Discovery Medicine 2026; 38(204): 4659

Article https://doi.org/10.24976/Discov.Med.202638204.4

Association of Red Blood Cell Transfusion Burden on
Clinical Outcome After Allogeneic Hematopoietic Stem
Cell Transplantation

Sebastian Schlaweck!?31, Caroline Kiel">!, Leonie Weinhold*, Karin Mayer!:3,
Tobias A.W. Holderried!"3, Peter Brossart!3, Dominik Wolf!3®, Annkristin Heine!3:6:*

I Department of Hematology, Oncology, Stem Cell Transplantation, Immune and Cell Therapy, Clinical Immunology and Rheumatology, University
Hospital Bonn, 53127 Bonn, Germany

2Mildred Scheel School of Oncology Aachen Bonn Cologne Diisseldorf (MSSO ABCD), Bonn, Faculty of Medicine and University Hospital of Bonn,
53127 Bonn, Germany

3Center for Integrated Oncology Aachen Bonn Cologne Diisseldorf (CIO ABCD), 53127 Bonn, Germany

4Institute for Medical Biometry, Informatics and Epidemiology, Medical Faculty, University of Bonn, 53127 Bonn, Germany

5Internal Medicine V, Department of Hematology and Oncology, Comprehensive Cancer Center Innsbruck (CCCI), Tyrolean Cancer Research Institute
(TKFI), Austrian Comprehensive Cancer Network (ACCN), Medical University of Innsbruck (MUI), 6020 Innsbruck, Austria

SClinical Division of Hematology, Department of Internal Medicine, Medical University of Graz, 8036 Graz, Austria

*Correspondence: Annkristin.Heine@ukbonn.de (Annkristin Heine)

T These authors contributed equally.

Submitted: 30 June 2025 Revised: 12 October 2025  Accepted: 20 October 2025  Published: 20 January 2026

Background: Patients undergoing allogeneic hematopoietic stem cell transplantation (alloHSCT) frequently require red blood
cell (RBC) transfusions. Immunomodulation by RBC transfusion is of great interest in the context of alloHSCT, as donor immune
cells mediate tumor control, fight pathogens, but also cause graft-versus-host disease (GvHD), a potentially lethal complication
of alloHSCT. Data linking RBC transfusion burden with relevant clinical outcome parameters after alloHSCT are scarce.
Methods: In this retrospective study, we examined the association between RBC transfusion burden and clinical outcomes in
a cohort of 116 patients who underwent alloHSCT at a single transplant center. Therefore, we analyzed the impact of RBC
transfusion burden on the following relevant outcomes after alloHSCT: overall survival, leukocyte engraftment, GVHD incidence,
and infection rate.

Results: Reduced transfusion frequencies, both before (p = 0.003) and after (p = 0.002) alloHSCT, are associated with favorable
survival rates 100 days after transplantation. In line, those patients showed an earlier leukocyte engraftment (p < 0.001). How-
ever, no significant association was found between the transfusion rate and the incidence of grade II-1V acute GvHD (aGvHD) (p
= 0.87). Notably, it was not the frequency of pre-transplant RBC transfusions (p = 0.05), but rather an increased post-transplant
transfusion rate (p < 0.001), that was significantly associated with a lower infection rate, particularly with infections within the
first 21 days following alloHSCT (p < 0.001 for post-transplant transfusions).

Conclusion: In summary, our data support recent evidence that high RBC transfusion burden is associated with poor survival.
GvHD incidence was not linked to RBC transfusion, but we were able to detect a negative association with infectious complica-
tions. Larger, multi-center trials are needed to confirm our findings, accompanied by molecular analysis of RBC—immune cell
interactions.
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Introduction

A high transfusion burden is associated with worse
outcomes and poorer survival in critically ill patients [1].
Approaches in patient blood management aim to reduce the
frequency of red blood cell (RBC) transfusions [2], and in
critically ill patients, a more restrictive transfusion regimen
is not inferior to a more liberal strategy [3]. Additionally,
an increased infection rate after surgery is associated with
RBC transfusion in a dose-dependent manner [4]. How-

ever, there exists some controversy, as other studies inves-
tigating a large cohort of patients requiring RBC transfusion
for different medical indications, could not associate a re-
strictive or more liberal transfusion regimen with different
outcomes regarding 30-day mortality [5,6]. Additionally,
a more liberal transfusion regimen was not associated with
an increased risk of infection in a meta-analysis including
more than 21,000 patients [6]. Therefore, it remains unclear
whether an increased transfusion rate merely identifies pa-
tients who are severely ill and have significant comorbidi-
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ties or whether RBC transfusion itself influences survival
or infection rates.

Improved screening procedures have minimized the
risk of infectious complications of RBC transfusions. Nev-
ertheless, noninfectious serious hazards have to be taken
into account [7] as RBCs modulate immune cell function
[8—11]. Moreover, transfusion-related immunomodulatory
effects have been described due to the persistence of al-
logeneic mononuclear cells, white-blood-cell-derived solu-
ble mediators, and soluble human leukocyte antigen (HLA)
peptides circulating in allogeneic plasma [12,13]. Addi-
tionally, transfusion-induced iron overload may dampen T
cell responses [14].

We have shown previously that transfusion burden
influences the outcome of patients treated with immune
checkpoint inhibitors [15]. In line, modulation of immune
cell responses, especially T cell responses, is of high in-
terest in the context of allogeneic hematopoietic stem cell
transplantation (alloHSCT). AlloHSCT is a curative thera-
peutic option for hematological malignancies achieved by
immunological tumor control by allogeneic immune cells.
Novel approaches aim to identify whether a more restrictive
transfusion regimen is associated with improved outcomes
in patients with hematological malignancies and show non-
inferiority when investigating a cohort of patients under-
going allo- or autologous HSCT [16,17]. However, these
studies also included patients undergoing autologous stem
cell transplantation, where allogeneic immunological tumor
control does not play a role.

Acute graft-versus-host disease (aGvHD) is character-
ized by inflammation of the gut, skin, or liver by activated
alloreactive T cells, which are the effector cells of this life-
threatening complication of alloHSCT [18]. Dampening T
cell proliferation results in decreased rates of GvHD. On the
other hand, T cells are the main effector cells fighting viral
infections [19]. Given the clinical relevance of both infec-
tion control and GVHD development, the interplay between
immune cells and transfused RBC units is of particular in-
terest.

To investigate the concomitance of RBC transfusion
in the peri-transplant setting, we retrospectively reviewed
116 patients undergoing alloHSCT and analyzed the asso-
ciation of pre-transplant and post-transplant RBC transfu-
sion on mortality, engraftment, incidence of aGvHD, and
infectious complications.

Methods

Patients

In this retrospective single-center study, patients >18
years undergoing their first allogeneic hematopoietic stem
cell transplantation between October 2012 and February
2016 were included. Analysis of patients undergoing the
second allogeneic hematopoietic stem cell transplantation
was excluded. Follow-up was conducted until death or
100 days after the date of transplantation. We analyzed
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116 patients transplanted for acute lymphatic leukemia
(ALL), acute myeloid leukemia (AML), chronic myeloid
leukemia (CML), multiple myeloma (MM), myelodys-
plastic syndrome (MDS), non-Hodgkin lymphoma (NHL),
chronic myelomonocytic leukemia (CMML), or myelofi-
brosis (MF) (Table 1). Hematopoietic cell transplantation—
specific comorbidity index (HCT-CI) score and age-
adjusted HCT-CI score were calculated as reported previ-
ously [20,21]. The European Society for Blood and Marrow
Transplantation (EBMT) score was calculated according to
Gratwohl et al. [22].

Medical records of all patients were reviewed to iden-
tify the date and number of RBC transfusions 30 days be-
fore and 100 days after transplantation. There was no re-
striction on the RBC transfusion rate, and patients received
RBC concentrates upon clinical indication.

Leukocyte engraftment was defined as the first day
with an absolute neutrophil count >500/uL and no further
decline in the next two days [23].

GVHD was scored according to the local pathologist
and clinical examination by physicians of the bone marrow
transplant unit. Staging of acute GvHD according to Harris
et al. [24] was performed.

The onset of infection was identified by clinical
examination in combination with laboratory or diagnos-
tic results (PCR for viral infection/reactivation, detection
range for Epstein-Barr virus (EBV) >500 IU/mL and cy-
tomegalovirus (CMV) >500 IU/mL, blood culture for bac-
terial and fungal infection, CT scan with typical signs for
fungal or bacterial infection). A sole rise in C-reactive
protein (CRP) was not classified as infection; either clin-
ical correlation, clinical improvement upon antibiotic treat-
ment, or the identification of a pathogen in combination
with CRP elevation was mandatory. Patients received an-
tibiotic prophylaxis with fluoroquinolone and antiviral pro-
phylaxis with acyclovir. Moreover, every patient received
prophylaxis for pneumocystis infection.

The study was approved by the local ethics committee
of the University Hospital Bonn (2022-419). As a retro-
spective analysis was performed, no informed patient con-
sent was mandatory according to the local ethics committee.

Statistical Analysis

SPSS version 27 (IBM, Armonk, NY, USA) and R
version 4.1.2 (R Foundation for statistical computing, Vi-
enna, Austria) were used to perform statistical analysis. Pa-
tient characteristics are presented as median (range) for con-
tinuous variables and counts and percentages for categorical
variables.

A cause-specific Cox regression model with time-
varying variables was used to account for the temporal
changes in the absolute number of RBC concentrates and
to investigate their association between the number of RBC
concentrates and mortality, aGvHD, engraftment, and in-
fection rate.
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Table 1. Patient baseline characteristics.

N % N %

Sex Female 57 49.1 Mismatch MRD 28 24.1

Male 59 509 MUD 63 54.3

Lo MMUD 17 14.7
Transplant indication

ALL 11 9.5 haplo 8 6.9

AML 57  49.1 Conditioning intensity NMA 8 6.9

CML 1 0.9 RIC 97 83.6

MM 3 2.6 MAC 11 9.5

MDS 14 12,1 TBI no 85 733

NHL 18 15.5 yes 31 26.7

MF 10 8.6  GvDH Prophylaxis CsA/MTX 18 15.5

CMML 2 1.7
PBSC 107 922
BM 9 7.8

Graft source

CsA/MMF 77 66.4
Tac/MMF 12 10.3
Other 9 1.9

GvHD Prophylaxis: others: six patients received Sirolimus/MMF, two tacrolimus, MMF and cyclophos-

phamide, and one patient tacrolimus and MTX. ALL, acute lymphatic leukemia; AML, acute myeloid

leukemia; BM, bone marrow; CML, chronic myeloid leukemia; MM, multiple myeloma; MDS, myelodys-

plastic syndrome; NHL, non-Hodgkin lymphoma; MF, myelofibrosis; CMML, chronic myelomonocytic
leukemia; PBSC, peripheral blood stem cells; MRD, matched related donor; MUD, matched unrelated donor;

MMUD, mismatch unrelated donor; haplo, haploident donor; NMA, non-myeloablative; RIC, reduced inte-

sity conditioning; MAC, myeloablative conditioning; TBI, total body irradiation; GVHD, graft-versus-host

disease; MMF, mycophenolate mofetil; MTX, methotrexate; CsA, cyclosporine A; Tac, tacrolimus.

The association between the number of RBC concen-
trates and response variables was analyzed by taking into
account all RBC concentrates (i) post-alloHSCT, (ii) pre-
alloHSCT, and (iii) pre-and post-alloHSCT.

Univariable and multivariable Cox regression models
were conducted. Analyzing aGvHD incidence, the models
were adjusted for known risk factors, age, unrelated donor,
female donor for a male recipient, intensive conditioning
regimen, or a conditioning regimen containing total body
irradiation (TBI) [25-29].

Cox-regression models were adjusted for specific co-
variates depending on the outcome: for engraftment, adjust-
ments included graft sources [30,31], recipient sex and age
and general diagnosis [30]; for infection rate, adjustments
included previous GvHD [32], leukocyte engraftment, TBI,
intensive conditioning regimen [33] and the combination of
a CMV-positive recipient with a CMV-negative donor [34].

For all analyses, hazard ratios (HR) with 95% confi-
dence intervals (Cls) are shown. For example, an HR >1
implies that for every unit increase in the explanatory vari-
able, there is a corresponding increase in the hazard of ex-
periencing the event; an HR <1 implies a decrease in the
hazard of experiencing the event. The association of trans-
fusional burden and engraftment was analyzed by applying
Tukey’s multiple comparison test.

For illustrative purposes, extended Kaplan-Meier
Plots for time-varying covariates are shown, stratified by
patients receiving less than 5, 5 to 9, and 10 or more RBC
units.

Table 2. Patient characteristics.
Median  Min. Max.

Age 58.0 18.0 73.0
Sorror score 4.0 1.0 14.0
EBMT score 4.0 1.0 7.0
Pre transplant RBC transfusion 0 22
Post transplant RBC transfusion 0 54
RBC transfusion until day 21 7 0 32
Leukocyte engraftment 14 0 22

EBMT, European Society for Blood and Marrow Transplanta-
tion; RBC, red blood cell.

Results

In this study, we included 116 patients undergoing
their first alloHSCT. The median age was 58 years [range
18-73], and 49.1% were female. Median HCT-CI score
was 4 [range 1-14], median EBMT score was 4 [range 1—
7]. Most patients were transplanted for AML (49.1%), fol-
lowed by NHL (15.5%) and MDS (12.1%). 92.2% of pa-
tients received peripheral blood stem cells, and 54.3% had
a matched unrelated donor. Most patients received reduced
intensity conditioning (83.6%). Post-transplant GvHD pro-
phylaxis was mostly a combination of ciclosporin A and
mycophenolate mofetil (66.4%). Within the first 100 days
after transplantation, patients received a median of 8 red
blood cell concentrates [range 0-54]. Additional patient
characteristics are listed in Tables 1,2.


https://www.discovmed.com/

A survival
0
%
a
— low (0-4) moderate (5-9) —= high (>9)
000
% ]
time (days)
Number at risk
low (0-4) 116 40 38 36 35
moderate
59 0 33 31 27 25
high (>9) 0 37 36 il 41
D kokokk

304 ¥k 1S

day of engraftment

488

O—T—T—
<5 59 >9
number of RBC units

GvHD

event.free probabilty

e

— low (0-4) moderate (5-9) —= high (>9)
ime (days)
Number at risk
low (0-4) 116 40 35 34 33
moderate
(5-9) 0 31 29 25 24
high (>9) 0 34 31 32 32

B

transfused RBC

transfused RBC

49

C

pre-transplant post-transplant
60_ *%k
3]
[11]
© 40-
©
(1]
[72]
2
2 20
i
0_
alive dead alive dead

G

pre-transplant post-transplant
25— ns 60— ns
20— 3]
@
X 404
15_ ko]
Q
5
10 2
2 20 "
5+ £ @
0- 0-
QO Q O Q
RN F &
o ® o ©
® X ®& K

()

Fig. 1. The association of transfusion rate with overall survival, engraftment, and severe aGvHD. Extended Kaplan Meier plot for
time-varying covariates depicting overall survival of our cohort (A). Violin plot showing cumulative number of transfused RBC units
before (B) and after (C) alloHSCT, comparing those patients who survived or died within the first 100 days after alloHSCT. Bar chart
depicting cumulative transfused RBC units after alloHSCT for patients receiving 0—4, 5-9, or more than 9. Only the 109 patients who

experienced engraftment of neutrophil granulocytes were shown; 7 patients did not reach engraftment as they died before (D). The cu-
mulative incidence of severe GVHD (12.5%) is shown in (E). Violin plot showing transfused RBC units of patients, who either developed
GvHD (grade I1I-1V) compared with those who did not. The median number of transfused RBC units before alloHSCT for patients with
or without GVHD is depicted in (F), respectively, (G) for post-alloHSCT transfusion rate. alloHSCT, allogeneic hematopoietic stem cell
transplantation; GvHD, graft-versus-host disease; aGvHD, acute GVHD. **: p < 0.01; ****: p < 0.0001; ns: not significant.
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Table 3. Survival analysis.

Variable Beta (SE) HR (95% CI) p

Post-transplant transfusion rate

RBC units 0.07 (0.02)  1.07 (1.03,1.11) <0.001
Adjusted association

RBC units 0.06 (0.02)  1.06 (1.02, 1.10) 0.002

Age 0.03 (0.03)  1.03 (0.98, 1.09) 0.23

HCT-CI-score 0.14 (0.08)  1.15(0.99, 1.35) 0.07

EBMT-score 0.21(0.22) 1.23(0.80,1.91) 0.35
Pre-transplant transfusion rate

RBC units 0.19(0.05)  1.20(1.09, 1.33) <0.001
Adjusted association

RBC units 0.16 (0.05)  1.17 (1.05, 1.30) 0.003

Age 0.02 (0.03) 1.02(0.97,1.08) 0.42

HCT-ClI-score 0.08 (0.09)  1.09 (0.91, 1.30) 0.35

EBMT-score 0.26 (0.24)  1.30(0.82, 2.06) 0.27
Overall transfusion rate

RBC units 0.06 (0.01)  1.06 (1.03, 1.09) <0.001
Adjusted association

RBC units 0.05(0.02) 1.06 (1.02, 1.09) <0.001

Age 0.03 (0.03) 1.03(0.97,1.09) 0.30

HCT-ClI-score 0.13(0.08) 1.14(0.97, 1.34) 0.10

EBMT-score 0.18(0.23) 1.20(0.77, 1.88) 0.42

HCT-CI, hematopoietic cell transplantation—specific comorbidity index; HR,

hazard ratio; CI, confidence interval; SE, standard error.

Survival

Overall survival after alloHSCT within the first 100
days was 87.1%. Transfusion of more RBC concentrates
post alloHSCT was significantly associated with higher
mortality risk (p < 0.001, HR 1.07 [1.03, 1.11]), which
was also significant in a multivariate analysis containing
patient age, HCT-CI, and EBMT score (p = 0.002, HR 1.06
[1.02, 1.10]. Reduced frequency of RBC transfusion be-
fore alloHSCT was associated with longer survival time in
an univariate analysis (p < 0.001, HR 1.20 [1.09, 1.33]
and in an adjusted regression model (p = 0.003, HR 1.17
[1.05, 1.30]). In line, combining transfusion of RBC units
pre- and post-alloHSCT was significantly associated with
shorter survival time (p < 0.001, HR 1.06 [1.03, 1.09]) and
in an adjusted model (p < 0.001, HR 1.06 [1.02, 1.09]) (Ta-
ble 3 and Fig. 1A-C).

Leukocyte Engraftment

Patients reached leukocyte engraftment median at day
14 [range 0-22]. A total of 7 patients died before engraft-
ment of leukocytes. The cumulative number of transfused
red blood cell concentrates after alloHSCT was signifi-
cantly higher in patients presenting with later leukocyte en-
graftment (p < 0.001, HR 0.78 [0.74, 0.82]). In an adjusted
analysis, including known risk factors (age, graft source,
transplantation for myelodysplastic syndrome), the associ-
ation of RBC transfusion was more pronounced (p < 0.001,
HR 0.77 [0.72, 0.82]). Also, the number of pre-transplant

transfused RBC concentrates was significantly associated
with later engraftment (p < 0.001, HR 0.89 [0.84, 0.94]),
but in an analysis adjusted for the above-mentioned risk
factors, the effect was smaller (p = 0.01, HR 0.92 [0.86,
0.98]). Combining transfused RBC concentrates pre- and
post-transplantation, we detected a significant association
between transfused RBC concentrates and the time to en-
graftment in univariable (p < 0.001, HR 0.87 [0.83, 0.90])
and multivariate analysis (p < 0.001, HR 0.87[0.83, 0.90]).
Comparing different cohorts, median day of engraftment
was significantly earlier (day 12.8) for patients transfused
with less than 5 RBC concentrates, compared to the cohort
receiving 5-9 RBC untis (median 14.94 days to engraft-
ment, p = 0.0092 in Tukey’s multiple comparision test) or
equal or more than 10 RBC units (median 16.52 days to
engraftment, p < 0.0001 in Tukey’s multiple comparision
test) (Table 4 and Fig. 1D).

GvHD Incidence

Thirty-eight patients were found to have developed
aGvHD of any grade. 60.5% affected the skin, 18.4% the
gut, 7.9% skin and gut, and 10.5% the liver. GvHD (grade
II-1V), staged according to Harris et al. [24], was diag-
nosed in 21.6%, and severe GvHD (grade III-1V) affected
11.2% of patients. No association between the incidence
of GvHD (grade 1I-1V) and the number of transfused RBC
concentrates after alloHSCT (p=0.60, HR 0.98 [0.92, 1.05]
and p = 0.63, HR 0.98 [0.91, 1.06] in a multivariate analy-
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Table 4. Analysis of engraftment.

Variable Beta (SE) HR (95% CI) P
Post-transplant transfusion rate
RBC units —0.25(0.03) 0.78 (0.74,0.82) <0.001
Adjusted association
RBC units —-0.26 (0.03) 0.77(0.72,0.82)  <0.001
Diagnosis -0.39 (0.37)  0.68(0.33, 1.41) 0.30
Graft source -1.25(0.41) 0.29(0.13,0.63)  0.002
Age 0.02 (0.01)  1.02(1.00, 1.04) 0.02
Sex
Female (ref) - -
Male —0.62 (0.20)  0.54(0.36,0.80)  0.002
Pre-transplant transfusion rate
RBC units —-0.12 (0.03) 0.89(0.84,0.94) <0.001
Adjusted association
RBC units —0.08 (0.03)  0.92 (0.86, 0.98) 0.01
Diagnosis -1.24(0.39)  0.29(0.13,0.62)  0.001
Graft source —0.65(0.38)  0.52(0.25, 1.09) 0.08
Age 0.03 (0.01)  1.03(1.01,1.05) <0.001
Sex
Female (ref) - -
Male -0.70 (0.21)  0.50(0.33,0.75)  0.001
Overall transfusion rate
RBC units —-0.14 (0.02)  0.87(0.83,0.90) <0.001
Adjusted association
RBC units —-0.14 (0.02) 0.87(0.83,0.90) <0.001
Diagnosis —-0.20(0.39)  0.82(0.38,1.74) 0.60
Graft source —0.93(0.38)  0.39(0.19, 0.83) 0.01
Age 0.03 (0.01)  1.03(1.01,1.04)  0.002
Sex
Female (ref) - -
Male —-0.62 (0.20)  0.54 (0.36,0.80)  0.002

sis) and before alloHSCT (p = 0.95, HR 1.00 [0.90, 1.12],
and p =0.95, HR 1.00 [0.88, 1.13] in multivariate analysis,
or overall transfusion rate (p = 0.69, HR 0.99 [0.94, 1.04]
and p = 0.68, HR = 0.99 [0.93, 1.05]) was found (data not
shown). For high-grade GvHD (grade III-1V), there was
again no significant association with the number of RBC
concentrates transfused before transplant (p =0.93, HR 0.99
[0.84,1.17], p=0.94, HR 0.99 [0.83, 1.18] for multivariate
analysis), after transplant (p = 0.88, HR 1.01 [0.94, 1.08],
p=0.81, HR 1.01 [0.93, 1.09] for multivariate analysis) or
in a combined analysis (p = 0.93, HR 1.00 [0.95, 1.06], p
=0.87, HR 1.01 [0.94, 1.08] for multivariate analysis) (Ta-
ble 5 and Fig. 1E-QG).

Infection Rate and Viral Reactivation

Infection and/or viral reactivation were diagnosed in
77.6% of patients. Among them, 52.2% developed a vi-
ral infection or CMV/ EBV/herpes simplex virus (HSV) re-
activation (median 31 days after transplantation, with 51%
CMV (24 patients), 16.3% EBV (9 patients), 18.4% herpes
virus (4 patients) reactivations, and 14.3% other viral infec-

tions). Non-viral infections occurred earlier (median after
5 days), and 72.2% of these infections were classified as
fever of unknown origin, while 19% had proven bacterial
infection and 8.9% had proven fungal infection.

In our study, higher post-transplantation transfusion
rates were associated with reduced occurrence of any in-
fection (p < 0.001, HR 0.86 [0.80, 0.92]), which was con-
sistent in a multivariate analysis adjusted for known risk
factors to develop an infection (»p < 0.001, HR 0.85 [0.80,
0.91]). These are patients with previous GvHD (1), patients
who either received total body irradiation (2) or myeloabla-
tive conditioning (3), patients with later leukocyte engraft-
ment (4), and a combination of CMV-positive recipients
with CMV-negative donors (5).

The number of transfused RBC concentrates before
transplant, in contrast, was not associated with the inci-
dence of infection (p = 0.21, HR 1.03 [0.98, 1.08] and p
=0.31, HR 1.03 [0.97, 1.09] for multivariate analysis).

If both pre- and post-transplant RBC transfusions were
considered cumulatively, a lower overall transfusion burden
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Table S. Analysis of Graft-versus-Host disease.

Variable Beta (SE) HR (95% CI) P
Post-transplant transfusion rate
RBC units 0.01(0.04) 1.01(0.94,1.08) 0.88
Adjusted association
RBC units 0.01 (0.04) 1.01(0.93,1.09) 0.81
Age —-0.00 (0.02)  1.00(0.95,1.05) 0.90
Sex match

Low risk (ref) - -

High risk -0.24 (0.80) 0.78 (0.16,3.77)  0.76
Donor type 0.33(0.68) 1.39(0.37,5.22) 0.63
TBI

No (ref) - -

Yes 0.74 (0.57)  2.10(0.69,6.42) 0.19
Conditioning intensity 0.19 (0.89) 1.21(0.21,6.94) 0.83

Pre-transplant transfusion rate
RBC units —-0.01 (0.08) 0.99(0.84,1.17) 0.93
Adjusted association
RBC units —-0.01 (0.09) 0.99(0.83,1.18) 0.94
Age —-0.00(0.02) 1.00(0.95,1.05) 0.88
Sex match

Low risk (ref) - -

High risk -0.21 (0.81) 0.81(0.17,3.95) 0.79
Donor type 0.35(0.68)  1.42(0.38,5.32) 0.61
TBI

No (ref) - -

Yes 0.73 (0.57)  2.08 (0.68,6.33) 0.20
Conditioning intensity 0.17(0.92)  1.18(0.19,7.18) 0.86

Overall transfusion rate
RBC units 0.00 (0.03)  1.00(0.95,1.06) 0.93
Adjusted association
RBC units 0.01 (0.03) 1.01(0.94,1.08) 0.87
Age —-0.00 (0.02)  1.00(0.95,1.05) 0.90
Sex match

Low risk (ref) - -

High risk -0.24 (0.81) 0.78 (0.16,3.82)  0.76
Donor type 0.33(0.68) 1.39(0.37,5.26) 0.62
TBI

No (ref) - -

Yes 0.74 (0.57)  2.09(0.69,6.37) 0.19
Conditioning intensity 0.20 (0.90) 1.23(0.21,7.11)  0.86

was associated with a higher risk of infection (p = 0.005,
HR 0.95 [0.92, 0.99] and p = 0.002, HR 0.94 [0.91, 0.98]
for multivariate analysis) (Table 6 and Fig. 2A—C).

Analyzing only viral infections and reactivations, an
increased transfusion rate after alloHSCT was associated
with a lower incidence of viral infections in a multivariate
analysis (p = 0.04, HR 0.95 [0.90, 1.00]), but not in uni-
variate analysis (p = 0.30, HR = 0.98 [0.93, 1.02]). The
pre-transplant number of RBC concentrates did not affect
the viral infection rate (p = 0.54, HR 0.97 [0.89, 1.06]; p =
0.27, HR 0.95[0.87, 1.04] for multivariate analysis). How-
ever, combined analysis of peri-transplant RBC transfusion
showed a significant association regarding viral infection
in a multivariate analysis, but not in univariate analysis (p

= 0.29 in univariate analysis and p = 0.04, HR 0.96 [0.93,
1.00] in multivariate analysis) (Table 7 and Fig. 2D-F).

As the majority of RBC concentrates (67.4%, n =
884) were transfused and most infections (92.2% of all in-
fection events) occurred within the first 21 days follow-
ing alloHSCT, we performed a more detailed analysis of
this time period and identified an association between post-
alloHSCT RBC transfusions and infection incidence in both
univariate and multivariate analyses (p < 0.001, HR 0.86
[0.79, 0.93]; (»p < 0.001, HR 0.83 [0.76, 0.90]. Regarding
pre-transplant and peri-transplant (day-30 to day+21) trans-
fusion of RBC concentrates, results were different. As pre-
transplant RBC transfusion does not show significant asso-
ciation of RBC transfusion and early infections in univariate
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Variable Beta (SE) HR (95% CI) p
Post-transplant transfusion rate
RBC units —0.16 (0.04)  0.86(0.80,0.92) <0.001
Adjusted association
RBC units -0.16 (0.03) 0.85(0.80,0.91) <0.001
TBI

No (ref) - -

Yes —0.17(0.27)  0.84(0.50, 1.43) 0.53
Conditionig intesity 1.15(0.37)  3.15(1.52,6.52) 0.002
High risk CMV constellation  0.43 (0.30) 1.54 (0.85, 2.79) 0.15
Leukocyte engraftment —4.68 (0.47)  0.01 (0.00,0.02) <0.001
GvHD (grade II-1V) —0.02 (0.47)  0.98(0.39,2.44) 0.96

Pre-transplant transfusion rate
RBC units 0.03 (0.02)  1.03 (0.98, 1.08) 0.21
Adjusted association
RBC units 0.03 (0.03)  1.03(0.97, 1.09) 0.31
TBI

No (ref) - -

Yes —-0.09 (0.27)  0.92(0.54, 1.54) 0.74
Conditionig intesity 1.22(0.37)  3.39(1.63,7.04)  0.001
High risk CMV constellation  —0.54 (0.30)  0.58 (0.32, 1.05) 0.07
Leukocyte engraftment -4.24 (0.38)  0.01(0.01,0.03) <0.001
GvHD (grade II-1V) —0.08 (0.48)  0.92(0.36, 2.38) 0.87

Overall transfusion rate
RBC units —0.05(0.02) 0.95(0.92,0.99)  0.005
Adjusted association
RBC units —0.06 (0.02) 0.94(0.91,0.98)  0.002
TBI

No (ref) - - -

Yes —0.08 (0.27)  0.92(0.54, 1.56) 0.76
Conditionig intesity 0.98 (0.37)  2.67(1.29,5.54) 0.008
High risk CMV constellation ~ 0.01 (0.31)  1.01 (0.55, 1.88) 0.96
Leukocyte engraftment —4.47(0.42)  0.01(0.01,0.03) <0.001
GvHD (grade II-1V) 0.24 (0.47)  1.27(0.50,3.22) 0.61

CMYV, cytomegalovirus.

(»=0.52,HR 1.02[0.97, 1.07]) or multivariate analysis (p =
0.05, HR 1.06 [1.00, 1.12], a combined analysis of transfu-
sion in the peri-alloHSCT period until day 21 showed only
significant association in univariate analysis (p = 0.04, HR
0.96 [0.92, 1.00]) but not in multivariate analysis (p =0.12,
HR 0.96 [0.92, 1.01]) (Table 8 and Fig. 2G-I).

Discussion

Thrombocytopenia and anemia have been identified as
independent risk factors for mortality in patients admitted
to the intensive care unit after alloHSCT [35]. Further, re-
duced hemoglobin levels before transplant have been iden-
tified as an independent risk factor for (a) higher transfusion
burden peri-alloHSCT and (b) increased 6-month mortal-
ity after alloHSCT [36]. These results are consistent with
the observation that a higher transfusion burden correlates

with poorer overall survival post-alloHSCT [37,38]. This
finding is corroborated by the significant association be-
tween elevated pre-transplant ferritin levels—an indicator
of a high transfusion burden—and reduced overall survival
[39]. Mechanistically, excessive iron overload may con-
tribute in part to poor outcomes as well [40], but there is a
lack of studies providing mechanistic insight into the rela-
tionship between iron overload caused by extensive trans-
fusion and poor survival. While our findings corroborate
that reduced frequencies, both pre- and post-transplantation
transfused RBC units are associated with improved sur-
vival, the question of causality remains unresolved. It is un-
clear whether patients requiring more transfusions are more
severely ill, or if the high transfusion rate itself adversely af-
fects patient outcomes. Notably, in multivariate analysis, a
higher HCT-CI or EBMT score, reflecting the comorbidi-
ties of these patients, did not show a significant association
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Table 7. Analysis of viral infections.

Variable Beta (SE) HR (95% CI) p
Post-transplant transfusion rate
RBC units —0.02 (0.02)  0.98(0.93,1.02) 0.30
Adjusted association
RBC units —0.05(0.03)  0.95(0.90, 1.00) 0.04
TBI

No (ref) - -

Yes —0.71 (0.39)  0.49(0.23, 1.05) 0.07
Conditionig intesity 0.43 (0.50) 1.54 (0.58, 4.09) 0.39
High risk CMV constellation ~ 0.80 (0.41)  2.23 (1.01, 4.95) 0.05
Leukocyte engraftment -2.89 (0.50)  0.06 (0.02,0.15) <0.001
GvHD (grade II-1V) 0.74 (0.33)  2.09 (1.09, 4.00) 0.03

Pre-transplant transfusion rate
RBC units —0.03 (0.04)  0.97 (0.89, 1.06) 0.54
Adjusted association
RBC units —0.05(0.04)  0.95(0.87,1.04) 0.27
TBI

No (ref) - -

Yes -0.73(0.39)  0.48(0.23,1.03) 0.06
Conditionig intesity 0.32(0.51)  1.38(0.51,3.73) 0.53
High risk CMV constellation ~ 0.46 (0.39)  1.58 (0.74, 3.38) 0.23
Leukocyte engraftment —2.78 (0.49)  0.06 (0.02,0.16) <0.001
GvHD (grade II-1V) 0.76 (0.33)  2.14(1.12, 4.08) 0.02

Overall transfusion rate
RBC units —0.02 (0.02)  0.98 (0.95,1.02) 0.29
Adjusted association
RBC units —0.04 (0.02)  0.96 (0.93, 1.00) 0.04
TBI

No (ref) - -

Yes —0.70 (0.39)  0.50(0.23, 1.06) 0.07
Conditionig intesity 0.34 (0.50)  1.40(0.53,3.74) 0.50
High risk CMV constellation ~ 0.71 (0.39)  2.03 (0.93, 4.39) 0.07
Leukocyte engraftment -2.93(0.51) 0.05(0.02,0.14) <0.001
GvHD (grade II-1V) 0.77 (0.33)  2.16(1.12,4.13) 0.02

with overall mortality. This suggests that transfusion bur-
den may represent an independent risk factor for poor out-
come after alloHSCT, irrespective of baseline comorbidi-
ties. Nevertheless, there is a systematic bias in this analysis
as patients with severe complications after alloHSCT, such
as sepsis or severe intestinal GvHD, are both more likely to
require transfusions and more likely not to survive.

Additionally, other confounding factors—such as the
severity of the underlying disease, pre-transplant response,
and comorbidities beyond those captured by the HCT-CI
and EBMT scores—may also contribute to transplant out-
comes and transfusion dependency.

Consistent with our results, a higher transfusion fre-
quency has been linked with delayed engraftment previ-
ously [41]. Again, it remains uncertain whether high trans-
fusion rates are a surrogate parameter for delayed hemato-
logical engraftment or whether increased RBC transfusion
itself delays the engraftment.

No significant association was observed between
transfusion burden and the incidence of acute GVHD in our
dataset, while Hosoba et al. [42] showed an association be-
tween the transfusion of more than five RBC units between
day-7 and day +27 after alloHSCT and high-grade GvHD.
Similarly, increased pre-transplant ferritin levels in MDS
patients correlated with a higher probability of developing
severe aGVHD [38], and in patients with aplastic anemia,
receiving more than 32 RBC units was associated with a
higher incidence of GvHD, potentially due to severe iron
overload [43]. However, our study analyzed a more het-
erogeneous group of patients and not only those with an
extremely high transfusion rate, like patients with MDS or
aplastic anemia. Therefore, transfusion frequencies as high
as those reported in these studies, were not reached in our
cohort. In conclusion, current evidence regarding a poten-
tial association between RBC transfusion and GvHD inci-
dence remains inconsistent. Larger, multicenter trials in-
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Table 8. Analysis of infectious complications within the first 21 days.

Variable Beta (SE) HR (95% CI) P
Post-transplant transfusion rate
RBC units —0.16 (0.04)  0.86(0.79,0.93)  <0.001
Adjusted association
RBC units —0.19 (0.04)  0.83(0.76,0.90) <0.001
TBI

No (ref) - -

Yes —0.14(0.28) 0.87(0.51,1.49) 0.61
Conditionig intesity 1.21(0.37)  3.35(1.61,6.97) 0.001
High risk CMV constellation ~ 0.47 (0.31)  1.60 (0.87, 2.93) 0.13
Leukocyte engraftment -2.72(0.50)  0.07 (0.02,0.17)  <0.001
GvHD (grade II-1V) —0.49 (0.60)  0.62(0.19, 1.98) 0.41

Pre-transplant transfusion rate
RBC units 0.02 (0.03)  1.02(0.97,1.07) 0.52
Adjusted association
RBC units 0.06 (0.03)  1.06 (1.00, 1.12) 0.05
TBI

No (ref) - -

Yes —0.07 (0.27)  0.93 (0.55, 1.58) 0.80
Conditionig intesity 1.37(0.37)  3.94(1.89,821) <0.001
High risk CMV constellation  —0.13 (0.30)  0.88 (0.49, 1.58) 0.66
Leukocyte engraftment -2.53(0.46) 0.08 (0.03,0.19) <0.001
GvHD (grade II-1V) —0.68 (0.60)  0.51 (0.16, 1.66) 0.26

Overall transfusion rate
RBC units —0.04 (0.02)  0.96 (0.92, 1.00) 0.04
Adjusted association
RBC units —0.04 (0.02)  0.96 (0.92, 1.01) 0.12
TBI

No (ref) - -

Yes —0.07 (0.27)  0.93 (0.55, 1.60) 0.80
Conditionig intesity 1.10(0.37)  3.02(1.45,6.28)  0.003
High risk CMV constellation ~ 0.05 (0.31)  1.05(0.57, 1.93) 0.88
Leukocyte engraftment -2.52(0.46) 0.08 (0.03,0.20) <0.001
GvHD (grade II-1V) —0.34 (0.60)  0.71(0.22,2.32) 0.58

cluding patients with diverse hematological malignancies
are required to clarify this relationship.

Beyond the context of alloHSCT, high transfusion
burden is associated with postoperative infections [44—47],
although this effect may not be dose-dependent [48]. Infec-
tious complications, including viral reactivations, are a ma-
jor concern during the course of alloHSCT [49]. In contrast
to previous studies, our study revealed a negative associa-
tion between post-alloHSCT transfused RBC units and in-
fection rates, irrespective of pre-transplant transfusion bur-
den, representing a novel and unexpected observation.

However, when the analysis was restricted to viral in-
fections and reactivations—comprising 14.3% primary in-
fections and 85.7% reactivations (HSV, CMV, and EBV)—
the observed effect was less pronounced. Notably, most in-
fectious events (92.2%) occurred within the first 21 days
after alloHSCT, and we were able to confirm the neg-
ative association between RBC units transfused after al-
lIoHSCT and the onset of infectious complications. The
pre-transplant transfusion rate showed no influence on in-

fection incidence, indicating a possible short-term protec-
tive effect of transfused RBCs. This phenomenon may be
explained as RBCs have been shown to directly interfere
with immune cells [8,10,50-52] and might directly regu-
late lung injury by binding mitochondrial DNA via toll-like
receptor 9 (TLRY) [53]. However, our data is limited as we
performed a retrospective analysis and did not investigate
causal relationships. Therefore, the mechanism between
RBC transfusion and the incidence of infectious complica-
tions should be the focus of further studies. Next, our data
may be biased as all of our patients received antibiotic pro-
phylaxis, which is no longer standard in every transplan-
tation center. Additionally, we investigated a period prior
to the approval of letermovir, which dramatically reduced
CMYV reactivation after alloHSCT [54]. Finally, the stan-
dard for GvHD prophylaxis has evolved with the introduc-
tion of post-transplantation cyclophosphamide, supported
by promising novel data [55], which in turn may increase
infection rates after alloHSCT [56].
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Fig. 2. Higher transfusion burden is associated with reduced infection rate. Extended Kaplan-Meier plot for time-varying covariates
showing general infection rate (A), viral infections (D), or early infections within the first 21 days (G) after alloHSCT in patients receiving
less than 5, 5 to 9, or more than 9 RBC units. The number of transfused RBC units before alloHSCT is depicted in violin plots for general
infection rate (B), viral infections (E), or early infections (H). Post-transplantation transfusion rate in patients analyzed for general (C),
viral (F), and early (I) infectious complications are shown separately. ns: p > 0.05; *: p < 0.05; ***: p < 0.001.
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Conclusion

In summary, this study shows a significant negative
correlation between red blood cell transfusion burden and
overall survival, which is in line with earlier findings.
Moreover, we further established an association between a
higher number of RBC transfusions and delayed neutrophil
recovery. Although the small number of patients diagnosed
with GvHD limits the statistical power of this anlysis, no
significant impact of transfused RBC transfusions on the
incidence of aGvHD was observed. Significantly, a higher
post-alloHSCT RBC transfusion rate was associated with a
lower infection rate. Larger, multi-center studies are war-
ranted to validate these findings. Additionally, mechanistic
insights into how RBC transfusions affect immune cell ef-
fector functions following alloHSCT analyses investigating
the interaction between donor immune cells and allogeneic
RBCs in the early post-alloHSCT period.
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