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Abstract

Donor-specific anti-HLA antibodies (DSA) are an important cause of engraftment failure
and may negatively impact survival outcomes of patients receiving allogeneic
hematopoietic stem cell transplantation (HSCT) using an HLA-mismatched allograft. The
incidence of DSA varies across studies, depending on individual factors, detection or
identification methods and thresholds considered clinically relevant. Although DSA testing
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 treatment,
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
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donor cell engraftment rate, with comparable outcomes to patients without DSA. Treatment
is largely empirical and multimodal, involving the removal, neutralization, and blocking of
antibodies, as well as inhibition of antibody production to prevent activation of the
complement cascade. Desensitization protocols are based on accumulated multicenter
experience, while prospective multicenter studies remain lacking. Most patients require a
full intensity protocol that includes plasma exchange, while protocols 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 evidence-based practice and formulate
future directions to improve upon current knowledge and advance treatment for this

relatively rare, but potentially serious complication in allogeneic HSCT recipients.

Key words: Donor-specific anti HLA antibodies, graft failure, poor graft function, allogeneic
stem cell transplantation, haploidentical stem cell transplantation, cord blood
transplantation, mismatched unrelated donor transplantation, treatment related mortality,

treatment guidelines.
1. Introduction

Allogeneic hematopoietic stem cell transplantation (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!. The continuous increase in number of haploidentical
transplants is, at least in part, due to immediate donor availability and lower cost of donor
cell acquisition, and, more importantly, improved transplant outcomes, now similar with

HLA-matched donor transplantation?4.

Success of HLA-mismatched transplantation requires overcoming the donor-recipient HLA-

barrier to mitigate risks of graft-versus-host disease (GVHD) and graft rejection, which
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constitute major causes of transplant-related morbidity and mortality. Several approaches
have been developed, including administration of post-transplantation cyclophosphamide
(PTCy) or selective o/ 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-related mortality (TRM) and poor survival

in this setting>7.

Presence of preformed DSA at the time of transplantation 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 desensitize patients with DSA before
transplant, have decreased the incidence of DSA-induced engraftment failure and improved
overall transplant outcomes. The European Blood and Marrow Transplant (EBMT) group
has published guidelines for the detection and treatment of DSA during haploidentical
HSCT®8. However, emerging new evidence in this area means that updated clinical practice
recommendations are needed. Therefore, the American Society of Transplantation and
Cellular Therapy (ASTCT) Commmittee on Practice Guidelines undertook this project to
formulate consensus evidence-based recommendations 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

Practice 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 recommendations 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.
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A standardized system for grading recommendations in evidence based guidelines was
applied®. 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 "antibodies"[tiab]) AND ("haematopoietic stem cell transplantation”[ tiab] OR
"hematopoietic stem cell transplantation"[MeSH Terms] OR ("hematopoietic"[ 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.
Moreover, 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 developement of anti-HLA antibodies®10.11,
This phenomenon may be more relevant in haploidentical HSCT, particularly multiparous
female recipients, as they are more likely to be allosensitized against their offspring’s HLA

antigens. The incidence of anti-HLA antibodies and DSA varies across studies mainly due to
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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
fluorescence intensity (MFI) of 500, the reported incidence of anti-HLA antibodies and DSA
ranged from 20-25% and 11-18%, respectively1012-15, 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
DSA17.19, For higer MFI levels of >2,000 or >5,000, the incidence of anti-HLA antibodies was

approximately 20%, and 4-14% were antibodies directed against the donor HLAs521.22,
4.2. Unrelated donor and cord blood transplantation

For patients receiving unrelated donor transplantation, HLA-matching at least for HLA-A, -
B, -C, and -DRB1 is preferred. However, recipients could potentially develop DSA against
mismatches HLA-DQB1 and HLA-DPB1, which has been shown to significantly impact
allograft outcome.® 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%%23-25. In cord blood transplantation (CBT), the reported incidence of
anti-HLA antibodies was 20-25% with 3-7% of these recipients having DSA7:26-29, A
summary of published studies reporting 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
among female compared with male recipients>6101316202430 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
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have been alloimmunized during pregnancy against her child donor’s mismatched HLA, and
the risk could be amplified by a higher number of pregnancies®1011.162031 Moreover, female
recipients were observed to have higher DSA levels compared to male recipients!3. Two
studies have shown that middle-age and older patients were more likely to have detectable
anti-HLA antibodies compared with pediatric or younger patients10.24, This could be related

to a higher life-time non-self antigen exposure among older recipients.

Exposure to foreign HLA antigens from transfusions of cellular blood products was also
reported to increase risk of HLA alloimmunization, particularly in those receiving platelet
and leukocyte containing products®1232.33, However, mature red blood cells express HLA
class I at low level, as well as Bennett-Goodspeed antigens, HLA-identical antigens. This
expression could potentially 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 allogeneic HSCT?34.
4.4. Summary

e 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.

e Risk factors for developing DSA include female sex, older age, multiparity and prior

receipt of cellular blood product transfusions. (Levels of evidence 2+)
5. Impact of DSA on transplant outcomes
5.1. Primary engraftment failure

The association of DSA with primary graft failure has been frequently demonstrated in
HLA-mismatched related and unrelated donor HSCT, as well as in CBT>#6,12-15,17,19,22,23,25,27,35,
A multivariable analysis in 79 recipients of unmanipulated haploidentical HSCT found that
pre-transplant DSA levels >5,000 MFI was significantly associated with engraftment
failure.> A study in 122 haploidentical HSCT recipients confirmed the observation of higher
graft failure rate with DSA levels above 5,000 MFI513. Likewise, DSA were significantly

associated with graft failure in a retrospective study of 592 unrelated donor HSCT
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recipients (odds ratio 21.3, P=0.0001)¢, In CBT, pre-transplant DSA exceeding1,000 MFI was
significantly associated with low incidence of neutrophil engraftment (hazard ratio [HR]
0.49, P=0.011)%7. 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.3637,

While the association of DSA with graft failure is recapitulated in multiple studies, the
underlying mechanism remains unclear. The proposed mechanisms include antibody-
dependent cell-mediated cytotoxicity3® and complement-dependent cytotoxicityl3. In
animal models, the presence of preexisting anti-donor antibodies during stem cell infusion
led to rapid graft rejection, highlighting the critical role of humoral immunity in graft

rejection in allosensitized recipients3839,
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>7.19.2526_For example, in DSA positive vs. DSA negative haploidentical
HSCT recipients, the 6-month cumulative incidence of donor neutrophil engraftment was
61.9% vs. 94.4% (P=0.026) and 28.6% vs. 79.6% (P=0.035) for donor platelet engraftment,
respectively®. Similar findings have been reported after unrelated donor HSCT2> and CBT?,

as well as in children who underwent haploidentical HSCT for non-malignant diseases?®.

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 function after unmanipulated haploidentical HSCT4. However,
another study failed to show any association between DSA and poor graft function when
PTCy was used after haploidentical HSCT6. 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
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function as many other potential factors that could contribute 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 desensitization 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 C1lq
positive after desensitization, respectively, compared 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, had worse event-free survival
(EFS) (36.4% vs 77.1%; P<0.001) and OS (45.5% vs. 81.2%; P 0.003)1°. 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)3".

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. Treatment of patients with DSA levels up to 20,000 MFI has
been effective in achieving engraftment and improving NRM and survival3>. Another
retrospective 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 DSA1°. Subsequent studies confirmed that DSA-desensitization therapy
was able to overcome DSA barriers to engraftment and reduce NRM212241, Levels of DSA

tend to gradually decrease to zero over several weeks after treatment, while patients with

10
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persistently high DSA levels after desensitization are at highest risk of primary graft

failurels.
5.5. Summary and Recommendations

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

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

e To optimize donor cell engraftment, graft function and survival, a donor without
corresponding HLA is preferred for a recipient with anti-HLA antibodies, in addition to
other donor-related factors affecting transplant outcomes. (Grade of recommendation:
B, Levels of evidence 2++)

e 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 evidence 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 recipients reported no difference in graft failure
incidence for patients with and without non-donor specific anti-HLA antibodies®. This lack
of correlation between non-donor specific anti-HLA antibodies and transplant outcomes
was further demonstrated by other groups with respect to NRM, PFS, and OS, in addition to
graft failurell. Similarly, after CBT, neutrophil engraftment was shown to be comparable for
patients with and without non-donor specific anti-HLA antibodies2¢. 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’. The difference in the intensity of the conditioning regimens and the

11
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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
transplantation suggests that non-HLA antibodies may influence antibody-mediated
allograft rejection#243, These antibodies include anti-major histocompatibility 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 0S#4-46 after HSCT. Whether there is a correlation between
these antibodies and risk of GVHD remains to be clarified>-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*8-50, Poor graft function with megakaryocyte aplasia was

also reported in a patient with donor-specific human platelet antigen 15 after CBT>1.

6.1. Summary and Recommendatios

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

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

e 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 complement-dependent cytotoxicity5? or flow
cytometric crossmatch®3. In complement-dependent cytotoxicity, selected donor

lymphocytes are incubated with recipient serum. If recipient DSA are present, antibody-

12
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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 (fluorescent or non-fluorecent)>2. The sensitivity of this method can be improved by
incubation with a secondary anti-human globulin, which enhances complement activation
and allows detection of non-complement fixing antibodies>4. Disadvantages of this method
include its complexity, time-intensity, limited sensitivity and specificity, and the potential
for interference with intravenous immunoglobulin (IVIG) or other therapeutic
antibodies>255. The flow cytometric crossmatch has higher sensitivity compared to
complement-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 independent from
complement binding>6, although complement-binding methods have been described.
Therefore, flow cytometric crossmatch can detect both lower complement-binding and

non-complement-binding antibodies>>.
7.2. Solid-phase immunoassays

Solid-phase immunoassays test antibodies in recipient serum using purified HLA
molecules, which conjugate to microtiter plates or to polystyrene beads>7-60, After antibody-
antigen complex formation, the solid plates or polystyrene beads are washed to remove
unbound antibodies and conjugated secondary antibodies are added®?. 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 (Luminex™)0. The Luminex™ 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 antigen” for determining the antigen specificity
with the highest sensitivity®?. This method is semiquantitative (via antibody titers),
convenient, and has the highest sensitivity and specificity compared 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

13
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“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®%-62, An initial serum pretreatment step has been used to

potentially eliminate test inhibitors and more consistenly achieve accurate MFI levels3>.
7.3. Summary and Recommendations

e Among the two methods to identify anti-HLA antibodies in allogeneic HSCT:

o Cell-based assays are now infrequently used due to limitations in both sensitivity and
specificity, and the fact that they require viable donor lymphocytes.

o Solid-phase immunoassays are increasingly utilized because they can reliably identify
antibodies, 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.

e We recommend routinely using solid-phase assays both for screening and HLA antibody
identification. Cell-based assays are considered complementary (see Section 6). (Grade of

recommendation: C Levels of evidence 2++)
8. DSA levels associated with 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 25,000 MFI on single-antigen
bead assay was a significant risk factor for engraftment failure in haploidentical HSCT?>, and
some reported that graft failure events occurred only in patients with DSA >5,000 MFI at
the time of HSCT13. Subsequent studies showed that very high pre-transplant DSA levels
>20,000 MFI were very difficult to decrease to safe levels using current desensitization
methods, and were significantly associated not only with engraftment failure, but also with
poor platelet engraftment, higher NRM, and inferior survival3563, while lower level DSA
appear to be less deleterious!33>. 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

14
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below 2,000 MFI in a recent larger case-controlled retrospective study3s. In patients with
DSA >2,000 MF]I, the risk for engraftment failure appears to progressively increase with

higher DSA levels, and if antibodies bind complement13.
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)2¢6. A retrospective study showed pre-transplant DSA with MFI 21,000 was
associated with an increased risk of graft failure after single CBT (relative risk 1.77,

P=0.02)%7.
8.3. Summary and Recommendations

e 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+)

e We recommend repeated DSA testing within 2 weeks of starting conditioning regimen in
transplant 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-)

e 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 haploidentical and unrelated
HSCT might serve as a threshold to initiate desensitization. (Grade of recommendation: 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-complement fixing antibodies, unless

IgG1-4 secondary antibodies are used. The classical complement pathway is initiated when
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antibodies bind with Clq, leading to cell death via the formation of membrane attack
complex®4. The Luminex-C1q assay is a single antigen bead assay that specifically identifies
complement-binding antibodies via a PE-labeled anti-C1q second-step reagent®>. Antibody-
binding assays have also been developed for the C3d and C4d products of classical

complement pathway activation®6.67,

Complement-binding DSA have been associated with graft rejection and graft failure, both
in solid organ and stem cell transplantation253568, In haploidentical HSCT recipients whose
DSA bind C1q had higher median DSA levels (15,279 MFI) compared with patients without
C1q binding (median DSA 2,471 MFI, P=0.016). In this study, patients who remained Clq
positive at the time of transplant experienced primary graft failure. Conversely, patients
who became C1lq negative before transplant successfully engrafted (P=0.008)13. A
subsequent study also demonstrated 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
neutrophil 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.

In two pediatric studies, 11 patients who underwent haploidentical HSCT for nonmaligant
diseases!?, and 11 patients who underwent unrelated donor HSCT for both malignant and
nonmalignant diseases?> were evaluated. Only one patient in haploidentical HSCT cohort
with the highest DSA (24,000 MFI) was C1q positivel®. In the unrelated donor cohort 3
patients tested positive for Clq, graft rejection was observed in 2 patients and primary
poor graft function was observed in 1 patient?>. In another retrospective study, 1 of 6
patients who were C3d-positive before desensitization experienced graft failure after

haploidentical HSCT®°.
9.1. Summary and Recommendations

e (Complement-binding immunoassays detect anti-HLA antibodies or DSA that can activate
the classical 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.
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e Although C1q-binding correlates roughly to DSA levels (>10,000 MFI), it is unclear for
intermediate levels (2,000-10,000 MFI) which antibodies bind complement and thus
present a higher allograft 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 inhibitors,

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®.

Antibody re-equilibration can occur after plasmapheresis as only 45% of IgG distributes in
the intravascular space’?, while recovery of plasma IgG levels occurs 1-2 weeks after
procedure’!. Moreover, removing a large amount of IgG may lead to a rebound
phenomenon’2, The administration of high-dose IVIG after plasmapheresis may restore
total antibody levels and may help preventing antibody rebound. Therefore, most
desensitization protocols usually consist of multiple 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>1522416973or donor-derived buffy coat!3356974 has demonstrated efficacy in

several studies. The main limitation of platelet transfusions is that it applies only to
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recipients with DSA against HLA class I antigens. In the largest experience reported to date
with a multimodality treatment, which included alternate day plamsa exchange, rituximab
and Ivlg 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 survival3>, 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®?. Bortezomib was evaluated prospectively in a
desensitization protocol and demonstrated limited efficacy, leading to stopping the trial and
needing for additional desensitization therapies’>7¢. Recently, several studies showed that a
lower intensity desensitization approach might be adequate for patients with lower levels
of DSA®97377.78, A summary of desensitization methods across different studies is shown in

Table 2.
10.1. Summary and Recommendations

e Multimodality pretransplant desensitization should be used to decrease DSA (Figure 1):

o For DSA up to 20,000 MFI, plasmapheresis, rituximab, IVIG and infusion of donor-
derived HLA antigen (either irradiated buffy coat for the corresponding HLA class |
and II or platelet transfusions for corresponding HLA class I only) are recommended.

o 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.
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o 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.

e Post-desensitization DSA levels should be measured to monitor clearance; additional
intervention may be needed if elevated levels persist before neutrophil recovery.
e A summary of most studied desensitization protocol is presented in Table 2. (Grade of

recommendation: 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
engraftment failure and lower survival, despite intense desensitization therapy3>. In clinical
practice, the importance of this association can be confounded by high levels of DSA that
sometimes interfere with the solid-phase immunoassay, resulting in falsely lower DSA
levels, a phenomenon often called “prozone effect”6.62. One proposed 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 resultsé162, Moreover, C1
complex formation can trigger the classical complement pathway, leading to the deposition
of C3b/d and C4b fragments, which might further augment the steric interference with the

secondary antibodies binding79.80

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 fluorescent-dye-conjugated secondary antibodies on HLA antibodies®1.62,
In addition, EDTA can overcome the false lower results by chelating calcium, which is
essential for formation of the C1 complex®1.62, Weinstock and colleagues reported that a
level of DSA more than 12,000 MFI in EDTA serum had specificity for a clear inhibitory
(“prozone”) effect®2. Adding EDTA to serum testing is recommended to avoid dilutional

effects to low titers HLA antibodies®!.
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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®8182, However, explaining inhibitory effect through chelation of
calcium with EDTA cannot be applied to IgM-related hypothesis, because IgM is not
dependent on calcium®2. 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

e Solid-phase immunoassays have limited capability to detect very high levels of DSA due to
interferences with the binding site of fluorescence-conjugated antibodies on HLA
antibodies. This falsely lower anti-HLA antibody detection/identification related to as the
inhibition effect (previously 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
desensitization and one day before stem cell infusion (day -1)1316.2084, For example, one
study monitored DSA at day -7 and day -1 to determine if there is DSA rebound during non-
myeloablative conditioning. Two out of 15 (13.3%) patients experienced 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 levels. One
patient had rebound DSA at day +4 after neutropenic fever, which may suggest an

association with an infectious or inflammatory process®4.

At least weekly monitoring after starting desensitization or stem cell infusion for
approximately one month, until antibody clearance or sucessfull engraftment, has been
applied in some studies®%7577.84, 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
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remains uncertain, because a great majority of patients will clear DSA if they do not

experience engraftment failure.15244185,
12.1. Summary and Recommendations

e Monitoring DSA before and after desensitization, as well as after the stem cell infusion, is
recommended 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 secondary graft failure (Grade of recommendation: C,
Levels of evidence 2-)

e 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 C1qg binding assay require 2-5 days for turnaround time,
which limits timely intervention with additional therapies in highly sensitized patients or
patients with rebound DSA. Highly sensitive and specific laboratory methods for detecting
anti-HLA antibodies with optimal turnaround time and standardization 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 participant 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 desensitization strategies, potentially tailored to the individual's
DSA levels in order to decrease time to transplant and minimize costs. A novel method of
antibody desensitization using antibody-cleaving 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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Table 1. Incidence of anti-HLA antibodies and DSA in allogeneic hematopoietic stem cell

transplantation
Study Donor type N | MFI cutoff Incidence of Incidence of
anti-HLA DSA
antibodies

Ciurea, et al. 201513 Haplo 122 > 500 NA 18%
Chang, et al. 201514 Haplo 345 > 500 25.2% 11.3%
Zhang, et al. 202015 Haplo 78 >500 NA 11.5%

Ma, et al. 202210 Haplo 3,805 > 500 20.2% NA
Gladstone, et al. 201320 Haplo 296 > 1,000 23% 14.5%
Bramanti, et al. 201916 Haplo 135 > 1,000 29.6% 14.1%
Lima, et al. 202117 Haplo 22 > 1,000 77.3% 27.3%
Carter, et al. 202218 Haplo 208 >1,000 32.7% 11.1%
Lima, et al. 202219 Haplo 59 > 1,000 61% 18.6%
Liu, et al. 202321 Haplo 865 > 2,000 NA 3.8%
Yoshihara, et al. 20125 Haplo 79 > 5,000 20.2% 13.9%
Zhu, et al. 202322 Haplo 181 > 5,000 NA 14.3%
Ciurea, et al. 20116 UD 516 >500 19% 1.4%
Pan, et al. 201624 uD 123 >500 37.4% 6.5%
Lima, et al. 20232> uD 303 > 1,000 38.6% 3.6%
Spellman, et al. 201023 UD 115 >2,000 37% 8.7%
Takanashi, et al. 20107 CB 386 > 1,000 23.1% 5.2%
Ruggeri, et al. 201326 CB 294 > 1,000 21% 4.8%
Fuji, et al. 202027 CB 343 > 1,000 NA 7.3%
Jo, etal. 202328 CB 567 > 1,000 25.2% 3.5%

Abbreviation: CB: cord blood, DSA: donor-specific anti-HLA antibodies, Haplo:
haploidentical donor, MFI: mean fluorescent intensity, NA: not available, UD: unrelated

donor
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Table 2. Selected reports on pre-transplant desensitization protocols used to treat

recipients with DSA, MFI cutoff levels and treatment outcomes

Study Type of MFI Maxim | Desensitization Respon | Neutroph
HSCT (N) | cutoff | um DSA | protocol se of il
for (MFI) DSA engraftm
desensi (MFI) ent
tization
Yoshihar Haplo |>5,000 | 18,474 |- Varied between — R+PE 5/5
_ pts X:
aS,etal. | (N=11) (5 _ N=L.R37% rebo (100%)
20125 received mg/m?2 single und
dose + PEXD-11 DSA
treatment
— N=1:R 375 — PLT:
) mg/m? single rapid
dose + PEX D- redu
17,-15,-13 ction
—  N=2:HLA- - B:
selected PLT mod
transfusion 40 U erate
D-1 redu
- N=1:B ction
1.3 mg/m?
D-18,-15 +
dexamethasone
20mg
D-18,-17,-15,-1
4
Leffell Haplo >1,000 | Max — PEX1TPVAD+ |- Mea 14/15
A - IVIG 100 mg/kg n o
MS,etal. | (N=15) DSA + Tacrolimus 1 redu (93%)
201584 15,000 mg/day IV & ction
MMF 1 g twice 64.4
daily until D-1 %
— Start protocol 1- | — Faile
2 weeks prior to d:
transplant N=1
— Number of
PEX/IVIG
depend on level
of DSA & risk
factors
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One pt received
B 4 doses 15.5
weeks prior to
starting the
desensitization
protocol
Choe H, Haplo > 2,000 | 20,937 B 1.3 mg/m? on Median 7 of 14
_ day 1,4,11,14q 0
etal. (N=7), 21 days for 1-2 MFI (50%)
201976 CBT cycles plus IVIG | reduced
(N=3), 1-2 g/kg per from
cycle
Haplo+CB Additional 7,756 to
treatments with
T (N=4 4,630
( ) IVIG, R, PEX were
added to achieve | (40%
engraftment reductio
n)
Chang | Mismatch | >2,000 8,904 R 375 mg/m? Median 52/55
Y], etal. | edrelated single d.ose 3 DSA pre- (95%)
days prior to
202077 (N=55) transplantation | tx-
4,791
MFI
Post-tx -
0 MFI
(atD +7)
ZhangR, Haplo >500 14,873 2 U of donor Significa 5/5
_ apheresis PLT D- o
el al. (N=5) 1+ R 375 mg/m? nt (100%)
202015 single dose 1-2 decrease
week.slprl_or to in5/5
conditioning
regimen (if DSA
class Il positive)
Bailén, Haplo >1,000 | 25,000 Varied between Mean 17/19
_ pts; included R . o
et al. (N=19) 375 mg/m?, IVIG reductio (89%)
202169 0.4 mg/kg/day, |n74%
MMF 5-10
mg/kg/bid,

36



Journal Pre-proof

tacrolimus, PEX,
PLT, buffy coat,
steroids
Ciurea S, Haplo >1,000 | 32,588 PEX 1-1.5 TPV Mean 100%
o, QOD for 3 for
etal. (N=37); sessions, starting pre tx MFI<5
202135 controls 1-week prior to | DSA - 000
_ conditioning 97%
(N=345) regimen, + R 375 10,198, for
mg/m?single Mean MFI<1
dose 1 day after DSA 0,000"
PEX completion, 950,
+1VIG1 g/kg 1 post-tx - for
dose 1 day after 5,937 MFI<2
R + donor 0,000
irradiated buffy | (42% 50%
coat on D-1 reductio for
MFI
n) >20,0
00
Hashem Haplo > 3,000 | 8,000 DSA >8000 MFI: | NA 4/8
B IVIG + R + PEX o
Hetal | (N=8) DSA 3000-8000 (50%)
202278 MFT: IVIG + R
Shen, Haplo > 4,000 |20,114 IVIG 0.4 g/kg DSA 13/13
etal. | (N=13) IV)Vr‘iti‘r“éO7§£r‘;“Cr:H reductio | (100%)
202341 infusion + R375 | n48.3% NE
mg/m?2 1-2 doses
D-16, -9 + HLA-
selected PLT
infusion 48
hours prior to
stem cell
infusion
Zhu], et Haplo > 5,000 | Max Varied between | NA 19/19
- pts 0
al. (N=19) DSA not N=12 IVIG 1 (100%)
202322 availabl g/kg/day D-4,-3,-
e 2,-1,+1
N=5IVIG + R 375
mg/m? for 2-4
doses
N=1IVIG+R +
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HLA-selected
PLT infusion 1-
week prior to
transplantation
N=1IVIG + HLA-
selected PLT 1-
week prior to
transplantation

Altareb
M, et al.
202374

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/m?single
dose 1 day after
PEX completion,
+IVIG1g/kg 1
dose 1 day after
R # donor
irradiated buffy
coat on D-1

Significa
nt
decrease

din3/3

5/5
(100%)

Liu L, et
al.

202321

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/m?single
dose 1 day after
completion of
PEX

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

n)

33/33
(100%)

*Not statistically different compared with controls

Abbreviations: 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: minimum, NE: neutrophil engraftment; MMEF:
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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

39



DSA <2,000 MFI

No

Level of DSA £ C1q test + FCXM DSA 2,000 -20,000 MFI

D itization therapy

A J

DSA > 20,000 MFI

—

0rS O

iy ne
investigational treatment

| S —

DSA-corresponding HLA Ag platelet transfusion®

:
~—— S c
nsitization | § §

£ 5
PE PE PE R viG @ » PE +IVIG™
l l l l l Conditioning regimen l l l

>

T 1T Fr T
-15 -14 -13 -12 -1 -10 -9 -6 -5 -4 -3 2 -4 0 1 2

Monitoring DSA weekly after initiation therapy & D-1 until engraftment
PE: Plasma exchange 1-1.5 total plasma volume

R: Rituximab 375 mg/m2

IVIG dose 1 g/kg

* For DSA class | only

** Consider in case of trending up of DSA after starting desensitization

Figure 1.

40



