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A B S T R A C T
Donor-specific anti-HLA antibodies (DSA) are an important cause of engraftment failure
and may negatively impact survival outcomes of patients receiving allogeneic hemato-
poietic stem cell transplantation (HSCT) using an HLA-mismatched allograft. The inci-
dence of DSA varies across studies, depending on individual factors, detection or
identification methods and thresholds considered clinically relevant. Although DSA test-
ing by multiplex bead arrays remains semiquantitative, it has been widely adopted as a
standard test in most transplant centers. Additional testing to determine risk of allograft
rejection may include assays with HLA antigens in natural conformation, such as flow
cytometric crossmatch, and/or antibody binding assays, such as C1q testing. Patients
with low level of DSA (<2,000 mean fluorescence intensity; MFI) may not require treat-
ment, while others with very high level of DSA (>20,000 MFI) may be at very high-risk
for engraftment failure despite current therapies. By contrast, in patients with moderate
or high level of DSA, desensitization therapy can successfully mitigate DSA levels and
improve donor cell engraftment rate, with comparable outcomes to patients without
DSA. Treatment is largely empirical and multimodal, involving the removal, neutraliza-
tion, and blocking of antibodies, as well as inhibition of antibody production to prevent
activation of the complement cascade. Desensitization protocols are based on accumu-
lated multicenter experience, while prospective multicenter studies remain lacking.
Most patients require a full intensity protocol that includes plasma exchange, while pro-
tocols relying only on rituximab and intravenous immunoglobulin may be sufficient for
patients with lower DSA levels and negative C1q and/or flow cytometric crossmatch.
Monitoring DSA levels before and after HSCT could guide preemptive treatment when
high levels persist after stem cell infusion. This paper aims to standardize current evi-
dence-based practice and formulate future directions to improve upon current knowl-
edge and advance treatment for this relatively rare, but potentially serious complication
in allogeneic HSCT recipients.

© 2024 The American Society for Transplantation and Cellular Therapy. Published by
Elsevier Inc. All rights are reserved, including those for text and data mining, AI training,

and similar technologies.
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1. INTRODUCTION
Allogeneic hematopoietic stem cell transplanta-

tion (HSCT) using human leukocyte antigen (HLA)-
mismatched donors, particularly HLA-mismatched
related (haploidentical, haplo) donors, is increasing
used as standard practice worldwide. According to
the Center for International Blood and Marrow
Transplant Research (CIBMTR), HLA-mismatched
transplants accounted for approximately 35% of all
US allogeneic HSCT procedures performed in 2022,
with haploidentical transplants surpassing the
number of HLA-matched related donor transplants
[1]. The continuous increase in number of haploi-
dentical transplants is, at least inpart, due to imme-
diate donor availability and lower cost of donor
cell acquisition, and, more importantly, improved
transplant outcomes, now similar with HLA-
matcheddonor transplantation [2-4].

Success of HLA-mismatched transplantation
requires overcoming the donor-recipient HLA-
barrier to mitigate risks of graft-versus-host dis-
ease (GVHD) and graft rejection, which constitute
major causes of transplant-related morbidity and
mortality. Several approaches have been devel-
oped, including administration of post-transplan-
tation cyclophosphamide (PTCy) or selective a/b
T-cell and B-cell depletion. However, graft failure,
mediated by residual host T-cells or presence of
donor-specific anti-HLA antibodies (DSA), remains
a major obstacle, associated with high treatment-
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related mortality (TRM) and poor survival in this
setting [5-7].

Presence of preformed DSA at the time of trans-
plantation correlates with humoral graft rejection
in solid organ transplantation, and it has been
increasingly recognized as a significant cause
of immunologic allograft rejection after HLA-
mismatched HSCT.

Over the last decade, our increased ability to
detect anti-HLA antibodies in recipients’ serum,
distinguish their clinical significance, and desensi-
tize patients with DSA before transplant, have
decreased the incidence of DSA-induced engraft-
ment failure and improved overall transplant
outcomes. The European Blood and Marrow
Transplant (EBMT) group has published guide-
lines for the detection and treatment of DSA dur-
ing haploidentical HSCT [8]. However, emerging
new evidence in this area means that updated
clinical practice recommendations are needed.
Therefore, the American Society of Transplanta-
tion and Cellular Therapy (ASTCT) Committee on
Practice Guidelines undertook this project to for-
mulate consensus evidence-based recommenda-
tions to address this unmet need, as well as to
identify areas requiring further research.

2. EXPERT PANEL AND GRADING SYSTEM
The development of practice recommendations

was approved by the ASTCT Committee on Prac-
tice Guidelines.

Transplant physicians and other subspecialty
physicians, as well as scientists with experience in
this field, were invited to participate in the review
of published literature and provide recommenda-
tions regarding specific topics. Laboratory scientists
were assigned to review the current methods of
antibody detection and interpretation of results,
while clinicians were tasked to review clinical data.

A standardized system for grading recommen-
dations in evidence based guidelines was applied
[9]. Studies were evaluated based on design,
sample size, inclusion and exclusion criteria,
laboratory methods, desensitization therapy and
treatment outcomes.

The final draft was reviewed and approved by
the DSA-specific expert panelists, members of the
ASTCT Committee on Practice Guidelines and
finally by the ASTCT Executive Committee.

3. LITERATURE SEARCH METHODOLOGY
The approach was adapted from the search

methodology used for previous ASTCT evidence-
based reviews. PubMed search terms included
“donor-specific anti-HLA antibodies” AND
“hematopoietic stem cell transplantation” The
Advance search terms were "donor-specific"
[tiab] AND "anti-HLA" [tiab] AND ("antibody"
[tiab] OR "antibodies" [MeSH Terms] OR "antibod-
ies" [tiab]) AND ("haematopoietic stem cell trans-
plantation" [tiab] OR "hematopoietic stem cell
transplantation" [MeSH Terms] OR ("hematopoi-
etic" [tiab] AND "stem" [tiab] AND "cell" [tiab]
AND "transplantation" [tiab]) OR "hematopoietic
stem cell transplantation" [tiab]) NOT (kidney [ti]
OR renal [ti] OR liver [ti] OR lung [ti] OR heart [ti]
OR solid [ti] OR organ [ti]) AND English [lang].

The initial search identified 62 articles. Case
reports and review articles were excluded. More-
over, we assessed articles beyond the search in
accordance with laboratory methods to detect
anti-HLA antibodies or DSA, non-HLA antibodies
associated with stem cell transplantation and the
advice of expert reviewers. As such, a total of 83
articles published between 2009 to 2023 were
selected for this evidence-based review.
4. INCIDENCE AND RISK FACTORS FOR
DEVELOPING DSA IN ALLOGENEIC HSCT WITH
DIFFERENT DONOR TYPES

Exposure to non-self HLA antigens, through
transfusion of multiple cellular blood products or
intrauterine, has been known to trigger the devel-
opement of anti-HLA antibodies [6,10,11]. This
phenomenon may be more relevant in haploi-
dentical HSCT, particularly multiparous female
recipients, as they are more likely to be allosensi-
tized against their offspring’s HLA antigens. The
incidence of anti-HLA antibodies and DSA varies
across studies mainly due to different donor types
included as well as the lack of standardization of
laboratory methodology and cutoff variations
used to define clinically significant DSA.

4.1. Haploidentical donor transplantation
Incidence of DSA reported in haploidentical

HSCT varies significantly, depending on the
included proportion of high-risk scenarios and
positive cutoff DSA levels. Using the mean fluores-
cence intensity (MFI) of 500, the reported inci-
dence of anti-HLA antibodies and DSA ranged
from 20-25% and 11-18%, respectively [10,12-15].
Other studies reported an incidence of anti-HLA
antibodies and DSA ranging between 20-70% and
10-30%, respectively, when using MFI of
>1,00016-20. Interestingly, up to 77% of children
transplanted for non-malignant diseases were
reported to have anit-HLA antibodies, among
whom 27% had DSA [17,19]. For higer MFI levels
of >2,000 or >5,000, the incidence of anti-HLA
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antibodies was approximately 20%, and 4-14%
were antibodies directed against the donor HLAs
[5,21,22].

4.2. Unrelated donor and cord blood
transplantation

For patients receiving unrelated donor trans-
plantation, HLA-matching at least for HLA-A, -B,
-C, and -DRB1 is preferred. However, recipients
could potentially develop DSA against mis-
matches HLA-DQB1 and HLA-DPB1, which has
been shown to significantly impact allograft out-
come. [6] Approximately 20-40% of recipients of
unrelated donor transplantation were found to
have anti-HLA antibodies, while the incidence
of DSA in this population ranged from 1-9% [6,23-
25]. In cord blood transplantation (CBT), the
reported incidence of anti-HLA antibodies was
20-25% with 3-7% of these recipients having DSA
[7,26-29]. A summary of published studies report-
ing on the incidences of anti-HLA antibodies and
DSA is presented in Table 1.

4.3. Risk factors for developing anti-HLA
antibodies and DSA

Retrospective studies have shown a higher
incidence of anti-HLA antibodies and DSA
Table 1
Incidence of anti-HLA antibodies and DSA in allogeneic hematopo

Study Donor
type

N

Ciurea, et al. 2015 [13] Haplo 122

Chang, et al. 2015 [14] Haplo 345

Zhang, et al. 2020 [15] Haplo 78

Ma, et al. 2022 [10] Haplo 3,805

Gladstone, et al. 2013 [20] Haplo 296

Bramanti, et al. 2019 [16] Haplo 135

Lima, et al. 2021 [17] Haplo 22

Carter, et al. 2022 [18] Haplo 208

Lima, et al. 2022 [19] Haplo 59

Liu, et al. 2023 [21] Haplo 865

Yoshihara, et al. 2012 [5] Haplo 79

Zhu, et al. 2023 [22] Haplo 181

Ciurea, et al. 2011 [6] UD 516

Pan, et al. 2016 [24] UD 123

Lima, et al. 2023 [25] UD 303

Spellman, et al. 2010 [23] UD 115

Takanashi, et al. 2010 [7] CB 386

Ruggeri, et al. 2013 [26] CB 294

Fuji, et al. 2020 [27] CB 343

Jo, et al. 2023 [28] CB 567

Abbreviation: CB: cord blood, DSA: donor-specific anti-HLA antib
intensity, NA: not available, UD: unrelated donor
among female compared with male recipients
[5,6,10,13,16,20,24,30]. Moreover, higher anti-
HLA antibody levels have been noted in parous
compared with nulliparous females, as pregnancy
represents a strong risk factor for developing anti-
HLA antibodies. This risk increases in the setting
of child donor to mother recipient HSCT, where
the mother could have been alloimmunized dur-
ing pregnancy against her child donor’s mis-
matched HLA, and the risk could be amplified by a
higher number of pregnancies [6,10,11,16,20,31].
Moreover, female recipients were observed to
have higher DSA levels compared to male recipi-
ents [13]. Two studies have shown that middle-
age and older patients were more likely to have
detectable anti-HLA antibodies compared with
pediatric or younger patients [10,24]. This could
be related to a higher life-time non-self antigen
exposure among older recipients.

Exposure to foreign HLA antigens from transfu-
sions of cellular blood products was also reported
to increase risk of HLA alloimmunization, particu-
larly in those receiving platelet and leukocyte con-
taining products [6,12,32,33]. However, mature
red blood cells express HLA class I at low level, as
well as Bennett-Goodspeed antigens, HLA-identi-
cal antigens. This expression could potentially
ietic stem cell transplantation

MFI
cutoff

Incidence of anti-HLA
antibodies

Incidence
of DSA

> 500 NA 18%

> 500 25.2% 11.3%

> 500 NA 11.5%

> 500 20.2% NA

> 1,000 23% 14.5%

> 1,000 29.6% 14.1%

> 1,000 77.3% 27.3%

> 1,000 32.7% 11.1%

> 1,000 61% 18.6%

> 2,000 NA 3.8%

> 5,000 20.2% 13.9%

> 5,000 NA 14.3%

>500 19% 1.4%

>500 37.4% 6.5%

> 1,000 38.6% 3.6%

>2,000 37% 8.7%

> 1,000 23.1% 5.2%

> 1,000 21% 4.8%

> 1,000 NA 7.3%

> 1,000 25.2% 3.5%

odies, Haplo: haploidentical donor, MFI: mean fluorescent
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cause HLA alloimmunization, especially in
patients who received repeated red blood cell
transfusions, as shown in a study of pediatric
patients with sickle cell disease receiving alloge-
neic HSCT [34].
4.4. Summary

� Incidence of DSA depends on type of transplant
donor and MFI cutoff used, and ranges between 3
to 30% in haploidentical, 1 to 10% in unrelated,
and 3 to 7% in cord blood transplantation.

� Risk factors for developing DSA include female
sex, older age, multiparity and prior receipt of cel-
lular blood product transfusions. (Levels of evi-
dence 2+)
5. IMPACT OF DSA ON TRANSPLANT OUTCOMES

5.1. Primary engraftment failure
The association of DSA with primary graft fail-

ure has been frequently demonstrated in HLA-
mismatched related and unrelated donor HSCT, as
well as in CBT [5,6,12-15,17,19,22,23,25,27,35]. A
multivariable analysis in 79 recipients of unma-
nipulated haploidentical HSCT found that pre-
transplant DSA levels >5,000 MFI was signifi-
cantly associated with engraftment failure. [5] A
study in 122 haploidentical HSCT recipients con-
firmed the observation of higher graft failure rate
with DSA levels above 5,000 MFI [5,13]. Likewise,
DSA were significantly associated with graft fail-
ure in a retrospective study of 592 unrelated
donor HSCT recipients (odds ratio 21.3, P=0.0001)
[6], In CBT, pre-transplant DSA exceeding1,000
MFI was significantly associated with low inci-
dence of neutrophil engraftment (hazard ratio
[HR] 0.49, P=0.011) [27]. Two systematic reviews
and meta-analyses revealed that patients with
pre-transplant DSA had 6 to 7-fold higher odds of
primary graft failure compared to those without
DSA. [36,37].

While the association of DSA with graft failure
is recapitulated in multiple studies, the underly-
ing mechanism remains unclear. The proposed
mechanisms include antibody-dependent cell-
mediated cytotoxicity [38] and complement-
dependent cytotoxicity [13]. In animal models,
the presence of preexisting anti-donor antibodies
during stem cell infusion led to rapid graft rejec-
tion, highlighting the critical role of humoral
immunity in graft rejection in allosensitized recip-
ients [38,39].
5.2. Neutrophil and platelet recovery and graft
function

Without desensitization therapy, patients with
pretransplant DSA, in addition to engraftment
failure, may experience delayed neutrophil and
platelet recovery, and poor survival, as shown in
retrospective studies of haploidentical, unrelated
donor, and cord blood transplantation
[5,7,19,25,26]. For example, in DSA positive vs.
DSA negative haploidentical HSCT recipients, the
6-month cumulative incidence of donor neutro-
phil engraftment was 61.9% vs. 94.4% (P=0.026)
and 28.6% vs. 79.6% (P=0.035) for donor platelet
engraftment, respectively [5]. Similar findings
have been reported after unrelated donor HSCT
[25] and CBT [7], as well as in children who under-
went haploidentical HSCT for non-malignant dis-
eases [19].

The impact of DSA on graft function remains
controversial. Primary poor graft function has
been defined as frequent dependence on blood
and/or platelet transfusions and/or growth factor
support in the absence of other explanations, such
as disease relapse, drugs, or infections, assuming
that donor myeloid and lymphoid chimerism are
within a desirable target level. [40] One study
demonstrated that pre-transplant DSA were
strongly associated with primary poor graft func-
tion after unmanipulated haploidentical HSCT
[14]. However, another study failed to show any
association between DSA and poor graft function
when PTCy was used after haploidentical HSCT
[16]. The lack of a standard definition of poor graft
function makes it problematic to draw a definite
conclusion on the impact of DSA on graft function
as many other potential factors that could contrib-
ute to post-transplant cytopenias.
5.3. Impact of DSA on survival
Survival has also been negatively impacted by

high DSA levels and their function. A retrospective
study of haploidentical transplant recipients has
shown that a very high initial DSA levels of
>20,000 MFI and C1q positivity after desensitiza-
tion were significantly associated with an
increased non-relapse mortality (NRM), inferior
overall (OS) and progression-free survival (PFS)
than patients without DSA. In this study, 2-year
OS was only 21% and 0% in patients with initial
DSA >20,000 MFI and those with persistent C1q
positive after desensitization, respectively, com-
pared with 50% in patients without DSA [35].
Others have reported in pediatric patients who
underwent HSCT for non-malignant diseases, that
patients with, compared to those without DSA,
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had worse event-free survival (EFS) (36.4% vs
77.1%; P<0.001) and OS (45.5% vs. 81.2%; P 0.003)
[19]. A meta-analysis of 17 studies with positive
DSA cutoffs ranging from 500 to 5,000 MFI
showed that patients with DSA had inferior PFS
(haploindentical HSCT: HR =4.25, P=0.004; and for
CBT HR=4.83, P = 0.004) and OS (haploidentical
HSCT: HR=3.19, P<0.0001; CBT: HR=1.68,
P = 0.03) [37].
5.4. Changes in DSA after desensitization
Multiple groups have attempted pre-HSCT

desensitization in order to mitigate the negative
effects on engraftment, and improve survival of
patients with DSA (discussed in section 7). Almost
all approaches have combined multiple strategies,
focusing on blocking and removing DSA, as well
as targeting antibody producing B-cells before
transplant conditioning regimen begins. Treat-
ment of patients with DSA levels up to 20,000 MFI
has been effective in achieving engraftment and
improving NRM and survival [35]. Another retro-
spective study found no difference in neutrophil
recovery, EFS and OS when desensitized children
with DSA transplanted for non-malignant diseases
were compared to children without DSA [19].
Subsequent studies confirmed that DSA-desensiti-
zation therapy was able to overcome DSA barriers
to engraftment and reduce NRM [21,22,41]. Levels
of DSA tend to gradually decrease to zero over
several weeks after treatment, while patients
with persistently high DSA levels after desensiti-
zation are at highest risk of primary graft failure
[13].
5.5. Summary and Recommendations

� DSA are associated with primary graft failure and
delayed engraftment, leading to inferior trans-
plant outcomes in HLA-mismatched allogeneic
HSCT.

� Anti-HLA antibodies testing should be part of the
pre-HSCT work-up, performed within 1 month
before starting conditioning regimen in all candi-
dates of HSCT using related, unrelated or cord
blood grafts with mismatched HLA antigens or
alleles. (Grade of recommendation: B, Levels of
evidence 2++)

� To optimize donor cell engraftment, graft function
and survival, a donor without corresponding HLA
is preferred for a recipient with anti-HLA antibod-
ies, in addition to other donor-related factors
affecting transplant outcomes. (Grade of recom-
mendation: B, Levels of evidence 2++)
� While the optimal strategy requires further
study, DSA desensitization therapy is required
to promote hematopoietic engraftment and
may lead to improved survival for recipients
with DSA, when a suitable alternative donor
without the corresponding HLA is unavailable.
(Grade of recommendation: C, Levels of evi-
dence 2+)
6. NON-DONOR SPECIFIC HLA ANTIBODIES AND
NON-HLA ANTIBODIES IN TRANSPLANTATION

The impact of non-donor specific anti-HLA
antibodies on transplant outcomes is limited. A
retrospective study of 592 unrelated HSCT recipi-
ents reported no difference in graft failure inci-
dence for patients with and without non-donor
specific anti-HLA antibodies [6]. This lack of corre-
lation between non-donor specific anti-HLA anti-
bodies and transplant outcomes was further
demonstrated by other groups with respect to
NRM, PFS, and OS, in addition to graft failure [11].
Similarly, after CBT, neutrophil engraftment was
shown to be comparable for patients with and
without non-donor specific anti-HLA antibodies
[26]. In contrast, a multivariable analysis from one
CBT study suggested that non-donor specific anti-
HLA antibodies were associated with lower rate of
neutrophil recovery, without significant effect on
platelet recovery [7]. The difference in the inten-
sity of the conditioning regimens and the number
of cord blood units used for transplantation might
explain the disparity in results between these two
studies.

In addition to anti-HLA antibodies, evidence
from published studies in the solid organ trans-
plantation suggests that non-HLA antibodies may
influence antibody-mediated allograft rejection
[42,43]. These antibodies include anti-major his-
tocompatibility complex class I-related chain A
(MICA) antibodies, angiotensin II type 1 receptor
activating autoantibodies (AT1R-AA), and anti-
endothelial cell antibodies (AECA). However, so
far, the impact of such antibodies on outcomes of
allogeneic transplantation remains uncertain. Pre-
transplant MICA antibodies have been reported to
be associated with poor platelet recovery, high
NRM and inferior OS [44-46] after HSCT. Whether
there is a correlation between these antibodies
and risk of GVHD remains to be clarified [45-47].
Few studies reported that the levels of AT1R-AA
and AECA were increased in GVHD patients, but
they were not correlated with graft failure, NRM,
or relapse [48-50]. Poor graft function with mega-
karyocyte aplasia was also reported in a patient
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with donor-specific human platelet antigen 15
after CBT [51].

6.1. Summary and Recommendatios

� The impact of non-HLA antibodies on transplant
outcomes is unclear.

� Available data suggest no deleterious impact of
non-donor directed anti-HLA antibodies.

� Until new evidence emerges, pre-transplant
desensitization is not recommended for recipients
with non-donor specific anti-HLA antibodies and
non-HLA antibodies. (Grade of recommendation:
C, Levels of evidence 2-)
7. CURRENT METHODS TO DETECT ANTI-HLA
ANTIBODIES AND THEIR LIMITATIONS

The two main methods to identify anti-HLA
antibodies are cell-based assays and solid-phase
immunoassays.

7.1. Cell-based assays
Cell-based assays can be performed by com-

plement-dependent cytotoxicity [52] or flow
cytometric crossmatch [53]. In complement-
dependent cytotoxicity, selected donor lympho-
cytes are incubated with recipient serum. If
recipient DSA are present, antibody-antigen
complexes form and fix complement, leading to
complement-mediated cytotoxicity, which is
then quantified based on the percentage of dead
cells as determined by vital stain uptake (fluores-
cent or non-fluorecent) [52]. The sensitivity of
this method can be improved by incubation with
a secondary anti-human globulin, which enhan-
ces complement activation and allows detection
of non-complement fixing antibodies [54]. Disad-
vantages of this method include its complexity,
time-intensity, limited sensitivity and specificity,
and the potential for interference with intrave-
nous immunoglobulin (IVIG) or other therapeutic
antibodies [52,55]. The flow cytometric cross-
match has higher sensitivity compared to com-
plement-mediated cytotoxicity. It involves the
incubation of fluorescent dye-labelled anti-
human IgG antibodies that recognize DSA bound
to donor lymphocytes after mixing with recipient
serum. Antibodies are identified by fluorescence
signal, which correlates semi-quantitatively with
the level of antibodies. This process is indepen-
dent from complement binding [56], although
complement-binding methods have been
described. Therefore, flow cytometric crossmatch
can detect both lower complement-binding and
non-complement-binding antibodies [55].
7.2. Solid-phase immunoassays
Solid-phase immunoassays test antibodies in

recipient serum using purified HLA molecules,
which conjugate to microtiter plates or to polysty-
rene beads [57-60]. After antibody-antigen com-
plex formation, the solid plates or polystyrene
beads are washed to remove unbound antibodies
and conjugated secondary antibodies are added
[60]. The strength of anti-HLA antibodies,
reported as MFI, can be quantitatively analyzed
using enzyme-linked immunosorbent assays or
semi-quantitively by conventional flow cytometer
or a fluoroanalyzer (LuminexTM) [60]. The Lumi-
nexTM beads platform has 3 formats, including
“mix or screen beads” as a screening test, “panel
reactive antibody or phenotype” for screening
and evaluating antibody activity and “single anti-
gen” for determining the antigen specificity with
the highest sensitivity [60]. This method is semi-
quantitative (via antibody titers), convenient, and
has the highest sensitivity and specificity com-
pared to the other assays. Limitations of this
method include the detection of bead-bound non-
HLA antibodies, false positives resulting from
manufacture-related conformational changes in
HLA molecules (“cryptic epitopes”), and falsely
low antibody levels or false negative results due
to the “inhibition effect” (sometimes inaccurately
referred to as “prozone effect”), a phenomenon
that involves inhibition of binding of fluorescent-
dye-conjugated secondary antibodies due to high
levels of HLA antibodies [60-62]. An initial serum
pretreatment step has been used to potentially
eliminate test inhibitors and more consistenly
achieve accurate MFI levels [35].
7.3. Summary and Recommendations

� Among the two methods to identify anti-HLA anti-
bodies in allogeneic HSCT:
� Cell-based assays are now infrequently used

due to limitations in both sensitivity and speci-
ficity, and the fact that they require viable
donor lymphocytes.

� Solid-phase immunoassays are increasingly uti-
lized because they can reliably identify antibod-
ies, even with HLA-allele specificity, including
HLA-DQ and -DP specific antibodies. Solid
phase assays are typically semiquantitative,
unless titration is performed, and are limited by
cost.

� We recommend routinely using solid-phase
assays both for screening and HLA antibody iden-
tification. Cell-based assays are considered
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complementary (see Section 6). (Grade of recom-
mendation: C Levels of evidence 2++)
8. DSA LEVELS ASSOCIATEDWITH CLINICAL
SIGNIFICANCE

8.1. Haploidentical transplantation
While different studies considered various DSA

MFI levels to trigger desensitization treatment,
early studies reported that pre-transplant IgG
DSA �5,000 MFI on single-antigen bead assay was
a significant risk factor for engraftment failure in
haploidentical HSCT [5], and some reported that
graft failure events occurred only in patients with
DSA >5,000 MFI at the time of HSCT [13]. Subse-
quent studies showed that very high pre-trans-
plant DSA levels >20,000 MFI were very difficult
to decrease to safe levels using current desensiti-
zation methods, and were significantly associated
not only with engraftment failure, but also with
poor platelet engraftment, higher NRM, and infe-
rior survival [35,63], while lower level DSA appear
to be less deleterious [13,35]. In one prospective
study of haploidentical transplant patients, DSA
>2,000 MFI correlated with primary poor graft
function (HR 10.56, P=.005) and DSA >10,000 MFI
with primary graft rejection (HR 71.56, P<.001)
[14]. A 2,000 MFI cutoff was also proposed
recently because no engraftment failures were
observed when DSA were below 2,000 MFI in a
recent larger case-controlled retrospective study
[35]. In patients with DSA >2,000 MFI, the risk for
engraftment failure appears to progressively
increase with higher DSA levels, and if antibodies
bind complement [13].

8.2. Unrelated donor and cord blood
transplantation

It has been shown that the median DSA level
was significantly higher among patients with graft
failure after unrelated donor HSCT compared to
those without graft failure (10,334 MFI vs. 1,250
MFI, P=0.006) [25]. Similar results were observed
after CBT, with median DSA for patients with graft
failure of 7,750 MFI vs. 2,474 MFI in those who
achieved engraftment (P=0.004) [26]. A retrospec-
tive study showed pre-transplant DSA with MFI
�1,000 was associated with an increased risk of
graft failure after single CBT (relative risk 1.77,
P=0.02) [27].

8.3. Summary and Recommendations

� Current evidence suggests that DSA <2,000 MFI in
haploidentical HSCT and <1,000 MFI in single CBT
have minimal impact on graft outcome and
desensitization is not required. (Levels of evidence
2+)

� We recommend repeated DSA testing within 2
weeks of starting conditioning regimen in trans-
plant recipients with previous history of low level
DSA (<2,000 MFI in haploidentical HSCT and
<1,000 MFI in single CBT) who have high risk of
increased DSA levels such as receiving multiple
units of blood transfusion or granulocyte infusion.
(Grade of recommendation: C, Levels of evidence
2-)

� Higher DSA levels are associated with poor graft
function, graft failure, and worse survival. A DSA
level >1,000 MFI for CBT and >2,000 MFI for hap-
loidentical and unrelated HSCT might serve as a
threshold to initiate desensitization. (Grade of rec-
ommendation: C, Levels of evidence 2+)
9. IMPORTANCE OF ANTIBODY-BINDING ASSAYS
Widely used solid-phase IgG DSA detection/

identification immunoassays cannot distinguish
between complement fixing and non-comple-
ment fixing antibodies, unless IgG1-4 secondary
antibodies are used. The classical complement
pathway is initiated when antibodies bind with
C1q, leading to cell death via the formation of
membrane attack complex [64]. The Lumi-
nex�C1q assay is a single antigen bead assay that
specifically identifies complement-binding anti-
bodies via a PE-labeled anti-C1q second-step
reagent [65]. Antibody-binding assays have also
been developed for the C3d and C4d products of
classical complement pathway activation [66,67].

Complement-binding DSA have been associ-
ated with graft rejection and graft failure, both in
solid organ and stem cell transplantation
[25,35,68]. In haploidentical HSCT recipients
whose DSA bind C1q had higher median DSA lev-
els (15,279 MFI) compared with patients without
C1q binding (median DSA 2,471 MFI, P=0.016). In
this study, patients who remained C1q positive at
the time of transplant experienced primary graft
failure. Conversely, patients who became C1q
negative before transplant successfully engrafted
(P=0.008) [13]. A subsequent study also demon-
strated that the mean DSA level for patients with
DSA bound C1q was significantly higher than in
patients without C1q binding (19,490.7 MFI vs.
3,701 MFI, P<0.001); remaining C1q positive after
desensitization was associated with lower neutro-
phil engraftment (subdistribution hazard ratio
[SHR] 0.33, P=0.049), higher NRM (SHR 4, P=0.03),
inferior PFS (HR 4.56, P=0.002), and worse OS (HR
5.82, P=0.001) [35].



P. Kongtim et al. / Transplantation and Cellular Therapy 30 (2024) 1139�1154 1147
In two pediatric studies, 11 patients who
underwent haploidentical HSCT for nonmaligant
diseases [19], and 11 patients who underwent
unrelated donor HSCT for both malignant and
nonmalignant diseases [25] were evaluated. Only
one patient in haploidentical HSCT cohort with
the highest DSA (24,000 MFI) was C1q positive
[19]. In the unrelated donor cohort 3 patients
tested positive for C1q, graft rejection was
observed in 2 patients and primary poor graft
function was observed in 1 patient [25]. In
another retrospective study, 1 of 6 patients who
were C3d-positive before desensitization experi-
enced graft failure after haploidentical HSCT [69].

9.1. Summary and Recommendations

� Complement-binding immunoassays detect anti-
HLA antibodies or DSA that can activate the clas-
sical complement pathway. A positive C1q assay
is associated with high levels of DSA, and signifies
a higher risk of allograft failure and unfavorable
transplant outcomes.

� Although C1q-binding correlates roughly to DSA
levels (>10,000 MFI), it is unclear for intermedi-
ate levels (2,000-10,000 MFI) which antibodies
bind complement and thus present a higher allo-
graft risk. Therefore, we recommend C1q testing
before and after desensitization for patients with
DSA>2,000 MFI in haploidentical HSCT (or
>1,000 MFI in single CBT). Alternatively, a flow
cytometric crossmatch may be used. (Grade of
recommendation: C, Levels of evidence 2-)
10. CURRENT APPROACH TO TREATMENT FOR
PATIENTS WITH DSA (DESENSITIZATION)

Owing to the increased understanding of how
DSA influence HSCT outcomes, densitization
attempts have been made to decrease antibody
levels and improve engraftment. These can be
classified in 5 main approaches:

1) Reducing circulating levels of antibodies using
plasmapheresis or immunoadsorption,

2) Regulation of the B-cell pool and/or of antibody
production by plasma cells using the directed
therapy such as rituximab or proteasome inhib-
itors,

3) Depleting complement or adding anti-idiotype
or neutralizing antibodies by IVIG,

4) Blocking DSA using donor-derived antigen from
irradiated blood products in the form of a buffy
coat infusion for anti-HLA antibodies class I and
class II and transfusion, of platelets for patients
with HLA class I DSA, and

5) Blocking the complement cascade [8].
Antibody re-equilibration can occur after plas-
mapheresis as only 45% of IgG distributes in the
intravascular space [70], while recovery of plasma
IgG levels occurs 1-2 weeks after procedure [71].
Moreover, removing a large amount of IgG may
lead to a rebound phenomenon [72]. The adminis-
tration of high-dose IVIG after plasmapheresis
may restore total antibody levels and may help
preventing antibody rebound. Therefore, most
desensitization protocols usually consist of multi-
ple approaches (IVIG, plasmapheresis, rituximab),
and plasmapheresis should be followed promptly
by conditioning for transplantation to eliminate
the source of antibodies.

Neutralization of antibodies by administration
of irradiated, DSA-corresponding HLA Ag platelets
[5,15,22,41,69,73]or donor-derived buffy coat
[13,35,69,74] has demonstrated efficacy in several
studies. The main limitation of platelet transfu-
sions is that it applies only to recipients with DSA
against HLA class I antigens. In the largest experi-
ence reported to date with a multimodality treat-
ment, which included alternate day plamsa
exchange, rituximab and IvIg and incorporating a
donor-derived irradiate buffy coat infusion in the
desensitization regimen, compared with a control
group of patients, Ciurea et al. showed efficacy in
treating patients with up to 20,000 MFI and an
increased likelihood of neutrophil engraftment
with a buffy coat infusion (SHR 2.09, P=0.049),
There were no significant differences in transplant
outcomes, including NRM and survival compared
to a control group of patients without DSA. As
mentioned above, patients with DSA >20,000 MFI
had a higher rate of graft failure, NRM, and worse
survival [35], suggesting that additional agents
and/or approaches are needed to overcome
extremely high DSA levels, often against multiple
HLA antigens.

Addition of immunosuppressive agents before
the conditioning regimen (such as tacrolimus and
mycophenolate mofetil) has also been proposed
in some studies, yet efficacy of this approach
remains unclear [69]. Bortezomib was evaluated
prospectively in a desensitization protocol and
demonstrated limited efficacy, leading to stopping
the trial and needing for additional desensitiza-
tion therapies [75,76]. Recently, several studies
showed that a lower intensity desensitization
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approach might be adequate for patients with
lower levels of DSA [69,73,77,78]. A summary of
desensitization methods across different studies
is shown in Table 2.

10.1. Summary and Recommendations

� Multimodality pretransplant desensitization
should be used to decrease DSA (Figure 1):
� For DSA up to 20,000 MFI, plasmapheresis, rit-

uximab, IVIG and infusion of donor-derived
HLA antigen (either irradiated buffy coat for the
corresponding HLA class I and II or platelet
transfusions for corresponding HLA class I only)
are recommended.

� For DSA >20,000 MFI, patients may require
antibody titration (due to bead saturation), and
an alternative donor without corresponding
HLA should be selected, or else should be
treated using an investigational approach.

� For DSA 2,000-10,000 MFI in haploidentical
HSCT or 1,000- 10,000 MFI in CBT, additional
data are needed to determine that patients
with these lower DSA levels can be treated with
a lower intensity desensitization protocol, such
as rituximab with IVIG.

� Post-desensitization DSA levels should be mea-
sured to monitor clearance; additional interven-
tion may be needed if elevated levels persist
before neutrophil recovery.

� A summary of most studied desensitization proto-
col is presented in Table 2. (Grade of recommen-
dation: C, Levels of evidence 2+)

11. TESTING CONSIDERATIONS FOR HIGHLY
SENSITIZED PATIENTS

Patients with strong pre-transplant DSA levels
>20,000 MFI have higher NRM due to engraft-
ment failure and lower survival, despite intense
desensitization therapy [35]. In clinical practice,
the importance of this association can be con-
founded by high levels of DSA that sometimes
interfere with the solid-phase immunoassay,
resulting in falsely lower DSA levels, a phenome-
non often called “prozone effect” [61,62]. One pro-
posed mechanism for the “prozone effect” is an
inhibition caused by high IgM and/or IgG antibody
titers binding closely to the target antigen beads
(hence a better term is “inhibitory effect”). As a
result, C1 molecules produce steric interference,
partially or completely blocking the fluorescent-
dye-conjugated secondary antibodies, leading to
falsely lower results [61,62]. Moreover, C1 com-
plex formation can trigger the classical comple-
ment pathway, leading to the deposition of C3b/d
and C4b fragments, which might further augment
the steric interference with the secondary anti-
bodies binding [79,80]

To correct these falsely lower results, Schnaidt
et al. reported that dilution of the testing serum
reduces the concentration of HLA antibodies and
C1, leading to increased space between molecules
of bead-bound antibodies. This resulted in no
interference from C1 with the binding site of fluo-
rescent-dye-conjugated secondary antibodies on
HLA antibodies [61,62]. In addition, EDTA can
overcome the false lower results by chelating
calcium, which is essential for formation of the
C1 complex [61,62]. Weinstock and colleagues
reported that a level of DSA more than 12,000 MFI
in EDTA serum had specificity for a clear inhibi-
tory (“prozone”) effect [62]. Adding EDTA to
serum testing is recommended to avoid dilutional
effects to low titers HLA antibodies [61].

Another proposed hypothesis is that falsely
lower DSA results involve the competitive binding
of IgM antibodies to the beads. This limitation can
be addressed by incorporating hypotonic dialysis
to separate IgM from IgG, or using dithiothreitol/
heat inactivation to disrupt pentameric IgM
[81,82]. However, explaining inhibitory effect
through chelation of calcium with EDTA cannot
be applied to IgM-related hypothesis, because
IgM is not dependent on calcium [62]. Wang et al.
reported that EDTA demonstrated superiority in
reversing the falsely lower antibody detection
compared to dithiothreitol (84% vs. 47%,
P<0.0001) [83].

11.1. Summary and Recommendations

� Solid-phase immunoassays have limited capabil-
ity to detect very high levels of DSA due to inter-
ferences with the binding site of fluorescence-
conjugated antibodies on HLA antibodies. This
falsely lower anti-HLA antibody detection/identi-
fication related to as the inhibition effect (previ-
ously called “prozone effect“) can be reversed by
dilutions and/or by adding EDTA to the recipient
serum. (Grade of recommendation: C, Levels of
evidence 2-)
12. ANTIBODY TESTING POST-TRANSPLANT
DSA monitoring after desensitization or stem

cell infusion varied across different studies and
currently lacks standardization. Most commonly,
DSA were monitored after completing desensiti-
zation and one day before stem cell infusion
(day -1) [13,16,20,84]. For example, one study
monitored DSA at day -7 and day -1 to determine
if there is DSA rebound during non-myeloablative



Table 2
Selected reports on pre-transplant desensitization protocols used to treat recipients with DSA, MFI cutoff levels and treatment outcomes

Study Type of HSCT (N) MFI cutoff for
desensitization

Maximum
DSA (MFI)

Desensitization protocol Response of DSA (MFI) Neutrophil engraftment

Yoshihara S,
et al. 2012 [5]

Haplo (N=11) (5
received treat-
ment)

> 5,000 18,474 - Varied between pts
- N=1: R 375 mg/m2 single dose + PEX D-11
- N=1: R 375 mg/m2 single dose + PEX D-17,-15, -13
- N=2: HLA-selected PLT transfusion 40 U D-1
- N=1: B 1.3mg/m2 D�18,�15 + dexamethasone 20mg
D�18,�17,�15,�14

- R+PEX: rebound DSA
- PLT: rapid reduction
- B: moderate reduction

5/5 (100%)

Leffell MS,
et al. 2015 [84]

Haplo (N=15) > 1,000 Max DSA »
15,000

- PEX 1 TPV AD + IVIG 100 mg/kg + Tacrolimus 1 mg/day IV & MMF
1 g twice daily until D-1

- Start protocol 1-2 weeks prior to transplant
- Number of PEX/IVIG depend on level of DSA & risk factors
- One pt received B 4 doses 15.5 weeks prior to starting the
desensitization protocol

- Mean reduction 64.4%
- Failed: N=1

14/15 (93%)

Choe H, et al.
2019 [76]

Haplo (N=7), CBT
(N=3), Haplo+CBT
(N=4)

> 2,000 20,937 - B 1.3 mg/m2 on day 1, 4, 11, 14 q 21 days for 1-2 cycles plus IVIG
1-2 g/kg per cycle

- Additional treatments with IVIG, R, PEX were added to achieve
engraftment

Median MFI reduced from
7,756 to 4,630 (40% reduction)

7 of 14 (50%)

Chang YJ, et al.
2020 [77]

Mismatched
related (N=55)

>2,000 8,904 - R 375 mg/m2 single dose 3 days prior to transplantation Median DSA pre-tx - 4,791 MFI
Post-tx - 0 MFI (at D +7)

52/55 (95%)

Zhang R, el al.
2020 [15]

Haplo (N=5) > 500 14,873 - 2 U of donor apheresis PLT D-1 § R 375 mg/m2 single dose 1-2
weeks prior to conditioning regimen (if DSA class II positive)

Significant decrease in 5/5 5/5 (100%)

Bail�en, et al.
2021 [69]

Haplo (N=19) > 1,000 25,000 - Varied between pts; included R 375 mg/m2, IVIG 0.4 mg/kg/day,
MMF 5-10 mg/kg/bid, tacrolimus, PEX, PLT, buffy coat, steroids

Mean reduction 74% 17/19 (89%)

Ciurea S, et al.
2021 [35]

Haplo (N=37);
controls (N=345)

> 1,000 32,588 - PEX 1-1.5 TPV QOD for 3 sessions, starting 1-week prior to
conditioning regimen, + R 375 mg/m2 single dose 1 day after PEX
completion, + IVIG 1 g/kg 1 dose 1 day after R § donor irradiated
buffy coat on D-1

Mean pre tx DSA - 10,198,
Mean DSA post-tx - 5,937
(42% reduction)

- 100% for MFI<5000
- 97% for MFI<10,000*
- 95% for MFI<20,000
- 50% for MFI >20,000

Hashem H, et
al. 2022 [78]

Haplo (N=8) > 3,000 8,000 - DSA >8000 MFI: IVIG + R + PEX
- DSA 3000-8000 MFI: IVIG + R

NA 4/8 (50%)

Shen Y, et al.
2023 [41]

Haplo (N=13) > 4,000 20,114 - IVIG 0.4 g/kg within 72 hours prior to stem cell infusion + R 375
mg/m2 1-2 doses D-16, -9 § HLA-selected PLT infusion 48 hours
prior to stem cell infusion

DSA reduction 48.3% 13/13 (100%) NE

Zhu J, et al.
2023 [22]

Haplo (N=19) > 5,000 Max DSA not
available

- Varied between pts
- N=12 IVIG 1 g/kg/day D-4,-3,-2,-1,+1
- N=5 IVIG + R 375 mg/m2 for 2�4 doses
- N=1 IVIG + R + HLA-selected PLT infusion 1-week prior to
transplantation

- N=1 IVIG + HLA-selected PLT 1-week prior to transplantation

NA 19/19 (100%)

Altareb M, et
al. 2023 [74]

Haplo (N=5) > 500 21,195 - PEX 1-1.5 TPV QOD for 3 sessions, starting 1-week prior to
conditioning regimen, + R 375 mg/m2 single dose 1 day after PEX
completion, + IVIG 1 g/kg 1 dose 1 day after R § donor irradiated
buffy coat on D-1

Significant decreased in 3/3 5/5 (100%)

Liu L, et al.
2023 [21]

Haplo (N=33) > 2,000 18,823 - Double filtration PEX 1.5 TPV 2 sessions AD 1 week prior to
conditioning regimen + R 375 mg/m2 single dose 1 day after
completion of PEX

Mean DSA pre-tx -7,506 Mean
DSA post-tx - 2,013 (73%
reduction)

33/33 (100%)

* Not statistically different compared with controlsAbbreviations: N: number, AD: alternate day, B: bortezomib, CBT: cord blood transplantation, CI: cumulative incidence, D: day,
DSA: donor-specific anti-HLA antibody, Haplo: haploidentical transplantation, IVIG: intravenous immunoglobulin, Max: maximum, MFI: mean fluorescence intensity, Min: mini-
mum, NE: neutrophil engraftment; MMF: mycophenolate mofetil, MMUD: mismatched unrelated donor transplantation, NA: not available, PEX: plasma exchange, PLT: platelet, pts:
patients, R: rituximab, SD: standard deviation, TPV: total plasma volume, tx: treatment, U: unit.
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Figure 1. Multimodality pre-transplant DSA desensitization protocol.
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conditioning. Two out of 15 (13.3%) patients expe-
rienced increased DSA levels with positive flow
cytometric crossmatch at day -1. Patients received
additional IVIG and plasmapheresis after stem cell
infusion, resulting in achieved negative DSA lev-
els. One patient had rebound DSA at day +4 after
neutropenic fever, which may suggest an associa-
tion with an infectious or inflammatory process
[84].

At least weekly monitoring after starting
desensitization or stem cell infusion for approxi-
mately one month, until antibody clearance or
sucessfull engraftment, has been applied in some
studies [69,75,77,84]. DSA above 1,000 MFI at day
7 was associated with primary poor graft function
compared with DSA <1,000 MFI (33% vs. 0%,
P = 0.040) [77]. Monthly monitoring after stem
cell infusion was described in some studies, but
its clinical relevance remains uncertain, because a
great majority of patients will clear DSA if they do
not experience engraftment failure. [15,24,41,85].
12.1. Summary and Recommendations

� Monitoring DSA before and after desensitization,
as well as after the stem cell infusion, is recom-
mended to determine clearance of antibodies.
Although frequency of DSA monitoring after stem
cell infusion is unclear. We recommend testing at
least weekly until engraftment and/or DSA
<2,000 MFIs. Additional testing may be needed in
patients with DSA with poor graft function or sec-
ondary graft failure (Grade of recommendation:
C, Levels of evidence 2-)

� Additional desensitization may be needed in
patients with persistenly high DSA or those
experiencing increasing DSA levels after stem cell
infusion. (Grade of recommendation: C, Levels of
evidence 2-)
13. FUTURE DIRECTIONS
Solid-phase immunoassays and C1q binding

assay require 2-5 days for turnaround time, which
limits timely intervention with additional thera-
pies in highly sensitized patients or patients with
rebound DSA. Highly sensitive and specific labora-
tory methods for detecting anti-HLA antibodies
with optimal turnaround time and standardiza-
tion across transplant centers would be ideal for
managing recipients with DSA.

Currently, desensitization protocols vary across
transplant centers with different DSA level cutoffs
for initiating therapy. Most experience comes
from retrospective studies with limited partici-
pant numbers. A large, prospective, multicenter
study is necessary to establish a higher level of
evidence and standard-of-care. Future studies will
also have to evaluate individualized desensitiza-
tion strategies, potentially tailored to the individ-
ual’s DSA levels in order to decrease time to
transplant and minimize costs. A novel method of
antibody desensitization using antibody-cleaving
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enzymes targeting IgG molecules has shown
promise in rapidly degrading DSA in solid organ
transplantations, and is currently undergoing
investigation in HSCT.
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