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Abstract

The South African population is highly diverse, both ethnically and genetically. This
diversity is particularly true for the African ancestry and various mixed ancestry population
groups. These groups are under-represented in national and international bone marrow and
peripheral blood donor registries, making it challenging to identify HL A-matched and
mismatched unrelated donors when patients from these groups require allogeneic
hematopoietic stem and progenitor cell transplantation. In most high-income countries,
banked cord blood (CB) units provide an attractive source of hematopoietic progenitor cells
for genetically diverse populations. SA does not have a public CB inventory, leaving many
patients without access to this important treatment modality. Haploidentical transplantation
provides an alternative. In recent years, the use of post-transplant cyclophosphamide has
significantly reduced the incidence of graft-versus-host disease after haploidentical
transplantation and has improved transplantation outcomes. However, it is difficult to identify
suitable haploidentical donors in SA because of family disruption and a high prevalence of
HIV. Here the authors provide a brief historical overview of the ethnic and genetic diversity
of the country and region. The authors provide a southern African perspective on HLA
diversity, consider the allogeneic hematopoietic stem and progenitor cell transplantation
landscape and explore the need to establish a public CB bank (CBB) in SA. The health policy
and regulatory frameworks that will impact on a CBB in the country SA are also explored.
Finally, the authors discuss several matters we believe require attention when considering the
establishment of a sustainable public CBB in the South African context.
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Diversity
African and southern African genetic diversity

Modern-day South Africa (SA) is an ethnically diverse country made up of the ancient
aboriginal San hunter-gatherers, more recent Khoe-speaking pastoralists (jointly Khoisan)
and different Bantu agropastoralist groups that migrated from West Africa and reached
southern Africa between 1500 and 500 years ago [1,2]. From 1652, Dutch traders and their
south and east Asian slaves and servants set up a trading post at the Cape of Good Hope.
They were followed by French Huguenot refugees, British settlers, Indian and Chinese
contract laborers and gold and diamond rush opportunists from around the world. Unlike
Northern Hemisphere countries, where African and mixed ancestry (MA) populations are
minorities, the South African, African ancestry (AA) population group constitutes
approximately 81% of the current South African population of nearly 60 million and the MA
population almost 9%. There are four language family groups in the AA population, with
approximately 29 million Nguni and 18 million Sotho-Tswana language family speakers
comprising the largest. Within these language families, there are many linguistically and
culturally distinct subgroups. However, several wars and population migrations have
extended their geographic distribution into the southern African region and resulted in these
groups becoming admixed. Despite segregation laws, admixture was common, resulting in at
least four genetically and ethnically distinct MA subpopulations. Officially, these groups are
jointly referred to as the South African colored population. A 2010 genome-wide study
compared 959 MA South African colored individuals with publicly available International
HapMap Consortium and Human Genome Diversity Project datasets for African Khoisan,
African non-Khoisan, European, South Asian and East Asian populations. Using a subset of
nearly 75 000 single nucleotide polymorphisms, maternal DNA showed mainly Khoisan
(79.04%) but also south and southeast Asian (16.34%) as well as west Eurasian and European
(4.62%) contributions. Paternal DNA was of sub-Saharan African (45.18%), west Eurasian
and European (37.72%) and south and southeast Asian (17.11%) origin [3]. Other population
groups include people of European ancestry (EA) (7.8%) and people of Indian and other
Asian ancestries (2.6%) [4]. Figure 1 compares bar plots of ancestry proportions using
genome-wide data and Ancestry Informative Markers (AIMs) for this study group. The
genome-wide data are ordered according to proportions of African San, African non-San,
European, South Asian and East Asian ancestry, whereas the AIMS ancestry proportions
were estimated using 96 AIMs. Individuals appear in the same order in both bar plots [5].
Archbishop Desmond Tutu coined the phrase “Rainbow Nation” for the post-Apartheid SA
population, and President Nelson Mandela aimed to unite the deeply segregated society under
this rainbow banner. Figure 1 visually represents the Rainbow Nation.
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Fig. 1. Bar plots of ancestry proportions estimated using genome-wide data and AIMs. Ancestry
proportions were estimated using genome-wide data. The admixed study group of 959 MA
individuals (SAC) is ordered by proportions of African San, African non-San, European, South Asian
and East Asian ancestry. In the second panel, ancestry proportions were estimated using 96 AIMs.
Individuals appear in the same order as in the first panel. This work is licensed under the Creative
Commons Attribution 2.5 Generic License. Bar plots are reproduced with permission from [5]. SAC,
South African colored.

Although much work has been done on population genetics in the past 15 years, we are still at
the threshold of understanding the impact of this genetic and phenotypic diversity on disease
susceptibility, metabolism and treatment modalities [6]. Whole-genome sequencing on 24
AA and MA individuals in SA revealed 16 million unique variants—further testimony to the
need for whole-genome sequencing to obtain an enhanced understanding of our population
[7]. This is highly relevant for SA and the African continent but is also increasingly important
for the rest of the world, with its growing population of people of recent African origin,
including a steady increase in admixed populations. This genetic diversity extends to the
HLA region and underlines the difficulty that exists in finding appropriate matches for AA
and MA patients.

HLA diversity in southern Africa
The HLA region is one of the most polymorphic regions in the human genome [8]. HLA

typing to match donors and recipients for transplantation has been a routine procedure for
many years. Excellent clinical outcomes are observed in transplant recipients where high-



resolution matching is achieved. An increase in mismatching between individuals results in a
higher risk of rejection and occurrence of graft-versus-host disease (GVHD), the process by
which an immune response is mounted against the host antigens, which are seen as foreign by
the donor cells [9].

Several studies during the 1980s reported HLA data in South African populations [10,11].
However, these studies used serological techniques that provided low- to medium-resolution
HLA typing data. As high-resolution, sequencing-based typing methods improved, details of
HLA diversity in sub-Saharan African and southern African populations began to emerge.
Cumulative frequency graphs show a distinct diversity of HLA loci in South African
populations (Figure 2), with curves shifting to the right indicating increased diversity since
more alleles are required to cover the same combined cumulative frequency in a population.
AA South Africans are more diverse at the HLA-A (Figure 2A) locus than EA South
Africans, whereas MA individuals show higher diversity at all HLA-B and -C loci compared
with other South African populations (Figure 2A—D). When considering the diversity
identified in the aforementioned studies that included small cohorts of AA and MA
individuals, one obtains a glimpse of the diversity of these populations. A recent study used
previously typed HLA data from the South African National Blood Service (SANBS) and the
National Health Laboratory Service. High-resolution typing data were available for 3007
individuals, and cumulative frequency graphs revealed diversity patterns similar to those seen
in Figure 2. This is the largest study to date in SA, highlighting the paucity of high-resolution
HLA data and our current inability to fully determine the extent of diversity within this
country. It was further revealed that AA South Africans are genetically similar to other sub-
Saharan populations [12]. When comparing frequency distribution of HLA-A, HLA-B and
HLA-C alleles in five sub-Saharan populations, including diverse Kenyans and Ugandans,
distinct HLA diversity of HLA-A and HLA-B was observed, with low population coverage
and many low- to intermediate-frequency alleles [12,13].
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Fig. 2. Population coverage by South African HLA alleles. Cumulative frequency graphs indicating

population coverage of South African (A) HLA-A, (B) HLA-B, (C) HLA-C and (D) HLA-DRB1

alleles. HLA alleles were sorted according to their allele frequencies in descending order. Cumulative
frequencies were plotted according to the number of alleles. South African HLA allele frequency data

were obtained from AFND [14], SA African Ancestry [13,15], SA European Ancestry [13], SA

Worcester [16] and SA Mixed Ancestry [17]. AFND, Allele Frequency Net Database.

The available data remain insufficient to portray an accurate picture of the true extent of HLA
diversity in AA and MA populations in SA. The South African Bone Marrow Registry
(SABMR) was established in 1991 and consists of over 73 000 HLA-typed donor volunteers
[18,]. However, the increased diversity and population-specific alleles, together with the
under-representation of AA and MA populations in the SABMR, make it challenging to find
an HLA-matched donor for these individuals. In the US, the likelihood of finding an 8/8 or
7/8 matched adult donor for EA populations is 75% and 97%, respectively. For AA
individuals (African, African American, black South and Central American, black
Caribbean), it is 16—19% and 66—76%, respectively [19]. By considering cord blood (CB) as
a source of hematopoietic stem and progenitor cells (HSPCs), the likelihood of finding a
donor (>4/6 HLA match) for these individuals increases to 81-82% for adults (>20 years of
age) and 95-96% for children (<20 years of age). In the 5 years from 2016 to 2020, SABMR
conducted 1093 preliminary donor searches, of which 618 were activated and 180 resulted in
transplantations. Of the preliminary donor searches, 7.8% and 2.5% resulted in



transplantations for MA and AA patients, respectively. This is compared with 29.8% for EA
patients. During the past two decades, SABMR has assisted 23 patients with obtaining CB
units (CBUs) from international CB banks (CBBs). Two were for AA patients, four for MA
and Asian patients and 16 for EA patients. Double CBUs were sourced for one MA patient
and three EA patients. North American CBBs contributed 8 units; European CBBs
contributed 14 units; and CBBs in Taiwan, the Russian Federation and Australia contributed
the remaining 4 units (Ingram C, Venter A, Ward J, SABMR, personal communication,
December 2020) .

HSPC Transplantation
A changing landscape
Haploidentical transplants

The possible establishment of a public CBB cannot be discussed without consideration of
haploidentical transplant (haplo-T). According to the Center for International Blood and
Marrow Transplant Research, haplo-T has overtaken CB transplantation (CBT) since 2014
[20]. Haplo-T has the advantage of rapid availability of the donor and access to multiple
potential future infusions (e.g., donor lymphocyte infusion) as well as improved graft-versus-
tumor effect [21]. The administration of post-transplant cyclophosphamide has also greatly
reduced the incidence of GVHD. A recent systematic review and meta-analysis by Li et al.
[22] showed comparable outcomes between the two donor sources, except for one study by
Giannotti et al. [23], where haplo-T was found to be superior. Solomon et al. [24]
retrospectively reviewed the outcomes of African American patients who received either
haplo-T or CBT and found comparable outcomes in terms of overall survival (OS) and
GVHD-free, relapse-free survival. CBT was shown to have higher non-relapse mortality
(NRM); however, a higher relapse risk was found in the haplo-T group. In a prospective
randomized study by Sanz et al. [25] using 1 CBU versus haplo-T in adults, haplo-T was
superior in terms of the presence of GVHD, OS and disease-free survival. It must be noted,
however, that the cohort was very small (23 CBT and 22 haplo-T). Results from a
randomized phase 3 clinical trial (BMT CTN 1101) were recently published [26]. In this
study, 368 patients were randomized to receive either double umbilical CB (dUCB) or
haploidentical bone marrow transplant (haplo-BMT). All patients received the same
conditioning regimen. Although the 2-year progression-free survival was similar in both
groups (dUCB 35%, haplo-BMT 41%), the researchers concluded that haplo-BMT was
superior, as NRM (dUCB 18%, haplo-BMT 11%) and OS (dUCB 46%, haplo-BMT 57%)
were better in this subgroup. Importantly, a cost-effectiveness analysis was included in this
study (results awaited) and will provide further guidance on these two donor sources. In
pediatric patients, two approaches for haplo-T have been used. Gonzalez-Llano et al. [27]
described the use of post-transplant cyclophosphamide resulting in a high NRM rate of 36%
at a median of 2.2 months, with an estimated 1-year OS rate of 50%. The researchers
advocated for this approach in resource-limited settings. Superior outcomes were achieved by
Locatelli et al. [28] and Bertaina et al. [29] where the haploidentical graft underwent af3 T-
cell and B-cell depletion. Patients had <10% cumulative incidence of NRM in both studies
and a 5-year probability of chronic GVHD-free, relapse-free survival of 71% and 68%,
respectively. Of note, these patients did not receive any post-transplantation GVHD
prophylaxis. This study showed outcomes comparable to transplantation from matched
unrelated donors and superior to mismatched unrelated donors. Should af3 T-cell and B-cell
depletion be considered in our setting, this would be another cost factor to consider.
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Identifying suitable haploidentical donors

Kosuri et al. [30] reported that only 44% of African American patients had a suitable
haploidentical match. Donors were mostly excluded because of underlying medical problems.
SA has additional unique family structure characteristics, as families have been disrupted for
many reasons during our history of enforced segregation [31]. The South African Child
Gauge reports that almost a quarter of African children reside in households where neither
biological parent is present [86]. Granted, at least one parent may reside elsewhere in the
country; however, such a parent's availability for testing is unlikely to be immediate. SA also
has the highest incidence of HIV in the world, with 7.5 million people infected [32], which
may further impact donor selection.

CB as HSPC source

CB remains an important source of HSPCs that can self-renew and differentiate into all
hematopoietic lineages [33]. Since its establishment as a safe source of HSPCs for
transplantation in 1988.[34], [35], [36] , more than 30 000 transplantations using CB stem and
progenitor cells have been undertaken worldwide [37]. Unlike other donor sources, banked
CBUs can provide an immediate off-the-shelf product, a significant advantage in patients
who require urgent transplantation [41]. There is also no risk or discomfort associated with its
collection from the umbilical vein. Most importantly, less stringent allele matching is
required (six to eight alleles on the HLA-A, HLA-B and HLA-C class I loci and HLA-DRB1
in the class II region) [38,39] compared with the usual eight to 10 alleles for bone marrow-
and peripheral blood-derived HSPCs, which improves the chances of obtaining a match.
There is also a decreased risk of GVHD.

The high cost of CBUs and the limited number of HSPCs per CBU are the major constraints
to their use. The cost of a CBU can vary between US$29,000 and US$45,000, with an
average of around US$36,200 [[40], [41], [42]]. The limited number of total nucleated cells
(TNCs) and CD34+ cells present in a unit can lead to delayed engraftment, particularly in
adults [31,41]. Two strategies used to overcome the problem of low HSPC numbers are the
use of double CBU and ex vivo expansion. Both of these strategies have further cost
implications.

Double cord transplantation

Barker et al. [45] showed in 2005 that when a single CBU contains an insufficient number of
cells, double CBT (dCBT) can be used to treat malignant disorders. Similar to single CBT,
the minimum acceptable HLA matching between either of the two CBUs and the recipient,
and the two CBUs with each other, is 4/6 using low/intermediate typing (antigen) for HLA-A
and HLA-B and high-resolution typing (allelic) for HLA-DRB1, [46]. Unlike single CBT, the
recommended combined TNC dose in 2 units is >3.5 x 107 cells/ kg. ABO matching between
patients and units is also important [47]. Although dCBT results in improved engraftment
rates and survival in adults, in children, who can receive an adequate cell dose from a single
CBU, there is no advantage to using 2 units [48,49]. The cost of 2 CBUs places dCBT outside
the reach of many patients. When the purpose of a CBB is to serve HLA-diverse populations,
banking larger CBUs will increase access by adult patients. A policy may also need to be
developed to reserve CBUs with TNC counts of >150 x 107cells for patients over 50 kg.



Ex vivo HSPC expansion

An alternative strategy for addressing low CBU TNC and CD34+ cell counts is €X Vivo
expansion. A variety of expansion strategies are being explored. These include the use of
Notch ligand [50], mesenchymal stromal cell co-culture [51], nicotinamide (NiCord) [52,53],
copper chelation (StemEx) [54], StemRegenin 1 [55] and the small molecule UM171 [56,57].
Under the US 21st Century Cures Act, a number of these products have received
breakthrough therapy, orphan drug or regenerative medicine advanced therapy designations,
which allows accelerated regulatory paths to market. It is important to note that substantially
manipulated cell-based products are considered medicinal products that require medicine and
health product regulatory authority approval. A challenge in the manufacture of expanded
CBUs is ensuring a mixture of both short-term HSPCs to ensure rapid cell and immune
recovery and long-term HSPCs to ensure sustained hematopoiesis. It can be assumed that the
cost of custom prepared, ex vivo-expanded, cell-based products will be high. For this reason,
companies are also developing larger-scale, manufactured, off-the-shelf, allogeneic products.

HSPC transplantation in South Africa

Only a small proportion of required transplantations are done in SA. Various factors
contribute to this situation, including a paucity of donors; few transplantation units in the
public sector, where most of the population receives health care; and underdiagnosis and
under-reporting of hematological malignancies and non-malignant hematological diseases.

Transplantation statistics reveal that 1.1-4 per million allogeneic transplantations were done
in SA in 2013 [58]. In comparison, 28.23 per million transplants were done in the US in 2018
[59], and 15-30 per million were performed in Western Europe and the UK (with fewer in
Eastern Europe) [60]. If we use 15 per million as the benchmark and extrapolate that number
according to age, we should be performing approximately 255 allogeneic transplantations in
children under the age of 15 (The South African population in this age group is 17 million)
every year [4] and a further 600 transplantations in patients above the age of 14. This is not
taking into account autologous transplants, which usually outnumber allogeneic transplants
by approximately 60:40 [60,61].

The small number of transplantations may also be due to under-reporting of leukemia cases.
In 2016, The South African National Cancer Registry reported the incidence of leukemia to
be 3.2 per million and 4.3 per million, respectively, for females and males under 15 years of
age. For patients under 30 years of age, these numbers increased to 4.0 per million and 4.4
per million and were much lower than those reported in high-income countries [59,60]. Using
global averages, we can assume over 1500 leukemia cases per year in SA in those under 30.
As reporting improves, so will the need for patients to gain access to this life-saving
treatment.

Establishing a Public South African CB Banking System
Considerations for establishing a South African CB banking system
A CB banking system is a complex system requiring a high level of coordination of donor

recruitment, CB collection, transportation, quality-based selection, product characterization,
processing, banking, data management and final distribution to transplant units. The specific



design and implementation requirements for a national public CBB fall outside the scope of
this article. Figure 3 is a conceptual process flow diagram of a CB banking system.
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Fig. 3. Conceptual process flow diagram for a CB banking system.

The CB banking system is one component of the larger HSPC transplant (HSPCT) system,
which is part of a national cancer treatment strategy within a national health policy that is
informed by a legislative framework. Utilizing a public CB banking system to its full
potential will require that health policy and cancer treatment strategy are aligned to maximize
the benefits offered by this resource.

This section reviews the current health policy, legal and regulatory framework and how it
relates to a public CBB. The authors consider different CBB models that could be applied.
Finally, the authors highlight several other considerations, including sustainability,
affordability and quality, with specific reference to HIV in the South African context.

Health policy, legal and regulatory framework
The South African Constitution and Bill of Rights

Section 27 of the South African Constitution [62] gives everyone the right to access health
care services. From a patient's perspective, this raises expectations for access to all potential
treatment options. However, from the state's perspective, the same section of the Constitution
(s.27(2)) limits its responsibility to take measures “within its available resources.” Although
SA is a leader in health care in sub-Saharan Africa, health care resources are nonetheless
constrained. SA faces a quadruple burden of disease [63,64], including communicable
diseases (HIV and tuberculosis [TB]); non-communicable diseases (obesity, diabetes,
cardiovascular disease and cancer); high maternal, neonatal and child morbidity and
mortality; and high levels of violence and trauma. Non-communicable diseases account for
40.0% of the total burden of disease, whereas TB and HIV accounted for 26.7% of all deaths
in 2015, with TB being the leading recorded cause of death in the country. One registry that
covers a rural population of just over 1 million persons found that hematological cancers
(International Classification of Diseases, Tenth Revisioncodes C81-C95) constituted 3.5% of
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all reported cancers [65]. In children under 14 years, leukemia and lymphoma made up
21.9% of cancers, followed by Wilms tumor and retinoblastoma. The accuracy of this data
must be considered in the context of underdiagnosis, under-reporting and incorrect coding.
Establishment of a public CB inventory represents an opportunity to address an unmet
medical need for South African patients. However, establishing a public CBB will have to
consider the cost implications in a country with many other competing health care priorities.

Sustainable development goals

In support of the United Nations Sustainable Development Goal of universal health coverage,
the South African government has embarked on a National Health Insurance (NHI) program,
which it aims to implement from 2025. In addition to primary and emergency health care, the
2017 white paper on the national health insurance policy [66] includes oncology and cancer
treatments under hospital-based service benefits. Adult and pediatric oncology is, however,
currently excluded from the district and regional hospital standard treatment guidelines and
associated essential medicine list [83].

National cancer strategy

The National Cancer Strategic Framework 2017-2022 [84] identifies lung, colorectal,
cervical, prostate and breast cancers as priority adult cancers. In this regard, breast and
cervical cancer control policies and a palliative care policy and strategy have been developed.
In addition to the five priority adult cancers, cancers of childhood/adolescence/young
adulthood are also a stated national priority. This broader definition is important, especially
considering that hematological malignancies, such as Hodgkin lymphoma, non-Hodgkin
lymphoma and acute lymphoblastic leukemia, are important contributors to cancer cases in
the 15- to 24-year-old age group. The development of a specific childhood/adolescent/young
adulthood cancer control strategy should consider the role a national public CBB could play
in achieving its objectives. A CBB can therefore comfortably exist within the current policy,
legal and regulatory framework.

Adult patients with acute lymphoid and myeloid disorders and non-malignant disorders such
as bone marrow failure, inherited disorders of metabolism and primary immune deficiencies
can benefit from CB-derived HSPCT. However, the main driver for a CBB remains the
treatment of childhood/adolescent/young adult cancers. A comprehensive care system should
include (i) the creation of high levels of patient awareness of symptoms as well as seeking
and accessing care; (ii) screening, evaluation, diagnosis and staging; (iii) treatment and
supportive care; (iv) post-treatment rehabilitation and care; and (v) a solid information
system. A priority should be to increase patient awareness of childhood/adolescent/young
adult cancers and to put systems in place for accurate screening and clinical diagnosis. The
limited number of TNCs and CD34+ cells in a CBU limits the usefulness of CB as an HSPC
source, and the cost associated with dCBT and potential cost of ex vivo expansion will have
to be considered and compared with haplo-T.

Improvement in the number of donors can only have an impact if transplantation services are
simultaneously increased. Increased public awareness and training of community and primary
health workers in the early detection and referral of hematopoietic and autoimmune disorders
will be required, and education of hematologists and transplant physicians in the use of CBT
as a treatment modality will have to form an integral part of the establishment of a public
CBB.
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Human biological material regulatory framework

Human biological materials (HBMs), including HSPCs, are regulated by Chapter 8 of the
National Health Act [85] and its regulations. This act deals with the donation, collection,
testing and distribution of fresh and preserved HBMs. Under South African legislation,
compulsory tests for the absence of infectious agents that may cause transfusion-
transmissible diseases include Treponema pallidum (syphilis), hepatitis B virus surface
antigen, antibodies to the hepatitis C virus, antibodies to HIV type 1 and type 2 and p24 HIV-
1 antigen. The existing private or family CBBs are established under the regulations relating
to stem cell banks [82]. CBUs banked in these facilities are for autologous use, and it has
been recognized globally that quality requirements may not be as stringent as those found in
public banks. Health products are regulated by the South African Health Products Regulatory
Authority under the Medicines and Related Substances Act [80] and its General Regulations
[81]. In the US, minimally manipulated, unrelated, allogeneic placental CB intended for
HSPCT needs to be licensed by the US Food and Drug Administration. CBBs note that the
high cost of obtaining Food and Drug Administration licensure exacerbates the already high
cost of CBUs. In the absence of an HBM agency, the South African Health Products
Regulatory Authority will have to ensure that the quality and safety of CBUs are in line with
international standards, such as AABB, European Directorate for the Quality of Medicines
and Foundation for the Accreditation of Cellular Therapy and Joint Accreditation Committee
of the International Society for Cell & Gene Therapy and European Society for Blood and
Marrow Transplantation, to ensure that the units can be used internationally.

CB banking models

CBBs provide an inventory of stem cell units that are particularly valuable for patients whose
options for finding an HLA-matched donor are limited, such as ethnic minorities [41]. In
SA's ethnically diverse society, this is of potential importance [67]. It should be noted,
however, that although AA and MA groups are ethnic minorities in the “Global North,” these
groups constitute the majority of people present in many populations in the “Global South.”
In SA, these groups represent 90% of the population and an even bigger proportion in other
sub-Saharan countries, which underscores the importance of catering to the diversity in these
regions.

Three CBB models, private, public and hybrid, exist, with different countries adopting
different models of the latter. The premise with private banks is that one would bank one's
child's stem cells for autologous or family use later in life, but the evidence for recall and use
of this resource is not robust [36]. Illnesses such as leukemia and other metabolic diseases
cannot, in fact, be treated with autologous stem cells [35,37]. The benefits to society are
limited, and this has led to this banking model losing favor for HSPCT among health care
professionals in many parts of the world [35]. Kapinos et al. [40] and Strong et al. [44]
found, however, that in the US, the social benefit of having a CB banking system far
outweighs its costs. The changing perspective on the use of these cells for regenerative
medicine purposes, where autologous stem cells would mostly be used, may change this
perception [38]. Public CBBs rely on mothers making altruistic CB donations. Once collected
and processed, the CBU is owned by the public bank and logged on to national and
international registries [36]. Costs to maintain public banks are high and rely on a
combination of government and privately sourced funding to remain economically viable.
Public banking is seen as a priority in many countries, with government funding being
invested in its growth. This trend is based on the increasing use of HSPCT and the need to
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improve access to this resource for groups under-represented in donor registries [43]. A
hybrid bank encompasses elements of both public and private banks [68]. Two main types are
(i) a CBB that offers both public donation and private storage options and (ii) innovative
solutions that make HLA-typed, privately stored CB available via registries for use in
allogeneic transplantation [69]. This model is used by several private banks in Europe and the
US. SA currently has a number of private CBBs and a recently established hybrid CBB.
However, too few South African patients access the private health care sector for hybrid
banking to establish a large enough inventory, both in terms of numbers and diversity. Should
such a banking model be adopted, patients from the public sector would have to be included.
Therefore, upon evaluation of the three banking models, it would appear that a public CBB is
a natural choice for SA. If a public CBB model is adopted, financial sustainability would be a
major concern. Income from units sold would be factored in, and partnerships with private
CBBs might need to be considered.

Other considerations
Sustainability

Internationally, CBBs are under financial pressure, resulting in bankruptcy and closure of
some CBBs and merging of others. Magalon et al. [41] elegantly state that the current
challenge for CBBs is “not only to provide—but rather to afford to provide compatible units
for everyone.” It is thus important for CBBs to be sustainable and remain economically
viable, especially for the benefit of ethnic groups under-represented in donor registries [70].
To ensure CBB sustainability, the design of the banking system would need to include (i)
establishing an optimized inventory, (ii) maximizing utilization and (iii) minimizing
operating expenses. These three aspects are closely interconnected and can only be addressed
by ensuring product quality, diversity and affordability.

Quality

Quality aspects of CBUs include purity of the cell product and number of CD34+ stem and
progenitor cells.

Purity

In 2017, HIV prevalence among women who attended antenatal clinics in SA was 30.7%
[71]. The introduction of anti-retrovirals has decreased the mother-to-child-transmission rate
from around 50% to 1.1% [72]. With the country's high HIV prevalence, it is imperative to
confidently screen for HIV in donated CB [73]. Screening of CB for HIV RNA has been
validated for sensitivity and specificity by Meissner-Roloff et al. [72] using the Ultrio Plus, a
qualitative in vitro nucleic acid test for the detection of HIV RNA (in addition to hepatitis B
DNA and hepatitis C RNA). Regular testing of mothers up to 12 months post-delivery would,
however, be a requirement, and CBUs would have to be placed in quarantine until this was
done to ensure that the window period of infection was taken into account.

In addition to compulsory tests for communicable agents, the cytomegalovirus status of

CBUs would have to be confirmed because of the high prevalence of cytomegalovirus in the
country.
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TNC and CD34+ cell counts

Good clinical outcomes depend on CBU TNC and CD34+ cell counts. A CBB in SA would
also be required to provide for the needs of adult patients. Considering a minimum dose of
2.5 x 107 TNCs/kg body weight, 60-kg and 75-kg adults require CBUs with TNC counts of at
least 150 and 188 x 107cells, respectively. Bart et al. [42] found that CBUs with TNC counts
>150 x 107 cells constituted only 13% of the banked units in Swiss and US CB registries but
comprised 65% of the distributed units. Most CBUs in these banks will never be used.
Transplant physicians often favor larger CBUs over better matched but smaller units. This
group proposed that the cutoff for banking should be a minimum of 125 x 107 TNCs and
possibly even 150 x 107 TNCs. Magalon et al. [42] derived a CBU utilization score based on
a retrospective analysis of 9396 CBUs registered in Bone Marrow Donors Worldwide
between January 1, 2009, and December 31, 2011. They found that TNC counts had a larger
influence on CBU selection for transplant than CD34 counts. The Canadian Blood Service
CBB set TNC count cutoffs of 150 x 107 cells and 130 x 107cells for Caucasian donors and
non-Caucasian donors, respectively [74]. Various banks report smaller collection volumes
and TNC counts from African and MA donor cords compared with European donor cords.
Collection volumes and TNC counts for AA and MA South African donors have not been
determined. The application of early recruitment criteria in terms of the mother's and baby's
health status, including early indicators of low birth weight, can be used to maximize
collection volumes. Obstetric staff must be trained to optimally collect umbilical CB and to
make a pre-shipment quality assessment on volume as proxy for TNC count.

Diversity

A major challenge in the design and collection strategy of CBB in SA would be determining
the optimum inventory size and population group composition. The paucity of high-
resolution typed HLA data for the AA and MA population groups makes it impossible to pre-
determine how many CBUs would be required to satisfy a given percentage of HLA
haplotypes. Pedigree data from typing mother and CBU combined with patient typing data
will have to be systematically analyzed for cumulative haplotype frequencies. The target
number of CBUs will be a moving target informed by the evolving data set [74]. An
aspirational annual banking target can be set. Based on the stringency of the TNC count
cutoff or minimum collection volume, the number of CBUs collected may be higher by a
factor of 10 compared with the number of CBUs banked. To rapidly build the HLA haplotype
data set, there may be a decision to also do HLA typing on collected but unbanked units.
Reported ethnic group identity data may lead to further stratified subgroup collection targets
[74]. Although the primary purpose of the CBB would be to address the needs of population
groups with limited access to donors, the exclusion of other groups could be considered
discriminatory. An initial strategy may consider collection based on population proportions
and, as cumulative HLA frequencies become available, adjust the collection strategy to focus
on under-represented haplotypes.

Affordability

Cost-effectiveness thresholds are useful for deciding whether a given health intervention
should be considered or maintained. Cost is often expressed in terms of disability-adjusted
life years. Previously, the World Health Organization recommended a cost-effectiveness
threshold of one to three times the per capita gross domestic product (GDP) but withdrew its
recommendation in 2016. In 2015, the South African government established a health
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opportunity costs threshold of ZAR38,456 (US$2,575). This was equivalent to 53% of the
GDP per capita at the time. For 2019, SA GDP per capita was US$7,346, which is
approximately ZAR107,912 (US$1 = ZAR14.93 in mid-March 2021).

According to the general household survey, 17.2% of the South African population was
covered by some form of private health insurance in 2019. The level of care can vary greatly
between packages, but all medical insurers must guarantee a prescribed minimum benefit
package of treatments. The remaining 48 million South Africans rely on tax-funded public
health care services. The South African government intends to start implementing NHI by
2025. At the time of writing, there is no indication of the cost-effectiveness thresholds that
will be applied [75]. There are still many issues related to the implementation of NHI that
remain contentious; one is the level of service that will be, or can be, provided considering
the limited resources available. The design of a sustainable CB banking system will need to
be considered in the context of a resource-constrained society.

The average shipping price of CBUs is around US$36,000, which limits the utilization of
CBUs and may favor haplo-T in resource-poor settings. There is, however, no relationship
between the true acquisition cost and selling price of a given unit. The high price is the result
of an accounting practice that allocates the total inventory cost, including that of non-moving
CBUs, to shipped units, which disincentivizes their use in certain settings.

Jaime-Pérez et al. [76] reported a banking efficiency of 57.5%. Factors that impacted on this
efficiency included (i) units that had to be discarded because they did not meet the selection
criterion of being processed within 48 h of collection; (ii) a minimum collection volume of 80
mL; (iii) a TNC cutoff of 80 x 107 cells; and (iv) a minimum CD34+ cell count cutoff of

2 x 10 cells. Based on data from the US National Marrow Donor Program and Swiss Blood
Stem Cells CB registries, Bart et al. [42] reported a 33% efficiency at a TNC cutoff of

90 x 107 TNCs. This means that for every 3 units collected, 1 unit can be processed and
banked. If we assume a cost of US$200 per collected unit and a processing cost of US$900
per selected unit, the cost to recruit, process and bank an 80 x 107 TNC unit would be
US$1,500. Including overhead and distribution costs, the total cost would be less than
US$3,000 [41,42,40]. Collection cost could be reduced by better using pre-selection criteria,
reducing transport losses and using trained volunteers and obstetric personnel rather than paid
collection staff. A further analysis of the National Marrow Donor Program data reported by
Bart et al. shows that a TNC cutoff of 125 x 107 cells will require 6.5 collected units for 1
banked unit, resulting in a unit cost of US$2,200 (excluding overhead and distribution costs).
A 150 x 107 TNC cutoff will require 12.1 units at a cost of US$3,320, and a 175 x 10" TNC
cutoff will require 22.8 units at a cost of US$5,460 (excluding overhead and distribution
costs). [42] As stated earlier, the quality of the CBU impacts on its utilization. An important
strategic decision for the establishment of a CBB in SA would be the trade-off between HLA
and haplotype diversity and CBU quality.

Synergies

In 2001, the country's blood services, except the Western Cape Blood Transfusion Service,
were consolidated into the SANBS. SANBS is well placed to add CB banking to its service
offering. As the service has a well-established national logistics network and testing
laboratories that already provide apheresis collection services and high-resolution HLA
typing, CB banking could be a logical product extension that could benefit from the various
synergies. In addition, at the time of writing, SANBS is in the process of obtaining Joint
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Accreditation Committee of the International Society for Cell & Gene Therapy and European
Society for Blood and Marrow Transplantation accreditation (Poole C, SANBS personal
communication, December 2020).

New uses

Beyond being a donor source for HSPCs, CB has other unique advantages. Among these
include the provision of a source of regulatory T cells that can be infused to reduce
immunoreactivity in the pathogenesis of GVHD as well as virus-specific T cells [77].
Furthermore, a CBB provides a unique advantage through ensuring the availability of an off-
the-shelf product that can serve the field of cellular therapies, such as chimeric antigen
receptor natural killer cell therapies [78]. It also serves as a source of induced pluripotent
stem cells for use in regenerative medicine [77]. Whether using autologous or allogeneic CB
cells, trials exploring induced pluripotent stem cell use in neurological disorders, type 1
diabetes and cardiovascular disorders are underway [78]. A rise in the use of CB has been
noted during the coronavirus disease 2019 pandemic, during which haplotype donor travel
has been restricted (Allan D, personal communication, November 17, 2020). This must be
considered in the continuing coronavirus disease 2019 climate and for possible future
pandemics. Advocacy for the implementation of a CBB should therefore be seen in addition
to, and not in conflict with, the need to pursue haplo-T. The two cannot be mutually exclusive
in a society in which as many donor sources as possible are required to meet a large
transplantation need.

Expanded geography

A public CBB based in SA would be a valuable resource for South, southern and sub-Saharan
Africa as well as countries with minority populations of African origin.

Cost focus

The diverse population of SA is spread over a large geographic area. Collecting and
transporting CBUs to a central processing and banking facility will add complexity. Gauteng
province, which includes Johannesburg and Pretoria, is home to 26% of the country's
population, or 15.5 million people. It also contains the most ethnically diverse population. In
the period 2006—2020, nearly 5 million people migrated internally into the province.
Approximately 12% of the country's population, or 7 million people, live in the Western
Cape province, with 4.6 million in the Cape Town metropolitan area. The Western Cape has
received approximately 1.4 million internal migrants. Health care infrastructure and logistics
in these two areas are well developed, and an initial recruitment focus on these two
metropolitan areas could provide a foundation on which to expand.

Discussion

There are over 53 million AA and MA South Africans [4]. These people are under-
represented in HSPC donor registries, making it challenging to find suitable donors when
HSPCT is indicated. This situation can be addressed by increasing representation in donor
registries and doing haplo-T and unrelated CBT. There is, however, no public CB inventory
in SA. Establishing a public CBB would increase access to this life-saving treatment for
people living in SA as well as sub-Saharan African people and people of African origin
across the world. The authors are cognizant that building a public CBB in the resource-
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constrained South African health system would be a significant challenge. Nevertheless, the
authors believe that it is vital to establish a national feasibility steering group to study this in
detail and to report to the National Department of Health on all aspects related to the
establishment of a South African national umbilical CBB.

Many of these aspects have been the subject of research previously undertaken at the Institute
for Cellular and Molecular Medicine, University of Pretoria, South Africa. The research that
has been conducted has addressed public acceptability [67], the testing of CB for HIV [73],
flow cytometric analysis of CB-derived HSPCs, factors determining the composition of the
bank (including mapping of HLA genotypes/alleles) [79] and economic feasibility (initial set-
up and long-term sustainability). The authors acknowledge the need for more prevalence and
transplantation data and an extensive analysis of a variety of factors, including the relative
frequency of haplotypes in each population group and subgroup and CB collection volume
and TNC and CD34+ count standards, as these factors will ultimately dictate the CB
collection strategy and CBU banking policy. Considering the current paucity of data in the
South African context, a “modern” CBB will have to rely on data science tools, such as
artificial intelligence and machine learning, to consolidate the various data sets that will
inform feasibility, sustainability, etc. It is essential to consolidate the research into a single
policy/strategic document and to identify gaps in the body of research that should be
addressed.
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