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   Delayed hemo lytic trans fu sion reac tions (DHTRs) in patients with sickle cell dis ease are under ap pre ci ated and poten tially 
fatal. Patients with DHTRs typ i cally have symp toms of pain or dark urine days to weeks fol low ing a red blood cell (RBC) 
trans fu sion. In instances of DHTRs with hyperhemolysis, the patient ’ s hemo glo bin (Hgb) may be sig nifi   cantly lower than it 
was pretransfusion, and the Hgb A may drop by more than 50 % . In most cases, at least 1 RBC allo an ti body and some times 
mul ti ple RBC alloantibodies can be iden ti fi ed dur ing the DHTR, with those antibodies pre sum ably hav ing fallen below 
the level of detec tion at the time of the impli cated trans fu sion. However, in up to one - third of cases, no new RBC allo-
antibodies can be iden ti fi ed post trans fu sion. Complement is increas ingly being appre ci ated to play a role in DHTRs and 
hyperhemolysis, not only due to clas sic path way acti va tion (with com ple ment fi xed anti body bound to RBCs) but also 
due to alter na tive path way acti va tion (resulting in part from plasma free heme). As such, anti - C5 inhi bi tion has recently 
been reported to be effec tive at miti gat ing hemo ly sis in the set ting of some severe DHTRs. Transfusion avoid ance dur ing 
DHTRs is recommended if pos si ble, with long - term trans fu sion sup port advice being less clear; for exam ple, a his tory of 
a severe DHTR may lead to ques tions regard ing the safety of trans fu sions prior to cura tive ther a pies such as stem cell 
trans plan ta tion or gene ther apy. A bet ter under stand ing of anti body - pos i tive and anti body - neg a tive DHTRs, includ ing 
patient -  or dis ease - spe cifi c risk fac tors, is nec es sary to improve trans fu sion safety.  

   LEARNING OBJECTIVES 
   •    Consider the path o phys i  ol ogy of delayed hemo lytic trans fu sion reac tions in patients with sickle cell dis ease 
  •    Review poten tial ther a peu tic inter ven tions to pre vent or treat hemo lytic trans fu sion reac tions  

  CLINICAL CASE 
 A 12 ­ year ­ old girl with sickle cell dis ease (SCD) sought 
treat ment at the emer gency depart ment for whole ­ body 
pain, fatigue, and dark urine 15 days after being discharged 
from the hos pi tal after an epi sode of acute chest syn drome. 
During that prior hos pi tal i za tion, she had been trans fused 
with 2 units of C / E / K phe no typ i cally matched red blood 
cells (RBCs); her hemo glo bin (Hgb) at the time of dis charge 
was 11   g / dL (ref er ence range, 12 - 15   g / dL). Results of a com­
plete blood count drawn by the emer gency room phy si­
cian just returned with an alarm ingly low Hgb (3.7   g / dL). 
As the con sul ting hema tol o gist, what is in your dif fer en tial 
diag no sis, and what else would you like to know ?  

 Pathophysiology of delayed hemo lytic trans fu sion 
reac tions 
 Delayed hemo lytic trans fu sion reac tions (DHTRs), or the 
pre ma ture destruc tion of trans fused RBCs, typ i cally occur 

days to weeks fol low ing the trans fu sion of fully crossmatch ­
 com pat i ble RBCs. 1  Although   DHTRs may be tol er ated with­
out major adverse events in patients with out SCD, they 
pres ent unique path o phys i  ol ogy and chal lenges in patients 
with SCD. In a study of 99 patients with SCD under go ing 
DHTRs, dark urine occurred in 94 % , and vaso ­ occlu sive cri­
sis symp toms were pres ent in 89 % . 2  In addi tion to a drop 
in Hgb, the Hgb A level drops, the lactic dehydrogenase 
(LDH)   rises above base line, and reticulocytopenia is com­
monly pres ent. 3  An algo rithm to diag nose DHTRs has been 
pro posed and val i dated in an adult cohort with SCD, with 
a drop in Hgb A of more than 50 %  and a drop in total Hgb 
of more than 30 %  post trans fu sion mak ing a DHTR likely. 4,5

Clinical deci sion mak ing in the absence of Hgb A decline is 
also impor tant, given the fact that Hgb elec tro pho re sis or 
high ­ per for mance liq uid chro ma tog ra phy test ing is rarely 
ordered in the United States after an epi sodic trans fu sion. 6  

 It is impor tant for phy si cians car ing for patients with 
SCD, includ ing those in emer gency depart ments, to be 
aware that the symp toms of a DHTR may resem ble a vaso ­
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occlusive crisis.7 A high degree of suspicion for DHTR should be 
maintained in any patient transfused in the past month who has 
symptoms including pain. A complete blood count (CBC), retic­
ulocyte count, chemistries, LDH, urinalysis, Hgb A and S quanti­
fication, type and screen (to evaluate for any new antibodies in 
the patient’s serum), and direct antiglobulin test (DAT; to eval­
uate antibodies coating either the patient’s own RBCs or past 
transfused RBCs) should be drawn. In addition, notifying the 
blood bank to initiate a delayed transfusion reaction evaluation 
aids in confirmatory testing of DHTR by allowing for crossmatch­
ing segments from the previously transfused RBC unit(s) (if avail­
able) with the patient’s current serum sample.

In this 12-year-old patient’s case, the antibody screen was now 
positive, and the DAT returned positive for immunoglobulin G and 
C3. Three new alloantibodies (anti-Fya, anti-Jkb, and anti-S) were 
detected in her plasma and in the eluate. Her absolute reticulo­
cyte count was low at 20 000/µL, with a baseline near 300 000/µL 
(age-based reference range, 23 000-140 000/µL). Her LDH was 
3-fold higher than her baseline. Her urinalysis showed heme/blood 
but no intact RBCs. Results of the transfusion reaction evaluation 
demonstrated that segments from the 2 crossmatch-compatible 
units transfused previously were now incompatible when cross­
matched with the patient’s current serum sample. The patient’s 
family asks you why this is happening to their daughter and why 
her Hgb is now so far below her pretransfusion baseline of 8 g/dL.

Incidence of DHTRs
Given a lack of mandated reporting of nonfatal transfusion reac­
tions in the United States, the incidence of DHTRs is unknown. 
In the general transfused patient population, the incidence of 
DHTRs has been estimated to occur in 1:500 to 1:10 000 trans­
fusions by some authors8 and between 110:000 and 1:100 000 
transfusions by others.9 These numbers likely underestimate the 
risk of DHTRs in patients with SCD.10,11 In fact, approximately 4% 
of episodic transfusions in adult patients with SCD may result 
in DHTRs,4,12 making such reactions more common than febrile 
and allergic reactions combined.13 DHTRs not only contribute 
to morbidity but also can be fatal.10,14 In the general transfused 
patient population, DHTRs are less common than delayed sero­
logic transfusion reactions (DSTRs) (Figure 1), with DSTRs char­
acterized by a new antibody identified by the blood bank in the 
absence of clinical sequelae; the ratio of DHTRs to DSTRs in pa­
tients with SCD has not been well studied.

As the hematologist in the case example, you ask to speak to 
the family in a private room in the emergency department. You 
explain that the RBCs their daughter received during her admis­
sion for acute chest syndrome were indicated, given the severity 
of her symptoms and the degree of her hypoxia. You also explain 
that at the time of the transfusion, their daughter’s antibody 
screen was negative and that it had always been negative. Fur­
thermore, those 2 RBC units were phenotypically matched for 

Figure 1. DSTRs, DHTRs, and DHTRs with hyperhemolysis. In the general population, DSTRs are much more common that DHTRs, al­
though the DSTR to DHTR ratio has not been well studied in patients with SCD. Bystander hemolysis occurs in an unclear percentage 
of DHTRs in patients with SCD.
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C/E/K, as recommended by evidence-based guidelines,15,16 and 
crossmatch compatible. It is possible that the 3 newly detected 
antibodies developed de novo after the transfusions, although 
it is more likely that these antibodies developed in the distant 
past but were never detected because they fell below the level 
of detection by standard blood bank evaluations and have now 
returned in an anamnestic fashion (Figure 2). The family tells you 
the patient has never been transfused outside of your hospital; 
this makes it unlikely that medical record fragmentation is con­
tributing to the current DHTR. However, she was transfused at 
3 years of age for parvovirus-associated anemia and again at 8 
years of age for acute chest syndrome.

It is critically important to obtain an accurate transfusion his­
tory and to contact the blood banks at prior sites of care, given 
antibody evanescence rates (which may be higher in patients 
with SCD than in the general population),17 multiple care sites, 
and the lack of linked blood bank electronic medical record sys­
tems between most US hospitals.18 It is also useful to obtain an 
antibody screen within 1 to 3 months after transfusion in patients 
with SCD, to increase the likelihood of identifying newly forming 
antibodies.10 With intermittent antibody screening (“real-world” 
experience), it is estimated that up to two-thirds of antibodies fail 
to be detected,19 with evanescent antibodies that are unknown 
to the treating hospital predisposing patients to adverse trans­
fusion outcomes.

Antibody-positive and antibody-negative DHTRs
Most patients, including the patient described, have antibodies 
identified that contribute to the DHTR. If no new antibody or an­
tibodies can be detected, repeating a crossmatch using RBCs 

in the segment(s) of the unit(s) previously transfused but now 
with a current plasma sample can aid in diagnosing an antibody 
against a low-incidence antigen that may not be obvious after 
an antibody screen alone. For example, an incompatible repeat 
crossmatch despite the lack of new antibodies identified in the 
antibody screen/panel can alert the blood bank or a reference 
laboratory to do a more complete evaluation for an antibody 
against a low-incidence antigen. At present, no “select screening 
cells” expressing low-incidence antigens specifically from donors 
of African descent exist, although using cells expressing anti­
gens present in the donor population may be useful in working 
through what at first glance seems to be an antibody-negative 
DHTR. Despite extensive evaluation, new RBC alloantibodies still 
cannot be detected in some DHTRs.20 The incidence and prev­
alence of “antibody-negative” DHTRs are not known, but it has 
been estimated that up to one-third of DHTRs fall into this cat­
egory and that complement activation likely plays a key role.10,21

Complement in SCD, DHTRs, and hyperhemolysis
Complement activation was shown to play a role in SCD more 
than 40 years ago,22 with defective complement regulation 
noted on RBCs from patients with SCD.23 Phosphatidyl serine 
expression on sickled RBCs activates the alternative pathway,24 
and plasma free heme also activates the alternative complement 
pathway.25,26 Heme-triggered Toll-like receptor 4 signaling on 
endothelial cells activates the complement system, with comple­
ment deposits mediated by P-selectin expression on the endo­
thelial cell surface.27 Reviewed more extensively elsewhere,28,29 
it is likely that multiple stimuli activate complement pathways in 
patients with SCD, leading to a broad range of clinical sequelae.

Figure 2. Antibody detection and evanescence considerations. Upon initial RBC exposure (red arrow), 1 or multiple RBC alloantibod­
ies may be generated. Once an antibody concentration gets above a certain level (dotted line), it can be detected by blood bank 
methods. Over time, that antibody may evanesce and fall below the level of detection (white arrow). If the patient needs a transfusion 
at a later time point (blue arrow), the antibody may not be detected. Of note, if an antibody screen was not completed within weeks 
of the initial transfusion, the antibody or antibodies may not have been detected at all. If the patient was seen at a different hospital in 
the United States at the time point indicated by the blue arrow, that hospital will most likely be unaware of an antibody or antibodies 
previously detected by the initial hospital. Figure generated with the assistance of R. George Hauser, MD.
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Over the past few years, the importance of complement acti­
vation in DHTRs (both antibody positive and antibody negative) 
has increasingly been realized.28,30 Some antibodies, such as 
those against antigens in the Kidd or MNS families, are tradition­
ally known to fix complement after binding to cognate antigen 
on transfused RBCs.31 However, complement activation can also 
occur through the alternative pathway independent of antibody-
mediated processes, as described above.32 During a DHTR, 
increased complement activation may contribute to hyperhe­
molysis, also known as bystander hemolysis. Hyperhemolysis 
involves destruction of the patient’s own RBCs, likely triggered 
by by-products of clearance of transfused RBCs; hyperhemolysis 
has primarily been reported in patients with SCD.30

In the case example, the anti-Jkb antibody could be respon­
sible for the C3 detected on the positive DAT. If the patient was 
having a traditional DHTR and had just hemolyzed the 2 previ­
ously transfused units (presumed to be positive for the Fya, Jkb, 
and S antigens; antigen typing could be completed using resid­
ual segments from the units transfused), then her Hgb should 
have returned to near her pretransfusion baseline of 8 g/dL. 
With a Hgb below 4 g/dL, she has evidence of hyperhemolysis. 
Reticulocytopenia is also often seen in DHTRs with hyperhe­
molysis, for reasons that remain to be elucidated. A hemoglo­
binopathy evaluation was not ordered after the transfusions 
administered during her prior acute chest syndrome admission, 
and thus Hgb A/S changes since that transfusion cannot readily 
be evaluated.

Treatment of DHTRs
As the consulting hematologist, what treatment advice will you 
provide to the emergency department as they prepare to admit 
the 12-year-old girl?

Treatment options for DHTRs can be classified as described 
by Gardner et al33 into (1) supportive care, (2) optimization of 
erythropoiesis, (3) consideration of immunomodulatory ther­
apies (including complement inhibition, steroids, intravenous 
immunoglobulin, and/or B-cell depletion5,16,30), and (4) minimizing 
future transfusions if possible. Of these treatment pillars (shown 
in the visual abstract, created using BioRender​.com), transfusion 
avoidance may be most important as even fully crossmatch-
compatible, antigen-negative RBC units may exacerbate the 
ongoing hemolysis. However, transfusion avoidance may not 
be feasible in extreme clinical conditions such as cardiac/respi­
ratory failure. Emerging evidence suggests that treatment of 
severe DHTRs with anti-C5 antibody (eculizumab), which inhib­
its cleavage of C5 into C5a, thus inhibiting terminal complement 
pathway activation, may potentially reverse ongoing hemolysis; 
600 to 900 mg weekly, up to 4 doses, has been described in 
adults weighing more than 40 kg.16,32,34,35 However, no controlled 
clinical trials data exist, and anticomplement therapies are not 
without risk. If vaccinations against meningococcus are not up 
to date, antibiotic prophylaxis for coverage is recommended in 
patients treated with anti-C5 antibodies. Other immunomodula­
tory therapies that have been used for severe DHTRs, also in the 
absence of clinical trials evidence and not without risk, include 
steroids (at doses ranging from 1 to 4 mg/kg/d of prednisone 
or methylprednisolone) and/or intravenous immunoglobulin (at 
doses ranging from 0.4 to 1 g/kg/d for 3-5 days, up to a total 
dose of 2 g/kg)16,30; rebound pain, hypertension, and hypervis­
cosity/neurologic complications have been reported.16 Ritux­

imab (375 mg/m2 or 1000 mg total, dosed again in 1-2 weeks) 
has been used to prevent additional alloantibody formation in 
patients who require further transfusion; it is also not risk free 
and would rarely be used to treat an ongoing severe DHTR.16,30

In our case example, the 12-year old girl was admitted and 
put on a cardiac/respiratory monitor. The blood bank medi­
cal director put a “transfusion hold” on the girl’s chart, asking 
that any RBCs ordered for transfusion required medical director 
approval for release; none ended up being ordered. The patient 
was given intravenous iron and erythropoietin along with fluids 
and treatment for her pain. Within 3 days of admission, her retic­
ulocyte count increased to 200 000/µL, and a day later, her Hgb 
began to increase. Her pain improved as her hemolysis slowed. 
She was discharged 7 days after admission with an Hgb of 6 g/dL 
and a reticulocyte count near her baseline of 300 000/µL.

If the patient’s Hgb had continued to downtrend or if she had 
developed end-organ dysfunction because of her severe ane­
mia, then treatment with an anti-C5 antibody and/or additional 
RBC transfusions would likely have been considered next. The 
risk/benefit ratio of such therapies would need to be discussed 
with the patient and her parents at a multidisciplinary confer­
ence. Furthermore, any additional RBC transfusions would need 
to be as closely phenotypically matched to the patient’s own 
RBCs as possible.

Prevention of DHTRs
DHTRs cannot entirely be prevented.36 However, their likelihood 
can be reduced by avoiding unnecessary transfusions, and their 
likelihood may be reduced by providing RBCs prophylactically 
antigen matched for at least C/c, E/e, and K (and possibly for 
Fya/Fyb, Jka/Jkb, and S/s as well).16 As described above, obtain­
ing an accurate transfusion history and communicating with 
the blood banks where a patient was previously transfused will 
decrease the likelihood of an evanescent antibody from being 
transfused against and reinduced.19 Assuming the antibodies 
involved in this patient’s case were anamnestic in nature, they 
were presumably initially formed after the patient’s last transfu­
sion (when she was 8 years old) but were never detected as she 
did not have a repeat antibody screen within 3 months of that 
prior transfusion. A widespread US RBC alloantibody registry, as 
exists in some countries,37 would increase transfusion safety for 
all patients; those with high alloimmunization prevalence rates 
(including patients with SCD) would likely benefit the most from 
such a registry.

Future transfusion considerations
If the patient in this case example sought treatment 3 years after 
this DHTR for an allogeneic hematopoietic stem cell transplant, 
do you think the risk/benefit ratio of a pretransplant RBC ex­
change transfusion would be favorable? Would you recommend 
a stem cell donor lacking the Fya, Jkb, and S antigens be selected?

There is no “right” answer to the risk/benefit question, but 
this scenario increasingly presents itself as the number of poten­
tially curative therapies for SCD rises in number. The necessity of 
lowering the Hgb S prior to stem cell transplantation or periph­
eral blood stem cell collection (for gene therapy or for other 
indications) is not clear,7,38 although most protocols recommend 
lowering the Hgb S to decrease transplant-related complica­
tions, to decrease mobilization-induced vaso-occlusion, and/or 
to improve stem cell mobilization from the marrow. However, 
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patients who have previously had DHTRs are at increased risk 
of having future (potentially life-threatening) DHTRs with RBC 
exposure even years later and even when extensively phenotyp­
ically matched RBCs are selected for transfusion. As such, edu­
cating the family and the involved care teams on the potential 
risks is important; case reports describe curative therapies being 
cancelled or delayed as a result of DHTRs following pretrans­
plant transfusions.7,39 Furthermore, the optimal stem cell donor 
would lack the cognate RBC antigens against which the patient 
is alloimmunized, but HLA matching takes priority, and in some 
instances, RBC antigen avoidance is not possible.

Conclusions
DHTRs, with or without hyperhemolysis, although not well under­
stood, recognized, or studied, are among the most common trans­
fusion reactions in patients with SCD. Some steps that may theo­
retically decrease these reactions, including prophylactic antigen 
matching, have now been widely implemented. Other potentially 
life-saving steps, including establishing an RBC antibody registry 
in the United States, remain on a wish list. In addition to antibody 
identification/acknowledgment, determining risk factors for 
DHTRs on an individual and a disease basis will be an important 
next step in advancing treatment strategies; multiple other areas 
for study exist (Table 1). Continued multidisciplinary collabora­
tion of hematologists, transfusion medicine physicians, transplant 
physicians, pharmacists, and others are necessary to mitigate the 
morbidity of DHTRs and to prevent mortality.

Conflict-of-interest disclosure
Jeanne E. Hendrickson: no competing financial interests to de­
clare.
Ross M. Fasano: no competing financial interests to declare.

Off-label drug use
Jeanne E. Hendrickson: IVIg, eculizumab, and rituximab are  
discussed.
Ross M. Fasano: IVIg, eculizumab, and rituximab are discussed.

Correspondence
Jeanne E. Hendrickson, Yale University Department of Laboratory 
Medicine, 330 Cedar Street, Clinic Building 405, PO Box 208035, 
New Haven, CT 06520-0835; e-mail: jeanne​.hendrickson@yale​
.edu.

References
1.	 Centers for Disease Control and Prevention (CDC). NHSN Biovigilance 

Component: Hemovigilance Module Surveillance Protocol v2.6. Vol. 2021. 
CDC; 2021.

2.	 Habibi A, Mekontso-Dessap A, Guillaud C, et al. Delayed hemolytic trans­
fusion reaction in adult sickle-cell disease: presentations, outcomes, and 
treatments of 99 referral center episodes. Am J Hematol. 2016;91(10):989-
994.

3.	 Fasano RM, Miller MJ, Chonat S, Stowell SR. Clinical presentation of delayed 
hemolytic transfusion reactions and hyperhemolysis in sickle cell disease. 
Transfus Clin Biol. 2019;26(2):94-98.

4.	 Narbey D, Habibi A, Chadebech P, et al. Incidence and predictive score 
for delayed hemolytic transfusion reaction in adult patients with sickle cell 
disease. Am J Hematol. 2017;92(12):1340-1348.

5.	 Pirenne F, Yazdanbakhsh K. How I safely transfuse patients with sickle-cell 
disease and manage delayed hemolytic transfusion reactions. Blood. 
2018;131(25):2773-2781.

6.	 Adkins BD, Sharma D, Eichbaum Q . Can we better predict delayed hemo­
lytic transfusion reactions and hyperhemolysis in sickle cell disease? Trans-
fus Apher Sci. 2020;59(2):102681.

7.	 Stone EF, Avecilla ST, Wuest DL, et al. Severe delayed hemolytic transfusion 
reaction due to anti-Fy3 in a patient with sickle cell disease undergoing red 
cell exchange prior to hematopoietic progenitor cell collection for gene 
therapy. Haematologica. 2021;106(1):310-312.

8.	 Panch SR, Montemayor-Garcia C, Klein HG. Hemolytic transfusion reac­
tions. N Engl J Med. 2019;381(2):150-162.

Table 1. Unanswered questions and future considerations relevant to DHTRs

Unanswered questions Future considerations

Are there particular characteristics of antigen/anti­
body binding in and of themselves that determine 
whether a severe DHTR will occur?

•  IgG subtype studies
•  IgG glycosylation studies
•  Antigen density studies
•  Contribution of IgM
•  Are there blood donor–specific considerations beyond RBC antigen expression?

Are there inherent differences affecting the comple­
ment cascade in patients with recurrent DHTRs 
with bystander hemolysis?

•  In-depth studies of patients with recurrent DHTRs
•  Measurement of complement breakdown products, including factor Bb
•  Consideration of genetic testing

How can we determine the optimal treatment of 
DHTRs with hyperhemolysis?

• � Could a multicenter clinical trial of anticomplement treatment (or other immunomodu­
latory therapy) be feasible?

• � Might other complement inhibitors beyond those targeting C5 be feasible in the set­
ting of DHTR?

What is the pathophysiology of antibody-negative 
DHTRs with hyperhemolysis?

• � Develop a registry of patients with antibody-negative DHTRs for translational immuno­
logic and genetic studies

How do we prevent future DHTRs in patients with a 
history of severe DHTRs (especially antibody-nega­
tive DHTRs) who need RBC transfusion?

• � Prospective multicenter studies of patients with recurrent DHTRs
• � Preclinical and translational studies are needed for a better mechanistic understanding

How can we work together in the United States to 
create an RBC antibody registry?

• � Consideration of an accrediting agency making this mandatory as a patient safety 
initiative

• � Consideration of collaborating with blood bank information software companies, with 
participation in an antibody registry being a benefit to hospital clients and an incen­
tive for future clients

IgG, immunoglobulin G; IgM, immunoglobulin M.

D
ow

nloaded from
 http://ashpublications.net/hem

atology/article-pdf/2021/1/704/1852022/704hendrickson.pdf by guest on 21 M
ay 2024

mailto:jeanne.hendrickson@yale.edu
mailto:jeanne.hendrickson@yale.edu


Hemolytic transfusion reactions  |  709

9.	 Carson JL, Triulzi DJ, Ness PM. Indications for and adverse effects of red-cell 
transfusion. N Engl J Med. 2017;377(13):1261-1272.

10.	 Thein SL, Pirenne F, Fasano RM, et al. Hemolytic transfusion reactions in 
sickle cell disease: underappreciated and potentially fatal. Haematolog-
ica. 2020;105(3):539-544.

11.	 Coleman S, Westhoff CM, Friedman DF, Chou ST. Alloimmunization in 
patients with sickle cell disease and underrecognition of accompanying 
delayed hemolytic transfusion reactions. Transfusion. 2019;59(7):2282-
2291.

12.	 Vidler JB, Gardner K, Amenyah K, Mijovic A, Thein SL. Delayed haemolytic 
transfusion reaction in adults with sickle cell disease: a 5-year experience. 
Br J Haematol. 2015;169(5):746-753.

13.	 Goel R, Tobian AAR, Shaz BH. Noninfectious transfusion-associated adverse 
events and their mitigation strategies. Blood. 2019;133(17):1831-1839.

14.	 Nickel RS, Hendrickson JE, Fasano RM, et al. Impact of red blood cell allo­
immunization on sickle cell disease mortality: a case series. Transfusion. 
2016;56(1):107-114.

15.	 Chou ST, Fasano RM. Management of patients with sickle cell disease using 
transfusion therapy: guidelines and complications. Hematol Oncol Clin 
North Am. 2016;30(3):591-608.

16.	 Chou ST, Alsawas M, Fasano RM, et al. American Society of Hematology 
2020 guidelines for sickle cell disease: transfusion support. Blood Adv. 
2020;4(2):327-355.

17.	 Williams LA III, Lorenz RG, Tahir A, Pham HP, Marques MB. High percentage 
of evanescent red cell antibodies in patients with sickle cell disease high­
lights need for a national antibody database. South Med J. 2016;109(9):588-
591.

18.	 Unni N, Peddinghaus M, Tormey CA, Stack G. Record fragmentation due to 
transfusion at multiple health care facilities: a risk factor for delayed hemo­
lytic transfusion reactions. Transfusion. 2014;54(1):98-103.

19.	 Stack G, Tormey CA. Detection rate of blood group alloimmunization 
based on real-world testing practices and kinetics of antibody induction 
and evanescence. Transfusion. 2016;56(11):2662-2667.

20.	de Montalembert M, Dumont M-D, Heilbronner C, et al. Delayed hemolytic 
transfusion reaction in children with sickle cell disease. Haematologica. 
2011;96(6):801-807.

21.	 Chadebech P, Habibi A, Nzouakou R, et al. Delayed hemolytic transfusion 
reaction in sickle cell disease patients: evidence of an emerging syndrome 
with suicidal red blood cell death. Transfusion. 2009;49(9):1785-1792.

22.	deCiutiis AC, Peterson CM, Polley MJ, Metakis LJ. Alternative pathway acti­
vation in sickle cell disease and beta-thalassemia major. J Natl Med Assoc. 
1978;70(7):503-506.

23.	Test ST, Woolworth VS. Defective regulation of complement by the sickle 
erythrocyte: evidence for a defect in control of membrane attack complex 
formation. Blood. 1994;83(3):842-852.

24.	Wang RH, Phillips G Jr, Medof ME, Mold C. Activation of the alternative 
complement pathway by exposure of phosphatidylethanolamine and 
phosphatidylserine on erythrocytes from sickle cell disease patients. J Clin 
Invest. 1993;92(3):1326-1335.

25.	Merle NS, Grunenwald A, Rajaratnam H, et al. Intravascular hemolysis acti­
vates complement via cell-free heme and heme-loaded microvesicles. JCI 
Insight. 2018;3(12):e96910.

26.	Thomas AM, Gerogianni A, McAdam MB, et al. Complement component C5 
and TLR molecule CD14 mediate heme-induced thromboinflammation in 
human blood. J Immunol. 2019;203(6):1571-1578.

27.	 Merle NS, Paule R, Leon J, et al. P-selectin drives complement attack on 
endothelium during intravascular hemolysis in TLR-4/heme-dependent 
manner. Proc Natl Acad Sci U S A. 2019;116(13):6280-6285.

28.	Merle NS, Boudhabhay I, Leon J, Fremeaux-Bacchi V, Roumenina LT. Com­
plement activation during intravascular hemolysis: implication for sickle 
cell disease and hemolytic transfusion reactions. Transfus Clin Biol. 
2019;26(2):116-124.

29.	Arthur CM, Chonat S, Fasano R, et al. Examining the role of complement 
in predicting, preventing, and treating hemolytic transfusion reactions. 
Transfus Med Rev. 2019;33(4):217-224.

30.	Siddon AJ, Kenney BC, Hendrickson JE, Tormey CA. Delayed haemolytic 
and serologic transfusion reactions: pathophysiology, treatment and pre­
vention. Curr Opin Hematol. 2018;25(6):459-467.

31.	 Reid M, Lomas-Francis C. The Blood Group Antigen Facts Book. 2nd ed. 
Elsevier Academic Press; 2004.

32.	Chonat S, Quarmyne M-O, Bennett C-M, et al. Contribution of alternative 
complement pathway to delayed hemolytic transfusion reaction in sickle 
cell disease. Haematologica. 2018;103(10):e483-e485.

33.	Gardner K, Hoppe C, Mijovic A, Thein SL. How we treat delayed haemolytic 
transfusion reactions in patients with sickle cell disease. Br J Haematol. 
2015;170(6):745-756.

34.	Floch A, Morel A, Zanchetta-Balint F, et al. Anti-C5 antibody treatment for 
delayed hemolytic transfusion reactions in sickle cell disease. Haemato-
logica. 2020;105(11):2694-2697.

35.	Dumas G, Habibi A, Onimus T, et  al. Eculizumab salvage therapy for 
delayed hemolysis transfusion reaction in sickle cell disease patients. 
Blood. 2016;127(8):1062-1064.

36.	Dean CL, Maier CL, Chonat S, et al. Challenges in the treatment and pre­
vention of delayed hemolytic transfusion reactions with hyperhemolysis in 
sickle cell disease patients. Transfusion. 2019;59(5):1698-1705.

37.	 Hauser RG, Hendrickson JE, Tormey CA. TRIX with treats: the consid­
erable safety benefits of a transfusion medicine registry. Transfusion. 
2019;59(8):2489-2492.

38.	Esrick EB, Manis JP, Daley H, et  al. Successful hematopoietic stem cell 
mobilization and apheresis collection using plerixafor alone in sickle cell 
patients. Blood Adv. 2018;2(19):2505-2512.

39.	 Balbuena-Merle R, Hendrickson JE. Red blood cell alloimmunization and 
delayed hemolytic transfusion reactions in patients with sickle cell disease. 
Transfus Clin Biol. 2019;26(2):112-115.

© 2021 by The American Society of Hematology
DOI 10.1182/hematology.2021000308

D
ow

nloaded from
 http://ashpublications.net/hem

atology/article-pdf/2021/1/704/1852022/704hendrickson.pdf by guest on 21 M
ay 2024


