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Abstract
Preimplantation Genetic Testing for Human Leucocyte Antigen-matching (PGT-HLA), first
reported in 2001, has been one of the most controversial PGT applications. The procedure
aims to identify an embryo that is not only healthy but also HLA-matched with a sibling in
the family in need of hematopoietic stem cell transplantation (HSCT), considering that sibling
HSCT stands the highest chance of success in comparison to alternative approaches of donor
selection. HLA-typing can be performed with or without PGT for the exclusion of a
monogenic disorder (PGT-M). The diagnostic PGT approach has greatly evolved over the
years. HLA haplotyping by linkage analysis has been the most commonly applied generic
approach to date but nowadays newer techniques (SNP arrays, NGS) are also being applied.
PGT-HLA is a complex procedure that must be very well orchestrated between specialists of
many different disciplines to ensure that successful HSCT is completed in time for the
maximum benefit of the recipient. This review discusses the procedure and methodology of
PGT, clinical application, and utility of PGT-HLA, and underlines how, despite the limitations,
it has been a successful and realistic approach for many couples.
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1. The Interaction of Assisted Reproductive Technology and Preimplantation Genetic Testing
The development and improvement of Assisted Reproductive Technologies (ART) and
Preimplantation Genetic Testing (PGT) have been aimed at combating infertility and genetic
diseases by facilitating a healthy live birth. Infertility is a condition afflicting nearly 15% of
reproductive-age couples and over 186 million people worldwide, while the risk of having a child
affected with a recessive disease applies to more than 2% of unrelated couples [1-4]. In
accordance with the awareness of responsible reproduction and reproductive choices, the carriercouples of a genetic disorder may reduce the risk of transmitting the disease by opting for one of
the following options: refrain from having children, adopt, undergo prenatal diagnosis with
potential termination of an affected pregnancy, use of donor gametes or embryos, and opt for
PGT. Nowadays, due to the wider availability and uptake of preconception genetic testing for a
large number of recessive and X-linked conditions, carrier-couples are often identified prior to
initiating a family. Consequent to this, more than 75% of detected at-risk couples take one of the
above actions to avoid having an affected child [5, 6].
Both technologies, ART and PGT, have been progressing in parallel, and the success of one is
greatly dependent on the success of the other. During the last 41 years, we have witnessed the
incorporation of new techniques in ART for gamete maturation, fertilization, embryo biopsy,
embryo culture, and gamete and embryo freezing. Similarly, the technological advancements in
PGT over 29 years have enabled ever more accurate and, more recently, concurrent testing for a
number of different indications. The applied methodologies include single cell PCR, multiplex PCR,
quantitative PCR, fluorescent in situ hybridization, comparative genomic hybridization (CGH),
array-CGH (aCGH), single nucleotide polymorphism arrays, and next-generation sequencing [2, 7].
2. The PGT Procedure
Preimplantation Genetic Testing can be performed for the detection of monogenic
disorders/single gene defects (PGT-M), chromosomal structural rearrangements (PGT-SR) or
aneuploidy (PGT-A) in preimplantation embryos [4]. PGT-M and PGT-SR aim to establish a
pregnancy unaffected by the familial disorder or by a chromosome imbalance, respectively,
through the diagnosis and selection of genetically suitable (unaffected) embryos for transfer to the
womb. The aim of PGT-A is to improve the success rate of ART, i.e., to increase implantation,
ongoing pregnancy, and live birth rates and to reduce the miscarriage rate. This is attempted by
assessing the chromosomal complement in embryos before implantation to exclude the aneuploid
embryos from the transfer.
Overall, subsequent to oocyte collection and fertilization, embryos are cultured in the
laboratory and cells from either oocytes or embryos are removed (biopsied) and used for genetic
analysis. The stage of embryo development, at which biopsy is performed (polar body, blastomere
or trophectoderm biopsy), is determined by the indication tested for, the patient’s reproductive
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potential and history, the requirements of the diagnostic protocol and the embryo-transfer policy
of the assisted reproduction center. The advantages and disadvantages of each biopsy strategy
have been extensively discussed in the literature [8]. Trophectoderm biopsy has gained popularity
as the method of choice for embryo biopsy [9]. This is due to two main reasons; first is the lower
detrimental effect on embryo survival and implantation potential in comparison to other biopsy
methods. The second reason is that higher credibility and reliability of results are ensured when
offering genetic tests based on a few cells rather than a single one [10-13]. Trophectoderm biopsy
has also been facilitated by advances in embryo cryopreservation, which is often required to allow
sufficient time for completion of genetic analysis. Cryopreservation, followed by the transfer of
embryos in a subsequent cycle, has been associated with an increased pregnancy rate. Therefore,
many assisted reproduction centers apply a “freeze-all” policy even in the fertility treatment cycles
that do not involve genetic testing. Some level of caution should be warranted, as recent reports
indicate that, for certain patient groups, the freeze-all strategy may not be the most beneficial
approach [14, 15].
According to the Human Fertilization and Embryology Authority in the UK, over 400 monogenic
diseases or chromosomal translocations have been approved for testing in preimplantation
embryos (https://www.hfea.gov.uk/pgd-conditions/). The European Society of Human
Reproduction and Embryology (ESHRE) PGT Consortium, formed in 1997, collects data on the
number of PGT cycles performed, pregnancies achieved and children born from its member
centers, as well as the biopsy and genetic diagnostic strategies applied. More than 70,000 PGT-M,
PGT-SR and PGT-A cycles were reported between 1997 and 2016, of which over 18,000 involved
PGT-M for the exclusion of monogenic diseases, and overall, over 10,000 deliveries following PGT
have been reported so far (information available up to 2014, unpublished). Although the annual
ESHRE data collection does not represent all centers performing PGT, it enables the observation of
general trends and technological advances, as the new approaches, such as the increasing use of
trophectoderm biopsy and freeze-all cycles, are continuously adopted. The safety of children born
following PGT has been supported by a number of studies; however, as new methodologies are
applied (such as extended culture, various biopsy stages, cryopreservation, frozen embryo
transfer), constant vigilance needs to be applied [16-18].
3. PGT with Human Leucocyte Antigen (HLA) Matching: Clinical Utility
PGT, similar to other advances in the field of reproductive medicine and assisted reproduction
has often been the topic of controversies and ethical debates. PGT is not only applied for
conditions that present at birth but also for high and low penetrance cancer predisposition, lateonset disorders (e.g., Huntington disease), non-life threatening conditions (e.g., non-syndromic
sensorineural hearing loss), and for sex-selection. More recently an attempt to employ PGT for
establishing a polygenic risk score of embryos to predict the risk of hypothyroidism or diabetes has
also been reported [19]. It must be noted that the legal framework for PGT differs between
counties. In the USA, the clinics independently formulate their PGT policies, whereas in Europe,
particularly in Italy, Switzerland, France and the UK, the procedure is strictly regulated and
national laws determine the approved practices [20]. One of the most controversial PGT
applications was first reported in 2001. At that time, PGT was applied not only to initiate a healthy
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pregnancy but also achieve treatment of a sibling in the family in need of hematopoietic stem cell
transplantation (HSCT), by selecting a healthy and HLA-matched embryo to be used as a donor [21].
The clinical value of PGT with HLA matching has previously been discussed [22]. Allogeneic
HSCT can use as a source for hematopoietic stem cells either bone marrow, peripheral blood or
umbilical cord blood with the intention of repopulating and replacing the hematopoietic system of
the recipient. It was pioneered in 1957 by Donnall Thomas and today can be used to treat a great
number of hematological diseases, solid tumors, and immune disorders [23]. The annual activity
survey of the European Society of Blood and Marrow Transplantation (EBMT), conducted since
1990, shows a constant increase in the number of transplants performed each year with over
708,000 transplants reported up until 2017. The main indications are myeloid and lymphoid
leukemias, solid tumors, and nonmalignant disorders. In 2017, there was a significant increase in
allogeneic HSCT for hemoglobinopathies, including the thalassemias and sickle cell disease, the
majority of which involved matched sibling donors. Bone marrow was used as the stem cell source
in most cases (73%) [24, 25].
Considerable progress has been made toward improving the outcome for both related or
unrelated donor transplants, as more accurate high resolution typing for the HLA-A, -B, -C (class I)
-DRB1, and -DQB1 (class II) loci is facilitated by the use of next-generation sequencing technology
(NGS), thereby improving HLA matching accuracy and reducing rejection rates. The overall
outcome is also dependent on patient age and disease status at the time of transplantation.
Despite the advances, such as accurate allelic matching, treatment regimens, and improved
supportive care treatment, it still holds true that HSCT shows superior outcomes with fewer
complications and higher survival rate when a matched sibling donor is available [24, 26, 27].
Finding an HLA matched donor remains the major constraint of the procedure. The probability
of an affected child having an HLA-matched sibling is 25% if there is one sibling in the family. With
more than one sibling the chances will increase (e.g., 43.7% with two siblings), overall, only 30% of
patients are able to find an HLA identical match within their family [28]. Indeed, 75% of betathalassemia patients do not have HLA matched siblings [29]. In the absence of a matched sibling, a
matched unrelated donor may be identified in national or international registries. Although over
34 million donors are available worldwide (https://www.wmda.info/), finding a suitable donor
may still prove very difficult. Alternative resources such as related haploidentical or mismatched
unrelated donor may be pursued but cannot guarantee an equivalent success to transplantation
with a complete sibling match [30].
Understanding the importance of finding a matched donor in the past led parents to try natural
conception and determine the HLA status of the unborn baby through prenatal diagnosis. The
PGT-HLA attempt seemed a natural progression. The first successful pregnancy following PGT-HLA
was achieved in 2000, after five ART-PGT cycles and testing of 41 embryos over four years,
eventually leading to the birth of a baby boy who was unaffected for Fanconi Anaemia and HLA
matched to his affected sister. Allogeneic HSCT was successfully performed with umbilical cord
blood hematopoietic stem cells from the sibling donor [21, 31].
HLA typing of preimplantation embryos can be performed as a sole indication when the
affected child requires transplantation to treat an acquired disease, or in combination with PGT-M
to support parents to concurrently avoid the risk of having another affected child. In some
countries, it is only considered acceptable when it is combined with PGT-M. There have been
cases, where couples were denied treatment in their country and moved to another country to
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complete PGT-HLA [20]. The latest ESHRE PGT consortium data collection records 200 HLA-only
cycles and 605 PGT-M/HLA cycles out of 12,712 PGT-M cycles reported in total, throughout the
data collections I to XV (years 1997–2012) [32].
There are several ethical considerations regarding the use of PGT-HLA that have been debated
for years. These include a) the parental motives in conceiving a child as a means to save an existing
one, b) the selection of embryos on the basis of a specific characteristic (HLA type) rather than
their disease status, c) the potential health risks imposed to the mother and child to be born via
the ART, biopsy, and donation procedures, d) the interests of the donor sibling as opposed to the
family interests, and e) the psychological impact on all family members [33-35]. Most of these
arguments have been refuted, as it has been experienced that parents truly wish to expand their
family and alongside this, the donor child holds a special role in the family [36]. In reality, the PGTHLA approach has never been used to support a trend toward “designer babies”, in contrast to the
voiced concerns. Although there is no doubt that it is a physically and emotionally challenging
procedure, there are profound benefits for all involved counterparts when it is successful. A
significant number of successful cases have been reported in the literature with no serious
complications observed among both recipients and donors [37]. In all cases, besides the PGT-HLA
context, there are also ethical and legal complexities associated and established criteria that must
be met in order for children to serve as donors [38, 39].
4. Overview of PGT-HLA Methodology
The diagnostic approach for HLA typing of preimplantation embryos has greatly evolved over
the years. The first reports involved direct genotyping of important HLA specific genes, unique for
the family in question, using allele-specific PCR or mini-sequencing [21, 40]. A more generic
approach was first reported in 2004 aiming to overcome the need to standardize new protocols
for the family-specific informative variations. It involved HLA haplotyping by linkage analysis of
polymorphic short tandem repeats (STRs) located throughout the complex HLA region for the
identification of the matching haplotypes between the tested embryos and the affected sibling
[41]. There are technical difficulties associated with the amplification of the HLA region, such as its
large size (3.7Mb), homology with other genomic domains, the high level of polymorphisms, and
the high frequency of recombination (near 5%). All these reasons made HLA haplotyping as the
preferred methodology. Owing to the high chance of recombination, it is recommended that
during the evaluation of a PGT-M protocol, other family members, in addition to the parents and
affected child, should also be tested. Numerous STRs have been used in the literature in different
PGT protocols; most laboratories employ a panel of STRs for testing and select those that are
specifically informative for the family to be included in the protocol. The robustness of the STR
linkage approach is strongly correlated with the number of STR markers used for HLA haplotyping.
In 2011, the ESHRE PGT Consortium recommended a minimum number of markers to be used, in
order to adequately cover the most important regions for HLA matching (HLA-A, HLA-B, HLA-C,
HLA-DRB1, and HLA-DQB1). In the published protocols, these markers have been amplified either
in multi-step protocols, involving several nested PCRs and analytical steps, or simultaneously in
one-step multiplex PCR protocols. When there is a need to concurrently exclude a single gene
disorder then the single cell PCR must be standardized for the amplification, additional to the HLA
STRs, of the mutated region, and mutation-linked STRs to enable direct and indirect genotyping for
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the familial disease. The most frequently requested indication for preimplantation HLA typing
involves concurrent testing for beta-hemoglobinopathies. A highly multiplexed PGT-HLA protocol
has been reported for this indication that supports detection of any mutation [42, 43].
In the last few years, new technologies have also been applied in PGT for HLA typing, such as
the use of whole genome amplification of the biopsied sample prior to STR testing. Furthermore,
SNPs, instead of STRs, can be used to define the haplotypes across the genomic regions and such
strategies are supported by the use of SNP arrays (for example the commercialized procedure
known as karyomapping) or, more recently, NGS [44-46]. The latest technologies can assist in
overcoming the limitations of the PCR-based linkage approach for HLA typing, such as the
restriction in the number of STRs that can be co-amplified, the time required to characterize new
STRs for a family (if the ones already available are not informative), and the need to optimize a
new protocol for each couple. In certain settings, these limitations are particularly important, such
as in the case of consanguineous couples or genes with low SNP coverage due to the increased
probability of having inadequate informative markers (STRs/SNPs), which will impede the ability to
establish phase and perform accurate and reliable linkage analysis. Although the use of SNP arrays
has simplified the protocol development (as it does not require a family-specific protocol
preparation), there are constraints related to the requirement of establishing linkage and phase
for the high versus low-risk alleles based on the analysis of first-degree relatives. These constraints
can be enlisted as follows: first-degree relatives are not always available; there is an inability to
perform linkage analysis and establish the phase for de novo mutations; and ambiguous phase
results may arise due to recombination. As a consequence of all these restrictions, a center
reported an inability to apply SNP haplotyping in over 20% of their PGT-M cases (from a total of
2460 couples) and over 5% of their PGT-HLA cases (from a total 320 couples) [47].
NGS has the advantage of potentially providing nucleotide-resolution data for genetic analysis
and overcoming the difficulties associated with the lack of STR informativity, de novo mutations,
recombination and requirement of a workup based on relatives. Assuming that the diseasecausing variant(s) in a family can be directly detected in the embryo-biopsy samples, an affected
embryo can be used for the haplotyping. Different approaches involving individual NGS-custom
protocols (targeted and semi-targeted sequencing) have been attempted for PGT-M [48-50]. A
recent study reported NGS-based HLA sequencing on single blastomeres (amplification of HLA
locus-specific sequences and library preparation) and achieved low-resolution typing in 92.2% of
all alleles of embryos and conclusive high-resolution typing in 88.9% of the alleles. Considering the
high chance of recombination in the HLA region, the authors highlight that with this methodology,
NGS can determine where the recombination event has taken place and detect a matched sample
more reliably compared to linkage analysis [44].
Both SNP arrays and NGS maximize the genetic information available from each embryo with
also reference to chromosome copy number in the context of PGT-A [51]. In earlier applications,
the testing of two different biopsies was performed to enable PGT-M with aneuploidy screening
but, more recently, this has been achieved from the same biopsy and whole genome amplification
product (WGA) in family-specific or universal protocols, improving pregnancy rates [52]. The
combination of PGT-M with HLA typing and aneuploidy screening was performed in a study using
WGA that was followed by aCGH and multiplex PCR from different portions of the same WGA
product. This provided a very high success rate after embryo transfer, increased pregnancy rate
per embryo transfer by 20% (for both PGT-M and PGT-M/HLA cases), and significantly reduced
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spontaneous abortion rate [47]. A possible explanation for this impact may be that the majority of
patients requesting PGT-HLA are of advanced reproductive age, as it is well-known that
aneuploidy, common in human oocytes, increases with maternal age [53].
5. The PGT-HLA Procedure: Clinical Application
The PGT-HLA procedure is complex and requires close collaboration between specialists of
many different disciplines, hematology, oncology, gynecology, embryology, genetics, genetic
counseling, nursing, and radiotherapy. Prior to initiating the procedure, parents should receive
confirmation for the adequacy of this approach, relevant to the specific disease in the family, as
well as counseling from all specialists involved, on the safety, accuracy, technical and genetic
limitations, risks, complications, and success rate at all stages, as indicated in Figure 1. This
includes the likelihood of overall success of PGT (including failure of diagnosis or misdiagnosis), the
fate of unaffected non-matched embryos, and all aspects and options of HSCT (stem cell source,
timing, and success rate). Careful coordination among teams is essential to ensure that successful
HSCT is completed on time, while psychological evaluation and support for all involved (parents,
affected child, and sibling donor) must be considered throughout. When pregnancy is achieved,
confirmatory prenatal testing by chorionic villus sampling or amniocentesis for both HLA type and
disease status is recommended [22].

1

2

3

• Consultation and approval by the treating physician reporting on:
• Current disease status, prognosis and potential risks of delaying until PGT-HSCT
completion with an HLA matched sibling (bearing in mind disease severity)
• Appropriateness of HSCT therapy and lack of an HLA matched donor
• Expected HSCT success rate
• Consulation by the ART specialist reporting on:
• Ability to initiate ART treatment and produce an adequate number of embryos for
testing
• Pregnancy rates of the ART clinic (for PGT cycles)
• Possible risks and complications of ART
• Consultation by the geneticist/genetic counsellor and PGT experts reporting on:
• Other genetic tests to detect carrier status for common disease
• Evaluation of the genetic risk for the familial disease in question
• Theoretical number of expected transferable embryos (unaffected and matched)
• Time required for development of a diagnostic PGT protocol
• Diagnosis rate and chance of misdiagnosis
• Fate of unaffected non-HLA-matched embryos
• Possible risks of PGT

• Psychological consultation must be considered before, during and after the procedure in
order to assess the parental motives, support the family through the long and difficult
undertaking but also evaluate and assist towards the well-being of the parents, donor and
recipient children.
Figure 1 Steps to undertake prior to embarking on the PGT-HLA procedure.
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Overall, the success of the procedure is closely associated with the number of oocytes collected
and fertilized, the number and quality of embryos cultured in the ART lab, the number of embryos
biopsied, the genetic chance of detecting a matched unaffected embryo, and the chance of
achieving pregnancy. The expected number of transferable embryos varies according to the
“genetic chance”, which is as follows: 25% of embryos when testing for HLA only, 18.8% when
applying PGT for an autosomal recessive condition with HLA typing, and 12.5% for an autosomal
dominant condition with HLA typing. After all, a PGT laboratory should follow the guidelines of
best practice, for example, in Europe published by the ESHRE PGT Consortium, with regards to the
ART and genetic workup before and during the PGT cycle. The first guidelines were published in
2005 and four revised recommendation documents were published in 2011. The 2011 documents
are currently being updated (PGT lab organization, embryo biopsy, PGT-M/SR and PGT-A) and are
expected to be published soon.
The PGT centers that follow the amplification-based PGT recommendations demonstrate a high
(>90%) diagnostic accuracy in PGT-M, although, for PGT-M/HLA, a lower diagnostic accuracy of
78.5% has been reported. The number of transferable embryos may be reduced due to the
phenomena specific to single cell PCR, such as allele dropout or preferential amplification, but also
other issues such as recombination across the HLA locus, aneuploidy or contamination. Therefore,
it can never be predicted if a cycle will lead to embryo transfer. The data from the ESHRE PGT
Consortium indicate that near 21% of all PGT cycles (44.5% of all PGT-M/HLA and HLA-only cycles)
do not lead to embryo transfer [32]. If an embryo transfer is achieved, the chance to achieve
pregnancy is 40% for PGT-HLA only and 24% for PGT-M with HLA, based on the latest Data
Collection XIV-XV of the PGT Consortium. Overall, throughout all the data collections, 30%
(36/120) of the HLA-only cycles and 35.5% (116/327) of the PGT-M/HLA cycles with embryo
transfer have led to a positive heartbeat, though practice generally varies and different success
rates have been reported in the literature [32, 54].
The chance of success in a PGT cycle is defined by the percentage of initiated cycles leading to
live birth, including all initiated cycles, whether they led to an embryo transfer or not. This is
termed as the ‘take-home baby rate’. The success of the PGT-HLA HSCT procedure is extended to
include the cure of a child by the HSCT, facilitated following the successful identification of a
healthy matched embryo, its implantation and birth. The information about the overall outcome
of HSCT following a PGT-HLA procedure has been reported only in a limited number of large
studies and a few individual-center reported cases. A recent multi-center study, organized by the
ESHRE PGT Consortium attempting to clarify the clinical utility of PGT-HLA, identified that
maternal age, the number of oocytes and the genetic chance are the major limitations to the PGTHLA procedure. It also confirmed that a center’s experience is crucial in selecting patients, acting
quickly between the initial diagnosis of the affected child to when the couple decides to undergo
this procedure, and optimizing the ART treatment for the particular indication. In this study, 19.3%
of all initiated cycles led to live birth and HSCT was reported in 50% of the cases with at least one
baby born. The observation that most data are missing highlights the need for proper evaluation
and follow-up of the entire procedure, especially following the PGT-HLA stage [55]. The HSCT
procedures performed after PGT-M/HLA have a high success rate based on the data from
published studies [37].
6. Future Prospects
The continuous progress in both the fields of ART and PGΤ promises an improved overall
success rate in the future. This includes prospects of the personalization of hormonal stimulation
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protocols, improved gamete and embryo manipulation conditions and improved criteria for the
selection of the embryo with the best implantation potential. At the same time, patient or donor
selection, HSCT treatment protocols, and supportive care treatment are being constantly
optimized and are expected to lead to improved outcomes of HSCT even without the availability of
sibling HLA-matched donors. Other therapeutic approaches, such as gene therapy or even gene
editing, may set an alternative path for a future cure [56-58]. The safety and efficacy of gene
therapy have already been investigated for different pathologies such as β-thalassemia, sickle-cell
disease, severe combined immunodeficiency, Wiskott-Aldrich syndrome, muscular dystrophy, and
chronic granulomatous disease. However, a recent cost-efficacy analysis of gene therapy versus
HSCT for β-thalassemia concluded that the preparation and procedure costs are currently higher
for gene therapy [29]. Additionally, a longer follow-up is required so that, as anticipated, the longterm health benefits of gene therapy become evident. For the time being PGT-HLA has been a
useful and realistic approach for many couples. Despite the complexity of the procedure and the
lower chance of success with respect to PGT-M cycles, each healthy child born and each ill child
cured is an extraordinary outcome worth every effort.
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