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Abstract: The selection of hematopoietic stem cell donors for allogeneic transplantation (allo-HSCT)
is mainly driven by human leucocyte antigen (HLA) matching between patient and donor, with
HLA-identical matched siblings being the preferred choice in most situations. Although other clinical
and demographical variables matter, especially, donor age, which is unequivocally associated with
better transplant outcomes, the histocompatibility criteria have a central role in the search for the
best donor, particularly in the setting of unrelated allo-HSCT where HLA disparities between patient
and donor are frequent. The present review is focused on the role of HLA incompatibilities on
patient outcome according to the most recent literature, in an attempt to guide transplant physicians
and search coordinators during the process of adult unrelated-donor selection. The technological
progresses in HLA typing, i.e., with next-generation sequencing (NGS), now allow disclosing a
growing number of HLA incompatibilities associated with a heterogeneous and sometimes unknown
spectrum of clinical severity. Their immunogenic characteristics, i.e., their position inside or outside
the antigen recognition domain (ARD), their permissiveness, their intronic or exonic nature and
even the expected expression of the HLA loci where those mismatches occur, will be presented and
discussed here, integrating the advances in the immunobiology of transplantation with survival and
toxicity outcomes reported in the most relevant studies, within the perspective of improving donor
selection in the current practice.
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1. Introduction

The selection of hematopoietic stem cell donors for allogeneic transplantation (allo-
HSCT) is mainly driven by human leucocyte antigen (HLA) matching between patient
and donor, with HLA-identical matched siblings being the preferred choice in most sit-
uations [1]. The increase of unrelated donations for allo-HSCT in last years [2] and the
technological progresses in HLA typing [3] entail today a growing number of HLA incom-
patibilities disclosed between patients and their respective donors, with a heterogeneous
and sometimes undefined spectrum of clinical significance. The immunogenic character-
istics of the incompatibilities, i.e., their position inside or outside the antigen recognition
domain (ARD) or their immunogenicity, the permissiveness with respect to transplant
outcomes, their intronic or exonic nature and the expression of the HLA locus where those
mismatches occur, are all elements to be taken into account before allo-HSCT is performed,
in order to eventually adapt graft-versus-host disease (GvHD) prophylaxis strategies and
optimize patient outcome. Nowadays, over 40,000,000 unrelated donors are potentially
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available from worldwide registries [4], and sources of HLA-mismatched hematopoietic
stem cells like cord blood or haploidentical donors are readily available for allo-HSCT; there-
fore, the donor selection process requires up-to-date knowledge and cooperation between
HLA laboratories, search coordinators and transplant physicians. As a consequence of the
evolution of the transplantation procedures, HLA typing technologies and immunogenetics
progresses, the HLA incompatibilities between patients and donors should be considered
today from a renewed perspective, going beyond the “old” definitions of antigenic or allelic,
to now include concepts of permissiveness and immunological risk.

We present here the most recent literature on HLA and allo-HSCT from adult unrelated
donors by providing evidence about the immunological and clinical meaning of HLA
incompatibilities between patients and their respective donors. Finally, integrating the
advances in the immunobiology of transplantation with clinical experience is warranted to
sustain and improve patient survival after allo-HSCT.

2. Definitions of HLA Mismatch in allo-HSCT

Except for HLA-identical siblings, all unrelated stem cell donors present some degree
of HLA incompatibilities with their patients even in the best HLA-matched situation, due to
the fact that the HLA haplotypes are not those inherited from the parents. The comparable
clinical outcomes after allo-HSCT from a well-matched unrelated donor and an HLA-
identical sibling [5–7] are explained by the fact that the above-cited HLA incompatibilities
do not involve the ARD of the loci known to affect survival, being classically HLA-A, -B,
-C and DRB1 [8] as well as, to some extent, DQB1 [9]. Of course, factors other than HLA do
impact patient survival after allo-HSCT, among which, age matters most [10], suggesting
the superiority of a younger well-matched unrelated donor upon an older HLA-identical
sibling [11].

Beyond the cited HLA loci, DPB1 matching has been extensively studied in allo-
HSCT, and some combinations (referred to as permissive) demonstrated to be better tol-
erated than others, based on the immunogenicity of the associated T-cell epitopes [12–14]
and HLA expression [15,16]. Due to weak linkage disequilibrium, indeed, DPB1 is fre-
quently mismatched in 10/10 HLA-matched patient–donor pairs [17]; therefore, matching
at DPB1 (12/12 HLA-matched) is achievable in a lower proportion of pairs with respect to
10/10 HLA matching and permissiveness [17].

Noteworthy, the recent introduction of second-generation sequencing technologies for
routine HLA typing (next-generation sequencing, NGS) has allowed for the detection of
incompatibilities occurring beyond the second field [3], whose clinical significance is less
defined than that of incompatibilities within the ARD, albeit under investigation. Recently,
improved survival was observed among patients receiving allo-HSCT from donors matched
at ultra-high resolution [18]; nonetheless, the current standards contemplate the first two
fields for clinical significance of HLA mismatches [19]. Future refinements cannot be
excluded, as growing data will allow for further association analyses. A recent national
study [20] found lower acute GvHD when patient and donor shared the same geographical
origin, possibly related to higher HLA similarity beyond the second field.

The so-called “non-classical” HLA loci (i.e., HLA-G and -E) might also have a clinical
impact [21,22], although this is beyond the scope of the present article.

All these elements together demonstrate that the definition of clinically meaningful
HLA incompatibilities in allo-HSCT are not fixed but change over time according to the
technological advances in HLA typing coupled to clinical studies.

Based on the most prominent current literature and respective evidence, we will focus
here on the clinical relevance of HLA incompatibilities within the ARD. The effect of such
incompatibilities on the physico-chemical structure of the HLA molecules and their bound
peptides (immunopeptidome), the direction of mismatches and the expression of the loci
involved have to be taken into account for a proper interpretation [19] and to finally deal
with permissiveness and immunological risk.
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3. Methodology of Most HLA Studies in the HSCT Setting

The most relevant studies reporting the clinical impact of HLA matching between
transplanted patients and their adult unrelated donors are retrospective, mono- or mul-
ticenter and even registry-based, using univariate and multivariate regression analyses
for any association between HLA matching and clinical outcomes. As a consequence,
the evidence generated is limited due to the lack of prospective interventional trials that
are unfeasible in this setting. Nevertheless, the current recommendations and up-to-date
daily practice among search coordinators and transplant physicians refer to such level of
evidence, particularly appreciated when huge numbers of patient–donor pairs are reported,
as it occurs in registry studies. Besides this, two meta-analyses have been published so far
to our knowledge [23,24], showing similar results.

The immunological risk associated with the presence of any HLA incompatibility
must be firstly assessed by the morbidity and mortality outcomes, mostly, acute GvHD
and overall survival, although secondary outcomes such as progression-free survival, non-
relapse mortality, relapse incidence, chronic GvHD or even composite endpoints including
GvHD-free, relapse-free survival are also reported but with potential discrepancies among
studies, due to differences in the definitions of the endpoints or due to reporting bias
especially in multicenter or registry analyses. Despite the fact that relapse is a problematic
issue after allo-HSCT for malignancies, there is no current evidence that any HLA mismatch
confers a reduction of the relapse risk without increasing non-relapse mortality, consistently
translating into a lack of survival benefit among the published studies. In addition, relapse
and non-relapse mortality are competing risks, meaning that patients with one event are
no longer at risk for the competing one [25].

Acute GvHD, especially of grade II or higher [26], that is, when systemic immunosup-
pressive treatment is needed, is probably the most suitable marker of morbidity among
the above-cited studies, mainly because of its easily reproducible evaluation and defini-
tion, providing low expected discrepancies between the reported studies; moreover, any
reported additional acute GvHD risk associated with any HLA mismatch might be the basis
for a reinforced GvHD prophylaxis in the presence of such incompatibility [27]. Secondly,
the multivariate hazard ratio together with the 95% confidence interval (CI) provides an
estimate of the risk carried on by any mismatch(es) when compared with matched pairs,
thus giving valuable information about the respective clinical importance. Noteworthy, the
amplitude of the 95% CI often reflects the number of pairs analyzed, an important factor to
be taken into account when interpreting the reported results.

While the immunological risk carried on by HLA incompatibilities between patients
and their respective donors might be quantified, the concept of permissiveness is more
related to the extent transplant physicians and patients accept for the immunological risk
in the presence of any HLA mismatch. Of course, this risk acceptance depends on several
factors, including disease prognosis, patient wishes and available therapies. Nevertheless,
in most current literature, the permissive HLA mismatches usually refer to incompatibilities
that do not significantly impair the transplant outcomes [13,28,29].

4. Locus-Specific HLA Incompatibilities

Several studies reported significant associations between the HLA matching of patient–
donor pairs and transplant outcomes, and the most relevant among them provided the
basis for the unrelated donor search and selection over time [8,13,30–33]. However, as
transplantation practices change and evolve [34], many studies reappraised the question in
recent years and provided updated results in an allo-HSCT setting where a predominant
proportion of peripheral blood stem cell grafts vs. bone marrow, less toxic conditioning reg-
imens, improved GvHD prophylaxis and higher median patient age is generally observed
when compared to the picture of the previous studies published in the first decade of the
years 2000, referring to allo-HSCTs performed in the late 1980s and 1990s.
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4.1. HLA-A

The first among the class I alleles, HLA-A, shows the highest expression, together with
HLA-B [35]. When dissecting recent studies (published after 2010) with a relevant number
of transplants (>1000), the hazard ratio of mortality is between 1.17 and 1.43, and the grade
II–IV acute GvHD risk is from 1.18 to 1.34 times higher in HLA-A mismatched vs. matched
pairs (Table 1). There is no significant differential impact on the outcome depending on
whether the mismatch is antigenic or allelic; thus, they are comparable. This finding is
consistent across all classical HLA loci, with the exception of HLA-C (see below).

Table 1. Clinical impact of HLA matching in the allo-HSCT setting as reported in most recent
relevant studies.

HLA Locus Mismatch Article n
Hazard Ratio (95% CI)

OS GvHD II-IV

A mismatched vs. matched Woolfrey 2011 [33] 1933 1.17 (0.93–1.47) 1.18 (0.94–1.50)
Furst 2013 [32] 2646 1.43 (1.19–1.72) ND
Pidala 2014 [30] 8003 1.3 (1.2–1.5) 1.3 (1.2–1.5)

Morishima 2015 [31] 7898 1.29 (1.17–1.42) 1.18 (1.06–1.32)
Picardi 2021 [20] 1788 ND (p = n.s.) 1.34 (1.04–1.74)
Kekre 2016 [23] 13,446 1.48 (1.19–1.86) ND

B mismatched vs. matched Woolfrey 2011 [33] 1933 1.22 (0.90–1.67) 1.11 (0.81–1.52)
Furst 2013 [32] 2646 1.52 (1.20–1.93) ND
Pidala 2014 [30] 8003 1.2 (1.0–1.4) 1.3 (1.1–1.6)

Morishima 2015 [31] 7898 1.27 (1.11–1.45) 1.28 (1.11–1.48)
Picardi 2021 [20] 1788 ND (p = n.s.) 2.02 (1.53–2.67)
Kekre 2016 [23] 13,446 1.45 (1.20–1.75) ND

B-leader mismatched: MT vs. TT Petersdorf 2020 [16] 17,100 ND 1.11 (1.04–1.19)
B-leader mismatched: MM vs. TT Petersdorf 2020 [16] 17,100 ND 1.11 (1.00–1.24)

C mismatched vs. matched Woolfrey 2011 [33] 1933 1.41 (1.16–1.70) # 1.12 (0.90–1.39)
Furst 2013 [32] 2646 1.35 (1.17–1.56) ND
Pidala 2014 [30] 8003 1.3 (1.2–1.5) 1.1 (1.0–1.3)

Morishima 2015 [31] 7898 1.21 (1.13–1.30) 1.27 (1.17–1.37)
Picardi 2021 [20] 1788 ND (p = n.s.) ND (p = n.s.)
Kekre 2016 [23] 13,446 1.58 (1.23–2.01) ND

C03:03/C03:04 mismatch Fernandez-Vina 2014 [36] 7349 0.98 (0.78–1.23) 0.97 (0.76–1.25)
Ag vs. All mismatch aT C*03 or C*07 Petersdorf 2014 [37] 1975 ND 1.07 (0.75–1.53)

residue 116 mismatch vs. match Petersdorf 2014 [37] 1975 1.12 (1.00–1.26) 1.14 (0.91–1.41)
residue 77/80 mismatch vs. match Petersdorf 2014 [37] 1975 1.13 (1.01–1.26) 1.02 (0.82–1.27)

DRB1 Woolfrey 2011 [33] 1933 1.30 (0.87–1.94) 1.60 (1.06–1.80)
Furst 2013 [32] 2646 1.42 (1.10–1.82) ND
Pidala 2014 [30] 8003 1.1 (0.9–1.3) 1.2 (0.9–1.5)

Morishima 2015 [31] 7898 1.09 (0.98–1.21) 1.24 (1.11–1.39)
Kekre 2016 [23] 13,446 1.16 (0.84–1.59) ND

DRB3/4/5 mismatched vs. matched Ducreux 2018 [38] 1975 1.10 (0.91–1.33) 1.43 (1.07–1.90)
DRB3/4/5 mismatched vs. matched Tsamadou 2021 [39] 3410 1.25 (1.02–1.54) 1.16 (0.89–1.52)

DQB1 mismatched vs. matched Furst 2013 [32] 2646 1.23 (1.00–1.51) ND
Morishima 2015 [31] 7898 1.08 (0.97–1.19) 1.09 (0.98–1.22)

Picardi 2021 [20] 1788 ND (p = n.s.) ND (p = n.s.)
Kekre 2016 [23] 13,446 0.95 (0.74–1.21) ND

DPB1 single-mismatched vs. matched Pidala 2014 [30] 8003 ND 1.4 (1.2–1.6)
double-mismatched vs. matched Pidala 2014 [30] 8003 ND 1.6 (1.3–1.9)

matched vs. TCE permissive Fleischhauer 2012 [14] 8539 0.96 (0.87–1.06) ND
TCE nonpermissive vs. permissive Fleischhauer 2012 [14] 8539 1.15 (1.05–1.25) ND
TCE nonpermissive vs. permissive Pidala 2014 [30] 8003 1.2 (1.1–1.4) 1.1 (1.0–1.3)

LEL (DRB3/4/5,
DQ, DP) ≥3 vs. 0 among 7/8 Fernandez-Vina 2013 [40] 3853 1.45 (1.06–1.96) ND

≥3 vs. 1 among 7/8 Fernandez-Vina 2013 [40] 3853 1.43 (1.09–1.87) ND

# antigen mismatch. List of abbreviations: MT: methionine–threonine genotype; MM: methionine–methionine
genotype; TT: threonine–threonine genotype; TCE: T-cell epitope; ND: not done; OS: overall survival; GvHD:
graft-versus-host disease. Respective p-value is statistically significant in bold.
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4.2. HLA-B

As shown in Table 1, the risks of overall mortality and grade II–IV acute GvHD in the
presence of one incompatibility at locus B are 1.20–1.52 and 1.11–2.02 times higher, respec-
tively, when compared to those of matched patient–donor pairs. A recent classification
using data from the HLA-B Exon 1 (“B-leader”), proposed by Petersdorf and colleagues [41],
informs on the acute GvHD risk and may be considered whenever two or more unrelated
donors are B-mismatched with a patient and are potentially suitable for selection.

4.3. HLA-C

With the exception of the C*03:03/C*03:04 mismatch [36], all other incompatibilities
at this locus represent a significant risk factor for both morbidity and mortality, to a
similar extent as those regarding HLA-A and -B, despite the lower surface expression,
which is nevertheless heterogeneous across distinct HLA-C allotypes [37]. While the
C*03:03/C*03:04 mismatch is not associated with impaired survival and can be considered
permissive, both allelic and antigen incompatibilities at locus C are similarly detrimental
for transplant outcomes [36] and should be considered equivalent in terms of donor choice.
Due to lower surface expression levels, mismatches for the allotypes C*03, C*07 or C*17
might be better tolerated than others [37].

4.4. HLA-DRB1

Being the most expressed among all class II alleles [42], HLA-DRB1 is rarely mis-
matched in unrelated allo-HSCT, as shown in early studies that reported a significant
negative impact of any mismatch at this locus [43], driving the donor search, still focused on
DRB1-matched unrelated donor first. As a consequence, the cohorts of DRB1-mismatched
patient–donor pairs are quite small, and evidence on any effect is rather low. Only one
study [32] found higher mortality in the presence of a DRB1 mismatch, without increase in
acute GvHD (Table 1). According to one [24] of the two previously cited meta-analyses, sig-
nificant higher mortality is associated with mismatch at DRB1 (HR 1.19, 95% CI: 1.07–1.32)
but appears to be better tolerated than class I incompatibilities, these latter being associated
with hazard ratios ranging from 1.23 to 1.33 [24].

4.5. HLA-DRB3/4/5

Less investigated and not routinely typed, the HLA-DRB3/4/5 genes appear to be
relevant for transplant outcomes. Indeed, two studies so far demonstrated significant
impaired survival [39] and increased acute GvHD [38] when mismatches at these genes
are present. A previous collaborative analysis suggested a significant role for the DRB4
locus [44]. Moreover, mismatches at HLA-DRB3/4/5 should be avoided in the presence of
multiple other incompatibilities (see below, “Low-expression loci”).

4.6. HLA-DQB1

Incompatibilities at HLA-DQB1 seem to be less relevant than the other mismatches [20,31,32],
possibly due to either a lower expression vs. that of HLA-DRB1 or few patient–donor pairs that
are DQB1-mismatched and DRB1-matched (strong linkage), preventing robust findings. The
available data suggest that mismatches at DQB1 might be preferred over those at DRB1 or at
class I alleles.

4.7. HLA-DPB1

Consistent evidence, accumulated over years and by different groups, supports the
inclusion of DPB1 in the selection process [45], taking into account the permissiveness
of mismatches at DPB1 according to the T-cell epitope or the expression model [46]. The
last CIBMTR guidelines [19] include the algorithm based on the T-cell epitope model in
order to avoid a non-permissive unrelated donor, currently avoidable in at least 71% of
cases [47], although a higher fraction is expected whenever HLA-DPB1 is typed upfront
for all potential unrelated donors, as it is the case with NGS typing. Notably, although the
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benefit of avoiding a non-permissive donor is less pronounced for one-locus-mismatched
allo-HSCT [14], this selection is still recommended when two or more 9/10 (or 7/8) HLA-
matched donors are potentially suitable in the absence of a 10/10 (8/8) HLA-matched
one [19].

4.8. Low-Expression Loci (DQ, DRB3/4/5, DP)

In addition to studies on the “highly expressed” HLA-A, -B, -C and -DRB1 loci, a
CIBMTR study addressed the question of whether cumulative mismatches at the “low-
expression” loci DRB3/4/5, DQB1 and DPB1 matter [40]. Interestingly, higher morbidity
and mortality risks are associated with three or more DRB3/4/5, DQB1 or DPB1 incompati-
bilities if one A, B, C or DRB1 incompatibility is present (7/8 HLA-matched donor). In the
8/8 HLA-matched group, mismatches at the low-expression loci were not associated with
any adverse outcome [40].

5. Directionality

The vector of an HLA mismatch is bidirectional unless the patient or the donor are
homozygous for the mismatched locus; then, host-versus-graft (HvG) or graft-versus-host
(GvH) directions characterize the mismatch, respectively. A single study, conducted on
myeloablative allo-HSCTs [48], found that unidirectional GvH vector mismatches are com-
parable to bidirectional ones in terms of clinical risk, which is higher than for unidirectional
HvG, thus suggesting that for an HLA homozygous patient, a donor with a mismatch at
this homozygous locus (HvG vector) is preferable over a donor with a mismatch at other
loci [48].

6. HLA Allele Combinations

Other approaches have been applied in the allo-HSCT setting in the attempt of identify-
ing combinations of HLA mismatches having different immunogenic implications and thus
hypothetically carrying distinct immunological risks [49–53]. These approaches, mainly
based on the characteristics of the epitope mismatches or on the similarity of the haplotypes
from both individuals, stand on the assumption that the more the HLA haplotypes are
similar (in both evolutionary and immunological terms), the less alloreactivity is expected
after allo-HSCT, finally resulting in better prognosis [54]. Such models would be intended
to be more useful in supporting the unrelated donor selection as the number of HLA
incompatibilities increases, as it occurs for organ transplantation that is the setting where
most models come from. However, none of them has been included in the current search
recommendations to date. Very recently, HLA evolutionary divergence, a measure of
haplotype difference based on evolutionary distance, was shown to predict the prognosis of
pediatric and young adult patients undergoing allo-HSCT from matched and mismatched
unrelated donors [55], strengthening the concept that not all HLA mismatches are equals
and opening to innovative ways to look at HLA incompatibilities.

7. Mismatches Outside the ARD

NGS allelic resolution typing provides the full nucleotide sequence of all exons and, for
class I genes, noncoding regions. Incompatibilities outside the ARD could potentially affect
the allele expression (clinically relevant null alleles) and the indirect presentation of HLA-
derived peptides; moreover, the regions outside the ARD are informative for haplotype
assignment. A report from the National Marrow Donor Program network showed that
diversities (including null alleles) outside the ARD are not frequent in fully matched donor–
recipient pairs [56]. The impact of these incompatibilities is now under investigation.
Another collaborative study found that DRB1*14:01 vs. *14:54 and DRB3*02:01 vs. *02:02
(two common pairs of alleles belonging to the same P-group) mismatches do not affect a
transplant outcome [57]. Similarly, the B*44:02 vs. B*44:27 (B*44:02P) mismatch does not
induce alloreactivity in vitro and could be permissive [58]. In a retrospective study on 10/10
matched unrelated transplants, fully matched pairs (i.e., 12/12) confirmed by ultra-high
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resolution (a technique which allows long-range extensive typing) showed a better survival
with respect to pairs with any degree of mismatch at this level of resolution [18]. Most of
the discrepant findings referred to mismatches in ARD previously not detected, and only
13 out of 810 carried diversity only in non-ARD exons (n = 3) and introns (n = 10) [59]. A
validation multicenter study confirmed the detrimental impact of incompatibilities outside
the ARD only on acute GvHD [60]. Taken together, all these data support the principle that
the donor selection process should focus only on the sequence of ARD (match at P-group
level) and include the common and well-defined null alleles [61].

8. HLA and Disease Relapse

Currently, there is no consistent evidence that HLA incompatibilities confer a reduction
of the relapse risk without increasing non-relapse mortality; therefore, it is not routinely
recommended to prefer a mismatched unrelated donor over a matched one in an attempt
to enhance the graft-versus-malignancy effect, which instead has shown to be elicited
by minor histocompatibility antigens [62]. However, a timely available donor, even if
HLA-mismatched, may be a suitable choice for patients with high-risk disease and who are
in need of urgent allo-HSCT. The impact of HLA mismatch on the outcome, indeed, is less
pronounced when the disease risk is higher [63].

Conversely, an HLA mismatch between patient and donor is expected to provide
a clinical benefit when KIR alloreactivity is present; therefore, it can be exploited as an
adoptive immunotherapeutic strategy both in the unrelated and in the haploidentical
setting [64,65].

It is worth mentioning the phenomenon of “HLA loss” in disease relapse after allo-
HSCT from family haploidentical donors [66], leading to the selection of a new donor carry-
ing a distinct HLA haplotype for further transplantation in order to provide post-transplant
immunological pressure against those relapsed leukemic clones no longer expressing or
downregulating the surface HLA molecules [67]. The downregulation of surface HLA
proteins may also occur in relapsed leukemic cells after unrelated allo-HSCT [68,69].

9. Translation into Daily Practice

A pragmatic interpretation of the data from the reported studies allows for their appli-
cation to the adult unrelated donors selection, a process requiring up-to-date knowledge
and a tight cooperation between HLA laboratories, search coordinators and transplant
physicians. At present, if multiple 10/10 HLA-matched unrelated donors are potentially
available during the search, the donor selection should take into account the DPB1 and
DRB3/4/5 loci. Whenever multiple 9/10 HLA-matched unrelated donors are poten-
tially available without any 10/10 HLA-matched one, the selection process should aim at
choosing those donors with the less detrimental incompatibilities with respect to clinical
outcomes. These principles are summarized in Table 2.

Table 2. Suggestions for the selection of unrelated donors according to the HLA matching status.

(a) Multiple 10/10 (or 8/8) HLA-matched donors:
(1) avoid T-cell epitope DPB1 non-permissive donors;
(2) match at DRB3/4/5 if possible.

(b) Multiple single-locus mismatched (9/10 HLA-matched, or 7/8) donors:
(1) avoid T-cell epitope DPB1 non-permissive donors;
(2) prefer DQB1 (not applicable for 8/8) or C*03:03/C*03:04 mismatches if possible, otherwise:
(3) select DRB1-mismatched donors if possible, otherwise:
(4) select A-, B- or C-mismatched donors # (all comparable) if possible;
(5) if 7/8, prefer no more than two low-expression loci mismatches;
(6) if patient homozygous, select the donor mismatched at the homozygous loci (HvG vector).

# other than C*03:03/C*03:04.

In the setting of cord blood transplantation, the recommended HLA matching between
patient and donor(s) is less stringent, and the number of HLA alleles usually typed is lower,



J. Clin. Med. 2023, 12, 646 8 of 12

as well as the respective resolution of the allowed incompatibilities. Unit–unit HLA match
is not required for double cord transplantation [19].

Given the rapid advances in HLA typing and the major improvements in GvHD
prophylaxis, as observed with high-dose post-transplant cyclophosphamide [70,71], for
example, the current indications will probably evolve in the next future, driven by the
impressive amount of HLA data provided by NGS and the constant increase of allo-HSCTs
from unrelated and HLA-mismatched donors. The experience acquired with high-dose
post-transplant cyclophosphamide for haploidentical transplants has prompted transplant
physicians to enhance its administration in the HLA-mismatched unrelated setting in recent
years [72,73], under the hypothesis that such GvHD prophylaxis would be superior to the
“conventional” one based on calcineurin inhibitors, in the presence of one or more HLA
incompatibilities. Similarly, considerations about the intensity of the conditioning regimen
are warranted, since the expected organ toxicity is tightly linked to the risk of acute GvHD,
acting as a potential trigger, enhanced by HLA incompatibilities.

Beyond HLA, the donor age has proven to be the most relevant factor. Although, to
our knowledge, there is no consistent study suggesting a better outcome with younger
HLA-mismatched donors over older well-matched ones, patient survival after allo-HSCTs
has been reported to be higher with young unrelated donors than with older HLA-identical
siblings [11]. As a consequence, donor age should be taken into great consideration during
the search process, due to its robust and well-documented impact on patient outcome.

Finally, besides the fact that the technological improvements are expected to allow for
NGS allelic resolution typing of patients and donors in all settings, including allo-HSCT
from relative and cord blood units, it is worth noting that its use is particularly helpful
during the search of adult unrelated donors, where all the above-cited considerations
apply and where the large amount of HLA data obtained provide the basis for a potential
improvement of patient prognosis.

10. Conclusions

The HLA system has proven to be crucial for the success of allo-HSCT; therefore, an
appropriate donor selection process based on up-to-date knowledge and the cooperation
between HLA laboratories, search coordinators and transplant physicians is of paramount
importance. Here, we provided the most relevant evidence on the role of HLA incom-
patibilities according to the recent literature in the adult unrelated donor setting, in an
attempt to guide all the involved stakeholders during the unrelated donor selection. The
technological progresses in HLA typing together with the advances in the immunobiology
of transplantation and the significant improvements in GvHD prophylaxis will probably
lead this field to a rapidly evolution in the next future, with new and exciting perspectives
on the horizon.
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Zeerleder, S.; et al. Exploratory Study of Predicted Indirectly ReCognizable HLA Epitopes in Mismatched Hematopoietic Cell
Transplantations. Front. Immunol. 2019, 10, 880. [CrossRef]

51. Spellman, S.; Klein, J.; Haagenson, M.; Askar, M.; Baxter-Lowe, L.A.; He, J.; Hsu, S.; Blasczyk, R.; Hurley, C. Scoring HLA class I
mismatches by HistoCheck does not predict clinical outcome in unrelated hematopoietic stem cell transplantation. Biol. Blood
Marrow Transplant. 2012, 18, 739–746. [CrossRef]

52. Roerden, M.; Nelde, A.; Heitmann, J.S.; Klein, R.; Rammensee, H.G.; Bethge, W.A.; Walz, J.S. HLA Evolutionary Divergence as
a Prognostic Marker for AML Patients Undergoing Allogeneic Stem Cell Transplantation. Cancers 2020, 12, 1835. [CrossRef]
[PubMed]

53. Camacho-Bydume, C.; Wang, T.; Sees, J.A.; Fernandez-Viña, M.; Abid, M.B.; Askar, M.; Beitinjaneh, A.; Brown, V.; Castillo, P.;
Chhabra, S.; et al. Specific Class I HLA Supertypes but Not HLA Zygosity or Expression Are Associated with Outcomes following
HLA-Matched Allogeneic Hematopoietic Cell Transplant: HLA Supertypes Impact Allogeneic HCT Outcomes. Transplant. Cell
Ther. 2021, 27, e1–e142. [CrossRef] [PubMed]

54. Petersdorf, E.W.; Malkki, M.; Gooley, T.A.; Martin, P.J.; Guo, Z. MHC haplotype matching for unrelated hematopoietic cell
transplantation. PLoS Med. 2007, 4, e8. [CrossRef] [PubMed]

55. Merli, P.; Crivello, P.; Strocchio, L.; Pinto, R.M.; Algeri, M.; Del Bufalo, F.; Pagliara, D.; Becilli, M.; Carta, R.; Gaspari, S.; et al.
Human leukocyte antigen evolutionary divergence influences outcomes of paediatric patients and young adults affected by
malignant disorders given allogeneic haematopoietic stem cell transplantation from unrelated donors. Br. J. Haematol. 2022. online
version of record before inclusion in an issue. [CrossRef]

56. Hou, L.; Vierra-Green, C.; Lazaro, A.; Brady, C.; Haagenson, M.; Spellman, S.; Hurley, C.K. Limited HLA sequence variation
outside of antigen recognition domain exons of 360 10 of 10 matched unrelated hematopoietic stem cell transplant donor-recipient
pairs. HLA 2017, 89, 39–46. [CrossRef]

57. Pasi, A.; Crocchiolo, R.; Bontempelli, M.; Carcassi, C.; Carella, G.; Crespiatico, L.; Garbarino, L.; Mascaretti, L.; Mazzi, B.;
Mazzola, G.; et al. The conundrum of HLA-DRB1*14:01/*14:54 and HLA-DRB3*02:01/*02:02 mismatches in unrelated hematopoi-
etic SCT. Bone Marrow Transplant. 2011, 46, 916–922. [CrossRef]

58. Bettens, F.; Schanz, U.; Tiercy, J.M. Lack of recognition of HLA class I mismatches outside α1/α2 domains by CD8+ alloreactive T
lymphocytes: The HLA-B44 paradigm. Tissue Antigens 2013, 81, 414–418. [CrossRef]

http://doi.org/10.1182/blood-2013-02-481945
http://doi.org/10.1182/blood.2020005743
http://www.ncbi.nlm.nih.gov/pubmed/3350576
http://doi.org/10.1182/blood.V86.4.1606.bloodjournal8641606
http://doi.org/10.1038/bmt.2015.157
http://www.ncbi.nlm.nih.gov/pubmed/26146803
http://doi.org/10.1111/tan.14347
http://www.ncbi.nlm.nih.gov/pubmed/34155826
http://doi.org/10.1056/NEJMe1505539
http://doi.org/10.1038/s41409-022-01775-7
http://doi.org/10.1182/blood-2013-01-480343
http://doi.org/10.3324/haematol.2016.143271
http://doi.org/10.3389/fimmu.2019.00880
http://doi.org/10.1016/j.bbmt.2011.09.008
http://doi.org/10.3390/cancers12071835
http://www.ncbi.nlm.nih.gov/pubmed/32650450
http://doi.org/10.1016/j.bbmt.2020.10.010
http://www.ncbi.nlm.nih.gov/pubmed/33053450
http://doi.org/10.1371/journal.pmed.0040008
http://www.ncbi.nlm.nih.gov/pubmed/17378697
http://doi.org/10.1111/bjh.18561
http://doi.org/10.1111/tan.12942
http://doi.org/10.1038/bmt.2010.246
http://doi.org/10.1111/tan.12102


J. Clin. Med. 2023, 12, 646 12 of 12

59. Hurley, C.K.; Spellman, S.; Dehn, J.; Barker, J.N.; Devine, S.; Fernandez-Vina, M.; Gautreaux, M.; Logan, B.; Maiers, M.; Mueller, C.;
et al. Regarding “Recipients Receiving Better HLA-Matched Hematopoietic Cell Transplantation Grafts, Uncovered by a Novel
HLA Typing Method, Have Superior Survival: A Retrospective Study”. Biol. Blood Marrow Transplant. 2019, 25, e268–e269.
[CrossRef]

60. Mayor, N.P.; Wang, T.; Lee, S.J.; Kuxhausen, M.; Vierra-Green, C.; Barker, D.J.; Auletta, J.; Bhatt, V.R.; Gadalla, S.M.; Gragert, L.;
et al. Impact of Previously Unrecognized HLA Mismatches Using Ultrahigh Resolution Typing in Unrelated Donor Hematopoietic
Cell Transplantation. J. Clin. Oncol. 2021, 39, 2397–2409. [CrossRef]

61. Hurley, C.K.; Ng, J. Continue to focus clinical decision-making on the antigen recognition domain for the present. Hum. Immunol.
2019, 80, 79–84. [CrossRef]

62. Kolb, H.J. Graft-versus-leukemia effects of transplantation and donor lymphocytes. Blood 2008, 112, 4371–4383. [CrossRef]
[PubMed]

63. Crocchiolo, R.; Ciceri, F.; Fleischhauer, K.; Oneto, R.; Bruno, B.; Pollichieni, S.; Sacchi, N.; Sormani, M.P.; Fanin, R.; Bandini, G.;
et al. HLA matching affects clinical outcome of adult patients undergoing haematopoietic SCT from unrelated donors: A study
from the Gruppo Italiano Trapianto di Midollo Osseo and Italian Bone Marrow Donor Registry. Bone Marrow Transplant. 2009, 44,
571–577. [CrossRef] [PubMed]

64. Cooley, S.; Trachtenberg, E.; Bergemann, T.L.; Saeteurn, K.; Klein, J.; Le, C.T.; Marsh, S.G.; Guethlein, L.A.; Parham, P.; Miller, J.S.;
et al. Donors with group B KIR haplotypes improve relapse-free survival after unrelated hematopoietic cell transplantation for
acute myelogenous leukemia. Blood 2009, 113, 726–732. [CrossRef] [PubMed]

65. Ruggeri, L.; Vago, L.; Eikema, D.J.; de Wreede, L.C.; Ciceri, F.; Diaz, M.A.; Locatelli, F.; Jindra, P.; Milone, G.; Diez-Martin, J.L.;
et al. Natural killer cell alloreactivity in HLA-haploidentical hematopoietic transplantation: A study on behalf of the CTIWP of
the EBMT. Bone Marrow Transplant. 2021, 56, 1900–1907. [CrossRef] [PubMed]

66. Vago, L.; Perna, S.K.; Zanussi, M.; Mazzi, B.; Barlassina, C.; Stanghellini, M.T.; Perrelli, N.F.; Cosentino, C.; Torri, F.; Angius, A.;
et al. Loss of mismatched HLA in leukemia after stem-cell transplantation. N. Engl. J. Med. 2009, 361, 478–488. [CrossRef]

67. Crucitti, L.; Crocchiolo, R.; Toffalori, C.; Mazzi, B.; Greco, R.; Signori, A.; Sizzano, F.; Chiesa, L.; Zino, E.; Lupo Stanghellini,
M.T.; et al. Incidence, risk factors and clinical outcome of leukemia relapses with loss of the mismatched HLA after partially
incompatible hematopoietic stem cell transplantation. Leukemia 2015, 29, 1143–1152. [CrossRef]

68. Christopher, M.J.; Petti, A.A.; Rettig, M.P.; Miller, C.A.; Chendamarai, E.; Duncavage, E.J.; Klco, J.M.; Helton, N.M.; O’Laughlin,
M.; Fronick, C.C.; et al. Immune Escape of Relapsed AML Cells after Allogeneic Transplantation. N. Engl. J. Med. 2018, 379,
2330–2341. [CrossRef]

69. Jan, M.; Leventhal, M.J.; Morgan, E.A.; Wengrod, J.C.; Nag, A.; Drinan, S.D.; Wollison, B.M.; Ducar, M.D.; Thorner, A.R.; Leppanen,
S.; et al. Recurrent genetic HLA loss in AML relapsed after matched unrelated allogeneic hematopoietic cell transplantation.
Blood Adv. 2019, 3, 2199–2204. [CrossRef]

70. Luznik, L.; O’Donnell, P.V.; Symons, H.J.; Chen, A.R.; Leffell, M.S.; Zahurak, M.; Gooley, T.A.; Piantadosi, S.; Kaup, M.; Ambinder,
R.F.; et al. HLA-haploidentical bone marrow transplantation for hematologic malignancies using nonmyeloablative conditioning
and high-dose, posttransplantation cyclophosphamide. Biol. Blood Marrow Transplant. 2008, 14, 641–650. [CrossRef]

71. Bacigalupo, A. Post-transplant cyclophosphamide: Overcoming the HLA barrier to hematopoietic stem cell transplants. Haemato-
logica 2022, 107, 1230–1231. [CrossRef]

72. Baron, F.; Labopin, M.; Tischer, J.; Ciceri, F.; Raiola, A.M.; Blaise, D.; Sica, S.; Vydra, J.; Fanin, R.; Diez-Martin, J.L.; et al. Comparison
of HLA-mismatched unrelated donor transplantation with post-transplant cyclophosphamide versus HLA-haploidentical
transplantation in patients with active acute myeloid leukemia. Bone Marrow Transplant. 2022, 57, 1657–1663. [CrossRef] [PubMed]

73. Shaw, B.E.; Jimenez-Jimenez, A.M.; Burns, L.J.; Logan, B.R.; Khimani, F.; Shaffer, B.C.; Shah, N.N.; Mussetter, A.; Tang, X.Y.;
McCarty, J.M.; et al. Three-year outcomes in recipients of mismatched unrelated bone marrow donor transplants using post-
transplant cyclophosphamide: Follow-up from a National Marrow Donor Program-sponsored prospective clinical trial. Transplant.
Cell Ther. 2022, in press. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.bbmt.2019.05.026
http://doi.org/10.1200/JCO.20.03643
http://doi.org/10.1016/j.humimm.2018.04.010
http://doi.org/10.1182/blood-2008-03-077974
http://www.ncbi.nlm.nih.gov/pubmed/19029455
http://doi.org/10.1038/bmt.2009.67
http://www.ncbi.nlm.nih.gov/pubmed/19363528
http://doi.org/10.1182/blood-2008-07-171926
http://www.ncbi.nlm.nih.gov/pubmed/18945962
http://doi.org/10.1038/s41409-021-01259-0
http://www.ncbi.nlm.nih.gov/pubmed/33767404
http://doi.org/10.1056/NEJMoa0811036
http://doi.org/10.1038/leu.2014.314
http://doi.org/10.1056/NEJMoa1808777
http://doi.org/10.1182/bloodadvances.2019000445
http://doi.org/10.1016/j.bbmt.2008.03.005
http://doi.org/10.3324/haematol.2022.281256
http://doi.org/10.1038/s41409-022-01781-9
http://www.ncbi.nlm.nih.gov/pubmed/35978005
http://doi.org/10.1016/j.jtct.2022.12.017
http://www.ncbi.nlm.nih.gov/pubmed/36584941

	Introduction 
	Definitions of HLA Mismatch in allo-HSCT 
	Methodology of Most HLA Studies in the HSCT Setting 
	Locus-Specific HLA Incompatibilities 
	HLA-A 
	HLA-B 
	HLA-C 
	HLA-DRB1 
	HLA-DRB3/4/5 
	HLA-DQB1 
	HLA-DPB1 
	Low-Expression Loci (DQ, DRB3/4/5, DP) 

	Directionality 
	HLA Allele Combinations 
	Mismatches Outside the ARD 
	HLA and Disease Relapse 
	Translation into Daily Practice 
	Conclusions 
	References

