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Grand Hôpital de Charleroi (GHdC), Belgium
Gabriele Magliano,
ASST Spedali Civili di Brescia, Italy

*CORRESPONDENCE

Elisabetta Metafuni

elisabetta.metafuni@policlinicogemelli.it

†These authors have contributed
equally to this work and share
first authorship

‡These authors have contributed
equally to this work and share
last authorship

RECEIVED 15 February 2024

ACCEPTED 10 June 2024
PUBLISHED 02 July 2024

CITATION

Metafuni E, Busnego Barreto MT,
Valentini CG, Giammarco S, Limongiello MA,
Sorà F, Bianchi M, Massini G, Piccirillo N,
Putzulu R, Frioni F, Bacigalupo A, Teofili L,
Chiusolo P and Sica S (2024)
Pure red cell aplasia among ABO
mismatched hematopoietic stem cell
transplant recipients: a 13-years
retrospective study and literature review.
Front. Oncol. 14:1386670.
doi: 10.3389/fonc.2024.1386670

COPYRIGHT

© 2024 Metafuni, Busnego Barreto, Valentini,
Giammarco, Limongiello, Sorà, Bianchi, Massini,
Piccirillo, Putzulu, Frioni, Bacigalupo, Teofili,
Chiusolo and Sica. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

TYPE Original Research

PUBLISHED 02 July 2024

DOI 10.3389/fonc.2024.1386670
Pure red cell aplasia among
ABO mismatched hematopoietic
stem cell transplant recipients: a
13-years retrospective study and
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Giuseppina Massini1, Nicola Piccirillo1, Rossana Putzulu1,
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1Dipartimento di Diagnostica per Immagini, Radioterapia Oncologica e Ematologia; Fondazione
Policlinico Universitario Agostino Gemelli IRCCS, Rome, Italy, 2Hematology and Hemotherapy Service,
Hospital Universitario Nuestra Señora de Candelaria, Santa Cruz de Tenerife, Spain, 3Sezione di
Ematologia, Dipartimento di Scienze Radiologiche ed Ematologiche, Università Cattolica del Sacro
Cuore, Rome, Italy
Background: Pure red cell aplasia (PRCA) is a possible complication after

allogeneic hematopoietic stem cell transplantation (HSCT) with major ABO

incompatibility. Patients experience delayed engraftment of the erythroid

series, with prolonged transfusion-dependent anemia and iron overload.

Methods: We performed a revision of the most recent literature about post-

HSCT PRCA treatment procedures. Moreover, we conducted a retrospective

study, over the last 13-years, which included all consecutive major ABO

mismatched HSCT performed in our unit, with the aim to assess PRCA

incidence, risk factors, and response to different treatments. Overall, 194

patients received a major ABO mismatched transplant from 2010 to 2022. For

each patient, data about demographic and transplant characteristics,

engraftment, blood transfusion, and possible treatment received were collected.

Results: The literature review returned 23 eligible papers on PRCA treatment, with

high success rate using plasma-exchange (PEX) and immunoadsorption procedures,

daratumumab, and eltrombopag. Our study identified a total of 24 cases of PRCA.

Among risk factors for PRCA development, we have found older recipient age

(p=0.01), high pre-HSCT IgG and IgM IHA titer (p<0.0001), major rather than

bidirectional ABO incompatibility (p=0.02), low T CD8 lymphocyte count in the

graft (p=0.006), relative donor (p=0.02) and bone marrow as stem cell source

(p=0.002). However, multivariate analysis confirmed only pre-HSCT IgG IHA titer as

the unique risk factor for PRCA occurrence. The optimal cut-off value of pre-HSCT

IgG IHA for PRCA development, resulted to be 1/64, with a 100% sensitivity and

68.8% specificity (p<0.0001). All patients with PRCA had received rhEPO and

transfusion support and 20 patients received additional treatments like PEX,

rituximab, and more recently daratumumab. Comprehensively, PEX and rituximab
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obtained a response in half of the cases, at a variable time, while the few cases of

patients we treated with daratumumab suggest promising results. The overall

response rate in our cohort was 75%, with significantly better survival (94.4% vs.

16.7%) and lower transplant-related mortality (6.3% vs. 80%) for PRCA responders.

Conclusions: Standardized guidelines on when and how to treat PRCA are

necessary because the current treatment is controversial among centers.
KEYWORDS
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Scope statement

We have performed a retrospective analysis of the Pure Red Cell

aplasia cases we diagnosed in the last 13 years at our Transplant

Unit. The scope of the analysis was to identify which risk factors

might favor PRCA development among recipients of AB0

mismatched allogeneic stem cell transplantation. The second

scope was to evaluate the efficacy of different treatments

performed for PRCA management to determine which ones

would be the most useful. For this purpose, we also reviewed the

literature of the last recent 7 years to highlight the principal

treatments mainly used for PRCA management with the relative

results in terms of efficacy in PRCA resolution. Currently, a shared

algorithm on when and how to treat PRCA patients does not exist,

therefore the management of PRCA still remains controversial.
Introduction

Allogeneic hematopoietic stem cell transplantation (HSCT) is a

potentially curative option for many malignant diseases (1). An

indispensable element in transplant planning is the selection of a

suitable donor in terms of human leukocyte antigen (HLA) match,

while ABO compatibility is not mandatory (2). However, the ABO

mismatch between recipient and donor must be taken into account

as it may lead to acquired pure red cell aplasia (PRCA) (3, 4), with

prolonged transfusion requirement and the risk of iron overload.

Up to 50% of HSCTs are performed across ABO incompatibility but

the influence of this condition on post-transplant outcomes remains

controversial (3–5). The incidence of PRCA after AB0 mismatched

transplant varies from 10 to 29% of cases (3, 4, 6, 7), and it is

observed after major or bi-directional AB0 mismatch. In major AB0

mismatch, accounting for 20–25% of transplants, the recipient

showed anti-donor AB0 antibodies, as for a group 0 patient

receiving cells from a group A or B donor. In bidirectional AB0

mismatch, which accounts for 5% of transplants, both donor and

recipient have antibodies directed against AB0 group antigens of

each other, as for group A patient receiving a group B donor or vice
02
versa (4). A picture of PRCA is likely in the presence of persistent

anemia and reticulocytopenia for more than 60 days post-HSCT

and hypoplasia/aplasia of erythroid precursors in otherwise normal

bone marrow (8). The occurrence of PRCA was attributed to the

activity of residual recipient plasma cells that continue to produce

isohemagglutinins (IHA), albeit in most recipients anti-donor IHA

disappeared within 120 days (9, 10).

In this paper, we conducted a retrospective analysis of PRCA

cases that occurred after AB0 mismatched HSCT at our Transplant

Centre in the last 13 years and we reviewed the recent literature on

current treatments of PRCA.
Methods

Retrospective study

We conducted a retrospective observational study at the

Transplant Unit of Fondazione Policlinico Universitario Agostino

Gemelli IRCCS in Rome. All the patients had given written

informed consent to use their data for research purposes. The

study was conducted according to the Declaration of Helsinki and

was approved by the ethics committee of the Fondazione Policlinico

Universitario Agostino Gemelli IRCCS in Rome as part of the

TOHP (Transplant Outcome in Hematological Patients) study

(protocol number 0030921/20).

Patients, data collection, definitions,
and endpoints

All patients who had received a first stem cell transplant, from

January 2010 to December 2022, in the context of major or

bidirectional AB0 incompatibility were included. As per

institutional guidelines, haematopoietic bone marrow product were

treated for red blood cells (RBCs) depletion <1ml/Kg of the recipient.

Among patients with anemia requiring packed red blood cell

transfusions at day +60 from HSCT, PRCA was diagnosed when all

the following criteria were fulfilled: persistent normochromic and

normocytic anemia, reticulocytopenia (absolute count <10*10^9/L
frontiersin.org
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and percentage <1%), isolated erythroid aplasia in the bone marrow

(11), negative direct antiglobulin test, full leukocyte donor chimerism,

normal leukocyte and megakaryocyte hemopoiesis. Anemia cases

due to poor graft function, graft failure (12), or early relapsed

hematological disease were excluded. Patient’s data were extracted

through review of medical records. We collected the following data:

recipient and donor age, sex, and AB0 blood group, recipient

hematological disease, disease response at transplant, transplant

date, hematopoietic cell transplant comorbidity index (HCT-CI)

(13), conditioning regimen used, graft-versus-host disease (GvHD)

prophylaxis used, donor relationship with recipient, HLA match

between donor and recipient, stem cell source, graft composition

(CD34, total nucleated cells (TNCs), total mononucleated cells

(MNCs), CD3+, CD4+ and CD8+ T lymphocytes count, CD19+ B

lymphocytes count), number of packed red blood cell transfusions

required from transplant to reticulocyte engraftment, neutrophil,

platelet and reticulocyte engraftment, acute GVHD (aGVHD)

occurrence and time to aGvHD onset, donor and recipient

Cytomegalovirus (CMV) serostatus, CMV DNAemia after

transplant, relapse occurrence and time to relapse, death and time

to death, cause of death, time to last follow-up. If available,

the pre-transplant IHA titers were collected. In patients with PRCA

pre- and post-treatment IHA titers were recorded together

with treatment performed. PRCA resolution was defined as a stable

level of hemoglobin without transfusion requirement and with a

stable reticulocyte percentage above 2%. The IHA titers were

determined serologically using patient whole blood collected in

ethylenediaminetetraacetic acid (EDTA), as previously described

(14). Natural IHA (anti-A IgG and IgM, anti-B IgG and IgM) were

determined by incubating a 0.8% standard A and B erythrocyte

suspension (Diacell AB0 kit, Bio-Rad, California USA) in saline with

twofold serial dilutions of plasma, followed by centrifugation. Titers

were scored using an anti-human globulin test card (ID-Card

Coombs Anti-IgG and ID-Card NaCl, DiaMed, Bio-Rad, California

USA). The end point for titration was the highest dilution giving a

1+ reaction. In this paper, we aimed to assess PRCA incidence among

patients who had received AB0 mismatched HSCT, with particular

interest in risk factors for developing PRCA. Moreover, we looked for

possible differences between patients who spontaneously recovered

and those who required treatment. Finally, we inquired if different

treatments determined different responses.

Treatments
One of the main treatments used in our center was plasma-

exchange (PEX) either before or after HSCT. Pre-HSCT PEX

protocol includes two every other day procedures: replacement of 1

to 1.5 plasma volumes per procedure with 5% albumin was performed

to reduce IHA levels before transplantation (15). Post-HSCT PEX

protocol includes six every other-day procedures in addition to a

double dose (80.000 U) of recombinant human erythropoietin

(rhEPO) after the third and the sixth procedures. Other treatments

were rhEPO (40.000 IU per week), steroids (1 mg/Kg), antiCD20

monoclonal antibody (rituximab 375 mg/m2/week for 4 weeks),

thrombopoietin receptor agonist (eltrombopag 50 to 150 mg
Frontiers in Oncology 03
per day), and more recently antiCD38 monoclonal antibody

(daratumumab 1800 mg subcutaneously weekly for 2 to 8 weeks).

Statistical analysis
The cumulative incidence of PRCA was estimated using

cumulative incidence analysis, considering death as competing

event. The cumulative incidence of aGVHD was estimated using

cumulative incidence analysis considering relapse occurrence as

competing event. Transplant-related mortality (TRM) was assessed

with cumulative incidence analysis, considering relapse occurrence

and death for other causes as competing events. Cumulative

incidence between groups was compared by applying Fine and

Gray’s model. Overall survival (OS) and disease-free survival (DFS)

were determined using Kaplan Meier method and log-rank for

comparing curves. All patient, graft, and transplant variables were

tested for PRCA occurrence using the logistic regression method:

recipient and donor age, sex and AB0 incompatibility, IHA titre,

underlying hematological disease type and status at transplant,

conditioning regimen intensity, GvHD prophylaxis, aGvHD

occurrence before day +60 after transplant, graft composition,

donor type, HLA match, stem cell source. Only significant

variables in univariate analysis were included in multivariate

analysis. Patients were divided into two groups according to

PRCA status. All patient, graft, and transplant variables were

compared between groups using the Mann-Whitney U test for

numerical variables and the chi-square tests (Fisher’s exact test

was used when the conditions for a chi-square test were not

reached) for categorical variables. For IHA titer, Receiving

Operator characteristic curves (ROC) were applied to determine

the threshold for predicting PRCA occurrence. The statistical

analysis was performed with NCSS 10 software. A statistical

significance was attributed to a p-value <0.05.
Literature review

We reviewed published literature on the treatment of PRCA after

HSCT with AB0 mismatch in the adult population. The research was

performed using PubMed Central (PMC) database, available at the

following link https://pubmed.ncbi.nlm.nih.gov/. The keywords used in

the research were: PRCA, Pure red cell aplasia, AB0, stem cell

transplant, and treatment. The research involved papers published in

the last seven years, from 2017 to 2023. Only papers with available full

text, case reports or regular articles were considered. Papers on

Pediatric patients were excluded.
Observational study results

We evaluated 194 patients who had received AB0 mismatched

HSCT from January 2010 to December 2022. Median follow-up at

the observation time fixed in June 2023 was 778 days (95% CI 591–

1055). At the observation time, 100 patients (51.5%) were alive after

a median of 1723 days (95% CI 1501–2060), and 94 patients (48.5%)
frontiersin.org
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died at a median of 406 days after transplant (95% CI 180–318).

The cause of death was relapse/progression in 38 cases, secondary

neoplasia in one case and transplant-related in 55 cases (intracranial

bleeding n=4, myocardial ischemia n=1, heart failure n=2, acute

renal failure n=1, pulmonary failure n=3, multi-organ failure n=13,

graft failure n=1, GVHD n=5, encephalitis n=3, pneumonia n=5,

and sepsis n=17). One- and two-year OS was 68% (95% CI 61.5–

74.6) and 57.2% (95% CI 50.1–64.2), respectively. Patients and

transplant characteristics are reported in Table 1. Recipient/Donor

blood groups were as follows: 0/A in 104 couples (53.6%), 0/AB in 7

couples (3.6%), 0/B in 32 couples (16.5%), A/AB in 3 couples

(1.6%), A/B in 25 couples (12.9%), B/A in 22 couples (11.3%) and B/

AB in one couple (0.5%). At day 30 after transplant neutrophil

engraftment (>0.5*10^9/L) was achieved by 88.2% of patients (95%

CI 83.7–93) and platelet engraftment was achieved by 71% of

patients (95% CI 64.8–77.8). At day 100 after transplant, the

cumulative incidence of aGVHD was 39% (95% CI 32.4–46.9)

(n=69), graded as follows: 35 grade I (50.7%), 24 grade II

(34.8%), 8 grade III (11.6%), and 2 grade IV (2.9%). A total of 59

patients (30.4%) experienced a relapse of the underlying

hematological disease with a 1-year and 2-ys DFS of 58.2% (95%

CI 51.3–65.2) and 50.6% (95% CI 43.5–57.7), respectively. Finally,

1-year and 2-ys cumulative incidence of TRM was 28.5% (95% CI

22–36.9) and 35.9% (95% CI 28.8–44.7), respectively.

PRCA diagnosis and characteristics
At day +60 after HSCT, the cumulative incidence of PRCA was

13.4% (95% CI 9.2–19.5). Twenty-four cases of PRCA were

identified in our cohort. In one case the recipient was group B

with a group A donor (4.2%). All the other recipients were group 0

with a group A donor in 16 cases (66.6%), a group AB donor in one

case (4.2%), and a B group donor in 6 cases (25%). In Table 1 we

reported the comparison of the variables between PRCA group and

no PRCA group. Patients of the PRCA group were older compared

with no PRCA group (59.5 vs. 53 years, p=0.01). Pre-transplant

IHA titers were higher for PRCA group compared with no PRCA

group: 1/256 vs. 1/16 for IgG (p<0.0001) and 1/128 vs. 1/12 for IgM

(p<0.0001). AB0 incompatibility was mainly major in PRCA group

(95.8% vs. 73.5%, p=0.02). Comparing graft composition among

groups, patients in the PRCA group had received a low T CD8

lymphocyte amount compared with patients in the no PRCA group

(18.8 vs. 57*10^6/Kg, p=0.006). In the PRCA group, the donor was

more frequently a relative one (66.7% vs. 40%, p=0.02) and the graft

stem cell source was mainly bone marrow (50% vs. 18.2%) or

peripheral blood (50% vs. 75.9%) (p=0.002). As expected, the

median number of red blood cell transfusions needed until

reticulocyte engraftment in the PRCA group was significantly

higher compared to no PRCA group (31.5 vs. 6.5, p<0.0001). A

trend was identified according to HLA match, with a prevalence of

PRCA among HLA haploidentical transplants (41.7% vs. 21.2%)

and a minor prevalence among HLA mismatched transplants (8.3%

vs. 22.3%) (p=0.05). No differences between the groups were seen

when accounting for sex, underlying hematological disease, disease

status at transplant, HCT-CI, CD34+, TNC, MNC, T CD3+, T CD8
Frontiers in Oncology 04
+, and B CD19+ count in the graft, conditioning regimes, GVHD

prophylaxis, ATG use, donor age, aGvHD occurrence before day 60,

and CMV DNAemia before day 60.

Univariate logistic regression model for PRCA occurrence

identify recipient age (OR 1.05, 95% CI 1.01–1.09, p=0.02), major

AB0 incompatibility (OR 8.28, 95% CI 1.09–63.10, p=0.04), IgG

IHA titer (OR 1.00, 95% CI 1.00–1.00, p=0.04), low CD8+

lymphocytes count in the graft (OR 0.97–0.99, p=0.01), bone

marrow stem cell source (OR 4.48, 95% CI 1.84–10.92, p=0.0009)

and relative donor (OR 3.0, 95% CI 1.22–7.40, p=0.02) as

independent variables. The multivariate logistic regression model

confirmed IgG IHA titer as the only significant variable for PRCA

occurrence (OR 1.00, 95% CI 1.00–1.00, p=0.02), while a trend

returned for recipient age (OR 1.05, 95% CI 0.99–1.11, p=0.05).

Using the ROC curve, the pre-transplant IgG IHA cut-off value

predictive for PRCA occurrence was 1/64, with 68.8% specificity,

100% sensitivity, 34.5% PPV, and 100% NPV (AUC 0.889, 95% CI

0.821–0.932, p<0.0001; Figure 1).

PRCA treatment, response, and outcome
Ten patients (41.7%) with a high pre-HSCT IHA titer had

received 2 pre-HSCT PEX. Nine of them developed PRCA and

required further treatment after transplant. All patients received

rhEPO started approximately 20 days after HSCT. RhEPO was

maintained throughout any specific treatment adopted, until PRCA

response. Patients with high level of ferritin had received oral

deferasirox 10–20 mg/Kg/day or deferoxamine 20–40 mg/Kg 1–3

times a week, according to initial ferritin level, patients ability to

swallow tablets, allergies or renal function. Four patients (16.6%)

had not received specific treatment after HSCT for PRCA.

Reticulocyte engraftment with transfusion avoidance was achieved

at a median of 150 days from transplant (range, 110 to 293) in 3

patients, whereas the last died before obtaining a response. Twenty

patients had received a first treatment at a median time of 100 days

after transplant (95% CI 75–120): steroids in one case (4.2%), a

combination of steroids and rituximab in 7 cases (29.2%), rituximab

alone in 6 cases (25%), post-HSCT PEX (6 procedures) with double

rhEPO in 5 cases (20.8%), and daratumumab in one case (4.2%).

Four patients (20%) had also received eltrombopag (4.2%). Ten

patients obtained a response at a median time of 200 days (range,

120 to 282) after HSCT. Two patients died before obtaining a

response and the remaining 8 patients needed a second line of

treatment started at a median time of 150 days after HSCT (range,

128 to 250): post-HSCT PEX (6 procedures) with double rhEPO in

6 cases (75%), daratumumab in one case (12.5%), and rituximab in

one case (12.5%). Three patients obtained a response at a median

time of 210 days after HSCT (range, 204 to 308). Two patients died

before obtaining a response and the other three patients needed a

third line of therapy at a median of 180 days after HSCT (range, 180

to 300): daratumumab in one case, post-HSCT PEX (6 procedures)

with double rhEPO in one case, and rituximab in the last case. Two

patients obtained a response at 210 and 330 days after HSCT,

respectively, whereas the last patient died before obtaining a

response. Overall, among 24 patients with PRCA, 8 patients
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TABLE 1 Characteristics of patients and comparison between groups with or without PRCA.

Variables
All patients (n=194)
n (%) or median (95% CI)

PRCA (n=24)
n (%) or median (95% CI)

No PRCA (n=170)
n (%) or median (95% CI)

P value

Rec age, ys 55 (51–56) 59.5 (55–62) 53 (50–55) 0.01

Rec sex F/M 85 (56.2)/109 (43.8) 9 (37.5)/15 (62.5) 76 (44.7)/94 (55.3) 0.5

Diagnosis

AML/ALL
MDS/MPD
LPD/PCD

104 (53.6)
62 (32)
28 (14.4)

15 (62.5)
7 (29.2)
2 (8.3

89 (52.3)
55 (32.4)
26 (15.3)

0.6

Status at HSCT

CR/No CR 88 (45.4)/106 (54.6) 11 (45.8)/13 (54.2) 77 (45.3)/93 (54.7) 1

HLA

Matched
Mismatched
Haplo

108 (55.7)
40 (20.6)
46 (23.7)

12 (50)
2 (8.3)
10 (41.7)

96 (56.5)
38 (22.3)
36 (21.2)

0.05

HCT-CI 3 (2–3) 2.5 (2–3) 3 (2–3) 0.8

IHA titre at HSCT

IgG
IgM

1/32 (1/16–1-/32)
1/16 (1/8–1/32)

1/256 (1/128–1/1024)
1/128 (1/32–1/512)

1/16 (1/8–1/32)
1/12 (1/8–1/16)

<0.0001
<0.0001

AB0 incompatibility

Major
Bidirectional

148 (72.3)
46 (23.7)

23 (95.8)
1 (4.2)

125 (73.5)
45 (26.5)

0.02

Graft composition

CD34*10^9/Kg
TNC*10^8/Kg
MCN*10^8/Kg
CD3*10^6/Kg
CD4*10^6/Kg
CD8*10^6/Kg
CD19*10^6/Kg

5.7 (5.2–6)
6.6 (6.1–7.4)
4.9 (4.7–5.4)
202.6 (165.4–219.1)
125.8 (104.4–132)
52.1 (40.7–65)
44.1 (38–50.1)

5.1 (3.3–6.3)
5.8 (3.2–7.5)
3 (1.6–5.8)
99.5 (28.7–210.9)
58.4 (18–170.5)
18.8 (11.1–38.3)
26.3 (11.8–50.2)

5.8 (5.3–6.1)
6.7 (6.2–7.5)
4.9 (4.8–5.4)
207.4 (170.8–227.2)
128.4 (113.2–141.1)
57 (48.3–67)
44.9 (39–51)

0.2
0.2
0.1
0.05
0.09
0.006
0.08

Conditioning

RIC/MAC 111 (57.2)/83 (42.8) 15 (62.5)/9 (37.5) 96 (56.5)/74 (43.5) 0.6

GvHD prophylaxis

CsA+MTX
CsA+MFA
CsA+MFA+PTCy

55 (28.4)
13 (6.7)
126 (64.9)

7 (29.2)
0 (0)
17 (70.8)

48 (28)
13 (8)
109 (64)

0.3

ATG 61 (31.4) 7 (29.2) 54 (31.8) 0.8

Stem cell source

PB
BM
CB

141 (72.7)
43 (22.2)
10 (5.1)

12 (50)
12 (50)
0 (0)

129 (75.9)
31 (18.2)
10 (5.9)

0.002

Donor

REL/UD 84 (43.3)/110 (56.7) 16 (66.7)/8 (33.3) 68 (40)/102 (60) 0.02

Don sex F/M 64 (33)/130 (67) 7 (29)/17 (71) 57 (34)/113 (66) 0.6

Don age, ys 33 (30–36) 38 (27–47) 33 (3.-36) 0.2

(Continued)
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needed two lines of therapy and 3 required three lines of therapy for

PRCA. Eighteen patients (75%) obtained a response with

reticulocyte engraftment and transfusion avoidance at a median

of 207 days after HSCT (95% CI 150–230). Data about PRCA

treatment and response are reported in Table 2. No predictive

variables for response were identified. No treatment-related

complications were documented. None of the patients who

achieved a response experienced a relapse of PRCA. Comparing

outcome variables between PRCA and no PRCA groups, no

differences were found in terms of aGVHD occurrence at day 100

(33% vs. 40%, p=0.5), 1-year OS (75 vs. 67%, p=0.9), 1-yr DFS (75%

vs. 56%, p=0.4), and 1-year TRM (28 vs. 29%, p=0.8). Considering

only the PRCA group, 1-year OS was 94.4% (95% CI 83.9–100) for

responders as compared with 16.7% (95% CI 0–46.5) for non-

responders (Figure 2A). Accordingly, 1-year TRM was 6.3% (95%

CI 1–42) for responders and 80% (95% CI 52–100) for non-

responders (p<0.0001, Figure 2B).
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Results from literature review

Our initial research produced 37 articles (Figure 3). Upon first

revision of titles and abstracts, 7 articles were excluded: 2 were

guidelines and 5 were not related to the treatment of post-HSCT

AB0-induced PRCA. During full-text revision, an additional 7

articles were excluded because they were not pertinent within the

context of our research. Finally, we analyzed 23 articles. Table 3

provides a comprehensive summary of therapeutic modalities and

their corresponding efficacy parameters across all reviewed cases. A

total of 130 cases were identified, all of which exhibited successful

resolution, defined as either achieving transfusion independence or

an increase in reticulocyte count. Twenty-two patients (17% of

cases) required three or more therapeutic lines to achieve a clinical

response, while 31% experienced spontaneous remission or

recovery without targeted therapeutic intervention. The rest of the

patients only required 1 or 2 treatment lines. Some studies included

in this review did not provide precise details regarding response

times. An analysis of available data revealed variations in the

average response times for distinct therapeutic interventions.

Three primary modalities for the management of PRCA were

used: Daratumumab, Eltrombopag, and apheresis-based therapy

like plasma exchange (PEX) and immunoadsorption (IA). These

therapeutic interventions were utilized either as monotherapy or as

precursors to additional measures. Specifically, from the beginning

of the mentioned treatments, patients treated with Daratumumab

exhibited an average response time of 26.4 days, while those who

had received Eltrombopag therapy demonstrated an average

response time of 60 days. PEX and IA exhibited distinct average

response times, 28.5 days and 36 days, respectively. Daratumumab,

a humanized IgG1-kappa monoclonal antibody targeting CD38,

emerges as a focused intervention influencing delayed erythroid

engraftment in the context of PRCA. Recent literature underscores

the efficacy of Daratumumab in treating nine cases of PRCA (16, 22,

25, 26, 29, 30, 33, 34). Responses were evident following the initial

and second doses in three patients (16, 26, 33). Six patients had a

prolonged course of PRCA and had undergone extensive previous

treatment. Within this cohort, three patients received Daratumumab

monotherapy at 205, 270, and 60 days post-HSCT, achieving

transfusion independence at 14 days for one patient and 28 days
TABLE 1 Continued

Variables
All patients (n=194)
n (%) or median (95% CI)

PRCA (n=24)
n (%) or median (95% CI)

No PRCA (n=170)
n (%) or median (95% CI)

P value

Others

aGvHD until
day +60

61 (31) 7 (29) 54 (32) 0.8

CMV until day +60 62 (32) 8 (33) 54 (32) 0.9

RBC transfusion ¥ 8 (6–9) 31.5 (25–40) 6.5 (5–8) <0.0001
Rec, recipient; F, female; M, male; AML, acute myeloid leukemia; ALL, acute lymphoblastic leukemia; MDS, myelodysplatic syndrome; MPD, myeloproliferative disease; LPD,
lymphoproliferative disease; PCD, plasma cell disease; CR, complete remission; HSCT, hematopoietic stem cell transplantatio; HCT-CI, hematopoietic cell transplant comorbidity index;
IHA, isohemagglutinins titre; CD34, stem cells; TNC, total nucleated cells; MNC, mononucleated cells; CD3, CD3 positive t lymphocytes; CD4, CD4 positive T lymphocytes; CD8, CD8 positive t
lymphocytes; CD19, CD19 positive B lymphocytes; RIC, reduced intensity conditioning; MAC, myeloablative conditioning; CsA, cyclosporine A; MTX, methotrexate; MFA, mycofenolic acid;
PTCy, post-transplant Cyclophosphamide; ATG, anti-thymocyte globulins; PB, peripheral blood; BM, bone marrow; CB, cord blood; REL, relative; UD, unrelated; ¥, RBC transfusion received
until reticulocytes engraftment of death.
Bold values are those with statistical significance (p<0.05).
FIGURE 1

Receiver operating characteristics curve of pre-HSCT IHA titer for
PRCA development.
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for the remaining two (33, 34). The other patients obtained a

response after a median of 33 days (range, 28 to 60) (22, 25, 29,

30). The review included 5 PRCA patients successfully treated with

Eltrombopag, an oral thrombopoietin receptor agonist (17, 27, 31).

All patients were resistant to multiple lines of treatment, including

Rituximab (RTX), Bortezomib, and PEX. In three of these patients,

transfusion independence was achieved after 60, 30, and 90 days of

treatment (17, 27). No data are available in the remaining patients

regarding the exact time of initiation of treatment with Eltrombopag

and response. The realm of apheresis therapy presents various

procedures, including IA and PEX, designed to eliminate anti-

donor IHA. Some authors advocate for IHA reduction through

PEX as a preemptive measure before HSCT to prevent the

occurrence of PRCA (28, 29). Four patients exclusively subjected to

IA using Glycosorb® and an additional two individuals treated with a
Frontiers in Oncology 07
sequential regimen of IA Glycosorb® followed by PEX and

prednisone, on day +159, demonstrated a significant reduction in

IHA titer and transfusion independence, achieved within a mean

duration of 28.5 days (24). The use of PEX as a therapeutic modality,

often in conjunction with other interventions, has been prevalent;

however, its efficacy in the context of PRCA treatment varies across

reported cases (17–19, 24, 25, 27, 31, 36). In this review, three articles

are described in which patients have shown a response following the

use of PEX (17, 31, 36). In the first article, two patients developed

PRCA refractory to various therapies, leading to the implementation

of 10 and 5 series of PEX over 3 and 2 weeks, respectively (36). The

second article reports two patients showing a prompt erythroid

response after 3 and 5 cycles of PEX, respectively, with one case

involving EPO (16). The third article does not specify the number of

sessions conducted (31).
TABLE 2 PRCA cases: treatment and response.

Patient Donor Source Treatment (starting day, +d)
Response
Y/N

# 1 MRD PB Pre-HSCT PEX (-3, -1 d), rhEPO (+21 d) N

# 2 MUD PB rhEPO (+21 d) Y

# 3 MUD PB rhEPO (+21 d) Y

# 4 Haplo BM Pre-HSCT PEX (-3, -1 d), rhEPO (+20 d) Y

# 5 MRD PB Rh EPO (+20 d), rhEPO + PDN (+30 d) N

# 6 MUD PB rhEPO (+21 d), rhEPO + PEX x 6 + PDN (+110 d) Y

# 7 Haplo BM Pre-HSCT PEX (-3, -1 d), rhEPO (+20 d), rhEPO + PEX x 6 (+90d) Y

# 8 Haplo BM Pre-HSCT PEX (-3, -1 d), rhEPO (+20 d), rhEPO + PEX x 6 + Eltrombopag Y

# 9 Haplo BM rhEPO (+20 d), rh EPO + RTX x 4 (+92 d), rhEPO + PEX x 3 (+150 d) N

# 10 MRD PB rhEPO (+21 d), rhEPO + RTX x 4 + PDN (+110 d), rhEPO + PEX x 12 (+145 d) N

# 11 MUD PB Pre-HSCT PEX (-3, -1 d), rhEPO (+20 d),rhEPO +RTX x 4 (+120 d), rhEPO + PEX x 6 (+150d) Y

# 12 Haplo BM Pre-HSCT PEX (-3, -1 d), rhEPO (+21 d), rhEPO + RTX x 4 (+210 d), rhEPO + PEX x 6 + PDN (+250 d) Y

# 13 MMUD PB
Pre-HSCT PEX (-3, -1 d), rhEPO (+20 d), rhEPO + RTX x 4 (+88 d), rh EPO + PEX x 6 (+128 d), rh EPO +
Daratumumab x 8 (+180 d)

Y

# 14 Haplo BM rhEPO (+20 d), rhEPO + PEX x 6 (+110 d), rhEPO + RTX x 4 (+180 d) Y

# 15 Haplo BM rhEPO (+19 d), rhEPO + RTX x 4 (+94 d) Y

# 16 MUD PB rhEPO (+19 d), rhEPO + RTX x 4 (+120 d) Y

# 17 Haplo BM rhEPO (+20 d), rhEPO + RTX x 4 (+75 d) Y

# 18 Haplo BM Pre-HSCT PEX (-3, -1 d), rhEPO (+21 d), rhEPO + RTX x 4 (+100 d) Y

# 19 Haplo BM rhEPO (+21 d), rhEPO + RTX x 4 + PDN (+120 d) Y

# 20 MRD PB rhEPO (+21 d), rhEPO + RTX x 4 + PDN (+93 d) N

# 21 MRD PB rhEPO (+19 d), rhEPO + RTX x 4 + PDN (+110 d) Y

# 22 MUD BM rhEPO (+21 d), rhEPO + PEX x 6 (+90 d, +165), rhEPO + RTX x 4 + PDN (+300 d) Y

# 23 MRD PB Pre-HSCT PEX (-3, -1 d), rhEPO (+19 d), rhEPO + RTX x 4 (+91 d), rhEPO + Daratumumab x 6 (+130 d) N

# 24 MMUD BM Pre-HSCT PEX (-3, -1 d), rhEPO (+21 d), rhEPO + Daratumumab x 2 (+100 d) Y
MUD, Matched unrelated donor; MMUD, Mismatched unrelated donor; MRD, Matched related donor; Haplo, haploidentical donor; HSCT, Hematopoietic stem-cell transplantation; BM, bone
marrow; PB, peripheral blood stem cell; PDN, prednisone; RTX, Rituximab; DLI, rhEPO, erythropoietin; PEX, plasma exchange; d, the day of first administration; m, month of first
administration; n, number of patients.
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Discussion

In this paper, we aimed to study PRCA cases that occurred in

our transplant unit in the last thirteen years. The purpose of this

retrospective analysis was to identify possible risk factors for PRCA

occurrence among patients transplanted across AB0 mismatch and

to analyze different treatments applied to PRCA cases with relative

responses. The incidence of PRCA at day 60 in our cohort was

13.4%, in line with other reports (3, 4, 6, 7). The sole variable

resulting from multivariate analysis as predictive for PRCA

developed was pre-HSCT IgG IHA, with an optical cut-off value

of 1/64 (100% sensitivity and 68.8% specificity). The second point

that emerged from our analysis was that pre-HSCT PEX was not

found to be an effective procedure to prevent PRCA since it failed in

9 out of 10 cases. The main treatments used at our center for PRCA

treatment were post-HSCT PEX, rituximab, and, more recently,

daratumumab. Comprehensively, post-HSCT PEX and rituximab
Frontiers in Oncology 08
had guaranteed a response in half of the cases, at a variable time,

while the few cases in which we used daratumumab suggested

promising results. The overall response rate in our cohort was 75%,

with significantly better survival (94.4% vs. 16.7%) and lower TRM

(6.3% vs. 80%) for responders. However, the higher mortality in

non-responders may be affected by those patients who died from

HSCT-related complications before responding who were assigned

to the non-responders group. Nevertheless, it cannot be denied that

prolonged immunosuppressive therapy with rituximab, steroids, or

daratumumab may increase transplant-related mortality due to a

higher risk of infectious complications.

Although the exact pathogenesis of PRCA after HSCT is not

fully understood, the hypothesis is that the persistence of host B

lymphocytes and plasma cells producing anti-donor IHA is

responsible for delayed erythroid engraftment (9). PRCA is more

frequently reported after a transplant from a group A donor to a

group 0 recipient (4, 38). Other factors reported to increase PRCA
B

A

FIGURE 2

(A) One-year overall survival (OS) in responders and non-responders patients with PRCA. (B) One-year cumulative incidence of transplant-related
mortality in responders and non-responders patients with PRCA.
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risk are reduced intensity conditioning (14), sibling donor (39), and

high anti-A IHA titer (40, 41). Regarding the conditioning regimen,

it was reported that PRCA occurred more frequently after

fludarabine-busulfan conditioning regardless of intensity (42)

and less frequently after myeloablative conditioning including

cyclophosphamide and total body irradiation (14). In our cohort,

no differences in terms of PRCA incidence were observed according

to the conditioning regimen. According to donor type, it was

reported that a matched related donor is associated with a high

risk for PRCA and prolonged persistence of anti-donor IHA when

compared to an unrelated donor or a haploidentical one (5, 31, 43–

45). In our study, a relative donor, regardless of HLA match, was

associated with high PRCA incidence as was for bone marrow

source. According to stem cell source, no difference in terms of

PRCA was reported between peripheral blood and bone marrow,

albeit delayed engraftment was seen after bone marrow HSCT from

AB0 mismatched donor (46). Bone marrow hematopoietic cell

products contain a high amount of RBCs (25–35% of the total

volume) which can cause acute hemolysis during infusion as well as

subsequent PRCA. RBC depletion of bone marrow graft is usually

performed to reduce donor RBCs infusion to 10–40 ml (15). On the

other hand, no cases of PRCA were usually described after cord

blood transplant as was in our cohort (6, 23, 47), albeit the low

number of cord blood grafts in our cohort (n=10). Although the

exact reason for this is still unknown it has been thought that the

low expression of A and B antigens on the red blood cells of infants

determines a minor hemolysis induced by recipient IHA against
Frontiers in Oncology 09
donor blood group (23, 48, 49). Moving to the pre-HSCT IHA titer,

a recent paper by Lemaire and colleagues (50) analyzed the trend

of the IHA titer in a group of patients submitted to HSCT with

AB0 incompatibility. Anti-A IHA disappeared spontaneously after

a median of 28 days in 82% of the cases. Anti-B IHA spontaneously

disappeared after a median of 16 days in 96% of cases. This faster

disappearance of anti-B IHA compared with anti-A IHA is also

reported elsewhere (40, 51). The prolonged persistence of anti-A

IHA together with high anti-A titer might justify the higher

incidence of PRCA reported for group 0 recipients of a group A

donor (40, 45).

A high titer of IHA before HSCT is associated to an increased

risk for PRCA development. In our cohort, the threshold of 1/64 has

the best combination of sensitivity and specificity, as previously

described by the group of Longval (6). This observation explains

why some centers use pre-HSCT PEX or IA to reduce the risk of

PRCA, however, results are controversial, and an agreement on the

IHA title to be considered high is lacking. Stussi and colleagues

reported pre-HSCT PEX alone or combined with red blood cell

transfusion according to the donor group as a reliable procedure to

reduce the occurrence of PRCA (44). Curley and collaborators

reported the results of pre-HSCT PEX combined with donor group

secretor plasma infusion after PEX and before stem cell infusion on

day 0. In this case, residual IHA titer would be significantly reduced

via antigen-antibody binding, and the use of secretor plasma would

eliminate the risk of hemolysis that might occur using donor group

red blood cell infusion (7). On the contrary, Damodar and
FIGURE 3

PRISMA flow diagram for the literature review.
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TABLE 3 Summary of PRCA in ABO-mismatched allogeneic hematopoietic stem cell transplantation reported in the literature from 2017 to 2023.

Author
(year)

n Source HSCT Treatment (n) (+d/+m) Response

Chapuy CI (16) 1 PB MUD
Taper tacrolimus (+105 d), HDG (+209 d), RTX (+235 d),
Darbepoetin (+263 d), Daratumumab (+390 d)

TI (+404 d)

Busca A (17) 8 PB MUD

PEX (1)
PEX + EPO (1)
EPO (3)
PEX+ EPO, RTX (1)
EPO (+47 d), PEX (+124 d), RTX (+234 d), Eltrombopag (+365 d)
EPO (+47 d), PEX (+112 d), RTX+ EPO (+5 m), Bortezomib (+11 m), Eltrombopag
(+16 m)

TI (+425 d, +17 m)

Varela Gómez
R (18)

1 BM MRD
Pre-HSCT IA anti-A (+1 d), Taper CsA, EPO (+1 m), RTX (+10 m),
Bortezomib (+18 m), HDG (+22 m)

TI (+24 m)

Tomac G (19) 1 BM MUD Pre-HSCT PEX, Prednisone (+470 d) + IVIg (+500 d) TI (+624 d)

Okamoto K (20) 1 BM MRD Conservatively manage, only red blood cell transfusion TI (+ 2 m)

Nakamura N (21) 1 PB MRD
Taper CsA (+60 d) → Failure. IL-6 secreted during an infection may have stimulated
erythropoiesis (+236 d)

TI (+244 d)

Bathini S (22) 1 PB MUD
Taper tacrolimus (+68 d) + HDG, RTX (+103 d), Bortezomib (+152 d),
Daratumumab (+411 d)

TI (+439 d)

Wada S (23) 5
PB
BM

N/A
Resolved spontaneously (3)
Withdrawal of tacrolimus (2)

TI (+261 d)

Handisurya
A (24)

6 PB MUD

Darbepoetin alfa/epoetin theta (+55 d)
Tapering of IS (+90 d) per-protocol.
Antigen-Specific IA with the Glycosorb® only (4) (+159 d)
Antigen-Specific IA with the Glycosorb® + PEX + prednisone (2) (+159 d)

IR (+28.5 d after IA)

Salas MQ (25) 1 PB MRD
RTX (+18 m), HDG (+20 m), PE (+21 m), Bortezomib (+22 m),
Daratumumab (+31 m)

TI (+33 m)

Rautenberg
C (26)

1 PB MUD Taper tacrolimus (+ 63 d), RTX (+77 d), Daratumumab (+206 d) TI (+216 d)

Gao Y (27) 1 PB MRD
Taper CsA (+34 d), Prednisone (+34 d), Testosterone (+34 d), EPO (+34 d),
PEX (+43 d, +63 d, +119 d and +132 d), DLI (+77 d and +112 d),
Eltrombopag (+111 d)

TI (+201 d)

Crysandt M (28) 7 PB
MUD
MRD
Haplo

Low IHA titre group: Transfusion (1)
High-IHA titre group: Transfusion (2)
High-IHA titre group: Other methods than selective ABO IA before transplant
including PEX (3)
High-IHA titre group: Pre-HSCT Selective ABO IA, Rituximab (1)

TI

Henig I (29) 1 PB MRD
PEX (-3 d), Rituximab (+88 d), Taper until complete discontinuation
CsA (+98 d), Bortezomib (+210 d), Daratumumab (+320 d)

TI (+355 d)

Longval T (6) 66
PB
BM

MRD/
other

Untreated 44 (16 only rhEPO), Specific treatment 22:
rhEPO (6) + specific treatment (+70 d)
RTX (10)
RTX, DLI (5)
DLI (2) (+431 d, +236 d)
Prednisone (1) (+100 d)
Prednisone, RTX (1) (+78 d, +92 d)
Romiplostim, RTX (1) (+56 d, +588 d)
Boost CD34+ (1) (+326 d)
2nd HSCT (1) (+153 d)

TI

Jeyaraman P (30) 1 PB MRD
Taper tacrolimus (+60 d), HDG (+74 d), IVIg (+109 d), Bortezomib (+151 d),
Daratumumab (+163).

TI (+184 d)

Zhu, P (31) 13 PB
MRD
Haplo
MUD

Transfusion (4)
IVIg + transfusion (3)
PEX + transfusion (2)
PEX + IVIg + transfusion (2)

TI

(Continued)
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colleagues did not find any difference in PRCA occurrence

according to pre-HSCT IHA titer, as well as for patients who

received PEX with donor plasma group for reducing pre-HSCT

IHA titer in bone marrow recipients (52). Also in our cohort, pre-

HSCT PEX did not prevent PRCA in patients with high pre-HSCT

IHA titer. Finally, opposite to other authors (6, 39), we had not

reported an association between early aGVHD occurrence and

PRCA development. Mielcarek reported a close relationship

between aGVHD occurrence and IHA disappearance after

matched related donor HSCT. He postulated that anti-recipient

donor T cells would eliminate antibody-producing recipient cells

leading to IgG and IgM IHA disappearance. However, they cannot

exclude that immunosuppressive therapy against GVHD rather

than GVHD itself might contribute to rapid IHA titer abatement

(39). To date, a clear correlation between AB0 incompatibility and

GVHD is not stated, as is for a correlation between AB0

incompatibility and DFS or TRM (31).

The revision of the literature cases of PRCA who had received a

specific therapy reported varying results for the different treatments

administered. A comment is due about time to response that favors

daratumumab, followed by PEX and IA, and finally eltrombopag.

The main point that needs to be assessed is which patients with

PRCA need to be treated, given the possibility of spontaneous

recovery within a few months. It is undeniable that patients with

prolonged and heavy transfusion needs, at risk of iron overload, and

unresponsive to rhEPO could benefit from a specific treatment.

EPO-agonist, although widely used for transfusion-dependent

anemia, appeared to be not enough to achieve red cell

engraftment in patients with erythroid precursor aplasia (6, 17).

The role of PEX or IA alone can be useful to rapidly reduce the

IHA titer, although the effect might be transient and unable to
Frontiers in Oncology 11
reverse red cell aplasia (17, 24, 25, 31, 32). The reduction of

immunosuppression can be considered as a possible option,

enhancing donor T cell activity against donor residual plasma

cells, but it should be carefully weighted given the risk of GVHD

flare and the variability of responses (16, 21–23, 26, 27, 30, 32).

Another option is represented by monoclonal antibodies rituximab

and daratumumab. Rituximab is used to remove residual recipient

B lymphocytes and the results for rituximab alone or combined with

other therapy were frequently satisfying (6, 17, 32, 37). The last

entry is daratumumab, targeting host plasma cells sustaining

delayed erythroid engraftment guarantees a response even in

patients who have previously received more lines of treatment

(16, 18, 22, 25, 26, 29, 30, 33, 34, 36).

In conclusion, among patients who developed PRCA, treatment

should be considered for those patients who do not spontaneously

recover after 4 months. During the watch and wait phase, iron

depletion methods together with rhEPO should be applied to avoid

iron overload and to stimulate erythroid precursors. When PRCA is

prolonged the choice of the most appropriate treatment should be

made balancing carefully risks and benefits, with particular

attention to infectious and GVHD risks.
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TABLE 3 Continued

Author
(year)

n Source HSCT Treatment (n) (+d/+m) Response

PEX + RTX + Eltrombopag + Transfusion (1)
PEX + DLI + Eltrombopag + Transfusion (1)

Arslan, S (32) 5 PB
MRD
MUD

IS withdrawal + prednisone + RTX + ibrutinib (1)
IS withdrawal + prednisone + RTX + bortezomib (1)
IS withdrawal + prednisone + DLI + RTX + bortezomib + danazole +
ibrutinib (1)
IS withdrawal + dexamethasone + IVIg + RTX + ibrutinib (1)
IS withdrawal + RTX + darbepoetin + ibrutinib (1)

TI

Martino R (33) 2 N/A N/A Daratumumab (+205 d, +270 d) IR (+219 d, 298 d)

Dovern E (34) 1 PB MRD Daratumumab (+60 d) TI (+88 d)

Tavakoli F (35) 1 N/A MRD Taper CsA (+50 d), rhEPO (+53 d) TI (+170 d)

Vivero A (36) 2
PB
BM

MRD
LDI (+6 m), RTX (+10 m, +4 m), Daratumumab (+11 m, +5 m),
PEX (+12 m, +5,6 m)

TI (+14 m, +6 m)

Jiménez-Ochoa,
M (37)

3 N/A N/A RTX RCE (+120 d, +248 d, N/A)
MUD, Matched unrelated donor; MRD, Matched related donor; Haplo, haploidentical donor; HSCT, Hematopoietic stem-cell transplantation; BM, bone marrow; PB, peripheral blood stem cell;
HDG, High dose glucocorticoids; IVIg, intravenous immunoglobulins; CsA cyclosporine A; RTX, Rituximab; DLI, Donor lymphocyte infusion; IS, immunosuppression; IHA, isohemagglutinins;
rhEPO, erythropoietin; PEX, plasma exchange; IA, immunoadsorption; IL-6, Interleukin 6; TI, Transfusion independence, IR, Increase of reticulocyte; RCE, Red cell engraftment; N/A, not
available; d, the day of first administration; m, month of first administration; n, number of patients.
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