, CI 1.3-7.7, KM curve could
not be produced as a time-varying covariate
was required ). This risk was consistent in a
sensitivity analysis where patients switching
of transfusion strategy during study fol-
low-up were censored at time of switching

(HR 3.1, CI 1.0-9.2, supplemental figure S5).

The consistency of the identified risk
factors was assessed in multivariate anal-
ysis and expressed in the adjusted HR in
table II, including a correction for the
introduction of extended matching RhCE

and K in 2004. A clear trend of association

with allo-immunization was still observed
for both episodic transfusions (HR 2.3, CI
0.9-6.0) and receiving the first transfusion
before 2004 (HR 2.0, CI 0.9-4.6) but this
did just not reach statistical significance.
Only an age of 25 years at first lifetime
transfusion was independently associated
with an increased risk of allo-immunization
(HR 2.3, CI 1.0-5.1). In separate sensitivity
analyses in both the subgroup with expo-
sure to transfusions prior to 2004 and the
subgroup exclusively transfused after the
introduction of matching for RhCE and K
in 2004, these determinants showed compa-

rable trends (supplemental table SIII).
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Discussion

This study demonstrates that the risk of first
allo-immunization increases with higher
transfusion exposure. Half of the alloimmu-
nized patients formed their first allo-anti-
body before the 8th transfusion. In a unique
comparison with a large group of transfused
patients from the general population, the risk
of allo-immunization was significantly higher
in SCD, even when adjusting for the cumu-
lative transfusion exposure. In our cohort,
first lifetime transfusion after the age of 5 was
an independent risk factor for allo-immuni-
zation. In addition, episodic transfusions as
compared to chronic transfusions appeared
to be associated with an increased risk of al-
lo-immunization. Receiving the first transfu-
sion ever after the introduction of extended
matching for atleast RhCE and K appeared to
be protective for allo-immunization. Lastly, a
remarkably high number of RhC and RhE an-
tibodies were found, even after the introduc-

tion of extended matching for these antigens.

Although no previous studies have reported
in detail on the actual association between
the number of RBC units and first antibody
formation, there are indications from the
literature that the allo-immunization risk is
associated with the number of transfused RBC
unitsin SCD. Relatively low allo-immuniza-
tion rates were found in populations with little
exposure, higher rates atincreased exposures
and the majority of antibodies appear to be
formed before 20 RBC units or less.”8:28:29.38 A

subgroup of patients appears to alloimmunize
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after onlylimited exposure while a significant
proportion of patients remains unaffected de-
spite numerous transfusions.?*% Moreover, we
found that the risk of second allo-antibody for-
mation appears to be higher compared to first
allo-immunization. These findings provide
further supportfor the existence ofarespond-
er phenotype in SCD. Interestingly, this has not
been observed in the general population, sug-
gesting an effect specific but notlimited to the
SCD population.® This highlights the impor-
tance of identification of factors determining

patients to be responders or not.

We provide further evidence for an increased
risk of allo-immunization in SCD compared
to the general population, independent of
the cumulative transfusion exposure.>1:3941
This susceptibility for allo-immunization in
SCD has previously been explained by the
antigenic differences between donors and re-
cipients, SCD specific factors such as chronic
inflammation and patient-related factors
such as genetic background.? Our compari-
son does have its limitations as these cohorts
were not fully comparable. Transfusion indi-
cations most likely differed and the general
population consisted mainly of patients of
Caucasian ethnicity. Also, the median fol-
low-up in the general population was much
shorter, respectively 60 days versus 6 years in
the SCD cohort with a comparable median
number of units per patient. The density of
transfusions and antibody screenings per

time unit was therefore much higher. On the



one hand this may have optimized detection
of allo-immunization in the general popula-
tion as compared to our SCD cohort. Yet, due
to the short follow-up in the general popu-
lation some antibodies may have still been
undetectable during study observation. This
would imply that the difference in allo-im-
munization risk between SCD patients and
transfused patients from the general popula-

tion is in fact slightly smaller.

Strikingly, patients with an age of 5 years or
older at their first lifetime transfusion were
significantly more likely to form antibodies
compared to patients younger of age at first
transfusion. Multiple studies on allo-immu-
nization in thalassemia and SCD observed

a similar trend.®3%-% It has been suggested
that the immune response to foreign anti-
gens may be hampered at an early age, or
that early exposure to foreign RBC antigens
may induce a form of immune tolerance to
allogeneic antigens.**=*5In addition, splenec-
tomy has been associated with an increased
risk of allo-immunization in patients with
thalassemia.*®*” In SCD progressive splen-

ic dysfunction occurs at young age. This
dysfunction may impair the spleen’s immu-
noregulatory role and the systemic tolerance
to foreign antigens, and thereby add to the

allo-immunization risk.*®

The reported hazard ratio of 2.3 (CI 0.9-6.0)
implies a strong trend of episodic transfu-

sions being associated with an increased risk

of allo-immunization compared to transfu-
sions as part of a chronic transfusion scheme,
although not statistically significant in multi-
variate analysis. The observed difference may
have been underestimated as the interval
between transfusion and antibody screening
was much larger in the episodic group and
under detection of antibodies due to eva-
nescence may have occurred.*®* In general,
episodic transfusions are often given for
treatment of acute pro-inflammatory com-
plications such as an acute chest syndrome,
or hemolytic or vaso-occlusive crises.>?+%!
The higher allo-immunization risk associ-
ated with episodic transfusions adds to the
notion that RBC units given during acute,
inflammatory events are associated with an

increased risk for allo-immunization.?*5253

Interestingly, in the subgroup never trans-
fused elsewhere still a significant proportion

of RhCE, Fy(a), Jk(b) and S antibodies were

found after the introduction of extended
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matching for these antigens. Although we
cannot exclude that non-extended matching

has been applied in some cases due to lack

of time or limited supply in acute situations,
these numbers do provide insightin the
effectiveness of extended matching policies
in daily practice. Alternatively, the substantial
number of Rh antibodies found may also be
explained by diversity in the RH locus in the
SCD population.?*2¢ Variant alleles encoding
altered or partial Rh antigens, not detect-

ed by routine serologic testing, are highly
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prevalent in the population from African
ancestry. Upon exposure to RBCs, antibodies
may be formed against the missing epitopes.
Whether the encountered Rh antibodies
should be considered as allo- or auto-anti-
bodies, was confirmed by genotyping in only
1 patient. However, all other patients with Rh
allo-antibodies were serologically negative for
the corresponding antigens, supporting an
allo-immune response. The Rh auto-antibod-
ies in our study may have been misclassified
as such. However, as nearly all these patients
also formed additional allo-antibodies this
should not affect our main findings. The high
number of Rh allo-antibodies may imply that
an effective RBC matching policy in SCD
would require additional RH genotyping.
However, such policy changes are currently
restricted by high costs and a limited supply
of matching blood, thereby stressing the need
for early identification of high risk patients

for this tailored approach.

In contrast, no patients with RhD antibodies
were identified despite the donor population
in the Netherlands being predominantly
Caucasian and RhD positive. However, Dutch
national transfusion guidelines prescribe a
strict prevention policy of RhD immuniza-
tion.* In case of D-negativity, D-negative
donor blood is selected for transfusion. In
case of weakly positive RhD serology, D-neg-
ative units are selected until RhD genotyp-
ing has been performed to detect potential

RhD variants. Moreover, anti-D prophylaxis
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is administered both pre- and post-natally

during pregnancy.

Interestingly, the most frequent indication
of a chronic transfusion scheme in our co-
hort was recurrent painful crises, while this
is not an indication according to interna-
tional guidelines.® This may be explained
by the fact that part of our data derives
from an era when such guidelines were not
yet widely available. It has however been
reported previously that transfusion therapy
in SCD has expanded to indications for

which the evidence is yet unclear.?

A major asset and novelty of this study was
the use of a new-user design in combination
with a longitudinal analysis model.53° In-
cluding only patients with minimal previous
transfusion exposure allowed for a reliable
assessment of the association between the
cumulative number of transfused RBC units
and the risk of first allo-immunization. Yet,
this approach may have led to a slight under-
estimation of the true risk of allo-immuniza-
tion. We excluded patients with incomplete
data or with existing antibodies. This group
was significantly older, had a higher transfu-
sion exposure to mainly non-extended RBC
units, and a higher prevalence of allo-immu-
nization. Nonetheless, we feel that our find-
ings are robust. We adjusted for the introduc-
tion of new matching policies in our analyses
and only b patients were excluded because

of pre-existing antibodies, which would have



had a negligible effect on the currently ob-

served allo-immunization prevalence.

There are some limitations to our study. Due
to the retrospective nature of the study, our
population consisted of patients exposed to
different transfusion protocols over time.
Also, for a small minority of patients a maxi-
mum of 5 RBC units could not be fully traced.
However, most of these units were adminis-
tered before the implementation of extended
antigen matching for RhCE and Kin 2004. In
addition, we observed no difference in the al-
lo-immunization risk between the incomplete
and the complete group and we corrected

for different transfusion protocols in our
multivariate analysis. The consistency of the
identified risk factors in exclusively extended
matched transfused populations does require
verification in future studies. A second limita-
tion of the study was the relatively long medi-
an interval between transfusion and antibody
screening, especially in the episodic group.
The risk of allo-immunization may therefore
have been underestimated due to evanes-
cence of certain antibodies.**° Yet, by apply-
ing a minimum of 7 days for post-transfusion
screening we did minimize the risk of missing
antibodies that would not yet be detectable.™'
Lastly, we did not have complete informa-
tion on the antigen phenotype of transfused
units. Therefore, this study does not provide
information on the risk of allo-immunization
taking into account the actual exposure to

the specific antigens involved.

In conclusion, we provide clinical evidence
that the risk of first allo-immunization

rises significantly with every additional
transfusion. The large majority of all first
alloantibodies are already formed after
limited transfusion exposure, substanti-
ating previous suggestions of a responder
phenotype in SCD and highlighting the
importance of a cautious transfusion policy
in SCD, confined to evidence based indi-
cations.®"® This stresses the relevance of
risk factor identification. We identified 3
potential risk factors in this study. First,
receiving the first lifetime transfusion after
the age of 5 was strongly associated with
allo-immunization. In addition, exposure to
episodic transfusions and to non-extended
matched transfusions appeared to add to the
allo-immunization risk. Early identification
of patients at high risk of allo-immunization
will enable a more tailored and cost effective
approach to prevent allo-immunization. In

these patients extended matching should be

Part Il

pursued whenever possible. Further research
is warranted to identify other determinants

of allo-immunization.
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Supplementary methods

Study design and population

The study was performed in three SCD Com-
prehensive Care Centers in the Netherlands:
the Academic Medical Center in Amsterdam,
the Erasmus MC, University Medical Center
in Rotterdam and the Haga Ziekenhuis in
The Hague. We identified all patients with
SCD in these centers by extracting all abnor-
mal hemoglobin types identified between

1985 and 2013 from laboratory databases.

Transfusion and laboratory policy

Patients are routinely screened for alloanti-
bodies before transfusion using a 3-cell pan-
el. Screening is repeated at least every 72
hours if further transfusions are required.
To assess both RBC antigen phenotype and
potential antibodies most laboratories in

the Netherlands have switched from tube
agglutination to column agglutination meth-
ods in the past decade. In case of a positive
allo-antibody screening, a standard panel is

used to specify the allo-antibody.

Statistical analyses

The Mann-Whitney U test was used for com-
parison of non-parametric continuous data
and the chi-square test was used for compar-
ison of categorical data.

In the Cox regression risk assessment of
episodic transfusions compared to chronic
transfusions, we classified patients according
to their transfusion schedule, identifying 3
groups: (1) exclusively episodically trans-

fused patients, (2) exclusively chronically

transfused patients and (3) patients having
received both episodic and chronic trans-
fusions. We classified this last group as
episodic up to the start of their first chronic
transfusion scheme and used the cumulative
number of episodic RBC units at this point
as a time-varying covariate. Episodic trans-
fusions that occurred later in time were con-
sidered as chronic transfusions. In addition,
we performed a sensitivity analysis using
only data of the initial transfusion strategy,
censoring patients in group 3 after switching

from episodic to chronic or vice versa.



Supplementary tables

Table Sl. Specificity and frequency of all newly formed allo- and auto-antibodies in
the total study population, including the median number of units leading to formation
of the allo-antibody.

Frequency Cumulat.ive no. of uni'ts
to allo-antibody formation t
Specificity N (%) * Median IQR
Clinically significant
C 13 (30) 8 4-21
E 14 (33) 6 4-12
K 5 (12) 8 5-26
Fy(a) 7 (16) 18 17 -34
Fy3 2 (5) 21 17 -.
Jk(a) 2 (5) 173 12-.
Jk(b) 9 (21) 7 6-17
M 3 (7) 6 4-.
S 8 (19) 10 8-27
Cw 6 (14) 16 8-55
Le(a) 4 9) 7 4-28
Le(b) 1 (2) 121 i
Kp(a) 2 (5) 93 30-.
Lu(a) 2 (5) 8 3-.
N 1 (2) 29 -
Do(a) 2 (5) 21 17 -.
Vw 1 (2) 132 -
Co(b) 1 2 6 - %
Mi 1 2 360 ; s
Sc2 1 (2) 196 -
Other antibodies
| 1 - = -
IH 4 - - -
Sla 1 - = -
Auto-D 1 - - -
Auto-e 9 - o -
Auto-C 2 - - -
* Proportion of patients with the corresponding allo-antibody as compared to the total number

of alloimmunized patients (n=43)

1 The cumulative number of units leading to antibody formation was not reported for antibo-
dies considered as clinically insignificant

IQR, interquartile range
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Table SllI. Characteristics of the subgroups receiving the first transfusion ever before the age of 5 years,
and from the age of 5 years onwards.

First transfusion ever

Age Age
Parameter <5 yiars 25 ygears P
N (%) N (%)
or median (IQR) or median (IQR)
Total number of patients 87 126
Total follow-up, cumulative years 7 (2-14) 5(1-11)
Total follow-up, cumulative units 4798 5436
Gender .03
Male 45 (52) 46 (64)
Female 42 (48) 80 (37)
Genotype <.001
HbSS / HbSB° 82 (94) 94 (75)
HbSC / HbSB* 5 (6) 32 (25)
Age
Age at end of follow-up, years 11 (5-19) 24 (14-28) <.001
Age 1¢t transfusion ever * 2(1-3) 12 (6-21) <.001
Transfused elsewhere .09
Never 71(82) 113 (90)
Max. 5 units 16 (18) 13 (10)
RBC units per patient 8 (3-41) 11 (4-30) .95
Transfusion strategy .28
Chronic scheme ever 25 (29) 28 (22)
Episodic transfusions 62 (71) 98 (78)

* Age at 1st transfusion ever was unknown in 32 patients (n=213)
IQR, interquartile range
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Supplementary figures

1012 patients
with HbSS, HbSC, HbSBY*

( e Never transfused in participating centers

L (N=592)

420 patients
received 21 transfusion

(

e Unknown allo-immunization status before
1st transfusion (N=3)

e No antibody screening after transfusion

\ (N=75)

342 patients

with complete

allo-immunization follow-up e >5 transfusions not traceable or unknown

previous transfusion history (N=92)
e Antibody present before 1st transfusion in

participating centers (N=5)
245 patients \

with complete transfusion history
included in new-user analysis

Figure S1. Flowchart of patients included in the study.
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Figure S4. Kaplan-Meier risk curves of first allo-immunization per risk factor.

Univariate comparisons of A. Female vs male gender, HR 1.4 (Cl 0.7-2.6) B. HbSS/HbSR° vs HbSC/HbSB*, HR 1.0
(Cl 0.4-2.3) C. History of pregnancy vs no history of pregnancy, HR 1.6 (Cl 0.8-3.0) D. First transfusion before vs
after the age of 5 years, HR 2.1 (Cl 1.0-4.4). No Kaplan-Meier risk curve could be produced for the risk comparison
of episodic vs chronic scheme transfusions as a time-varying covariate was required.
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Figure S5. Sensitivity analysis of the Kaplan-Meier allo-immunization risk of episodic transfusions com-

pared to chronic scheme transfusions.

Sensitivity analysis of the Kaplan-Meier risk of first allo-antibody formation associated with episodic transfusions,
compared to chronic scheme transfusions. In this analysis only data of the initial transfusion strategy was used.
Patients switching of transfusion strategy during study follow-up were censored at time of switching. HR 3.1 (CI

1.0-9.2), p=.047).
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