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ABSTRACT

While the World Marrow Donor Association global database currently offers approximately 42.7 million potential donors and
cord blood units to patients in need of haematopoietic cell transplant, lack of eight HLA-matched donors remains a significant
barrier. The Registry of Unmet Need (RUN) Project seeks to address disparities in transplant access for patients with rare HLA
genotypes, particularly those from populations that have been historically underrepresented and underserved by global donor
registries. Patients eligible for this study searched for an unrelated donor for transplant between 2015 and 2017 and, at that time,
lacked a potential eight-of-eight HLA-matched unrelated donor (MUD). Sixteen donor registries contributed data from 3654
patients using standardised data-collection project templates. To address this unmet need, pooled data were analysed to identify
trends and inform global recruitment strategies. Patient genotypes were queried against the global inventory at later timepoints
in 2018 and 2023 to determine whether potential matches had been recruited within the years since the initial search. Patient
haplotypes were imputed using an open-source method referencing US population frequencies. The imputation process used
five continental reference populations and 21 detailed populations derived from the NMDP database. The method provided a
Bayesian inference of population membership. A control group consisting of US patients that yielded 1000 or more potential
matches was used for comparison. RUN patient haplotype and genotype frequencies were substantially lower compared with
controls; both the more frequent and less frequent haplotypes in RUN patients were found to be approximately 100 times less
common than those in the control group. We identified 782 potential cases in which a potential MUD was recruited after the ini-
tial RUN patient search was performed; while this result is being further investigated, clear patterns of where these new matches
can be found have emerged; typically, new matches are found outside the country where the patient search was initiated. Our
findings demonstrate that rare haplotypes are the primary barrier to identifying a MUD; the presence of rare alleles or haplotype
combinations, as with multi-race ancestry, is rarely the cause. Although strategic donor recruitment efforts will help improve
MUD access, patient transplants should not be delayed in pursuit of a MUD when viable alternative options are available.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
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1 | Introduction

Haematopoietic cell transplant (HCT) offers a potentially cu-
rative therapy for patients with haematologic disorders and
malignancies. The most prognostic factor for HCT success is
the degree of HLA similarity between donor and recipient,
with allele-level match at HLA-A, -B, -C and -DRB1 represent-
ing the minimum standard by which donors and recipients
are matched [1-4]. However, the highly polymorphic nature
of HLA genes and the stringent match criteria often preclude
identification of a suitable donor within the patient's family
and, in many cases, from within national unrelated donor
registries. The World Marrow Donor Association (WMDA)
offers the Search and Match Service (SMS), a global repos-
itory of nearly 43 million searchable donors and cord blood
units (CBU) from over 130 organisations in 57 countries to
collaboratively extend access to HCT to patients worldwide
(http://statistics.wmda.info). However, despite this enormous
inventory, there remain patients for whom an HLA-matched
donor cannot be identified, limiting opportunity for life-saving
transplant. Specifically, identification of a matched donor for
patients with uncommon HLA genotypes, typically from pop-
ulations that have been historically underrepresented and un-
derserved by global donor registries, has created an obstacle to
receiving HCT.

While transplant professionals are generally aware of the
barriers in access to transplant within their own countries,
the WMDA aims to address these obstacles at a global level.
By exploring targeted donor recruitment strategies across
ethnic diasporas, WMDA seeks to maximise the likeli-
hood that every patient can be transplanted with a suitable
donor regardless of ancestry. Previous studies have shown a
difference in HLA distribution of patients with a match com-
pared to those without a match, citing rare or uncommon
alleles, rare gene associations and rare haplotypes as the rea-
son for this disparity [5-7]. Indeed, patients with rare geno-
types, potentially reflective of characteristics such as rare
alleles, associations or uncommon haplotype combinations,
have been demonstrated to be less likely to identify a MUD
than counterparts with higher frequency genotypes [8, 9].
Patients from ethnicities underrepresented in the global in-
ventory are also less likely to identify an MUD for transplant
[10-12].

The Registry of Unmet Need (RUN) is an initiative of the
WMDA, established to identify gaps in and opportunities
for improvement in access to unrelated donors for alloge-
neic HCT. Established in 2017, RUN invited members of the
global community to submit the HLA genotypes of patients for
whom no potentially HLA-matched donors, defined as having
the possibility of allele match at HLA-A, -B, -C and -DRBI,
were present within the WMDA SMS at patient search onset.
Analyses of these uncommon genotypes, presented herein,
have provided insights towards the immunogenetic charac-
teristics of patients for whom search is difficult and have il-
luminated both global areas of deficit in donor inventory and
recent successes in strategic bolstering of the global donor
inventory that could potentially unite future patients with do-
nors for transplant.

2 | Materials and Methods
2.1 | Patient Cohort

All WMDA member organisations who facilitate patient
searches were invited to participate in the project via announce-
ment in the electronic newsletter, Stem Cell Matters and through
email outreach with registry leadership. A standardised data
template was developed to collect HLA genotypes, basic patient
demographics, race or ethnicity, and country of origin. Given the
global nature of this study and the local variation in the use of
race and ethnicity terms, we provided no constraints on the data
template to encourage participating centres to use their local
terminology. Study inclusion criteria were that patient searches
must have been initiated between 2015 and 2017 and that, at
the time of search onset, no potential donor match within the
WMDA SMS was available. This time period was chosen be-
cause it aligned with the study’s launch, and a 3-year window
was selected to balance cohort size with the potential variabil-
ity introduced by registry growth during the enrollment period.
Cord blood and mismatched-adult donor options were not con-
sidered for this study for simplicity to focus on the question of
unmatched HLA types. The number of donors in the global
inventory ranged from 25,976,458 to 33,581,469 over these
3years. A potential match was defined as having the possibility
of allele match at both copies of the HLA-A, -B, -C and -DRB1
loci (eight-of-eight allele match) without requiring a match
probability threshold. The allele match was defined as having
identical amino acid sequences in the antigen recognition do-
main (exons 2 and 3 for class I and exon 2 for class IT HLA) [13].
Sixteen registries in 15 countries (Figure 1A) submitted data for
a total of 3646 patients with reported geographical ancestries
from 53 countries (Figure 1B). Three registries provided more
than 75% of the patients, introducing some bias in the cohort
(Table S1). The patient cohort was further refined by rerunning
the WMDA SMS search as of September 2022. Analysis of the
registration dates of donors and the number of potential donor
matches led to the exclusion of 581 patients for a final analysis
set of N=3054. Exclusions were due to several potential factors
including clerical errors, not searching the global donor pool,
temporary unavailability of a matching donor, and not using a
predictive match algorithm to identify potential matches among
donors with missing or ambiguous HLA typing.

2.2 | Rare Allele Analysis

The HLA alleles from the patients in the final analysis set were
analysed in terms of categorising them according to two systems
of common and well-documented (CWD) alleles [8, 9]. The CWD
2.0.0 list was based on an analysis performed in 2012 and the
CIWD 3.0.0 list, which introduces an ‘intermediate’ category, is
based on an analysis published in 2020. The CIWD 3.0.0 list is
more recent and includes non-US populations. Missing and am-
biguous alleles were excluded and the percentage of the remain-
ing alleles that fell into the rare category was computed for both.

In the 2012 CWD list [8], common alleles were assigned
based on presence in multiple populations with known fre-
quencies generally above 1 in 1000. In the 2020 CIWD list [9]
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FIGURE 1 | Maps of the global distribution of (A) the countries submitting patients to the RUN cohort, (B) the RUN patient cohort country of
origin, (C) the WMDA donors and (D) the global population.
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this category was extended to also include alleles observed at
1 in 10,000 within a single population. The term ‘intermedi-
ate’ was added in 2020 to apply to alleles observed at a rate
of below 1 in 10,000 but above 1 in 100,000. The definition
of ‘well-documented’ was revised slightly between the most
recent two publications as ‘alleles that have been observed five
or more times in unrelated individuals’. All other alleles are
considered rare.

2.3 | Race, Ethnicity and Ancestry Analysis
The data collection template (Table S2) included columns for:

« Patient Country of Residence

« City/State/Region

« Patient Race or Ethnicity

« Patient Ancestry (country of origin)

« Origin details (Territory, region, state, cast, other)

« Patient Primary Language.

Recovered templates were manually consolidated into two re-
duced lists. The first two residence-related variables were con-
solidated into one of 12 regions defined by the allelefrequenci
es.net database [14] (Table S3). The remaining variables were
used to assign one of the 21 detailed and five broad race/ethnic-
ity categories defined by the NMDP [15] (Table S4). Although
there is no universal consensus on race/ethnicity terminology
in the scientific literature [16] we used the US race/ethnicity cat-
egories because, although these population categories were de-
fined for describing donors in the US, they are the only set that
both approximate global population diversity and are linked to
haplotype frequency data, which is essential for the HLA anal-
ysis described in the next section. US race/ethnicity categories
have been shown to offer the strongest correlation between self-
identification and HLA variation [17].

For example, a patient with country of residence of New Zealand
(NZ) and Race of Chinese was assigned to the ‘Oceania’ (OCE)
region and the Chinese (NCHI) race/ethnicity group within
the Asian/Pacific Islander (API) category. The location of the
submitting registry was used to define the country of residence
if an alternate was not provided. For instance, a patient whose
search was initiated through a registry in India who reported
‘United Arab Emirates’ as their country of origin was assigned
the region code Western Asia (WAS) and the race/ethnicity code
‘Middle Eastern/North African’ (MENAFC).

As ameasure of the uncertainty in the assignments, the squared
Euclidean norm was computed, with a higher value indicating
less uncertainty. This measure is akin to the typing resolution
score [18] applied to the probability distribution for race classifi-
cation instead of genotypes.

2.4 | Haplotype and Genotype Analysis

The HLA typings were analysed using an imputation algo-
rithm [19] capable of combined imputation of phased HLA

genotypes. This method accomplished three things: it con-
firmed or re-assigned the patient's population membership
among the 21 detailed and five broad categories in the refer-
ence haplotype frequency data, used the imputed population(s)
to estimate the HLA genotype frequency (without considering
phase) at HLA-A, -B, -C and -DRBI, and provided an estimate of
the pair of haplotypes that determine the genotype. This output
was important since the haplotype was not determined experi-
mentally and provided an informative perspective for studying
HLA at the population level. Since the output of imputation is
a probability distribution of either phased or unphased geno-
types, the degree of ambiguity can be simply calculated using
the typing resolution score [18] metric. The haplotype frequency
distributions were compared by considering the median of the
distribution for the more common and less common haplotypes
between the RUN cohort and the controls.

The reference HLA haplotype frequencies used were from the
US NMDP [20], developed as an update and extension to the
previously published US NMDP frequencies [15], since this
is the largest and most comprehensive dataset available for
analysis.

2.5 | Analysis of New Matches

Global searches were performed for all patients in the RUN
cohort against the WMDA SMS inventory as of February 2024
(N=41,007,014) [statistics.wmda.info] to determine whether do-
nors added since the time of the original search were matched.
In cases where the donor status was ambiguous, potentially hav-
ing been missed at the time of the original patient search, the pa-
tient was excluded to err on the side of ensuring that the analysis
cohort was demonstrably lacking a match at the time the cohort
was assembled.

Based on this rerun of the global search, patients with new
matches were noted for further analysis. New potential matches
with a probability eight-of-eight matches of < 50% were not con-
sidered as new matches since they were considered unlikely
to match.

2.6 | Data Permissions and Software Availability

The patient data were provided by the 16 participating registries
via spreadsheets based on a template developed for this project.
No personally identifiable information was collected, and the per-
mission to use the data for this study was granted by each registry.

The donor data were provided by the WMDA. Permission to use
the donor data for this study was obtained by contacting each or-
ganisation providing donors to WMDA and requesting permis-
sion. A single organisation comprising 81,379 donors opted out of
participation and their donors were excluded from the analyses.

The software used for analyses in this manuscript is avail-
able upon request. The imputation method used is available
on github (https://github.com/nmdp-bioinformatics/py-graph
-imputation) or pypi (https://pypi.org/project/py-graph-imput
ation/). The haplotype frequencies used are available at zenodo
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(https://zenodo.org/doi/10.5281/zenodo0.4474441)  [20]. The
CWD and CIWD lists are published [8, 9] and are available in
a computable form (https://github.com/nmdp-bioinformatics/
CIWD). HLA validation and resolution normalisation were per-
formed using py-ard [21] (https://github.com/nmdp-bioinforma
tics/py-ard).

3 | Results
3.1 | Rare Allele Analysis

The ambiguity rate was near 4% for each locus (Table 1).
Analysis of alleles based on the CIWD 3 catalogue found only 12
cases of rare alleles across HLA-A, -B, -C and -DRBI, represent-
ing an overall proportion of 0.051%. The rare alleles are provided
(Table 2) with the largest number (5) observed at HLA-A, three
at HLA-B, and two at HLA-C and HLA-DRBI, respectively.

Since this cohort predates the CIWD 3 publication, we also con-
sidered the CWD 2 list and observed 57 cases of alleles classified
as rare (Table S5) with seven rare alleles observed twice and one
rare allele (HLA-B*37:04) observed in four patients from three
different populations. The number of CWD 2 rare alleles per locus
ranged from 19 for HLA-C down to 5 for HLA-DRBI. The overall
percentage of rare alleles according to the CWD 2 list was 0.245%
or nearly five times higher than according to the CIWD 3.0 list.

3.2 | Race and Ethnicity Analysis

Figure 2 shows a three-level Sankey diagram of the patient cohort
with the regional origin of the patients (left), the self-identified

or presumed race category (middle) and the category assigned
by the HLA-based classifier (right). The category ‘multiracial’
was assigned by the classifier for 15 (0.04%) patients at the broad
race category level but for 110 (3.7%) at the detailed category
(Tables S6 and S7 respectively). Patients from South Asia pri-
marily mapped to the Asian or Pacific Islander region. However,

TABLE 2 | CIWD 3rare alleles in the RUN cohort patients (N=12).

CIWD 3—rare Patient country

alleles Count of origin
A*03:240 1 Us
A*11:190 1 US—European
American
A*24:135 1 IN
A*66:06 1 NL
A*68:75 1 US—African
American
B*38:08 1 BR
B*39:16 1 US—African
American
B*40:128 1 IN
C*07:304 1 US
C*14:17 1 IN
DRB1*¥14:158 1 UK
DRB1*¥14:31 1 IN

Note: Each allele was observed once.

TABLE 1 | Analysis of RUN cohort HLA alleles by their categorisation according to the CWD 2 and CIWD 3 listings of common, intermediate,

well-documented and rare.

A C DRB1 Total
Missing 0 27 0 27
Typings 3054 3054 327 3054 12,189
Alleles 6108 6108 6054 6108 24,378
Ambiguous 247 243 254 263 1007
PCT ambiguous 4.04% 3.98% 4.20% 4.31% 4.13%
Unambiguous 5861 5865 5800 5845 23,371
CIWD 3—common 5835 5841 5773 5824 23,273
CIWD 3—intermediate 10 14 14 15 53
CIWD 3—well-documented 11 7 11 4 33
CIWD 3—rare 5 3 2 2 12
CIWD 3—PCT rare 0.085% 0.051% 0.034% 0.034% 0.051%
CWD 2—common 5796 5693 5382 5798 22,669
CWD 2—well-documented 48 156 399 42 645
CWD 2—rare 17 16 19 5 57
CWD 2-PCT rare 0.291% 0.274% 0.329% 0.086% 0.245%
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FIGURE2 | A three-level Sankey diagram of (left) the regional origin of the RUN patients, (middle) the self-assigned or presumed race category
and (right) the population category assigned using an HLA-based classifier (15 patients assigned to multiple population categories are not displayed).

patients from North America mapped to several groups, with
the largest being Black or African American. Notably, the HLA-
based classifier placed more RUN patients in Hispanic or Latino
and Black or African American categories and a smaller fraction
in White than self-identification, suggesting a higher underlying
proportion of non-European HLA and more complex genetic ad-
mixture than what is self-reported.

3.3 | Haplotype and Genotype Analysis

Figure 3 shows a density plot of the genotype frequency distri-
bution for the RUN cohort (red) and a control set of US patients
with an eight-of-eight match. The density of the genotype fre-
quency distributions for both cohorts forms a bell curve on a
log scale indicating a power law distribution for the genotypes.
The distributions overlap, but the RUN cohort is skewed sub-
stantially lower with a peak at approximately 1/1000 of the dis-
tribution for the controls. The green dotted line represents 1/N
where N is the global registry population. Note that most of the
RUN distribution is to the left of this line, which is consistent
with this cohort lacking a match in the global donor pool. The
black dashed line represents 1/M where M is the world popu-
lation, with a substantial tail of the RUN genotype frequency
distribution to the left of this line indicating genotypes that have

an extremely low expected frequency and therefore are very un-
likely to have a match.

Figure 4 shows the haplotype frequencies for the run patients
(red) and a control set of US patients with multiple eight-of-
eight matches (blue). The top two graphs are density plots of
the haplotype frequencies for the higher and lower frequen-
cies of the two haplotypes, respectively. Notably, both distri-
butions are shifted lower for the RUN patients by a factor of
17 for the lower frequency haplotype and by a factor of 22 for
the higher frequency haplotype. This indicates that, although
there are some exceptions, most RUN patients have two low
frequency haplotypes. A single uncommon haplotype is not
sufficient to prevent matches from being found based on the
matched cohort having a median lower frequency haplotype
of 1 in 84,134. Further evidence for the claim that the haplo-
type pair drives the matching can be found in the lower plot in
Figure 4. The blue line is a regression of the frequency of the
pair of haplotypes for the control cohort, and the red line is a
regression of the frequency of the pair of haplotypes for the
RUN patients. The green dotted lines indicate a threshold of 1
in 1000 (common) and the red dotted line indicates the upper
bound of rare starting at 1 in 10,000,000. The grey dotted line
is the midpoint of the two extremes at 1 in 100,000. The con-
trol cohort genotype regression line (in blue) is predominantly
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FIGURE 3 | Genotype frequencies for the RUN cohort (red) and a control set of US patients with an eight-of-eight match (blue). The vertical

dashed line represents 1/the world population. The green dotted line represents 1/the WMDA global donor registry population.

in the common range for the higher frequency haplotype, with
a wide range for the lower frequency haplotype but with very
few extending into the rare range. The RUN cohort (in red)
has almost no genotypes where either haplotype is common,
and the regression line curves, indicating two modes in the
data: a subset close to the diagonal where both haplotypes are
above the midpoint (grey dotted lines) at 1 in 100,000 where
matching may be possible with registry growth and a long
tail of rare genotypes driven by low frequencies in both hap-
lotypes, where the lower frequency haplotype is below 1 in
100,000.

3.4 | Analysis of New Matches

A total of 341 out of 3054 (11.2%) patients that met the strict cri-
teria for inclusion in the cohort (no potential eight-of-eight allele
match as of December 2017) were found to have at least one po-
tential match in the global inventory over 6years later (February
2024). Of these 341, a total of 253 have one potential match and
88 have two or more potential matches. These 341 patients have a
median genotype frequency that is 11.6 times higher than that of
the patients that still do not have a match (5.39 X 108 vs. 4.65 x 10°).
They also have a higher proportion with two haplotypes with a
frequency of at least one in 10,000 each (25.8% vs. 8.2%).

4 | Discussion
4.1 | Population Genetics
In the RUN cohort, possessing two uncommon haplotypes

was the primary barrier to identifying an eight-of-eight MUD.
Although rare alleles and haplotype combinations (e.g.,

multi-race ancestry) were observed, they affected fewer cases
than rare genotypes. Rare alleles were infrequent, with 99.6% of
alleles classified as ‘common’ (observed in at least one in 10,000
individuals), indicating that uncommon or rare alleles do not ex-
plain the lack of matches.

Most RUN patients without an eight-of-eight MUD possessed at
least one uncommon haplotype. Given the linkage disequilib-
rium among alleles in the MHC region and the prevalence of
well-defined ancestral HLA haplotypes linked to different world
geographical ancestries/regions, these uncommon haplotypes
are either scarce in the current global donor pool due to lower re-
cruitment in the regions where these haplotypes are more likely
to exist or are due to recent recombination.

The computed genotype frequency is a strong predictor of match
likelihood and remains a valuable prognostic tool. Overall donor
recruitment following existing patterns and target regions is
unlikely to substantially improve MUD access, and on an indi-
vidual basis, transplant should not be delayed when alternative
options such as haploidentical (half-matched) related donors
(MMRD), mismatched unrelated donors (MMUD) or CBU are
available.

4.2 | Recruitment

Strategic recruitment in underserved populations is essen-
tial for enhancing global donor diversity. Although complete
coverage of the global genotype repertoire is unattainable,
focusing on populations most likely to enrich the global in-
ventory through inclusion of uncommon and geographically
or ethnogenetically-restricted genotypes will maximise the
impact of recruitment efforts, particularly given the cost
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FIGURE 4 |
tients (red) and a control set of US patients with an eight-of-eight match

Haplotype and genotype frequencies for the run pa-

(blue). The top graph shows the frequency for the higher frequency of
the two haplotypes of the patient, the middle graph shows the lower
frequency haplotype, and the bottom graph is based on the haplotypes
with a regression curve for the two patient cohorts. The green dotted
lines indicate a threshold of 1 in 1000 (common) and the red dotted line
indicates the upper bound of rare starting at 1 in 10,000,000. The grey
dotted line is the midpoint of the two extremes at 1 in 100,000.

associated with these activities (i.e., recruitment events, HLA
testing and donor management).

This study identified regional variation in the rate of discovery
of donors that provide matches for genotypes that originally
did not have a match. Targeted recruitment in geographic
regions enriched for these populations will increase the like-
lihood of serving patients in need more so than recruitment
in other regions. Considering the registry of origin of new
donors who match RUN patients (Figure 5), recruitment in
the South Asian and Sub-Saharan African regions appears to

have the biggest impact on matching for the RUN cohort of
patients. These observations can inform a strategic recruit-
ment approach that balances potential patient impact with
fiscal considerations associated with donor recruitment and
management.

Moreover, the strategic recruitment plan should consider
other factors that increase the likelihood of a donor being
selected; for example, characteristics such as donor age and
commitment (i.e., likelihood that they will donate after re-
cruitment) are important considerations in a registry's recruit-
ment approach.

4.3 | Importance of Self-Identification

We urge donor registries to expand patient race/ethnic cate-
gories to better identify underserved groups and to seek typ-
ing confirmation of rare alleles. Collection of self-reported
race and ethnicity data (SIRE) of donors and recipients is en-
couraged to support registry planning by understanding the
populations served and identifying gaps in coverage [16, 19].
Targeted recruitment within non-European populations can
increase registries’ haplotypic diversity, and the use of bio-
informatics tools that assess patient HLA frequencies (e.g.,
search prognosis, predictive match algorithms) [22] can help
set search expectations and inform donor selection strategy,
especially when considering the global donor pool has sub-
stantial numbers of poorly typed donors and donor availability
is a barrier.

4.4 | Search Strategy

Delayed transplant may lead to disease progression, alloim-
munisation, complicating patient care and ultimately resulting
in poorer outcomes. The transplant timeline can be extended
when a patient search yields numerous donors with ambiguous
HLA typings, requiring additional testing to establish desired
histocompatibility.

Although the global donor pool expanded by approximately
15million during the interval between the initial RUN patient
search and the repeat query, fewer than 10% of RUN patients
now have a likely 8/8 match. From the search coordination per-
spective, this observation is cautionary, suggesting that, if no
eight-of-eight match exists for a patient, it is unlikely that one
will be identified through prolonged search activities. Moreover,
while localised recruitment efforts within a community that
shares a patient’s ancestry might ultimately benefit a patient in
need, the likelihood of identifying a matched donor among new
registrants is very low.

However, a poor initial MUD search could be useful to in-
form patient care; alternative donors, including cord blood,
haploidentical related or MMUD transplant could offer an al-
ternative therapeutic option when a MUD is not readily avail-
able. Use of post-transplant cyclophosphamide (PTCy) as a graft
versus host disease (GVHD) prophylactic strategy has extended
access to transplant by reducing the stringent HLA match re-
quirements, allowing transplantation of haploidentical related
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RUN new match rate by donor region and donor registry size. Each point represents all registries from that region and the total num-

ber of donors (on the x-axis) and the rate at which donors from this region provided new matches for RUN patients (on the y-axis).

donors. While rare patient haplotypes can limit unrelated donor
matches, the likelihood of a sibling sharing a haplotype follows
Mendelian inheritance and remains unaffected by HLA popu-
lation frequency. More recently, PTCy has been applied in the
MMUD setting where outcomes comparable to transplants in-
volving MUD were achieved [23]. Modelling studies of the US
donor database have demonstrated that through use of MMUD
every patient in need could find a donor [24, 25]. Use of MMUD
will thus serve to extend access to underserved populations, un-
derscoring the importance of the global donor inventory in con-
tinuing to provide options for patients in need.

Although cord blood use has declined at many transplant cen-
tres, it still accounts for 9% of unrelated donor product ship-
ments worldwide, as reported by WMDA. Cord blood could
offer a valuable opportunity to extend coverage to transplant for
patients from underrepresented populations who are less likely
to have an available MUD, representing a substantial number of
RUN patients for whom strategic recruitment might not elimi-
nate the gap in equity to access. Outcomes of cord blood trans-
plant continue to improve at major transplant centres, and best
practises have been disseminated to the transplant community
through publication of CBU selection and transplantation guide-
lines [26]. Advancements in paediatric transplant have led to
comparable outcomes as those involving matched sibling donors
[27], and attributed to the intermediate intensity conditioning

regimen have also been reported, even with utilisation of CBUs
with match grades as low as three to four of eight [28]. Cord
blood transplant programmes at institutions serving patients
with rare haplotypes could help to address ongoing disparities
in transplant access.

To further inform search strategy, search prognosis tools can
be leveraged to rapidly assess patient search prospects [22]. The
primary value for prognostic tools is to provide support for rap-
idly pursuing mismatched options. Prognostic tools use local-
ised HF datasets; implementations using global HF could more
accurately predict patient match prospects. While these tools
are helpful, they are not a substitute for preliminary search of
national and global databases, which should be offered free of
charge through the patient's national registry [29].

Finally, the importance of global database queries cannot be
understated. Our analysis revealed that 600 patients initially
reported as having no potential 8/8 match actually had at least
one match available at the start of the search. While this error
in reporting could have occurred due to misinterpretation of
inclusion criteria (i.e., reporting patients with no known match
vs. potential match), in many cases donors existed outside the
patient's country of search origin, speculatively suggesting that
the preliminary search was restricted to either national or co-
operative (i.e., EMDIS) registries (meaning registries connected
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by peer-to-peer searching). To maximise the likelihood of a pro-
ductive search that yields an optimal donor, concurrent search
of national and international registries is strongly encouraged.

4.5 | Limitations

This study has limitations, including potential bias due to the
participating organisations. The WMDA global donor pool is bi-
assed since recruitment rates are much higher in countries in
Europe compared to sub-Saharan Africa or countries without
any donor registry like Indonesia (Figure 1C,D). The use of US
populations is not ideal, but a global HLA haplotype frequency
dataset is not readily available and due to a long history of im-
migration from all world populations, the US HLA haplotype
frequency data is a reasonable source for this study.

4.6 | Future Directions

Future analysis could involve mapping the rare haplotypes to
further pinpoint opportunities for donor recruitment beyond
the regional messages here. Another opportunity for further
analysis is to learn more about the genotypes that are thought
to be common but have no match or conversely the genotypes
that are common but are predicted to be rare. A more detailed
investigation into the role of recombination could provide in-
sights into haplotype diversity and its impact on matching.
With the rise in mismatched transplants, future studies should
explore the effects of mismatching at specific HLA loci on the
pool of available donors. Self-identification continues to be an
opportunity for the donor registry community to improve data
collection [16, 17]. HLA haplotype frequency data should be
generated from the global donor pool to further inform match-
ing algorithms and modelling studies. Since the conception and
implementation of the RUN project, advancement in treatment
paradigms [23, 30-32]—specifically the advent of PTCy GVvHD
prophylaxis—has further expanded access to transplant with
unrelated donors through reduction of the HLA barrier to facil-
itate MMUD transplants that yield comparable results to those
involving MUD. Although encouraging, strategic recruitment of
donors from all ethnic diaspora is still essential to ensuring that
the optimal donor will be available for every patient in need. The
improved outcomes of MMUD transplants compared to MUD
transplants will influence the cost-effectiveness of recruitment
strategies, particularly those targeting rare HLA or underrepre-
sented populations. This underscores the need for registries to
integrate non-HLA factors, such as donor age and commitment,
into recruitment strategies to effectively meet both domestic and
international transplant demands.

In summary, this study highlights the continued need for altru-
istic unrelated donations to provide life-saving transplants for
patients. We have identified deficits in HLA coverage among
specific populations within the global donor inventory but also
highlighted successes in strategic recruitment that have led to
matches that were not possible at the time of the patient initial
search. Importantly, we have characterised the HLA character-
istics that may preclude identification of a MUD to inform global
recruitment strategy and support best practises in patient unre-
lated search.
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