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Summary

Allogeneic hematopoietic stem cell transplantation (alloHSCT) is a standard treatment for
hematological disorders like acute leukemia and primary immune deficiencies. Various
parameters at the pre, peri and post-transplant stages have been shown to significantly influence
clinical outcome and patient’s prognosis. In this thesis submitted to the University of Geneva
for the degree of Privat-Docent, several of the latest advances in transplantation immunology,
histocompatibility and immunogenetics are examined by integrating five of my recent studies
to a review of the scientific literature on this thematic. Two main aspects are discussed more
specifically.

At the pre-transplant stage, the importance of optimal genetic compatibility between donor and
patient and the development of integrative donor selection algorithms that allow to better
predict post-transplant risks are discussed through the lens of the HLA-DPB1 paradigm.
Different contributions and models to adjust and fine-tune the degree of HLA matching, such
as the concept of permissive mismatches, are presented, including a perspective on the
availability of new therapeutic protocols and alloHSCT platforms. Indeed, the increasing choice
among different types of donors means that almost every patient can now benefit from a suitable
donor. However, several questions remain open and are revisited regularly with the publication
of new data and results. For instance, what is the best option to consider when several potential
donors are available within and outside the patient’s family? If the current gold standards for
matching are not achievable, which mismatch constellation(s) should be favored? Because the
therapy is highly personalized, different approaches are not mutually exclusive and can be
tailored to the patient’s needs.

At the post-transplant stage, immune recovery of the patient is central to the success of this
cellular therapy. Notably, the reconstitution of a broad and tolerant T-cell repertoire is required
to alleviate the burden of post-transplant complications such as graft-versus-host disease and
infections. The development of high throughput sequencing approaches has enabled the in-
depth characterization of the repertoire and has uncovered the complexity of the adaptive
immune response to foreign (and self) antigens. In this context, the interest of alloHSCT as a
unique model in humans to explore the dynamics and architecture of the T-cell receptor (TCR)
repertoire is presented. In addition, the hurdles at characterizing and predicting the alloimmune
response and the promises of translating these results to an optimized and personalized post-

transplant monitoring of patients are discussed.



Introduction

1. An overview of allogeneic hematopoietic stem cell transplantation

Since the first clinical trials in the late sixties-early seventies, allogeneic hematopoietic stem
cell transplantation (alloHSCT) has been established as a curative and standard of care
treatment for a large variety of hematologic disorders (Appelbaum 2007, Jeng and van den
Brink 2010). This includes life-threatening malignant diseases, primary immune deficiencies
and some other hereditary conditions and defective immune states (Snowden et al. 2022).
Among these, acute myeloid and lymphoblastic leukemia (AML and ALL, respectively)
represent the two most common indications and account together for more than 50% of
allografts in Europe (Snowden et al. 2022). The number of allografts performed worldwide
keeps growing on a yearly basis, thanks to new indications and a broaden access to this therapy
for older patients (Passweg et al. 2021). In autologous HSCT, the stem cells are directly
obtained from the patient, processed, stored and subsequently reinfused after the patient
completes conditioning (Blume and Thomas 2000). By contrast, the principle of alloHSCT is
to replace the hematopoietic/immune system of a patient by the one of a healthy donor carefully
selected according to specific and stringent criteria, foremost his/her genetic compatibility with
the recipient (described in chapter 2). Other important steps in the procedure comprise
conditioning of the recipient, stem cell collection in the donor and reinfusion of cells in the
recipient (briefly described hereafter), engraftment and immune reconstitution, including post-
transplant interventions and monitoring of post-transplant complications (described in chapter
3).

The key distinctive characteristics of alloHSCT in comparison to autologous transplantation are
that the graft is not potentially contaminated by residual malignant cells and contains
immunocompetent alloreactive lymphocytes from the donor that are capable of eliciting a
curative response (Giralt and Bishop 2009). This response will be mediated by the recognition
of foreign antigens on tumor cells leading to their eradication and a decreased risk of relapse,
the so-called graft-versus-leukemia (GVL) effect. This latter characteristic is a major advantage
provided by alloHSCT as a cellular therapy. However it is accompanied by the risk that the
immune response will also be directed against normal tissues of the recipient, causing the severe

condition known as graft-versus-host disease (GVHD).



a. Conditioning

The main purpose of conditioning is to allow sufficient graft space for the incoming donor stem
cells and is also crucial in order to prevent graft rejection by the host immune system (Giralt
and Bishop 2009, Juric et al. 2016). Another contribution is to eradicate tumor cells in case of
an underlying oncologic disease. Several conditioning regimens are available mainly based on
total body irradiation (TBI), chemotherapy (e.g., alkylating agents such as busulfan or
cyclophosphamide) or a combination of both (Juric et al. 2016). The choice depends on the
disease to be treated and on patient’s characteristics. The regimens can be subdivided into
several broad categories regarding intensity of the treatment such as myeloablative (MA), non-
myeloablative (NMA) and reduced intensity conditioning (RIC). MA conditioning provides a
better control of tumor cells but this is negatively counterbalanced by a significant toxicity,
morbidity and transplant-related mortality (TRM). By contrast, NMA and RIC have allowed
access to this therapy to older patients because of decreased TRM risks compared to MA.
However, these regimens are accompanied by an increased risk of relapse. Notably, NMA
provides only a limited control of tumor cells and relies principally on the immune cells infused
with the graft for the subsequent eradication of cancer. RIC is somewhere in between MA and
NMA, with the goal to limit the toxicity and mortality associated with the therapy but still
providing sufficient immunoablation and control of the underlying malignancy (Juric et al.
2016).

The conditioning is a major cause of epithelial damage, especially the mucosa of the skin, the
liver and the gut, and of inflammation notably by stimulating the release of pro-inflammatory
cytokines such as tumor necrosis factor (TNF)-a and interleukins (IL)-1 and -6. Various
endogenous and exogenous danger signals released by damaged tissues (i.e., damage and
pathogen associated molecular patterns, DAMPs like alarmins or PAMPs derived from the
microbiota, respectively) will contribute in amplifying the innate immune response which will
in turn activate professional antigen presenting cells (APCs) such as dendritic cells of the
recipient (Ramadan and Paczesny 2015). This will lead to an increased presentation of major
and/or minor histocompatibility antigens (see chapter 2) and the risk of activating mature
alloreactive donor T cells infused with the graft. This will stimulate their expansion and attack

on target tissues, causing GVHD.

b. Source of stem cells
Donor hematopoietic stem cells (SC) can be harvested from the bone marrow (BM), the
peripheral blood or umbilical cord blood units (CBUS). Peripheral blood stem cells (PBSCs)
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are the preferred source since many years and their usage shows a steady increase annually
(Passweg et al. 2021). To harvest PBSCs, the administration of growth factors such as
granulocyte colony-stimulating factor (G-CSF) to the donor is necessary in order to mobilize a
sufficient amount of CD34" cells (i.e., a main marker for SC) at the periphery before the
collection. The use of PBSCs has been associated with a quicker recovery of hematopoiesis, a
decreased rate of relapse for hematological malignancies, principally due to the presence of a
higher proportion of mature T cells providing a GVL effect, and to a higher incidence of chronic
GVHD compared to BM (Juric et al. 2016). By contrast, the use of CBUs has continued to
diminish through time, notably since new advances in therapeutic strategy for haploidentical
transplantation (Ciurea and Bayraktar 2015, McCurdy and Fuchs 2016, Baumeister et al. 2020)
have allowed a remarkable increase in the selection of such related donors (Passweg et al. 2017),

see hereafter in chapter 2.

For further technical details on conditioning and stem cell sources, the reader is referred to two
reviews (Giralt and Bishop 2009, Juric et al. 2016).

2. Genetic compatibility in alloHSCT

In alloHSCT, the genetic compatibility between the patient and his/her donor is of paramount
importance for global outcome. It is crucial for avoiding graft rejection by the recipient immune
system (in conjunction with conditioning) and for minimizing the risks of relapse and
development of severe GVHD (Petersdorf 2013, Fleischhauer and Beelen 2016). Indeed,
alloreactive donor T cells infused with the graft will target genetic mismatches expressed on
the recipient tissues, mediating GVHD on the one hand, but they will also potentially recognize
these mismatches and/or neoplastic antigens on tumor cells, mediating GVVL on the other hand.
Promoting a strong T-cell mediated GVL effect while specifically controlling the deleterious
consequences of GVHD has often been considered the Holy Grail of alloHSCT as a cellular
therapy (Fleischhauer and Shaw 2017) and many breakthrough progresses have been made
(Chabannon et al. 2018).

a. The Major Histocompatibilty Complex (MHC)
A main objective when selecting a potential donor for alloHSCT is to achieve compatibility at
several key classical HLA genes (the acronym for Human Leukocyte Antigen) located within

the extended MHC. This represents a genomic region of 7.6 MB located on the short arm of



chromosome 6 (i.e., the 6p21.3 region) encompassing 421 loci with 252 of them expressed as
proteins and close to 25% being associated with immune functions (1999, Horton et al. 2004).
This genomic region is subdivided into three parts. The class Il sub region located closer to the
chromosome centromere and which contains HLA classical (DR, DQ and DP) and non-classical
(DM and DO) genes as well as genes coding for proteins involved in antigen processing and
presentation. The class I11 sub region which contains many genes, notably encoding molecules
involved in inflammation and the complement cascade, but no HLA genes. The class I sub
region located closer to the telomere and which contains HLA classical (A, B and C) and non-
classical (E, F and G) genes as well as genes involved in the innate immune response or having

other functions.

The HLA classical genes: polymorphism, structure and function

HLA genes segregate together on chromosome 6 as haplotypes, one inherited from the mother
and one from the father. These are the most variable genes in the human genome. Currently,
more than 25,000 HLA class I alleles have been described, while class 11 genes are slightly less
variable with more than 10,000 alleles characterized o) far
(https://www.ebi.ac.uk/ipd/imgt/hla/about/statistics/, (Robinson et al. 2020)). Besides the

extremely high levels of polymorphism observed in human populations (Buhler and Sanchez-
Mazas 2011, Sanchez-Mazas and Nunes 2018), some pairs of genes such as B~C and
DRB1~DQB1 are in significant linkage disequilibrium (Bugawan et al. 2000), with some
combinations of alleles segregating together more frequently on haplotypes than what would
be expected randomly from their respective allele frequencies. By contrast, some other loci like
HLA-A and HLA-DPB1 are defined by a weaker association or by linkage equilibrium with
other HLA genes, respectively (Cullen et al. 1997, Kauppi et al. 2005).

The expression of HLA genes is codominant, meaning that individuals who are heterozygotes
at a given locus will carry molecules at the cell surface encoded by both alleles. Regarding HLA
class | molecules, they are expressed on most tissues and nucleated cells and are composed of
one alpha chain encoded by the highly polymorphic HLA-A, B and C genes that is non-
covalently bound to 2 microglobulin, an invariant protein encoded by the B2ZM gene located
on chromosome 15 (Figure 1). HLA class Il molecules, constitutively expressed on a limited
number of specialized cells (Roche and Furuta 2015), are heterodimers composed of one alpha
subunit encoded by the HLA-DRA, DQA1 and DPA1 genes and one beta subunit encoded by
the HLA-DRB1/3/4/5, DQB1 and DPB1 genes (Figure 1), respectively. However, the cell
surface expression of HLA class 1l molecules is inducible in many cell types, notably during
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inflammatory processes (Ting and Trowsdale 2002). The structure of HLA class | and 1l
molecules shares several features (Wu et al. 2021). The most important one is the presence of
an antigen recognition domain, where a large proportion of the polymorphism is located, and
which is composed of two antiparallel alpha helixes and a -sheet constituting a groove that

accommodates peptide antigens and that is therefore called the peptide binding region (PBR,

Figure 1).
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Figure 1: Schematic representation of the structure of HLA class I and class Il genes and the corresponding

encoded cell surface molecules (personal contribution/material).

The MHC genomic region and yet unknown H-2 and HLA genes in the mouse and human,
respectively, were first discovered for their role in histocompatibility during experiments on
tumors and tissue engraftment and by using sera from multitransfused patients and multiparous
women (Thorsby 2009, Terasaki 2013). It took many more years to characterize the molecular
structure of HLA proteins by X-ray crystallography and to understand their main biological
function which is to present small antigenic peptides to T cells (Bjorkman 2006). The general
rule is that HLA class | molecules present peptides of endogenous cellular origin to CD8*
cytotoxic T cells, while HLA class 1l molecules bind peptides derived from the extracellular
environment for presentation to CD4" helper T cells (Gfeller and Bassani-Sternberg 2018,
Pishesha et al. 2022). In addition, dendritic cells have a unique ability to present internalized
antigens on HLA class | molecules through cross-presentation pathways (Embgenbroich and
Burgdorf 2018). It has also been shown that up to 20-30% of peptides presented by HLA class
Il molecules are derived from cytosolic and nuclear proteins through a pathway of autophagy
(Roche and Furuta 2015).



In order for each individual to generate a diverse and functional T-cell repertoire, recognition
and tolerance of self HLA molecules presenting peptides derived from endogenously produced
proteins (i.e., self peptides) are important processes taking place during T-cell maturation and
education in the thymus (Klein et al. 2014, Cosway et al. 2021). At the periphery, recognition
of foreign (i.e., non-self) peptides presented by self HLA during an infection or of allogeneic
peptides:HLA (pHLA) complexes in the context of a transplantation will lead to the specific
activation of effector T cells, see also in chapter 3.

Codominance, polygeny and polymorphism are three important characteristics of HLA genes.
These endow each individual in the population with the capacity to present a large and diverse
repertoire of peptides at the cell surface and thus the ability to mount effective adaptive immune
responses against most pathogens. It is well documented that HLA genes are the target of
natural selection, especially balancing selection acting on the maintenance of high levels of
genetic diversity (Meyer and Thomson 2001, Buhler and Sanchez-Mazas 2011, Sanchez-Mazas
and Meyer 2014, Marostica et al. 2022).

In addition to the presentation of antigens to T cells, some HLA-A and B and all HLA-C
molecules are ligands for Killer-cell immunoglobulin-like receptors (KIR) expressed at the
surface of Natural Killer (NK) cells. Thus, HLA class | molecules fulfill important biological
functions at the crossroad between innate and adaptive cellular immune responses (Horowitz et
al. 2016, Pende et al. 2019).

The characterization of HLA polymorphism first by serology and then using molecular typing
techniques has benefited from many technological developments (Baxter-Lowe 2021),
including the recent advent of next generation and third generation sequencing, i.e., NGS and
TGS, respectively (Bravo-Egana et al. 2021, Liu 2021). The choice of a genotyping
methodology will determine the level of resolution that can be attained, i.e., defined as low,
intermediate, high or allelic (Nunes et al. 2011). Because the HLA system is highly complex, a
nomenclature was established very early after its discovery to standardize the naming of alleles
and thus their usefulness for research and clinical applications (Hurley 2021).

Selection of donors and HLA matching

HLA incompatibilities represent the major genetic barrier in alloHSCT. In practice, donors can

be chosen among several alternatives that will determine the degree of compatibility and also

the probability to find such a donor (Tiercy 2016, Petersdorf 2017). In every family, Mendelian

inheritance of HLA haplotypes means that siblings have a 25% chance to be genotypically

identical to each other. HLA identical siblings are still considered the conventional optimal
10



choice for transplantation purposes (Tiercy 2016, Spellman 2022). In Europe or in the USA,
however, only about 30% of patients can benefit from such a donor. For the other patients,
alternative donors can be chosen among one or several of the following: a phenotypically
compatible unrelated adult volunteer donor (i.e., a matched unrelated donor or MUD), a
mismatched unrelated donor (MMUD), a haploidentical related donor (i.e., sharing one
inherited HLA haplotype with the patient) or a CBU. Recent overall survival data from the
Center for International Blood and Marrow Transplant Research (CIBMTR) suggest a hierarchy
for donor selection that prioritize HLA identical siblings, MUDs and then the different
mismatched donor sources (Spellman 2022). Similar trends are observed in Switzerland as
reported annually by the Swiss Blood Stem Cell Transplantation (SBST) group to the Federal
Office of Public Health, see also (Passweg et al. 2018). However, some practical considerations
such as rapid access to a suitable donor, stage of the underlying disease or other relevant clinical
parameters imply that the search strategy is often personalized for each patient.

Usually, when a matched relative cannot be proposed, the first choice is to consider a MUD
among the close to 40 million volunteer donors that are currently available in donor registries

around the world (https://statistics.wmda.info/). Indeed, despite the high levels of

polymorphism of HLA genes, it is very often possible to identify suitable donors outside of the
patient’s family, notably because some alleles are common in populations and because of the
significant linkage between loci (Sanchez-Mazas et al. 2017, Hurley et al. 2020). The current
gold standard for an unrelated donor is to consider a 8/8 or 10/10 match defined by high
resolution typing at HLA-A, B, C, DRB1 + DQBJ1, the latter locus usually not being considered
in the USA in contrast to Europe (i.e., in fact matching for DRB1 usually bring along a DQB1
match because of the strong linkage disequilibrium). When several equally matched donors are
available, non-HLA characteristics such as age, sex, CMV matching and ABO matching are
considered in the selection process (Booth et al. 2013, Kollman et al. 2016). In Switzerland, the
National Reference Laboratory for Histocompatibility (LNRH) based in Geneva is responsible
for providing a prediction to find a 10/10 MUD and a search strategy for every patient in need
of alloHSCT with an unrelated donor (Figure 2). As shown on the plot, more than 50% of
patients can benefit from at least one 10/10 MUD and for many patients the choice is even

possible among several equally well-matched donors.

For the remaining patients, novel strategies and protocols have improved the safety of transplant
procedures across the HLA barrier (Luznik et al. 2008, Al Malki et al. 2021, Shaw et al. 2021).

A 9/10 MMUD is thus often a possible alternative and is generally associated with good clinical

11
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outcome (Petersdorf 2016). It is also an option to consider a cord among the more than 800’000
CBUs registered across the world. One advantage of CBUs is that more HLA mismatches are
allowed due to the immaturity of the immune cells contained in the graft, but the limited
quantity of cryopreserved stem cells precludes this option for many adult patients (Gluckman
and Rocha 2009). As already mentioned, haploidentical donors have now supplanted CBUs in
the number of transplants, at least in Europe (Passweg et al. 2017). For any given patient, both
parents, one or several siblings (i.e., the chance of siblings sharing one haplotype is of 50%
according to Mendelian inheritance), a child or sometimes selected members of the extended
family can represent a suitable haploidentical donor depending on the actual consensus
recommendations (Ciurea et al. 2020). Yet, the optimal choice between a 9/10 MMUD, a

haploidentical donor or a CBU still remains a controversial issue (Spellman 2022).
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Figure 2: Probability of finding 10/10 unrelated donors in the WMDA database for alloHSCT recipients in
Switzerland between 2002 and 2021. The probability is either low (no 10/10 donor is expected), intermediate (1
to 5 donors are expected to be 10/10), or high (more than 5 donors are expected to be 10/10). The percent of
searches in each category is shown (personal contribution/material).

National and international guidelines for selecting the optimal donor among the different
alternatives described above have been provided and are regularly updated with new advances
in the field (Spellman et al. 2012, Little et al. 2016, Dehn et al. 2019, Little et al. 2021, Spellman

12



2022). Actually, the different donor options should be considered as complementary to each
other as they increase the likelihood that every patient in need of alloHSCT will have access to
a potentially suitable donor.

b. Minor histocompatibility antigens (MiHAS)
Even in the context of HLA compatible alloHSCT, achieving a proper balance between GVL
and GVHD remains a challenge (Warren and Deeg 2013). Indeed, donor alloreactive T cells
contained in the graft are able to recognize allogeneic peptides derived from minor
histocompatibility antigens that are loaded at the cell surface by self/compatible HLA class |
and Il molecules (Spierings 2014). For instance, acute GVHD occurs in more than 30% of grafts
with HLA identical siblings (Kanda et al. 2016, Martin et al. 2017), which should be attributable
to MiHA mismatching (Roy and Perreault 2017). The presence of one or several MiHAS is
anticipated between most if not all individuals (Martin et al. 2017), at the notable exception of
monozygotic twins (i.e., syngeneic graft), because of the extensive variation characterizing the
human genome (Genomes Project et al. 2015). More than 100 MiHASs have now been identified
(Oostvogels et al. 2014, Roy and Perreault 2017) and this number is expected to increase in the
future with the use of discovery approaches like whole genome association (WGA) scanning
(Griffioen et al. 2016). MiHAs can be encoded by genes located both on autosomal and sexual
chromosomes and are generated by diverse molecular mechanisms (Griffioen et al. 2016). Of
interest, the tissue distribution of MiHAs is an important factor regarding the possible
differential induction of GVL and GVHD and this has been considered as a potential
immunotherapeutic approach to treat hematological cancers (Warren and Deeg 2013, Griffioen
et al. 2016). In this regard, several clinical trials studying MiHAs and alloreactive T-cell
responses in alloHSCT have been performed (Spierings 2014). However, MiHA matching is
not part of the current strategies and guidelines for donor selection as it is practically not feasible

in most situations.

c. Matching and mismatching beyond the HLA gold standards
As described above, the type of donor selected for a graft will define the degree of compatibility
that can be achieved with the patient, but also the risks of complications post-alloHSCT. For
instance, well-matched unrelated donors present a higher risk of transplant-related mortality
than HLA identical siblings because they are often carriers of one or more HLA mismatches
outside of the 10/10 compatibility (e.g., HLA-DPB1 mismatches). Moreover, MiHASs spread
across the whole genome (see previous section) or non-HLA linked polymorphisms in the

13



extended MHC region could play a more important role in unrelated grafts than within the
family where chromosome 6 is identical between matched siblings and the rest of the genome
is expected to share more homology by descent. Indeed, it has been estimated that grafts from
unrelated donors harbor a twofold increase in the number of genome-wide MiHA disparities
compared to transplantation with matched siblings (Martin et al. 2017). Genome-wide and non-
HLA variation can be observed in the form of single nucleotide polymorphisms (SNPs),
expression quantitative trait loci (eQTL) or microsatellites (Mullally and Ritz 2007, Dickinson
2008, Bettens et al. 2012) and can affect gene products with immune related functions (Ishikawa
et al. 2002, Keen et al. 2004, Parmar et al. 2009, Carapito et al. 2016). Some studies have
reported a significant effect of SNPs within the MHC region on different clinical outcomes after
alloHSCT both with matched and mismatched unrelated donors (Petersdorf et al. 2012,
Petersdorf et al. 2013).

Looking at HLA genes, most algorithms for selecting unrelated donors now integrate matching
at HLA-DPB1 and sometimes also consider HLA-DRB3/4/5. Future extensions to other loci
like HLA-DQAL and DPA1 and systematic inclusion of DRB3/4/5 that are now routinely typed
in laboratories with the advent of NGS have been discussed (Figure 3). The first step will be to
confirm initial findings suggesting that differences at these loci could be relevant on a clinical
level (Detrait et al. 2015, Passweg et al. 2015, Petersdorf et al. 2022), similarly to what was
previously demonstrated and is still under examination for HLA-DPB1 (Petersdorf et al. 2001,
Shaw et al. 2007, Fernandez-Vina et al. 2013, Fleischhauer and Shaw 2017, Mytilineos et al.
2020, Petersdorf et al. 2020, Buhler et al. 2021).

When a 10/10 match is not possible, several considerations prevail (Petersdorf 2016, Tiercy
2016, Bertaina and Andreani 2018). Ideally, the number of HLA disparities should be restricted
to one, as the risk is incremental with each additional mismatch (Petersdorf 2008). In the 9/10
setting, HLA-DQB1 mismatches should be prioritized as these disparities have been associated
with better outcome than mismatches at HLA-A, B, C and DRB1 (Lee et al. 2007). Very recent
data suggest that the risk can be further stratified by looking at HLA-DQ heterodimers, thus
accounting for the variation presents both in HLA-DQAL1 and DQB1 genes (Petersdorf et al.
2022). Among HLA genes, HLA-B disparities are associated with the worst outcome, but the
risk can be stratified and minimized by considering matching for a dimorphism in the HLA-B
leader peptide or B leader (Petersdorf et al. 2020, Petersdorf et al. 2020, Sajulga et al. 2022).
The leader peptide is encoded by exon 1 (Figure 1) and is not expressed at the cell surface as
an integral part of HLA class I molecules. Rather, it is bound (or not depending on the

14



dimorphism) to the peptide binding groove of non-classical HLA-E molecules and presented to
receptors of the C-lectin superfamily (especially NKG2A) expressed on NK cells (Horowitz et
al. 2016, Rolle et al. 2018).

Current “gold standard” matching HLA-DPB1 matching Additional matching
10/10(or 8/8) 0,10r2 MM HLA-DRB3/4/57; DOA1?; DPA1?

él\ ﬁ In case only 9/10 matching s achievable él\

| F{ )Y - HLA-DQB1MM if possible, with further ()
|| N stratification according to HLA-DQ ‘:
il I heterodimers i
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Figure 3: Ongoing and possible future extensions of unrelated donor search algorithms to match additional loci
than the current HLA-A, B, C, DRB1 and DQB1 gold standard matching. In case it is only possible to achieve a
9/10 matching, several considerations prevail and are summarized in the figure (see the main text for more
details). MM: mismatch (personal contribution/material).

In addition, some HLA mismatches have traditionally been considered as permissive (i.e., they
induce no or only weak T-cell alloreactivity). The permissiveness has sometimes been validated
using in vitro cellular assays (Bettens et al. 2013, Joris et al. 2014, Bettens et al. 2016) or has
been predicted based on the localization of amino acid change(s) within the mismatched HLA
molecules and the retrospective analysis of their impact on clinical outcome in large cohorts
(Pasi et al. 2011, Fernandez-Vina et al. 2014, Tiercy 2014, Passweg et al. 2015, Petersdorf
2016). For instance, mismatches involving residues located outside of the peptide binding
region, having little influence on the peptide repertoire or thought not to be seen by the T-cell
receptor are usually considered as permissive in daily practice (Pidala et al. 2013). Other
permissive mismatches have been defined by biological models derived from in vitro
experiments (Zino et al. 2004, Crivello et al. 2015, Meurer et al. 2021) and then confirmed in
large retrospective clinical studies, such as the T-cell epitope (TCE) matching for HLA-DPB1

(Crocchiolo et al. 2009, Fleischhauer et al. 2012, Mytilineos et al. 2020).
Polymorphisms at close vicinity of HLA genes or located within untranslated regions can

influence the MRNA expression level of different alleles and thus possibly affect T-cell
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recognition of the encoded allotypes at the cell surface (Bettens et al. 2016, Petersdorf 2016,
Rene et al. 2016, Bettens et al. 2022, Johansson et al. 2022). Strong evidence supports a role of
HLA-DPBL1 allelic expression in the balance of risks between GVHD and relapse after HLA-
DP mismatched alloHSCT (Petersdorf et al. 2015, Petersdorf et al. 2020, Buhler et al. 2021),
while the possible relevance of HLA-C expression is more controversial (Petersdorf et al. 2014,
Morishima et al. 2016). HLA loci have been classified into high (HLA-A, B, C and DRB1) and
low (HLA-DRB3/4/5, DQ and DP) expression loci (HEL or LEL), respectively, with results
showing a deleterious effect on clinical outcome when a single HEL mismatch or several LEL

mismatches were present (Fernandez-Vina et al. 2013).

Other contributions in order to enhance HLA compatibility and reduce the burden of post-
alloHSCT complications have investigated matching for phased haplotypes (Petersdorf et al.
2007), frequent haplotypes (Morishima et al. 2010, Joris et al. 2013, Buhler et al. 2019), the
role of indirect presentation of HLA mismatched antigens to T cells by using the predicted
indirectly recognizable HLA epitopes algorithm or PIRCHE (Thus et al. 2014, Thus et al. 2014,
Thus et al. 2014, Geneugelijk et al. 2019, Buhler et al. 2021), as well as the use of ultrahigh
resolution typing (Mayor et al. 2015, Mayor et al. 2019).

Further considerations on improving clinical outcome with optimized HLA matching are
provided in two of the enclosed articles (Buhler et al. 2019, Buhler et al. 2021), see the
summaries on pages 23, 26-27 and the articles in the annexes (see also the aims of the thesis in
chapter 4). A perspective on this topic with additional references is included in the conclusion

chapter.

3. Immune reconstitution post-alloHSCT

a. Immune cell subsets, timeline of reconstitution and influential parameters
The recovery of a fully functional donor-derived immune system after alloHSCT is critical for
patient prognosis and central to the success of this cellular therapy. This will enable the
immunocompromised patient with protection against various and often opportunistic infections
and also possibly elicit a GVL curative response. Following the initial steps of conditioning and
graft infusion, immune cells recover according to different timelines that are influenced by
clinical variables like patient, donor and transplant characteristics as well as post-transplant
complications and interventions (Figure 4). This has been described extensively (Storek et al.
2008, Bosch et al. 2012, Ogonek et al. 2016), including with the use of novel and highly
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sensitive techniques (Stern et al. 2018). After an aplastic phase of about two weeks caused by
the conditioning and characterized by severe neutropenia (pre-engraftment phase), innate cells
reconstitute from engrafted donor CD34" stem cells in the following timeframe: neutrophils
(~15-30 days), monocytes, dendritic cells and NK cells (~1 month). NK cells represent the
dominant circulating lymphocyte population in the first three months following engraftment
and although they reconstitute quickly from a quantitative aspect, their functional recovery can
take up to several months (Stern et al. 2018). Regarding adaptive immunity, CD8" T cells
usually attain physiological values within the first year post-transplant, while CD4+ T cells do
not reach standard counts and full function before two years or even longer. The reconstitution
of the T-cell compartment is described more in details in the following chapter sections and has
been recently reviewed (Dekker et al. 2020). Humoral immunity provided by B cells is the
slowest to recover. Normal counts of B cells can be reached within 1-2 years, although different
populations recover according to different period of times, but their function often remain
compromised for much longer (Ogonek et al. 2016). This is partly due to the delayed recovery
of T cells and also because of long-term deficiencies in antibody class switching and diminished

somatic hypermutation in some patients.
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Figure 4: Schematic representation of the main steps of allogeneic hematopoietic stem cell transplantation and
the influential parameters associated with immune reconstitution after the procedure (personal
contribution/material).

The kinetics of immune recovery as well as immunological outcomes are influenced by the
clinical profile of the patient (e.g., age, sex, type of disease, treatments and comorbidities). They
17



also depend on the type of donor (Anasetti et al. 1989, Kollman et al. 2001, Baron et al. 20086,
Kollman et al. 2016, Baumeister et al. 2020) and are associated to some transplant factors
(Figure 4). Notably, it is well established that the source of stem cells, including total nucleated
cell (TNC) dose and the number of CD34" cells within the graft, is an important factor
contributing to the pace and pattern of reconstitution (Seggewiss and Einsele 2010, Martin et
al. 2016). Post-transplant complications like GVHD, viral reactivations, infections and relapse
of malignancy will also depend on the type of graft, as PBSC, BM and CBU will differ
regarding infused T cells both in quantitative and qualitative aspects (Ogonek et al. 2016). The
conditioning regimen (Gyurkocza and Sandmaier 2014), graft manipulations such as T-cell
depletion (Vadakekolathu and Rutella 2017) and immunosuppression are other important
parameters that can impact the post-transplant course. In the context of haploidentical grafts, a
limited number of studies have shown that the immune reconstitution of distinct cell subsets
sometimes differ significantly from the kinetics well-established in the HLA matched setting.
Both faster and delayed recoveries have been reported depending on the type of cells analyzed
or on the study, as reviewed in Baumeister et al. (2020). However, the authors also argue that
the type of haplo-platform used as well as the GVHD prophylaxis could explain a substantial
part of the observed differences (e.g., T-cell replete grafts combined with subsequent in vivo T-
cell depletion or T-cell depleted grafts with ex vivo manipulations).

Assessment of immunological recovery is an integral part of the clinical follow up of patients
after transplantation. This allows to monitor the risks of complications and guide the need for
interventions (Stern et al. 2018). Recent technological developments such as mass cytometry
(cytometry by time of flight or CyTOF) that enables the simultaneous monitoring of a large
number of immune cells, in combination with protein profiling, are paving the way to improve
standard of care and post-HSCT follow-up (Lakshmikanth et al. 2017). In addition, a
complementary approach to the system-level analyses provided by CyTOF is the in-depth
examination of the T-cell repertoire and its reconstitution after alloHSCT using high throughput
sequencing of the T-cell receptor (TCR) also called immunosequencing (Robins 2013, Six et
al. 2013, Heather et al. 2018).

b. Reconstitution of the T-cell compartment

Several studies have shown that lymphocyte recovery in terms of absolute count in the first
trimester after alloHSCT is a major determinant of patient outcome (Kim et al. 2004, Savani et

al. 2007, Le Blanc et al. 2009). After the conditioning regimen, homeostatic proliferation of
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mature donor T cells infused with the graft transiently fills the void in the T-cell compartment
(Figure 4). Homeostasis controls the size of the T-cell pool and is a tightly regulated process
mediated by internal stimuli including cytokines and the presentation of self pHLA complexes
to the TCR (Jameson 2002). The composition of the T-cell repertoire at that stage is also
reflecting peripheral cytokine-driven expansions of mature donor T cells (and possibly of some
residual recipient cells), both from the naive and memory compartments, after their encounter
with foreign antigens (Berard and Tough 2002, Macedo et al. 2009, Allen et al. 2011). Notably,
alloreactive T cells can recognize alloantigens (i.e., mismatched HLA or MiHAS) and pathogen-
specific T cells can react to latent virus present in the recipient such as Cytomegalovirus (CMV)
and Epstein-Barr virus (EBV). This thymus-independent pathway is linked to the so-called
functional diversity of T cells (Figure 5). It usually results in a skewed and constricted repertoire
that is closely associated with infections and GVHD (Mackall et al. 1996, Suessmuth et al.
2015, Ogonek et al. 2017, Inman et al. 2018, Phan et al. 2018).
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Figure 5: The T-cell repertoire and the main mechanisms shaping its diversity, partly adapted from Nikolich-
Zugich et al. (2004).

Subsequently, de novo production of naive T cells will start in the thymus following the
migration of lymphoid precursors derived from the graft (Cosway et al. 2021). This thymus-
dependent pathway is expected to restore a structurally broad, tolerant and fully responsive

repertoire (Figure 5). However, the thymus is highly sensitive to the independent or combined
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effects of conditioning, immunosuppression, infectious episodes and acute GVHD, which could
impair the proper reconstitution of the repertoire (Weinberg et al. 2001, Chaudhry et al. 2017,
Velardi et al. 2021). It is also anticipated that age of the recipient affects T-cell neogenesis
(Hakim et al. 2005, Mittelbrunn and Kroemer 2021). Age of the donor is another important
parameter that has been shown to delay immune recovery (Baron et al. 2006). In addition,
clinical interventions such as antithymocyte therapy (Link-Rachner et al. 2018) or prophylactic
drugs like letermovir inducing a reduced CMV exposure (Zamora et al. 2021) could have some

influence on the shape of the repertoire.

The mechanisms of T-cell reconstitution post-alloHSCT and the influence of clinical
parameters (including HLA matching) were recently investigated by immunosequencing in a
large cohort of 116 patients transplanted in Geneva and in their corresponding donors (Buhler
et al. 2020). More details on this study can be found in the summary on pages 24-25 and in the

annexed article (see also the aims of the thesis in chapter 4).

c. The alloreactive T-cell repertoire

The different mechanisms driving the constitution and composition of the T-cell repertoire at
the periphery have been described (Berard and Tough 2002, Allen et al. 2011). In the setting of
alloHSCT, alloreactive donor T cells can proliferate following direct or indirect recognition of
HLA mismatches (Geneugelijk et al. 2014) or after recognizing peptides derived from MiHAS
and presented by self/compatible HLA molecules. The cognate interactions involving highly
polymorphic HLA molecules presenting very diverse repertoires of self and non-self peptides
on antigen presenting cells to somatically rearranged TCRs expressed on T lymphocytes
underlies the potential of T cells for alloreactivity (Felix and Allen 2007). Up to 102 T cells
circulate in the adult body with a naive repertoire constituted by more than 108 distinct TCR
clones (Nikolich-Zugich et al. 2004, Attaf et al. 2015). Yet, this diversity is dwarfed by the vast
array of peptides that T cells must recognize (Sewell 2012). Thus, in order for adaptive
immunity to operate, the basis of pHLA-TCR interactions has been described as flexible and
crossreactive (Yin and Mariuzza 2009). For instance, it has been shown that up to one million
peptides can be specifically recognized by a given TCR (Wooldridge et al. 2012), while many
distinct TCRs should be able to recognize the same antigenic peptide (Vujovic et al. 2020). A
delicate balance between specificity and degeneracy defines T-cell epitopes, with key peptide

residues in contact with the TCR constraining cross-reactivity and flexibility being allowed at
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other less important positions (Birnbaum et al. 2014). This promiscuity of pHLA-TCR
interactions is the main culprit of T-cell mediated alloreactivity in combination with the fact
that TCRs potentially reactive to HLA allotypes are not eliminated by negative selection in the
thymus (DeWolf and Sykes 2017). Studies have demonstrated that virus-specific memory T
cells can strongly cross-react with alloantigens (Degauque et al. 2016, D'Orsogna et al. 2017)
and that a high proportion (probably more than 10%) of TCRs are alloreactive (DeWolf et al.
2018), with both memory antiviral and naive T cells contributing significantly (Macedo et al.
2009, Benichou et al. 2017, Dekker et al. 2022). Interestingly, the breadth of the alloreactive
repertoire against different HLA allotypes was very similar and diverse despite different levels
of alloreactivity as measured by the frequency of CD4"CD137* lymphocytes in cell cultures
(Arrieta-Bolanos et al. 2018).

Other recent data suggest that the alloimmune response occur very early after transplantation,
with a polyclonal TCR repertoire observed after two weeks in autografts compared to
oligoclonal profiles in allografts. Moreover, the patients that subsequently developed acute
GVHD were characterized by a restricted TCR repertoire in term of diversity (Inman et al.
2018).

By combining one-way mixed lymphocyte reactions (MLR) with selected HLA class |
mismatches and immunosequencing of the responding T cells, we have investigated the
alloimmune response and whether it could be predictable as described on page 28 and in the

annexed article (see also the aims of the thesis just below).

4. Aims of this thesis

As mentioned above, a main mission of the National Reference Laboratory for
Histocompatibility is to provide a report to the Swiss Blood Stem Cell (SBSC) registry and the
four allogeneic transplant centers located in Geneva, Basel and Zurich for the optimal HLA
based selection of unrelated donors for residents in need of alloHSCT. The laboratory is thus
actively involved since many years in groups like the International Histocompatibility Working
Group in Hematopoietic Cell Transplantation (IHWG-HCT) which purpose is a collaborative
effort to increase the availability and efficacy of hematopoietic stem cell transplantation from
alternative donors through an improved understanding of the genetic barrier (Petersdorf et al.
2013, Petersdorf et al. 2020, Petersdorf et al. 2020, Petersdorf et al. 2022). The laboratory also

maintains a large database including all patients from Switzerland who have been transplanted
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with unrelated donors. This large cohort has allowed to perform retrospective analyses on
clinical outcome and HLA matching. This has led to improvements in the strategy for unrelated
donor selection in Switzerland such as the early introduction of prospective HLA-DPB1
genotyping (Bettens et al. 2012) or the prioritization of mismatches considered as more
permissive (Passweg et al. 2015). More recently, the cohort was investigated to validate
algorithms that were proposed in the literature regarding matching for HLA haplotypes (Buhler
et al. 2019) and biological models to predict HLA-DPB1 permissive mismatches (Buhler et al.

2021). Both articles are summarized below and are enclosed in the annexes.

Thanks to the access to samples from all recipients and donors and its expertise in cellular and
molecular biology, the laboratory is exploring other aspects of the HLA polymorphism and
their translational application to alloHSCT. Notably, we investigated the regulation of HLA
class | expression using RNA sequencing and by performing unstimulated and cytokine-
stimulated cell cultures (Bettens et al. 2022). We also examined the alloreactive T-cell
repertoire using in vitro stimulation of T lymphocytes with a set of selected HLA disparities
and by performing immunosequencing of the responding alloreactive clonotypes (Bettens et al.

2020). Both articles are summarized below and are enclosed in the annexes.

In addition, since several years the laboratory is interested by the TCR repertoire reconstitution
after alloHSCT. Allografts represent a unique model in humans to study the dynamics of the
reconstituting repertoire and to disentangle the different mechanisms that drive and shape its
composition. On the clinical side, it is important to characterize the main factors associated with
the repertoire’s diversity and the parameters that could impact alloHSCT outcome (Buhler et

al. 2020). The article is summarized below and is enclosed in the annexes.

To resume, the thesis explores several of the latest advances in transplantation immunology,
histocompatibility and immunogenetics, both at the pre and post-transplantation stages, with
the goal to better monitor and predict clinical outcome as well as to translate these results to the

standard of care for alloHSCT patients.
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Summary of article 1

High resolution HLA phased haplotype frequencies to predict the success of unrelated
donor searches and clinical outcome following Hematopoietic Stem Cell Transplantation
S. Buhler, H. Baldomero, S. Ferrari-Lacraz, J.M. Nunes, A. Sanchez-Mazas, S. Massouridi-
Levrat, D. Heim, J. Halter, G. Nair, Y. Chalandon, U. Schanz, T. Glingér, G. Nicoloso, J.-M.
Tiercy, J. Passweg, J. Villard

Bone Marrow Transplantation (2019); 54: 1701-1709

The current strategy for selecting unrelated donors in alloHSCT is to achieve a 10/10 HLA
phenotypic match based on high resolution typing at HLA-A, -B, -C, -DRB1 and -DQB1. Some
studies have proposed that further matching at the genotypic level (i.e., matching for both
haplotypes carried by the donor and recipient) could be beneficial to improve patient prognosis.
The underlying concept is that by matching for haplotypes the probability is increased that other
polymorphic genes and minor histocompatibility antigens located in the MHC region will also
be matched because of the strong linkage disequilibrium in this part of the genome, thus
improving the genetic compatibility between donor and recipient.

In this study, we determined the high resolution phased HLA haplotypes of 291 patients from
Geneva by segregation analysis with family relatives. We then assessed whether haplotypes
could be used as a surrogate predictor of a successful unrelated donor search. A sample of 211
patients who received a graft from a 10/10 matched unrelated donor (i.e., comprising 101
patients from the initial cohort and additional patients from two other Swiss transplant centers)
was subsequently analyzed to investigate a putative impact of haplotypes on overall survival,
GVHD and relapse/progression.

We could confirm that the probability of finding a 10/10 matched donor in the World Marrow
Donor Association registry is determined by the ranks of the haplotypes carried by the patient.
Such predictions are important to define the optimal strategy to select the best suitable donor
among several alternatives (i.e., a matched or mismatched unrelated donor or a haploidentical
donor). Regarding clinical outcomes, we did not find a significant impact of haplotypes. The
controversial effect of haplotypes in different cohorts could be related to heterogeneities
between studies at defining common haplotypes, differential impacts of haplotypes in
populations with variable levels of HLA diversity, HLA loci not considered in the phased
haplotypes such as HLA-DPB1 or a lack of statistical power due to the extreme polymorphism

observed in the HLA region.

23



Summary of article 2

Genetic T-cell receptor diversity at 1 year following allogeneic hematopoietic stem cell
transplantation

S. Buhler, F. Bettens, C. Dantin, S. Ferrari-Lacraz, M. Ansari, A.C. Mamez, S. Masouridi-
Levrat, Y. Chalandon, J. Villard

Leukemia (2020); 34: 1422-1432

As stated in the introduction, the recovery of a fully functional immune system after alloHSCT
is essential for patient prognosis. Several events such as conditioning, infections, especially by
viruses, and graft-versus-host disease can influence the reconstitution of a new T-cell repertoire,
a process that can take up to one or two years after engraftment. Recently, post-transplant
monitoring of the TCR repertoire has gained ground as a strategy to improve standard of care
of allograft recipients. This has notably been made possible thanks to the development of high
throughput sequencing protocols that allow the simultaneous analysis of tens or hundreds of
thousands of T-cell clonotypes.

In this study, we analyzed the TCR CDR3 region by immunosequencing in a large cohort of
116 full chimeric recipients at one year post-HSCT and their donors collected just before
transplantation. We first investigated the extent of TCR repertoire overlap between donor and
recipient. We could show that the overlap is actually very low, an observation suggesting that
the repertoire is principally reconstituted de novo despite the presence of large amounts of donor
T cells in the graft. We then assessed which clinical parameters were associated with the
significant reduction in diversity that was observed between pre and post-HSCT repertoires in
most donor/recipient pairs. Among the more than 20 parameters surveyed, only four yielded a
significant association: age of the recipient, age of the donor, the CMV serologic status of both
donor and recipient and CMV infection/reactivation in the recipient after transplantation.
Indeed, increasing age, CMV seropositivity of donor and recipient (i.e., D*/R*) and the
detection of CMV DNA in plasma of recipients with or without symptoms independently led
to a shift of the repertoire diversity toward oligoclonality at one year post-HSCT. We could also
show that CMV-specific clonotypes were enriched after HSCT, especially in case of a CMV
infection/reactivation. Another outstanding feature of the post-HSCT repertoire was the
presence of dominant clonotypes of unknown specificity exhibiting highly expended
frequencies. These clonotypes were overrepresented in D*/R pairs and in recipients suffering

from severe acute GVHD. We speculated that these clonotypes of unknown specificity can be
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truly CMV specific but are not yet characterized. Alternatively, they could represent bystander
nonspecific T cells triggered by inflammatory cytokines secreted during the alloimmune
response or a CMV infection. Interestingly, the diversity of the repertoire at one year was not
predictive of subsequent clinical events.
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Summary of article 3

Analysis of biological models to predict clinical outcomes based on HLA-DPB1 disparities
in unrelated transplantation

S. Buhler, H. Baldomero, S. Ferrari-Lacraz, A.-C. Mamez, S. Masouridi-Levrat, D. Heim, J.
Halter, G. Nair, Y. Chalandon, U. Schanz, T. Gungor, G. Nicoloso, J.R. Passweg, J. Villard
Blood Advances (2021) 5: 3377-3386

As described in the introduction, the current gold standard in unrelated HSCT is to achieve a
10/10 match between donor and recipient (i.e., compatibility at HLA-A, -B, -C, -DRBL1 and -
DQB1). Nowadays, prospective typing has allowed to optimize donor selection for another
important HLA gene, the DPB1 locus located in the class Il region. Several studies have shown
that HLA-DPB1 mismatches are associated to an increased risk of GVHD but this risk is
counterbalanced by a reduced occurrence of relapse. Although for many patients it is now
possible to identify donors that are matched for both DPBL1 alleles (i.e., 12/12 match), a
substantial number of patients don’t have a donor that is fully matched at this locus. For this
reason, several biological models have been proposed to identify so-called permissive
mismatches (i.e., inducing no or less harmful effects such as acute GVHD). One model is based
on the immunogenicity of DPB1 mismatches defined by T-cell epitopes (TCE). Another model
is based on the level of cell surface expression of DPB1 molecules defined by a polymorphism
located in the 3” untranslated region of the gene. Finally, a third model is based on the indirect
recognition of allogeneic peptides derived from mismatched HLA molecules (Predicted
Indirectly ReCognizable HLA Epitopes, PIRCHE).

In this retrospective study, we compared clinical outcomes for the classical allele matching
model and the three biological models in a large number of patients (n=909) of the Swiss cohort
who received a 10/10 matched allograft between 2008 and 2018. We could demonstrate that
the best option to prevent acute GVHD remains the selection of a 12/12 donor. In addition,
when a donor with one DPB1 allele mismatch was considered, the lowest risk of acute GVHD
was when the mismatch involved an allele with a low expression profile in the recipient,
followed by a permissive TCE mismatch and the absence of PIRCHE I (i.e., allogeneic HLA-
derived peptides presented in HLA class Il). For situations with two DPB1 mismatches, a
permissive TCE mismatch and no potential for PIRCHE Il against the recipient were favorable
constellations. The expression model was not considered as it has been conceived only for

situations involving one mismatch. In addition, the balanced risk between acute GVHD and
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relapse was observed in all statistical models that were explored. In conclusion, this study points
toward an integrative donor selection strategy that combine biological models with classical
matching in order to improve post-HSCT complications and patient prognosis.
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Summary of article 4

CD8+ T-cell repertoire in HLA class I-mismatched alloreactive immune response
F. Bettens, Z. Calderin Sollet, S. Buhler, J. Villard
Frontiers in Immunology (2021); 11, 588741

Direct allorecognition of nonself pHLA complexes at the cell surface by T cells involves
multifaceted ligand-receptor cognate interactions. It is proposed that up to one-tenth of
circulating T cells are alloreactive, notably due to their intrinsic crossreactive potential. In
alloHSCT, this dynamic process can be associated to the beneficial GVL effect but can also
lead to GVHD.

In this study, we used one-way MLRs to define the TCR CDR3p repertoire of alloreactive
cytotoxic CD8" responder T cells. These cells were defined by the cell surface expression of
CD137 and were triggered with different combinations of HLA mismatched stimulatory cells.
In order to control for HLA disparities, we used responder and stimulatory cells collected from
distinct healthy blood donors with the same mismatched HLA molecule(s) as well as MLR
replicates. To mimic in vivo inflammatory processes, we upregulated the cell surface expression
of HLA class | molecules with pro-inflammatory cytokines TNFa and IFN.

We could show that stimulatory cells carrying the same HLA mismatch induced alloreactive
CD8'CD137" cells with very different repertoires in distinct responders phenotypically
matched for HLA. Moreover, stimulatory cells with the same HLA background induced very
different repertoires of alloreactive cells CD8"CD137* in the same HLA mismatched responder.
Also, the repertoires differed significantly when the same responder cells were induced with
stimulatory cells with or without upregulated cell surface expression of HLA class | antigens.
Interestingly, the presence of many HLA mismatches induced a more diverse alloreactive
repertoire than stimulatory cells carrying only one or a few alloantigens. In conclusion, our data
demonstrate that the repertoire of alloreactive cytotoxic T cells is very diverse and that their
expansion is hardly predictable following stimulation with alloantigens, even when controlling
for HLA disparities. Tailoring the alloimmune response remains a major challenge in HLA
mismatched alloHSCT.
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Summary of article 5

Regulation of HLA class | expression by non-coding gene variations
F. Bettens, H. Ongen, G. Rey, S. Buhler, Z. Calderin Sollet, E. Dermitzakis, J. Villard
PloS genetics (2022); 18: 1010212

The degree of matching at highly polymorphic HLA genes is critical for different outcomes
after solid organ and hematopoietic stem cell transplantation. The impact of allelic diversity on
the cell surface expression of MHC molecules and the putative role of expression on clinical
outcomes remain under investigation in the context of the alloimmune response between donors
and recipients.

In this study, we quantified the allelic expression of HLA class I loci (HLA-A, B and C) by
RNA sequencing and conducted an analysis of expression quantitative traits loci (eQTL) to
investigate whether HLA expression regulation could be associated with non-coding gene
variations. To mimic the pro-inflammatory environment that underlies the post-transplantation
setting, we stimulated peripheral blood mononuclear cells (PBMCs) with cytokines TNFa and
IFNP before quantifying the expression.

We could demonstrate that HLA-B alleles exhibit the highest levels of expression followed by
HLA-C and HLA-A alleles. Interestingly, the results suggested a coordinated and paired
expression of both alleles at each locus in every individual. The analysis of individuals carrying
common and conserved HLA class | haplotypes showed that the differences in expression were
mostly determined at the individual level. The cytokine-induced upregulation of HLA class |
RNA and cell surface expression did not change the coordinated profiles of allelic expression
observed in all individuals. We identified cis eQTLs explaining 29%, 13%, and 31% of the
respective variance in HLA-A, B, C expression in unstimulated cells and 9%, 23%, and 50%
of the variance in cytokine-stimulated cells, respectively. The identified eQTLs were shown to
be independent from the coding variation in HLA alleles and thus may influence the intra-allelic

variability in expression although they might not represent the causal eQTLs.
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Conclusions and perspectives

The field of alloHSCT has greatly benefited from progresses in medicine and new technological
developments. This encompasses the possibility of fast and multiplexed allelic/high resolution
typing of all HLA genes in histocompatibility laboratories (Barone et al. 2015, Mayor et al.
2015, Monos and Maiers 2015, Bravo-Egana et al. 2021, Liu 2021), the accessibility to millions
of well-typed volunteer adult donors with improved matching prediction algorithms, see (Dehn

et al. 2016) or https://searchmatch.wmda.info/, as well as new tailored post-transplantation

interventions like chimeric antigen receptor (CAR) T cells, donor lymphocyte infusion (DLI),
virus specific T cells (VST), regulatory T cells (Treg), tumor infiltrating lymphocytes (TILS)
and new drugs like monoclonal and bispecific antibodies (Chabannon et al. 2018, Brown and
Mackall 2019, Ma et al. 2021). Furthermore, a better understanding of the genetic barrier, as
introduced in the first chapter of this thesis and discussed hereafter, and new strategies and
protocols to control post-transplant complications like the wuse of post-transplant
cyclophosphamide (PT-Cy) as GVHD prophylaxis have considerably improved the safety of
alloHSCT.

The introduction of an intensive PT-Cy based prophylaxis in the setting of haploidentical grafts
(O'Donnell et al. 2002, Luznik et al. 2008), as a way to induce a strong immune tolerance by
“erasing” the HLA barrier, is frequently considered the most important advance within the past
15 years for alloHSCT (Mussetti et al. 2021). It enabled haploidentical transplantation to
achieve comparable results to grafts from matched unrelated donors receiving a traditional
GVHD prophylaxis (Ciurea et al. 2015). This opened a debate regarding which type of donor
is a better choice. Notably, it was argued that clinical endpoints like engraftment, relapse and
GVHD or parameters such as donor availability and rapid access to a suitable donor are also
important to consider besides the initial good results on overall survival, with some favoring
MUDs and others supporting related haploidentical donors as a better alternative (Fuchs 2017,
Shaw 2017). This remains a hot topic in the community to these days (Lalli 2023). Furthermore,
since the very promising results led to the widespread use of haploidentical donors (Passweg et
al. 2017), a legitimate question was what to expect from this efficient protocol in grafts with
MUD, in whom significant risks of acute GVHD persist despite standard GVHD prophylaxis
(Bacigalupo 2021). A recent study provided some clues by comparing both types of donors in
patients with acute leukemia or myelodysplastic syndrome and receiving the same PT-Cy

prophylaxis (Gooptu et al. 2021). The main conclusion was that HLA compatibility remains a
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crucial parameter, as the risks of acute GVHD were decreased, while disease-free and overall
survival were higher with MUD compared to haploidentical donors. Interestingly, the reduction
of GVHD was not accompanied by a higher risk of relapse in this cohort. In two other studies,
the data were partially but not fully concordant with the results of Gooptu et al (2021).
Haploidentical grafts were associated with increased risks of GVHD and nonrelapse mortality
(NRM), but with lower relapse incidence resulting in no difference in survival compared to
MUD or matched sibling donors (MSD) in patients with AML (Sanz et al. 2020), while no
differences among the three donor groups were observed in patients with ALL (Sanz et al.
2021). In another cohort, the impact of the source of stem cells was investigated and associated
with a similar survival but lower risks for acute and chronic GVHD in haplo-BM compared to
MUD-PBSC grafts (Nagler et al. 2021). Clinical trials with PT-Cy have also been extended to
mismatched unrelated donor transplants, with the goal to increase access to alloHSCT for more
patients (Al Malki et al. 2021, Shaw et al. 2021, Battipaglia et al. 2022).

Although the type of disease, source of stem cells, studied cohort and probably many other
parameters are influential on the clinical endpoints as illustrated above, HLA still matters for
predicting and minimizing post-transplant risks in alloHSCT despite the availability of PT-Cy
prophylaxis (Bacigalupo 2021, Gooptu et al. 2021, Fleischhauer 2022, Fuchs et al. 2022,
Spellman 2022). Besides the gold standard matching at the genotype (i.e., in HLA identical
grafts with MSD) or phenotype levels (i.e., in 10/10 grafts with MUD), several other possible
approaches to achieve a better genetic compatibility have been investigated in recent years, as
described in the introduction. Some approaches are not straightforward or feasible to implement
in the routine or have simply not led to consensual recommendations, like matching for HLA
haplotypes (Tay et al. 1995, Petersdorf et al. 2007, Morishima et al. 2010, Joris et al. 2013,
Buhler et al. 2019).

By contrast, the importance of HLA-DPB1 matching has been and still is comprehensively
investigated with contributions of various teams and under the guidance of international
collaborative efforts. A significant role of mismatches at this locus has been described since a
long time (Petersdorf et al. 2001, Shaw et al. 2007, Shaw et al. 2007, Fleischhauer and Shaw
2017). Although upfront HLA-DPBL1 typing now allows to identify 12/12 matched unrelated
donors for a substantial number of patients, around 60 percent of patients currently don’t benefit
from such donors (Buhler et al. 2021). This has led to other strategies to define some levels of
biological permissiveness when one or two DP mismatches cannot be avoided. Three main

models have been examined and are discussed hereafter (for additional details see also our

31



annexed article). Currently, the TCE model is the most used and it has been integrated in several
donor algorithms such as HapLogic (Dehn et al. 2016), OptiMatch or Hap-E
(https://searchmatch.wmda.info/). It is applicable to every DP mismatch constellation (i.e., one

or two mismatches, either bidirectional or in the graft-versus-host and host-versus-graft
direction). It has been validated in large retrospective cohorts (Crocchiolo et al. 2009,
Fleischhauer et al. 2012, Pidala et al. 2014, Lorentino et al. 2019, Mytilineos et al. 2020,
Petersdorf et al. 2020, Buhler et al. 2021) and has been continuously upgraded with new data,
notably coming from in vitro experiments. For instance, the initial model was mainly based on
the concept of direct allorecognition of T-cell epitopes on different DP molecules (Zino et al.
2004, Zino et al. 2007) and the permissiveness of groups of alleles defined by amino acid
sequence similarity at specific positions of the peptide binding region (Crivello et al. 2015,
Crivello et al. 2016). More recent analyses suggest a significant role of the immunopeptidome
presented by HLA-DP molecules (Meurer et al. 2021). Moreover, a core group of alleles with
structural similarity in the peptide binding region was defined as a main driver of
permissiveness in DP mismatched allografts (Arrieta-Bolanos et al. 2022). The TCE model has
been significantly associated to different clinical endpoints such as survival, TRM, acute
GVHD and relapse, although with some heterogeneity among the studies cited above.

In parallel, the HLA-DPBL1 expression model has been gaining more attention as it can now be
predicted for most DPBL alleles (Schone et al. 2018) and has proven to be informative of the
balanced risks between relapse and GVHD in several independent cohorts (Petersdorf et al.
2015, Lorentino et al. 2019, Petersdorf et al. 2020, Buhler et al. 2021). Actually, in the Swiss
cohort, the expression model was more informative than the TCE model to predict post-
transplant risks and is considered first in the LNRH algorithm for the selection of unrelated
donors with a mismatch at the HLA-DPB1 locus. However, one limitation is that it can only be
considered in situations of a single mismatch with a graft-versus-host vector (i.e., in practice it
is only applicable to patients who have one high expressed allele matched and one low
expressed allele mismatched with their respective donors). In addition, the PIRCHE model is
intriguing for predicting outcome in DP mismatched allografts (both with one or two
mismatches, but only in the graft-versus-host direction), as shown by our study and the initial
analysis performed in a small cohort of patients (Thus et al. 2014).

Since there are several possible and non-mutually exclusive ways of looking at the
permissiveness of HLA-DPB1 disparities, this has raised several questions. Which approach is
the most informative, if any? Are the models acting synergistically or independently from each
other? Are the effects additive and is it possible to combine the different models to improve
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risk prediction? One difficulty to answer these questions is that there is a non-negligible overlap
between the three models (i.e., mismatches conferring a high risk in a given model are often
expected to do the same in the other models), as shown by us and others (Fleischhauer 2015,
Meurer et al. 2018, Buhler et al. 2021). Individual analyses of both the TCE and expression
models and their direct comparison in several studies have not allowed to clarify whether they
can be integrated and if their integration results in a better prediction of post-transplant risks
(Morishima et al. 2018, Lorentino et al. 2019, Mytilineos et al. 2020, Petersdorf et al. 2020,
Buhler et al. 2021). A very recent study has tried to address these questions and suggest that
donor/recipient pairs belonging to the subset carrying a TCE-permissive mismatch combined
with a high expressed mismatch (abbreviated as TPHE) are associated with better relapse-free
survival compared to matched and non-TPHE mismatched pairs (Ruggeri et al. 2023). Here the
hypothesis is that both models synergize in the context of TPHE mismatches. Alloreactive T
cells in the TCE-permissive setting, i.e., characterized by a constrained TCR repertoire and
having a mitigated potential for causing GVHD but some capability to promote GVL
(Fleischhauer and Beelen 2016, Fleischhauer and Shaw 2017, Meurer et al. 2021), are most
effective in presence of the high cell surface expression of a DP mismatch on malignant cells.
However, this hypothesis remains to be formally demonstrated in additional studies (Pidala and
Anasetti 2023).

A significant part of this discussion is focusing on the HLA-DPB1 paradigm. Looking from the
histocompatibility perspective, we believe that it nicely illustrates the different innovations and
progresses that have been made and are still needed to overcome HLA disparities and improve
patient’s prognosis. It is also paving the way for future works aimed at defining donors with
optimized pre-transplant immunogenetic markers. Indeed, once the importance of genetic
compatibility was demonstrated at this locus and as we have seen, the biology of HLA-DPB1
disparities was dissected under different angles and by integrating several theoretical aspects of
allorecognition, notably the direct and indirect pathways. The different models have also been
continuously updated with new data in the field, improved by new technological developments
and comprehensively investigated using elegant in vitro assays. This has allowed to
contemplate an integrative algorithm of permissive matching at the HLA-DPB1 locus (Ruggeri
et al. 2023). This algorithm is still under refinement and will certainly be even more tailored to
patient’s benefits with validation data from future international collaborations (Pidala and
Anasetti 2023). The consideration and integration of complementary matching/permissiveness
models like PIRCHE should also follow soon as suggested by our study in the Swiss cohort and
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the initial study of Thus et al (2014). Several studies supporting the use of PIRCHE in other
alloHSCT settings like 9/10 allografts (Thus et al. 2014, Ayuk et al. 2019, Geneugelijk et al.
2019, Stenger et al. 2020) and haploidentical grafts (Rimando et al. 2020, Grubic et al. 2022)
have already been published.

Recently, a study in a cohort of patients treated by haplo-PT-Cy reported no effect of the number
of HLA mismatches but a significant association of the TCE and B leader models as well as the
choice of the mismatched locus (i.e., DRB1 mismatch and DQB1 match) with different clinical
endpoints (Fuchs et al. 2022). A web tool where relevant clinical and HLA characteristics can
be entered to predict disease-free survival (DFS) for any given patient was developed and is

publicly available (http://haplodonorselector.b12x.org/v1.0/). This latest study is in line with

the prevailing concept of adjusting and optimizing but not totally erasing the HLA barrier in an
integrative way and in different transplant settings to support donor selection, here
haploidentical grafts where patients often have several potential family donors (Fleischhauer
2022). Of note, the immune escape mechanism of acute myeloid leukemia (but also of other
cancer cells) called HLA loss that has been described after alloHSCT with haploidentical
relatives but also with MSD, MUD and MMUD will have to be somehow accounted for by
future donor selection algorithms (Christopher et al. 2018, Toffalori et al. 2019). Notably, the
role of individual HLA heterogeneity in the context of cellular immune evasion in cancer has
been discussed (Pagliuca et al. 2022). These different data also show that models initially
developed to answer specific needs and questions like the TCE, PIRCHE or the B leader can
be extended to other clinical settings and are informative too. Another example is the
importance of the immunopeptidome at determining T-cell alloreactivity against HLA-DPB1
mismatches that has just been translated to HLA class | mismatched allografts and shown to be

clinically relevant (Crivello et al. 2023).

Regarding the B leader matching model (Petersdorf et al. 2020, Petersdorf et al. 2020), it is
expected to influence the alloreactivity of another important immune cell subset, namely the
NK cells. As briefly introduced in the first chapter of this thesis, the NK alloimmune response
in such a constellation could be driven through HLA-E:CD94/NKG2A interactions or lack
thereof (Rolle et al. 2018). Indeed, NK cells are capable of detecting the absence of HLA class
I molecules on the surface of target cells (i.e., missing self) or alterations in the peptidome
presented by HLA class | molecules (i.e., altered self) via a large set of germline—encoded
activating and inhibitory receptors (Hilton and Parham 2017, Carrillo-Bustamante et al. 2018).

Two schools of NK cells education have been proposed (Horowitz et al. 2016), one implicating
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HLA-E and CD94/NKGDA and the other involving KIRs and their HLA class I ligands (Hilton
and Parham 2017, Parham and Guethlein 2018). The different molecular mechanisms
underlying NK cell alloreactivity are complex and not fully understood at the moment (Hamada
et al. 2021). In alloHSCT, this concept has predominantly been observed with haploidentical
grafts (Ruggeri et al. 2002, Zhao et al. 2014, Locatelli et al. 2018, Pende et al. 2019, Shimoni
et al. 2019), but also in transplantation with other types of donors (Cooley et al. 2009, Cooley
etal. 2010). HLA-E and NKG2A, which clusters in the Natural Killer Complex on chromosome
12, are highly conserved and present a system for the “gross” detection of HLA class I cell
surface expression (Carrillo-Bustamante et al. 2016). By contrast, the Leukocyte Receptor
Complex containing KIR genes on chromosome 19 is highly diverse in terms of gene content,
copy number variation and allelic polymorphism (Parham and Guethlein 2018). Until recently,
the incapacity to fully explore KIR genetic diversity with the available genotyping methods has
limited the predictive value of KIRs for alloHSCT. However, thanks to high throughput
sequencing protocols and bioinformatics tools specifically developed to characterize this
extremely complex genetic system (Norman et al. 2016, Beziat et al. 2017, Wagner et al. 2018,
Marin et al. 2021, Downing and D'Orsogna 2022), mounting evidence indicates the contribution
of KIR allelic functional diversity in the clinical course after transplantation (Venstrom et al.
2012, Bari et al. 2013, Boudreau et al. 2017, Guethlein et al. 2021). Yet, a consensual view is
still missing (Schetelig et al. 2020). Furthermore, KIRs are stochastically expressed at the cell
surface with thousands of different NK cell subsets circulating in the peripheral blood of any
given individual (Horowitz et al. 2013). This means that besides KIR allelic genotyping, the
determination of KIR phenotypes by flow cytometry or CyTOF should lead to a better
understanding of NK cell alloreactivity (Horowitz et al. 2015, Romee et al. 2016, Li et al. 2019).
While not the direct focus of this thesis, our group has been interested by NK cell biology since
several years (Hadaya et al. 2008, Buhler et al. 2009, de Rham et al. 2014, Buhler et al. 2016,
de Rham et al. 2020). We are currently investigating the putative combinatorial effects of
different NK cell receptors and their HLA ligands defined at high resolution in the Swiss
alloHSCT cohort. Indeed, integrating other genetically diverse systems such as KIR as pre-
transplant markers in addition to HLA in the process of donor selection could help improve
patient’s global outcome following alloHSCT.

To further illustrate the attention gathered by this topic, a study involving another receptor
expressed on NK cells has just been published (Petersdorf et al. 2023). It shows the clinical

relevance of polymorphisms in both the NKG2D receptor, which sense “kill me” signals, and
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its ligands, the stress-induced MHC class | chain related molecules (encoded by MICA and

MICB) that are expressed by many tumor cells.

With the increasing number of HLA mismatched allografts that are performed annually, another
important aspect that has entered guidelines for selecting donors and the routine of
histocompatibility laboratories is to test for the presence of donor specific alloantibodies (Dehn
et al. 2019, Little et al. 2021). Their presence has notably been linked to primary graft failure
as reviewed by Little et al. (2021, see also the references therein). B cell recognition of non-
self HLA molecules and the production of alloantibodies is a major determinant in solid organ
transplantation (Tiercy and Claas 2013, Reindl-Schwaighofer et al. 2020, Callemeyn et al.
2022). This is outside the scope of this thesis. However, we think it is important to mention that
in a similar and parallel fashion to what has led to the characterization of HLA mismatches and
T-cell epitopes in alloHSCT, a lot of efforts have also been invested to analyze B-cell epitopes
on HLA molecules and the production of alloantibodies, including the development of
predictive algorithms such as PIRCHE already discussed here or HLAMatchmaker (Tambur
and Claas 2015, Filippone and Farber 2016, Tambur 2018).

The last important aspects that we want to address in these conclusions and perspectives
concern the T-cell repertoire and its reconstitution at the post-transplant stage. As we and other
have shown, the alloreactive T-cell repertoire is broad and hardly predictable (Emerson et al.
2014, Arrieta-Bolanos et al. 2018, DeWolf et al. 2018, Bettens et al. 2020). For instance, the
tissue distribution and frequency of alloreactive cytotoxic T-cell clones is clearly heterogeneous
in patients with GVHD (Koyama et al. 2019). These results can be explained by the sheer
number of potential responder T cells that are circulating in any given individual (DeWolf et
al. 2018) and also because the TCR is highly flexible and intrinsically crossreactive at
recognizing T-cell epitopes (Yin and Mariuzza 2009, Wang et al. 2017). In addition, parameters
such as the fitness of clones, cytokine environment and inflammatory events might influence
the shape and size of the alloimmune response. Interestingly, very recent data suggest that
resident progenitor-like T cells are the main culprit of sustained GVHD in target tissues
(Sacirbegovic et al. 2023). In the context of direct T-cell allorecognition which potentially
involves up to 10% of T cells both from the memory and naive compartments, two theories are
proposed to explain the strength and frequency of precursor clones eliciting the alloimmune
response (Boardman et al. 2016). In the HLA-centric model (or high determinant density

hypothesis), some structural differences in the peptide binding region of alloHLA are
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recognized as foreign by the docking TCRs, irrespective of the bound peptide. This is facilitated
by the high density of alloHLA molecules expressed at the cell surface of APC. In the peptide-
centric model (or multiple binary complexes hypothesis), alloHLA are able to present a broad
pool of foreign peptides to the TCRs, thus eliciting the activation of a large repertoire of T cells.
Both models are supported by functional and structural data and the actual view is that they
combine and cooperate in vivo (Boardman et al. 2016, Wang et al. 2017). T-cell alloreactivity
can also be mediated by the indirect recognition of alloHLA derived into allogeneic peptides
presented by self/compatible HLA molecules (Geneugelijk et al. 2014, Marino et al. 2016).
This pathway is thought to occur mainly at later stages of alloreactivity in comparison with
direct T-cell recognition (Ali et al. 2016) and resembles the usual response of T cells to
pathogens, but also to MiHASs. It is elicited by self-HLA-restricted peptide-specific T cells with
low precursor frequency (<0.1%) and coming mostly from the naive repertoire (Fleischhauer
and Shaw 2017).

Taken altogether, these data explain why the alloimmune response is characterized by unusual
features compared to typical immune responses to pathogens. They also explain why a
comprehensive analysis of the alloreactive repertoire and a possible integration to the standard
of care and immune monitoring of patients after alloHSCT is very challenging (Fu et al. 2021,
Tian et al. 2022). However, this is also a field of investigation that generates a lot of interest
and is brimming with potentially breakthrough progresses. For instance, identification followed
by longitudinal tracking and monitoring of alloreactive clonotypes (e.g., by combining MLRs
and immunosequencing) has shown promise as a biomarker of tolerance and rejection as
reviewed in Fu et al (2021) and Tian et al (2022). This could promote the establishment of
personalized and tailored immunosuppressive protocols or instruct on the best approaches to
induce tolerance. Recent bioinformatics developments and the availability of published TCR
databases (Tickotsky et al. 2017, Shugay et al. 2018) should also contribute to a better
understanding of the alloimmune response. In addition, the role of Treg in tempering
alloimmunity is a complementary axis of investigation that could provide new insights and
already offers alternative therapeutic options (Amini et al. 2023). We recently collaborated with
the research group of the service of hematology at HUG in a study using a mice model of GVHD
combined with immunosequencing and transcriptomic analyses (Lohmeyer et al. 2022). Our
group is also currently working on other functional approaches to decipher T-cell alloreactivity
using a combination of immunosequencing, MLRs and in vitro assays at the single cell level
(Li et al. 2018, Cachot et al. 2021, Liu et al. 2022).
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How the TCR repertoire is established is another challenging topic of research in humans. In
this context, alloHSCT represents a unique model and opportunity for investigating the
construction of the repertoire, although with the biases inherent to this therapy such as the
conditioning regimen, immunosuppressive environment, post-transplant clinical interventions
and disparities in the age of patients and donors. As shown by us and others, several clinical
parameters are significantly associated with the diversity of the TCR repertoire after
transplantation (see more details in our annexed article and also in the introduction). Notably,
cytomegalovirus reactivation/infection can profoundly and durably affect the shape and
diversity of the repertoire after alloHSCT, but also in otherwise healthy individuals (Hakki et
al. 2003, Sylwester et al. 2005, Suessmuth et al. 2015, Buhler et al. 2020, Calderin Sollet et al.
2023). What is less clear is whether the reconstituting repertoire is predictive of subsequent
clinical events, the timeline to which the repertoire acquire its main features (i.e., polyclonal
versus oligoclonal profiles) and if it remains stable over time.

Interestingly, in our cohort, the diversity of the TCR repertoire at one year was not associated
with the occurrence of clinical events after that time point, despite the significant differences of
clonality observed among recipients (Buhler et al. 2020). We just published the follow-up at 5
to 6 years in a subset of patients from this cohort and could show that the diversity of the
repertoire as established at one year didn’t change much afterward, although we observed some
influence of cytomegalovirus. This was further supported by the larger overlap of sequenced
clonotypes found between both post-transplant time points by contrast to almost no overlap

with the pre-transplant repertoire in donors (Calderin Sollet et al. 2023).

Longitudinal studies have shed some light on the dynamics of the reconstitution and
architecture of the repertoire (Pagliuca et al. 2021). Novel factors have also been proposed in
order to dissect the composition of the repertoire more precisely such as the notion of private
and public clonotypes (Soto et al. 2020, Trofimov et al. 2022) or the so-called neonatal and
terminal deoxynucleotidyl transferase (TDT)-dependent T cells (de Greef et al. 2020, Trofimov
et al. 2022). Prenatally produced TCRs are characterized by shorter sequences, no N-insertions,
a high probability of VV(D)J recombination in comparison to TDT-dependent TCRs (Trofimov
et al. 2022) and are prevalent in the naive repertoire (de Greef et al. 2020). Neonatal T-cell
clones have been defined by their publicness (i.e., they are highly shared among individuals)
and are strongly polyreactive to self and non-self, which could favor their maintenance and
replenishment through lifetime. By contrast, the role of TDT-dependent TCRs remains unclear
but they could endow each individual with a more private layer of antigen recognition and thus
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contribute to the diversity and functionality of the repertoire. They are considered more prone
to be clonally deleted by negative selection in the thymus (Trofimov et al. 2022). Although
challenged by the very large space of T-cell epitopes and the yet limited availability of TCRs
of known specificity, bioinformatics developments offer the possibility to investigate the
composition of the repertoire and its correlation with documented infectious exposures,
occurrence of GVHD or relapse of cancer (Meysman et al. 2019, Vujovic et al. 2020, Zhang et
al. 2021, Jokinen et al. 2023). In addition, the impact of HLA diversity on the shape of the
repertoire has been assessed both in cohorts of healthy adults (DeWitt et al. 2018, Krishna et
al. 2020, Johnson et al. 2021) and in the context of alloHSCT (Pagliuca et al. 2021). A synthetic
approach accounting for the various characteristics of the TCR should allow to disentangle and
have a better understanding of the relative contributions of random biological processes like
somatic recombination and homeostatic expansions, from antigen-driven contractions of the
repertoire following the enrichment of alloreactive or pathogen-specific T cells. On the clinical
side, this should improve the reliability and usefulness of post-transplant TCR repertoire
monitoring by immunosequencing, in conjunction with better insights on T-cell alloreactivity

in the context of GVHD as described above and reviewed lately (Goel et al. 2022).

To conclude this thesis, we have presented some of the latest advances in the field of alloHSCT
with a special focus on two important aspects, namely the optimization of histocompatibility
between donors and patients and the immune reconstitution of T cells following engraftment.
The knowledge and valuable amount of data that have accumulated in recent years and still to
be produced in the close future will help clinical decisions for the best donor selection criteria
in pre-HSCT situations and should pave the way for novel optimized and personalized post-

transplant monitoring approaches with tailored clinical interventions whenever necessary.
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Abstract

HLA matching is a critical factor for successful allogeneic hematopoietic stem cell transplantation. For unrelated donor
searches, matching is usually based on high-resolution typing at five HLA loci, looking for a 10/10 match. Some studies
have proposed that further matching at the haplotype level could be beneficial for clinical outcome. In this study, we
determined the phased haplotypes of 291 patients using family members and segregation analysis. The sum of ranks of the
haplotypes carried by patients was used as a surrogate predictor of a successful unrelated donor search. The putative impact
of haplotypes was then analyzed in a cohort of 211 recipients transplanted with 10/10 matched unrelated donors. A logistic
regression analysis showed a highly significant effect of the haplotypes in the outcome of a search, but we did not find any
significant effect on overall survival, graft versus host disease or relapse/progression following HSCT. This study provides
useful data for the optimization of unrelated bone marrow donor searches, but does not confirm previous reports that
matching at the haplotype level has a clinical impact following HSCT. Due to the extreme polymorphism of HLA genes,
further studies are warranted to better understand the many factors at play.

Introduction

Human leukocyte antigen (HLA) matching between reci-
pients and donors is a prerequisite for successful allogeneic
hematopoietic stem cell transplantation (HSCT), notably to
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avoid graft versus host disease (GVHD) as main post-
transplant complication. Although new protocols for
selecting donors are increasingly sought, even across the
histocompatibility barrier [1-3], the gold standard is to look
first for an HLA identical sibling. If such a genotypically
identical sibling cannot be found, the preferred alternative is
to search for a 10/10 or 12/12 phenotypically matched
unrelated donor (MUD) [4, 5]. With unrelated donors,
matching is based on high-resolution typing at HLA-A, B,
C, DRBI1, DQBI and possibly DPB1 and DRB3/4/5 with
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no consideration given to putative haplotype matching
between the recipient and his donor. However, even with
well-matched unrelated donors, risks of transplant-related
mortality are higher as compared to matched sibling donors
because of minor histocompatibility antigens (mHA) spread
across the whole genome and non-HLA linked poly-
morphisms (e.g. single nucleotide polymorphisms (SNPs),
expression quantitative trait loci (eQTL), microsatellites)
within the extended HLA region [6—12]. Thus, in an attempt
to leverage such a hurdle, several studies have suggested a
possible beneficial impact of HLA haplotype matching at
reducing post-transplantation complications in patients
transplanted with 10/10 MUD [13-16]. A haplotype defines
which allele belongs to which copy of the two chromo-
somes, or alternatively, which alleles segregate together on
a single chromosome. In practice, HLA haplotypes can
either be phased unambiguously by family segregation
analysis or imputed statistically from genotype data and
HLA frequencies in populations. The underlying hypothesis
is that if a recipient and his unrelated donor are matched for
the same common haplotypes, such haplotypes could carry
more conserved DNA segments shared by descent
(including at nearby favorable SNPs) compared to rare
haplotypes present in the population.

Besides the extremely high level of polymorphism,
complex patterns of association define classical HLA genes.
Some pairs like B~C and DRB1~DQBI1 are found in tight
association on chromosome 6 [17], whereas other loci are
defined by weaker (HLA-A) or non-significant linkage
(HLA-DPBI1), due to more distant location or recombina-
tion hotspots [18, 19]. These characteristics represent a
significant hindrance to determine HLA multi-locus haplo-
types and their corresponding frequencies [20]. In con-
sequence, powerful methodologies have been developed to
assess haplotype frequencies in various populations [21, 22]
and in large cohorts of unrelated donors [23], but such
approaches need to rely on representative sample sizes and
on assumptions that are not always met in practice [22]. In
this context, the availability of families typed at several
HLA loci for the purpose of HSCT-related donor searches
has provided informative data to characterize HLA haplo-
types by segregation analysis [24-26], contributing to
define the probability of finding suitable unrelated donors
[27-29] or to study clinical outcome of unrelated HSCT
[13]. However, studies using phased haplotypes remain
scarce in the literature and phased HLA haplotypes are
needed in more populations because HLA frequencies vary
significantly according to geography [30-32].

The first aim of this study was to investigate haplotype
segregation in a large cohort of patients and their family
living in Switzerland. This would allow us to constitute a
reference panel to help in optimizing future unrelated donor
searches for the significant proportion of patients in need of

SPRINGER NATURE

a transplantation with no HLA identical sibling [5]. The
second aim was to use these phased haplotypes for pre-
dicting the outcome of unrelated donor searches for patients
waiting for a HSCT. Within the last aim, we analyzed
HSCT outcomes in a group of recipients transplanted with
10/10 MUD and we tested their HLA haplotypes fre-
quencies as a potential relevant parameter in the clinical
follow-up.

Material and methods
Patients

The phased haplotypes of individuals living in Switzerland
were determined from the HLA-A, B and DRB1 typing of
843 patients and 2132 family members (Figure S1),
allowing to constitute a cohort of 291 patients with high-
resolution phased haplotypes. High-resolution typing was
also performed at HLA-C and DQBI1 for 290 of these
patients as potential candidates for an unrelated donor
search. Allogeneic HSCT was performed in 140 patients,
including 101 with 10/10 MUD and 39 with mismatched
donors. To enlarge the clinical cohort, 111 recipients of 10/
10 MUD with family segregation data were obtained from
the other Swiss transplant centers (Table S1). This study
was approved by the ethical committee of the institution
(CER 06-208 and 08-208R), and patients’ informed con-
sents were obtained.

Statistical analyses
HLA haplotypes

Haplotype frequencies were either estimated by direct
counting on 291 patients based on segregating haplotypes
or by using an implementation of the expectation—max-
imization (EM) algorithm on 6114 unrelated Swiss donors
based on multi-locus unphased genotypes. Hardy—Weinberg
(HW) equilibrium assumptions were assessed using a nested
likelihood procedure. Global linkage disequilibrium
between pairs of loci was tested using a resampling pro-
cedure and linkage disequilibrium for individual haplotypes
was determined using standardized residuals. All these
analyses were performed with the hla-net.eu Gene[RATE]
tools [21, 33].

Unrelated donor searches

The sum of ranks of the phased haplotypes carried by each
patient was considered as a surrogate predictor of a suc-
cessful search (i.e. finding at least one 10/10 MUD). Hap-
lotypes were ranked based on high-resolution haplotype
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frequencies estimated on 6114 donors from the Swiss reg-
istry (SBSC). The choice of the sum of haplotype ranks is
analogous to a non-parametric approach with the goal of not
relying directly and too heavily on estimated haplotype
frequencies as search outcome determinants. Confusion
matrices, logistic regression and receiver operating char-
acteristic (ROC) curve were generated in R (version 3.5.0)
using the packages ggplot2, reshape, caret and ROCR.

Clinical outcome

We followed the reasoning applied by Joris et al. [13] to
consider that a low haplotype ranking in a recipient (i.e.
carrying one or two frequent haplotypes) was a good proxy
for haplotype matching with his 10/10 MUD. As unrelated
donors are selected at a worldwide scale, SBSC frequencies
were contrasted with frequencies estimated on donors from
the United States [34]. Recipients were subdivided into
categories based on the ranking of their haplotypes, using
rank 50 and rank 20 as two distinct cut-offs to classify
haplotypes as common or rare, and were subsequently
analyzed in separate models for survival (see Tables Sl
and S2, Table 2 and Fig. 2 for the categories considered).
Obviously, the chosen cut-offs and categories are arbitrary
to a degree, but this provided a compromise to the very
heterogeneous values proposed in previous studies for
defining common haplotypes [13, 15]. It also allowed to
consider alternative groups while keeping sufficient and
meaningful numbers of patients within each one. Further-
more, we would expect that a strong effect of haplotypes on
clinical outcome should be robust and consistent across
different cut-offs to be really considered as a relevant
parameter. Secondary outcomes (relapse/progression, acute
GVHD, chronic GVHD and survival status) were tested by
univariate analyses and by estimating cumulative incidence.
Cox proportional-hazards models were used to evaluate the
effect of potential confounding variables, in addition to
haplotypes, on overall survival, progression-free survival,
relapse/progression and chronic GVHD. Because of missing
dates for the onset of acute GVHD, a logistic regression was
performed instead. The parameters considered were DPB1
matching, source of stem cells, year of treatment, type and
stage of disease, patient age at transplantation, transplanta-
tion center, T-cell depletion, conditioning, cytomegalovirus
(CMV) serological status and recipient/donor gender com-
bination. Donor age was not analyzed because of missing
data. HLA-DPB1 matching was also investigated as an
explanatory variable for overall survival (OS), for occur-
rence of acute GVHD and for relapse/progression. These
analyses were generated with SPSS on a total of 211 reci-
pients (Table S1) with parameters equally distributed across
groups except for recipient/donor gender (Table S2). The
median waiting time was 116 days between donor search

and transplantation with no significant difference among
recipients according to haplotype groups.

Results
HLA haplotypes determination

A total of 420 distinct high-resolution HLA-A~B~DRBI1
haplotypes were phased by segregation analysis in the 291
patients and HW equilibrium was not rejected at any locus.
The most frequent haplotypes are listed in Table 1. None of
them reached a frequency of 5% and only seven had a
frequency >1%, with most haplotypes observed just twice
or once in the cohort (Table S3). The three loci were not
significantly associated to each other (p-value of 1 accord-
ing to the likelihood-ratio test, no extreme value according
to parametric resampling for global linkage disequilibrium).
This was in agreement with the observation that only few
haplotypes were in complete linkage across the three loci
(Tables 1 and S3).

As family data are seldom available to confirm haplotype
frequencies when samples are typed for HLA, we also
estimated haplotype frequencies on our data by using the
EM algorithm without accounting for phase information
and we compared the results with those of our segregation
analysis. It showed us that 265 haplotypes were simulta-
neously assigned by both approaches, while 155 were
assigned by segregation analysis only and 258 were found
by EM only. This represented a low concordance (39%)
between the two approaches. In addition, the haplotypes
assigned by both approaches sometimes exhibited fre-
quency differences. As an example, haplotype
A*02:01~B*08:01~DRB1*03:01 exhibits a frequency of
0.52% through segregation analysis, whereas it reaches an
overestimated frequency of 1.53% through EM; this is
because its alleles frequently occur simultaneously at the
genotype level but are most often not linked on the same
chromosome (Figure S2).

The HLA-A~B~DRBI1 phased haplotypes in the 291
patients were ranked according to their frequencies esti-
mated on the 6114 Swiss volunteer donors (Tables 1
and S3). Both sets of data were cross-tabulated in order to
predict the most probable extended HLA haplotypes in
Switzerland as listed in Table S4.

Predicting 10/10 matched unrelated donors
searches

Using a logistic regression model with the sum of ranks as
an explanatory variable (Fig. 1a), we could show a sig-
nificant association to search outcome (p =2.25e—14).
We then investigated the best rank cut-off to predict
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Table 1 Most frequent HLA-A~B~DRB1 phased haplotypes and linkage disequilibrium among allele pairs in the cohort of 291 patients

Haplotype Freq.  Count LD LD A- LD B- Rank Rank NMDP Rank Rank Rank
A-B DRB1 DRB1 SBSC EUR NMDP AFA NMDP API NMDP HIS
A*01:01~B*08:01~-DRB1*#03:01 0.0326 19 8.38 4.08 11.67 1 1 40
A*03:01~B*07:02~DRB1*15:01 0.0206 12 3.93 2.11 9.71 2 2 NA
A*02:01~B*07:02~DRB1*¥15:01 0.0172 10 0.31 0.73 9.71 5 4 41 615
A*03:01~B*35:01~-DRB1*#01:01 0.0137 8 4.31 2.96 838 4 8 149 75 23
A*29:02~B*44:03~DRB1*07:01 0.012 7 11.31 3.50 925 6 5 9 1257 1
A*01:01~B*57:01~-DRB1*07:01 0.012 7 6.78 0.36 585 8 7 58 8 22
A*26:01~B*38:01~-DRB1*¥13:01 0.0103 6 9.71 2.26 456 42 53 NA NA 162
A*02:01~B*44:02~DRB1%04:01 0.0086 5 3.37 2.53 424 3 3 10 1292 46
A*30:01~B*13:02~DRB1#07:01 0.0086 5 11.98 3.98 7.17 10 10 178 4 16
A*24:02~B*07:02~DRB1*15:01  0.0086 5 1.14 0.67 9.71 13 13 337 183 72
A*02:01~B*51:01~DRB1*11:01  0.0086 5 2.38 0.08 347 15 28 122 496 27
A*01:01~B*08:01~DRB1*15:01  0.0086 5 838 —-0.23 -0.17 25 25 544 NA NA
A*24:02~B*08:01~DRB1*¥03:01  0.0086 5 0.34 0.63 11.67 47 34 1379 268 42
A*02:01~B*15:01~-DRB1%04:01 0.0069 4 2.22 2.53 7.06 9 6 21 1419 39
A*02:01~B*18:01~DRB1%03:01  0.0069 4 0.22 0.17 282 68 71 80 NA 40
A*02:01~B*40:01~-DRB1*#13:02  0.0052 3 .11 —-0.35 3.16 7 9 81 NA 554
A*02:01~B*08:01~-DRB1#03:01  0.0052 3 —1.86 0.17 11.67 17 11 20 NA 18
A*02:01~B*18:01~DRB1*#11:04  0.0052 3 0.22 0.08 569 24 33 NA NA 70
A*31:01~B*40:01~-DRB1%04:04 0.0052 3 5.40 4.09 6.07 27 20 98 1264 137
A*02:01~B*51:01~-DRB1*08:01  0.0052 3 2.38 0.55 1.78 29 73 245 NA 203
A*32:01~B*44:03~DRB1%07:01  0.0052 3 2.06 1.81 9.25 120 291 NA 236 234
A*01:01~B*15:17~-DRB1#13:02 0.0052 3 4.04 2.70 8.41 210 327 NA 55 284
A*02:01~B*13:02~DRB1*13:01  0.0052 3 —0.04 0.09 1.15 333 NA 1131 NA NA

LD: pairwise linkage disequilibrium as defined by standardized residuals; values 22 correspond to a significant association. Haplotypes in complete

linkage (i.e. across the three loci) are shown in bold.

Rank of haplotypes estimated in 6114 volunteer donors from the Swiss registry (SBSC) and in four large groups (EUR: donors of European
descent, AFA: donors of African descent, API: donors of Asian descent, HIS: donors of South American descent) of volunteer donors from the

National Marrow Donor Program (NMDP) (ref. ia)
NA not available

search outcome with good sensibility and specificity, and
the inspection of boxplots (Fig. 1b) suggested a sum of
1000, i.e. corresponding to patients carrying at least one
very rare haplotype not seen in SBSC or carrying two
infrequent haplotypes. To confirm this preliminary
assessment, we ran an ROC curve analysis, which showed
that a sum of 1000 was a good trade-off between true and
false-positive rates (Figure S3). Using this cut-off value of
1000, we achieved a sensitivity of 0.71 and a specificity of
0.72. Most false positives (i.e. no 10/10 MUD found
despite a sum <1000) were due to patients carrying rare
allele(s) or unusual B~C or DRB1~DQB1 association(s),
which significantly impaired the chances of finding a
donor. By contrast, false negatives (i.e. at least one 10/10
MUD found despite a sum >1000) were often observed in
patients carrying one very frequent haplotype besides the
rare one, explaining why a donor could still be found in
this specific constellation.
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HLA haplotypes and clinical outcome following
HSCT

The univariate analyses did not reveal a significant effect of
haplotypes on overall survival (Table 2 and Fig. 2) or on
other outcomes such as GVHD (Table 2). Moreover,
cumulative incidence for relapse and GVHD was not dif-
ferent across haplotype groups (Figure S4). By contrast,
better DPB1 matching was slightly, although significantly,
associated to less acute GVHD (p=0.02) and higher
relapse/progression rate (p = 0.03), but not to better overall
survival (Table 2).

Haplotypes were never significant in multivariate ana-
lyses. Recipients’ age, stage of disease and transplantation
center were significantly associated to survival (Tables 3
and S5), progression-free survival and relapse/progression
(results not shown). In models inspected, older recipients
and/or recipients with an advanced disease had a lower
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chance of survival and progression-free survival but a
higher risk of relapse/progression. Furthermore, in agree-
ment with the results obtained in the univariate setting,

a
Yes
g 10/10 donor found
3 % No
8 -2 Yes
No
0 500 1000 1500 2000
SBSC haplotypes rank sum

b 2000 0O 0 ®CO0 ®OW»O
E
(2]
X
§ 1500
§_ 10/10 donor found
£ 1000 B3 No
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©
=y
O 500
@
m
@

0

Fig. 1 Unrelated search outcome with the sum of haplotype ranks used
as an explanatory variable, a logistic regression on the data represented
by the black line with confidence interval in light gray, b box-and-
whisker plots

DPB1 matching was not associated to better survival
(Tables 3 and S5), but was a significant risk factor for
relapse/progression and progression-free survival when not
accounting for conditioning (results not shown). The other
variables considered were never found to be significant,
except type of disease in the models for relapse/progression
because of a higher risk in recipients suffering from acute
leukemia. Regarding chronic GVHD, no variable was sig-
nificant. Logistic regression for acute GVHD revealed small
but significant effects of T-cell depletion and source of cells
and minor differences between acute leukemia and the other
diseases (results not shown).

Discussion

HLA haplotype determination is usually not based on
family segregation, but relies on estimations performed with
state-of-the-art EM algorithm implementations [35, 36].
Interestingly, the comparative analysis undertaken in this
study showed that only a mere 39% assignation con-
cordance was achieved between the real phased haplotypes
in our cohort and a “blind” estimation with the EM
algorithm. The discrepancies were mostly due to rare
haplotypes and this problem has recently been discussed
[20], but this also concerned the frequent haplotype

Table 2 Clinical outcome
following HSCT: summary of

univariate analyses

Outcome Explanatory variable  Test Statistic df  p-Value
Overall survival (OS) geno50 Log-Rank 1.72 2 0.42
geno50.bis Log-Rank 1.54 1 0.22
geno20 Log-Rank 1.21 1 0.27
Relapse/progression geno50 7 2.32 2 0.31
geno50.bis Fisher - - 0.68 (two-sided)
geno20 Fisher - - >0.99 (two-sided)
aGVHD 2eno50 Va 0.69 4 095
2eno50.bis 7 0.5 2 078
2eno20 Ve 0.63 2 073
c¢GVHD 2eno50 Ve 1.38 2 05
geno50.bis Fisher - - 0.83 (two-sided)
geno20 Fisher - - 0.27 (two-sided)
Survival status at this date  geno50 7 7.55 4 0.11
2eno50.bis 7 6.59 2 004
2eno20 Ve 1.08 2 058
Overall survival (OS) DPB1 matching Log-Rank  0.52 2 0.77
aGVHD DPB1 matching Va 7.64 2 0.02
Relapse/progression DPB1 matching 7 7.01 2 0.03

Geno50: recipients carrying 2, 1 or 0 common haplotypes with a frequency < rank 50; geno50.bis: recipients
carrying 2 common haplotypes with a frequency < rank 50 versus recipients carrying any rare haplotypes
with a frequency > rank 50; geno20: recipients carrying O or 1 rare haplotype versus recipients carrying 2
rare haplotypes with a frequency > rank 20

aGVHD acute graft vesus host disease, cGVHD chronic graft versus host disease, df degrees of freedom

SPRINGER NATURE
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Fig. 2 Kaplan—Meier plots for the different genotype categories con-
sidered regarding haplotype frequency and HSCT outcome. Geno50:
recipients carrying 2, 1 or 0 common haplotypes with a frequency <
rank 50; geno50.bis: recipients carrying 2 common haplotypes with a

Years post transplant

Years post transplant

frequency < rank 50 versus recipients carrying any rare haplotypes
with a frequency > rank 50; geno20: recipients carrying O or 1 rare
haplotype versus recipients carrying 2 rare haplotypes with a fre-
quency > rank 20

Table 3 Cox regression model
for overall survival with genoS0

95.0% CI for

Exp(B)

Explanatory variable SE Wald df  Sig. Exp(B) Lower Upper
TX center 22715 3 0

2 —0.592  0.344 2965 1 0.085 0.553 0.282 1.085
3 1.017 031 10.754 1 0.001  2.765 1.506 5.078
4 0.789  0.69 1309 1 0.253  2.201 0.57 8.509
Age 10.77 3 0013

Age (20-40) 1.02 0.543 3528 1 0.06 2.773 0.957 8.041
Age (40-60) 1.03 0.473 4735 1 0.03 2.801 1.108 7.081
Age (>60) 1.688 0.528 10206 1 0.001  5.409 1.92 15.236
Disease stage 11286 2 0.004

Disease stage (intermediate) 0.268 0.285 0.888 1 0.346  1.308 0.748 2.285
Disease stage (advanced) 1.042 0317 10.828 1 0.001 2.835 1.524 5272
DPB1 MM 0628 2 0.731

DPB1 MM (1 MM) 0.084 0.319 0.07 1 0.791 1.088 0.583 2.032
DPB1 MM (2 MM) —0.145  0.353 0.169 1 0.681 0.865 0.433 1.729
geno50 0.805 2  0.669

geno50 (1 common haplotype) 0.291  0.377 0595 1 0.44 1.337 0.639 2.799
geno50 (0 common haplotype) 0.376  0.428 0.771 1 0.38 1.456 0.63 3.368

Baseline for TX center = 1, for age = <20, for disease stage = early, for DPB1 MM = 0 MM, for geno50 =
2 common haplotypes. MM mismatch, TX transplant

A*02:01~B*08:01~DRB1*03:01. This illustrates the use-
fulness of family data for characterizing high-resolution
multi-locus haplotypes [26] when sample sizes are not huge
(meaning hundred thousand, or even millions of indivi-
duals). In addition, the use of next-generation sequencing
(NGS) technologies is expected to increase the variability of
high-resolution haplotypes. For instance, our data at third-
field-level resolution includes A*02:01:01~B*08:01:01
~DRB1%#03:01:01 and A*02:01:01~B*08:01:02~DRB1*
03:01:01 haplotypes.

In the unrelated setting, the probability of finding a 10/10
matched donor is largely determined by haplotype fre-
quencies, our analyses thus agree with previous publications

SPRINGER NATURE

[13,27-29, 37-39]. Accurate prediction allows to define the
optimal strategy to find the best suitable donor, whether a
matched unrelated, mismatched unrelated or a haploiden-
tical donor [40, 41].

By exploring several different models, we show that the
presence of frequent haplotype(s) in the patients had no
impact on HSCT outcome and thus partly differ from pre-
vious studies. Notably, Petersdorf et al. [15] found that
haplotype matching between donors and recipients was
associated with less grade 3—4 acute GVHD and with a
higher risk of disease recurrence, but not with overall sur-
vival. In their publication, however, the haplotypes were
determined in both the recipients and their MUDs with a
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DNA microarray method that defines the physical linkage
between HLA-A, B and DRBI1 alleles, whereas our study
determined them from family segregation analysis in reci-
pients with indirect imputation of haplotype matching with
their MUDs. A second difference between the two studies is
the over representation in the former of the frequent hap-
lotype A*01:01~B*08:01~DRB1*03:01, which is found in
about 11% of the 246 donor-recipient pairs analyzed and
which is always matched except in three cases, thus strongly
contributing statistically to the results. In our cohort, this
haplotype is present in only 6% of the 211 recipients. A
second publication based on a large Japanese cohort [14]
showed that among the three major conserved extended
haplotypes (HP-P1, 2 and 3) found in Japanese, HP-P2
significantly reduced the risk of grade 2—4 acute GVHD,
while HP-P3 tended to increase this risk, suggesting that
conserved haplotypes may be beneficial or deleterious for
the clinical outcome. In a third publication [13], an effect of
haplotypes was seen only on the incidence of >grade 2 acute
GVHD (survival or relapse were not significant) and only in
the category “1 or 2 frequent haplotype(s) (FH)” (but not in
the categories 1 FH and 2 FH taken individually). More-
over, the “1 of 2 FH” category was not associated with
GVHD in univariate analysis and was only significant (p =
0.026) when adjusting for other factors in a multivariate
model.

The controversial effect of haplotype matching might be
related to methodological heterogeneity at defining common
haplotypes, limitations to achieve sufficient statistical power
and perhaps more likely to different impacts of individual
haplotypes.

In 10/10 matched unrelated transplantation, the role of
HLA and non-HLA genes is critical in the pathophysiology
of GVHD and other outcomes [7, 10, 42]. HLA-DPA1 and
DPBI1, which are usually not in linkage disequilibrium with
the other HLA genes [18, 19], are often not considered to be
part of haplotypes and are not systematically characterized
during donor selection [5], although the role of DPB1 has
been well documented [43—45]. In our study, DPB1 mis-
matching is significantly associated with acute GHVD as an
independent factor, albeit only in the univariate setting
(Table 2). The lack of linkage between DPB1 and other loci
observed even in high-frequency haplotypes might account
for the difficulty in demonstrating an impact of these hap-
lotypes on clinical outcome.

Furthermore, the presence of polymorphisms in the so
called “identical HLA haplotypes” is demonstrated by
routine typing with NGS, because this methodology reveals
many new polymorphisms in exons not encoding the pep-
tide binding region, as well as in non-coding regions. There
is no reason to believe that the situation is different outside
HLA genes across chromosome 6. Indeed, the impact of

non-HLA genes (e.g. cytokines, cytokine receptors) and
polymorphisms such as microsatellites and SNPs has been
reported to influence clinical outcome in unrelated HSCT
[6, 8,9, 11, 12, 46]. Although SNPs can directly affect the
sequences of immunogenic peptides leading to mHA dis-
parities, they may also modify genes encoding proteins
involved in the pathophysiology of GVHD, such as TNF
alpha, complement, TAP1/2, LMP1/7.

One important limitation of our study resides in the small
number of transplanted patients, although it is close to the
number of patients included in the seminal study of
Petersdorf et al., which did not allow testing the putative
effect(s) of individual haplotypes. Moreover, because the
Swiss population is highly heterogeneous, we may lack
statistical power to detect modest effects of haplotype
matching. Therefore, our results can perhaps not be gen-
eralized to countries characterized by lower levels of
diversity.

In conclusion, our study establishes the list of haplotypes
observed in Switzerland, which shows a high population
diversity despite its small size [30]. As expected, we
observe that frequent haplotypes are strongly associated
with a high probability to find a 10/10 matched unrelated
donor. On the other hand, our results support the hypothesis
that haplotype matching does not impact the clinical out-
come and that more evidences are needed to better under-
stand the numerous factors involved.
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Abstract

After allogeneic hematopoietic stem cell transplantation (HSCT), immune reconstitution leads to the development of a new
T-cell repertoire. Immune reconstitution could be influenced by events such as conditioning, infections, and graft versus host
disease (GVHD). Factors influencing the TCR diversity are of great interest to fine-tune the strategy for donor selection and
to optimize standard of care. In this work, immunosequencing of the TCR CDR3p region was carried out in a large cohort of
116 full chimeric recipients at 1 year post-HSCT and their respective donors prior to transplantation. The repertoire overlap
before and after HSCT was minimal, supporting de novo reconstitution as a primary pathway at any age. Among the
parameters investigated, increased patient and/or donor age as well as positive CMV serologic status reinforced by CMV
infection/reactivation were the ones significantly associated with a reduced diversity at 1 year post-HSCT. CMV-specific
T-cell clones were shown to influence the clonality of the repertoire alongside the expansion of limited numbers of non-
CMYV T-cell populations. Interestingly, at the exception of CMV infection/reactivation, TCR diversity was not predictive of
GVHD, relapse, death, or infections post-HSCT.

Introduction

Allogeneic  hematopoietic stem cell transplantation
(alloHSCT) is a standard treatment of hematologic disorders
such as leukemia and primary immunodeficiencies. The
polymorphism of human leukocyte antigen (HLA) genes is
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a major factor for the global outcome, notably for avoiding
graft rejection and for minimizing the risk of relapse and
development of severe graft versus host disease (GVHD)
[1-3]. HLA is also instrumental in the processes leading
to immune reconstitution, especially the T-cell repertoire
diversity, considered a key factor for prognosis and long
term survival. Homeostatic proliferation, which controls the
size of the T-cell pool during the reconstitution of the T-cell
compartment [4], is mediated by the presentation of anti-
gens by HLA molecules to T cells. Direct presentation in
case of HLA mismatch, indirect presentation of alloantigens
(minor histocompatibility antigens), or pathogen peptides,
(e.g., derived from latent viruses present in the recipient)
drive a cytokine-mediated expansion of the mature donor
T cells infused with the graft [5, 6]. This pathway, which is
independent of the thymus, result in a skewed repertoire
closely associated with infections and GVHD [7-9].
By contrast, de novo maturation of naive T cells derived
from lymphoid precursors of the donor and selected in the
thymus by the self-HLA molecules presenting self-peptides
will restore a broad and fully responsive repertoire. HLA
has been suggested to bias the T-cell receptor (TCR) V gene
usage of maturing thymocytes [10]. The thymus is highly
sensitive to conditioning, immunosuppression and GVHD
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and is significantly influenced by age. Age is associated
with thymic involution, impairing the renewed thymopoi-
esis [11-15]. It has been suggested that thymus-dependent
reconstitution takes months following HSCT, leaving the
patients at risk of infections and other complications.
However, it is not well understood whether T-cell diversity
is directly predictive of these clinical events.

Pre-, peri-, and post-transplant factors influencing the
T-cell repertoire have been investigated leading to an
improvement of the standard of care [16-18]. Recent
technological developments have also provided the capacity
to analyse more precisely and in-depth the complex pro-
cesses of reconstitution, offering new perspectives for the
post-HSCT follow-up. On the one hand, system-level
profiling is now possible with mass cytometry, allowing
comprehensive monitoring of immune reconstitution
[19, 20]. On the other hand, the central role and dynamics of
T cells reconstitution can be investigated by high through-
put immunosequencing [21-23], providing a more detailed
snapshot of the TCR diversity compared with methodolo-
gies like spectratyping [24, 25]. Current protocols target the
most variable complementary-determining region of the
somatically rearranged TCR alpha and beta chains (i.e.,
CDR3 at the V-J or V-D-J junctions, respectively), allowing
to track down single clones among thousand T cells
sequenced in parallel. A limited number of studies have
been published using this technology after alloHSCT. These
studies are characterized by the inclusion of a small number
of patients and a variety of factors which could influence the
T-cell repertoire reconstitution. One study reported a
reduction of the TCR diversity following GVHD or disease
relapse [26]. In another study, a better recovery of the T-cell
diversity was reported in recipients of double cord blood
units compared with conventional or T depleted peripheral
blood stem cells (PBSC) [27]. Acute GVHD and steroid
treatment were associated with a high diversity in contrast
to cytomegalovirus (CMV) and Epstein Barr virus infec-
tions [27]. A role of CMV reactivation generating holes in
the underlying repertoire was recently proposed with a
massive expansion of effector memory (Tgy) cells and
contraction of naive subsets post-HSCT [28]. Antithymo-
cyte therapy has been reported by some authors to lead to
lower TCR diversity in recipients of CMV-positive donors,
while other variables (e.g., GVHD and CMYV reactivation)
were not predictive of the diversity [29]. By contrast, a
reduction of diversity was observed with GVHD but not
with conditioning by another group [30].

In this work, immunosequencing of the TCR CDR3p
region was carried out in a large cohort of 116 full chimeric
recipients at 1 year post-HSCT and their respective HSC
donors. The first aim was to investigate repertoire overlap
before and after HSCT. Within the second aim, parameters
possibly associated with the reconstitution of the repertoire

at 1 year were analyzed. The third aim was to assess whe-
ther T-cell diversity could be used as a marker to predict
posttransplant complications.

Material and methods
Patients and donors

Patients receiving an allogeneic HSC graft in Geneva between
2000 and 2016, who had full donor chimerism without sign of
relapse at 1 year were selected. The cohort consisted of 116
donor/recipient pairs with characteristics described in Table 1.
Post-HSCT complications were recorded during the first year
and also after that period (Table 2). A standard immunosup-
pressive treatment consisting of methotrexate or mycophe-
nolate combined with cyclosporine A or tacrolimus was
provided to all patients. Partial T-cell depletion is sometimes
included in the institution protocol and was considered as an
explanatory variable in the statistical analyses [31]. This study
was approved by the ethical committee of the institution
(CER 06-208 and 08-208R).

Table 1 Patient’s and transplant’s characteristics

Parameter N = 116 donor/recipient pairs

Median: 45.5, minimum: 0 (4,5 months),
maximum: 66

Female: 49, male: 67

AA: 6, ALL: 14, AML: 36, CLL: 3, CML:
16, inborn error: 1, lymphoma: 13, MDPS: 5,
MDS: 13, MPS: 2, myeloma: 5, solid
tumor: 2

Recipient age
in years
Recipient sex

Primary disease

Median: 39.5, minimum: 1, maximum 65
Female: 50, male: 66

Unrelated: 42, related: 70, haploidentical: 4
BM: 16, CB: 2, PBSC: 98

MAC: 78 (including 33 with ATG), RIC: 38
(including 31 with ATG)

Fraction depleted: 0%: 48, 50%: 62, 100%: 6

Donor age in years
Donor sex

Type of donor
Source of stem cells

Conditioning

Ex vivo T-cell
depletion

Number of DLI
HLA matching
Sex matching
CMV

0:90,1:6,2:6,3:7,4:4,5:2,7: 1
10/10: 101, <10/10: 15

F/F: 23, F/M: 27, M/F: 26, M/M: 40
D—/R—: 31, D—/R+: 20, D4/R—: 16,

serologic status D+/R+: 49

ATG antithymocyte globulin, AA aplastic anemia, ALL acute
lymphoblastic leukemia, AML acute myeloid leukemia, BM bone
marrow, CB cord blood, CLL chronic lymphocytic leukemia, CML
chronic myeloid leukemia, D donor, DLI donor lymphocyte infusion,
F female, M male, MAC myeloablative conditioning, MDPS
combined myelodysplastic syndrome/myeloproliferative neoplasm,
MDS myelodysplastic syndrome, MPS myeloproliferative syndrome,
PBSC peripheral blood stem cells, R recipient, RIC reduced intensity
conditioning
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Table 2 Posttransplantation complications among 116 alloHSCT
recipients

Type of complication Within 1 year, After 1 year,
n (%) n (%)
Acute GVHD 68 (58.6%) 16 (13.8%)
Grade 1: 23 (19.8%) Grade 1: 7 (6%)
Grade >2: 43 (37.1%) Grade=>2:
9 (7.8%)
Nonavailable: -
2 (1.7%)
Chronic GVHD 28 (24.1%) 20 (17.2%)
Relapse 24 (20.7%) 19 (16.4%)
Death - 24 (20.7%)
Any infection 84 (72.4%) 34 (29.3%)
Viral infection (CMV 63 (54.3%) 22 (20%)
and/or others)
Cytomegalovirus 43 (37.1%) 7 (6%)
infection/reactivation
CMV alone: 23 CMV alone:
(19.8%) 3 (2.6%)
CMV and other virus: CMYV and other
20 (17.2%) virus: 4 (3.4%)
Bacterial infection 48 (41.4%) 19 (16.4%)
Fungal infection 10 (8.6%) 6 (5.2%)
Parasitic infection 2 (1.7%) 2 (1.7%)

HLA typing and chimerism

DNA extracted on an automatic system (QIAGEN GmbH,
Hilden, Germany) from Ficoll purified peripheral blood
mononuclear cells was obtained from donors shortly
before transplantation (time point 1) and from their full
chimeric recipients at 1 year post-HSCT (time point 2).
HLA typing was performed by reverse PCR-sequence-
specific oligonucleotide microbead arrays and high
throughput sequencing (One Lambda, Canoga Park, CA,
USA) or PCR-sequence-specific primers (Genovision,
Milan Analytika AG, Switzerland). Chimerism was per-
formed by STR analysis (AmpFISTR® Identifiler, Invi-
trogen-Thermofisher, Waltham MA, USA), the detection
sensitivity is <3% (i.e., patients were selected for the
study if the donor chimerism was 297%).

Immunosequencing

High throughput sequencing of the TCR CDR3p region was
carried out on Illumina MiSeq and HiSeq systems following a
multiplex PCR (Adaptive Biotechnologies ImmunoSEQ®
assay) [32, 33]. Donor/recipient pairs were analyzed at survey
resolution targeting 120,000 T cells. Reproducibility and
sampling performance was assessed in five selected pairs
using triplicates analyzed at deep resolution (i.e., targeting
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400,000 T cells). Productive rearrangements were retrieved
from the ImmunoSEQ® analyzer platform and formatted for
the analyses to be carried out in R with the help of GNU/
Linux scripts. The counts of clones with CDR3 rearrange-
ments sharing synonymous nucleotide substitutions (i.e., an
identical amino acid sequence) were pooled.

Peptide binding predictions

The FASTA sequences of the 190 canonical proteins of CMV
strain AD169 were downloaded from https://www.uniprot.
org/. This is one reference proteome for CMV which includes
manual annotations and Swiss-Prot reviewing. These data
were then submitted to the NetMHCpan 4.0 server available
at http://www.cbs.dtu.dk/services/NetMHCpan/ to perform
HLA class I binding predictions [34]. The predictions were
performed on all possible AD169 nonamers (i.e., 9mer
represent the preferred length of peptides bound by HLA class
I molecules) and with each of the 91 alleles observed in our
patients at high resolution (i.e., second field [35]). The bind-
ing predictions performed on individual alleles were com-
bined according to the HLA types in order to estimate the
theoretical capacity of each patient to present CMV derived
peptides. We considered the total number of strong and weak
binders using affinity ranks <0.5% or >0.5% and <2%,
respectively. Mean peptide binding affinity in nanoMolar
units was also estimated in each patient over retained 9mer
binders. Association with CMV infection/reactivation within
the first year following transplantation was analysed through
logistic regression.

CMV-specific clones

T cells were characterized as potentially specific for CMV if
their CDR3p sequence matched one of the 164 clones
identified by Emerson et al. as CMV-associated (i.e., clones
with significant enrichment in CMV-positive subjects) and/
or one of the 919 clones reported as CMV-reactive (i.e.,
clones able to recognize CMV antigens) [36]. Both sets are
partially overlapping, the second one being particularly
biased toward reactivity to 65 kDa phosphoprotein (pp65)
and 55 kDa immediate-early protein 1. HLA restriction at
low resolution (i.e., first field level [35]) is proposed for
about half of these clones, we thus checked if we could find
a concordance with HLA types in patients.

Statistical analyses

Clone’s frequencies were estimated from the number of
sequenced templates and used to describe the commonness/
rareness of given T cells or of groups of T cells (e.g., CMV-
specific clones). Overlap of the TCR repertoire before
and after HSCT was estimated by Jaccard and Morisita’s
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similarity indices [37, 38]. These indices vary between 0O
(no overlap) and 1 (complete overlap). The standard Jaccard
index gauges similarity using the ratio of shared clones at
both time points on the total number of clones, the standar-
dized index additionally weights the similarity using clone’s
frequencies and the Morisita’s index is based on statistical
dispersion of clones assuming that diversity increases with
sample size. The diversity of the TCR repertoire at both time
points (i.e., pre and post-HSCT) was estimated by productive
clonality. This index is robust to sampling and accounts both
for the richness and eveness of the repertoire and ranges
between 0 (polyclonal/diverse) and 1 (monoclonal/invariant).
The difference of clonality between both time points was
considered as a surrogate for repertoire reconstitution during
the first year. Graphical inspection of the data and univariate
linear modeling were used to identify independent variables
significantly associated with reconstitution. Post hoc tests
(Tukey HSD) were applied to determine group(s) with a
different mean. Multivariable models were subsequently
explored and validated with diagnostic plots of the residuals.
We also assessed whether donor parameters were associated
with the clonality of the repertoire infused with the graft.
Furthermore, logistic regressions were performed considering
clonality as a possible explanatory variable for posttransplant
complications within or after the first year, based on the
repertoire of the donor or recipient, respectively. Additional
analyses are detailed in supplementary figure legends where
appropriate. All the analyses were performed in R (version
3.5.0) using the packages ggplot2, reshape2, tcR, GGally,
scales, and party.

Results
Repertoire overlap

Immunosequencing yielded a total of 3,582,584 private and
public CDR3p clones with variable frequencies pre and
post-HSCT, including 2,894,321 unique rearrangements
(i.e., meaning that almost 81% of the rearrangements were
private to a given donor/recipient pair). The repertoire
overlap at both time points was low according to the three
similarity indices, but slightly less in some pairs for
Morisita’s index (Fig. la, b and S1). Mean (+SD) values
obtained were 0.017 (x0.014) for standard Jaccard, 0.026
(20.025) for generalized Jaccard and 0.13 (£0.16) for
Morisita’s index, respectively, with significantly correlated
distributions of values (Fig. 1S). Deep resolution sequen-
cing provided a very good concordance with survey reso-
lution and high reproductibility between replicates (data not
shown). We also verified that the number of productive
templates sequenced before and after alloHSCT was not
correlated with the indices of similarity.

Parameters influencing repertoire reconstitution

Productive clonality exhibited a skewed pattern with a shift
from a mostly polyclonal repertoire pre-HSCT to more
predominant oligoclonal profiles post-HSCT (paired #-test
p <2.2e-16). Several parameters were significantly asso-
ciated with this change of clonality according to the uni-
variate analyses (Table S1). The reduction of diversity (i.e.,
equal to an increased clonality), was lower in young reci-
pients (<20 years old, Fig. 2a) or when the graft was infused
from a young donor (<30 years old, Fig. 2b), but only
according to these discrete categories (Table S1). The CMV
serologic status and CMV infection/reactivation (defined as
CMYV DNA in plasma above the limit of detection, currently
2.1E+ 1 Ul/ml, in patients with or without clinical symp-
toms) were both significantly associated with a reduced
diversity post-HSCT (Fig. 2c). Specifically, the CMV-
positive donor/recipient (D+/R+) group differed from the
other groups according to Tukey HSD. Regarding CMV
infection/reactivation, it significantly reduced the repertoire
diversity in all groups (no observation in the D—/R—
group). Moreover, the significant association was mainly
driven by CMYV, although a trend was observed for other
viruses (Fig. S2). Conditioning, T-cell depletion, source of
stem cells, donor lymphocyte infusions (DLI), acute and
chronic GVHD, relapse and other infections (e.g., bacterial)
were not significant. Age and CMV-related variables were
included in multivariable models and were significant taken
two-by-two (Table 3), but without interaction (data not
shown). The strong influence of CMV serologic status and
CMV infection/reactivation was also observed using con-
ditional inference framework analysis (Fig. S3). Looking at
the repertoire infused with the graft, a significant effect of
donor’s age and CMYV status was found. Both variables
were interacting with a shift toward oligoclonality detected
in the group of CMV-positive donors aged >30 years
(Table S2 and Fig. S7a).

Impact of cytomegalovirus on repertoire
reconstitution

CMV-specific clones

A total of 1978 CDR3p clones were defined as specific for
CMV in different donor/recipient pairs, including 299 with a
unique rearrangement. Thus, many of these rearrangements
were public, including one observed in 59 pairs. In addition,
10.5% of the CMV-specific clones were shared in the cohort
before and after alloHSCT compared with only 1.6% of the
non-CMV clones, representing a drastic increase of overlap
(Fisher’s exact test p <2.2e-16). Among the 299 rearrange-
ments, 167 were described with an HLA restriction [36].
Cross-tabulating this information with HLA types in patients,

SPRINGER NATURE



1426 S. Buhler et al.

Q

Number of unique clones

L] ’ ,
L4 7’
o 0017 i . o . o 1
i < L § . e 10
4'—0 Va . L
% 0.001+ foo 7 U : ® 100
[oN n:. ’ I
oy o . @ o0
c 1e-044 g &, o
(4] o0 o .
=} //. e e o
g @ Gcoam o )
4
E 1e-05 . A Overlapping clone
4 ’
// ,, [ ] no
’ ’
047 &- oo . ‘ ° o yes
0 1e-05 1e-04 0.001 001 O 1e-05 1e-04 0.001 0.01
Frequency pre-TX

b 80-

60 4

40+

20+

Number of donor/recipient pairs

—

Similarity index

. standard.jaccard

|:| generalized.jaccard

|:| morisita

<0.01 >0.01 and <0.1

>0.1 and <0.5

Overlap of repertoire before/after HSCT

Fig. 1 Overlap of the TCR CDR3p repertoire in donors prior to
transplantation and in their full chimeric recipients at 1 year post-
HSCT. a Prototypical examples of overlap in two selected donor/
recipient pairs. The clone’s frequencies pre and post-TX (along x and y
axis, respectively) and number of unique clones (dot size) are repre-
sented by scatter plots. Clones that are only observed at one time point
are colored in red, while clones observed at both time points (i.e.,
overlapping clones) are colored in green. The values for standard

we could observe the allele corresponding to the proposed
restriction in 43% of the cases supporting the assignation of
these clones as specific for CMV. Indeed, the number of HLA
alleles, the flexibility of possible interactions at the TCR-
peptide-HLA interface and the randomness of TCR rearran-
gements in distinct individuals makes this concordance highly
improbable just by chance [39-41]. The number and cumu-
lated frequency of CMV-specific clones are reported in Fig. 3,
according to CMV serologic status and infection/reactivation
post-HSCT. An increase above a frequency threshold of 1/
1000 post-HSCT was only observed in the D+/R+ group
when no infection/reactivation occurred. By contrast, all
groups (except D—/R—, no observation) exhibited increased
frequencies in case of infection/reactivation. We also inves-
tigated the relationship between the cumulative frequency of
CMV-specific clones and clonality and found a significant
correlation (Pearson’s r=0.249, p=0.007; Spearman’s
tho =0.318, p =0.0005, Fig. S4a). This was confirmed by
a powerful resampling approach (Fig. S4b). Finally, we
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Jaccard, standardized Jaccard, and Morisita’s index are 0.021, 0.014,
and 0.013 for pair #1 plotted on the left and 0.082, 0.117, and 0.264
for pair #2 plotted on the right, respectively. b Repertoire overlap
according to the indices of similarity among the 116 donor/recipient
pairs at several cutoff values. These indices vary between 0 (no
overlap) and 1 (complete overlap) and are represented along the x axis.
The number of donor/recipient pairs at each cutoff is plotted along the
y axis. TX: allogeneic HSCT

demonstrated that although the frequency of CMV-specific
clones increases according to CMV status, such clones were
never dominant in the whole repertoire of the donors and
patients (Fig. 4).

CMV peptide binding predictions and infection/reactivation

A total of 64,054 9mer were derived from the proteins of
AD169 and submitted to NetMHCpan. Among this large
number of possible 9mer, close to half of them (29,054,
45.4%) were predicted as binders to one or several HLA class
I alleles (5.2 and 6.6 alleles on average for strong and weak
9mer binders, respectively). On average, HLA-A, B, and C
alleles were predicted to bind strongly (or weakly) 809
(1587), 784 (1693), and 1358 (3134) peptides, respectively.
Thus, considering HLA class I conjointly, every patient could
theoretically cover a broad spectrum of CMV derived pep-
tides (Fig. S5). Furthermore, no significant association with
CMV infection/reactivation was observed (Fig. S6).
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Fig. 2 Productive clonality of the TCR CDR3f repertoire in donors
prior to transplantation and in their full chimeric recipients at 1 year
post-HSCT. Clonality is shown along the y axis according to (a) age of
recipients at transplantation (n =13 and 103 for recipients < or >20
years old, respectively), (b) age of donors at transplantation (n =27
and 79 for donors < or > 30 years old, respectively, the age of ten
donors is unknown) and (c¢) cytomegalovirus (CMV) serologic status
and occurrence of CMV infection/reactivation within the first year
post-HSCT (see Table 1 for the numbers included in each category).

Is T-cell diversity predictive of posttransplant
complications?

Overall, clonality was not associated with an increased risk of
clinical events within and after the first year post-alloHSCT
(Tables S2 and S3), excepted that the risk of CMV infection/
reactivation slightly increased with grafts from donors with a
lower TCR diversity (Table S2 and Fig. S7b).

Discussion

Using immunosequencing we could describe the reconstitu-
tion of the T-cell repertoire diversity at 1 year after alloHSCT
in a cohort of 116 full donor chimeric patients. Although the

a Clonality is plotted separately for both time points (i.e., pre and post-
TX) with gray lines connecting donor/recipient pairs. Clonality varies
between O (polyclonal/diverse repertoire) and 1 (monoclonal/invariant
repertoire). b, ¢ The variation of the repertoire diversity is plotted as
clonality post-TX minus clonality pre-TX. Thus, a negative/positive
value indicates an increased/decreased repertoire diversity at 1 year
post-HSCT, respectively. D: donor CMV negative (—) or positive (+),
R: recipient CMV negative (—) or positive (+), TX: allogeneic HSCT

transplant infused usually includes a large amount of T cells,
our data show that the repertoire 1 year after the procedure
is very different, with only a few overlaps. This strongly
suggests that a new repertoire can be reconstituted at any
age through thymic dependent or independent pathways
[9, 17, 18]. TCR monitoring by immunosequencing is very
powerful, but it only provides a snapshot of the repertoire and
the technology can be challenging in terms of analyses
[37, 38]. However, with three indices of similarity going in
the same direction and with a serie of controls performed at
deep resolution to exclude sample size issues, we are pretty
confident that our data are robust.

The diversity of the repertoire has been correlated to
many clinical factors, however in this study, only three of
them are significantly associated with clonality: age of the
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Table 3 Multivariable analyses by linear regression for TCR reconstitution at 1 year

Response variable Explanatory variables Categories tested Baseline Coefficient estimate p value
Clonality post-TX - pre-TX (1) recipient age group 0-20, 21-70 years old 0-20 years old  0.08 (21-70 years old) 0.026
D—/R—, D—/R+, D+/R—, D+/R+ D—/R— 0.04 (D+/R—) 0.287
(2) CMV serologic status 0.08 (D—/R+) 0.022
0.16 (D+/R+) 1.34E-08
(1) donor age group 0-30, 31-70 years old 0-30 years old  0.06 (31-70 years old) 0.023
D—/R—, D—/R+, D+/R—, D+/R+ D—/R— 0.04 (D+/R—) 0.266
(2) CMV serologic status 0.1 (D—/R+) 0.009
0.17 (D+/R+) 4.61E-08
(1) CMV infection/reactivation No, yes No 0.06 (yes) 0.043
D—/R—, D—/R+, D+/R—, D+/R+ D—/R— 0.02 (D+/R—) 0.5
(2) CMV serologic status 0.05 (D—/R+) 0.209
0.13 (D+/R+) 4.82E-05

The intercepts of the regressions are not shown. Significant p-values are shown in italic. There was no significant interaction between the above
variables (i.e., models testing for interaction are not shown)

CMYV cytomegalovirus, D donor, R recipient

D-/R-

D+/R- D-/R+

D+/R+

ou

Cumulated frequency of CMV-specific clones
o

0 ,
o0 o0
o O

sof

preLTX

postLTX preLTX postLTX preLTX

post-TX

preLTX postLTX

CMV infection/reactivation post-TX © no e yes  Number of unique CMV-specific clones © 1 © 5 Q 10 () 20 O 40

Fig. 3 Cumulative frequency (represented along the log scaled y axis)
and number (represented by the dot size) of CMV-specific T-cell
clones in donors prior to transplantation and in their full chimeric
recipients at 1 year post-HSCT according to CMV serologic status

(shown in the four panels along x axis) and CMV infection/
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reactivation within the first year post-HSCT (shown in the upper and
lower panels). A frequency threshold of 1/1000 is indicated by the
dotted line. D: donor CMV negative (—) or positive (+), R: recipient
CMV negative (—) or positive (+), TX: allogeneic HSCT
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Fig. 4 Distribution of T-cell clones in donors prior to transplantation
(upper panels) and in recipients at 1 year post-HSCT (lower panels).
Clones are categorized according to two parameters, 1) their CMV
specificity, nonspecific clones being classified as other and 2) their
dominance (i.e., clones exhibiting a frequency of 10% or more in a
given pair, either in the donor or in the recipient, are considered as
dominant). This allowed to classify all sequenced clones into three

patient, age of the donor, and CMV. Interestingly, GVHD
which has previously been associated with repertoire
diversity in some reports [26, 30] was not significant in our
cohort. Yet, a tendency was observed between acute GVHD
and CMV infection/reactivation, although not significant,
indicating that a more robust immunosuppressive treatment
in patients with higher grade acute GVHD led to a higher
prevalence of CMV infection/reactivation (p = 0.063). The
association between acute GVHD and post-HSCT infec-
tions, especially CMV, is well described [8, 42, 43], the risk
being dependent on the dose of steroid administration [44]
and the GVHD grade [45].

An impact of the age of recipients on clonality was
expected. Previous reports have already demonstrated
similar findings which reflect the capacity of the thymus of
the recipient to generate a more diverse repertoire at a
younger age [12, 13, 15, 46, 47]. The contribution of young
donors is also significant to explain a more diverse

CMV-specific clones, not dominant

subclasses shown in different colors on the plot. Of note, a fourth
subclass consisting in dominant CMV-specific clones was not
observed in any donor or patient. The y axis represents the cumulative
frequencies of clones comprised within each subclass while donor/
recipient pairs are listed along the x axis according to CMV serologic
status (indicated on the top). The sizes of the faceted plots are pro-
portional to the number of pairs comprised within each group

repertoire post-HSCT in our cohort. It has been previously
proposed that advanced donor age could delay immune
recovery [48], possibly because of the decreased frequency
of prethymic T-cell progenitors within the graft. In addition,
the repertoire diversity is higher with lymphoid progenitors
from cord blood compared with bone marrow donors [49].
Similarly, the proliferation of peripheral T cells from young
donors could be more efficient than from older donors.
However we would expect a better overlap of the repertoire
before and after T-cell reconstitution. We thus speculate that
T-cell precursors coming from young donors associated
with the thymic independent pathway [50, 51] best explain
these results. The importance of donor age is of great
interest in the strategy of finding the best donor for
alloHSCT patients, e.g., what is the best option between an
old haploidentical donor or an HLA matched or mismatched
young unrelated donor? T-cell repertoire diversity at 1 year
could be a parameter to take into consideration in this
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context. The third factor significantly influencing the
repertoire reconstitution is the CMV serologic status of the
recipient and the donor reinforced by CMV infection/reac-
tivation. In the D—/R— group, no primo infection was
detected and the T-cell diversity is higher (less oligoclonal)
compared with the other groups. The D+/R— status is also
less associated with oligoclonality. In this later group, the
rate of infection/reactivation is low, as expected, with only
two reported cases. The reservoir of CMV is coming with
the donor cells and could be controlled by the donor-
specific T cells infused with the graft (i.e., only 6 of the 116
alloHSCT analyzed in this study were with 100% depleted
T cells). The D—/R+ group is more prone to develop oli-
goclonality in case of infection/reactivation. This could be
explained either by (a) residual recipient CMV-specific
T cells (like tissue resident memory cells) which have
escaped the conditioning regimen and proliferate, (b) by the
primary response of donor-specific T cells, (c) by other
crossreactive donor T cells or (d) by the proliferation of
nonspecific T cells induced as a bystander effect of
inflammation. The D+/R+ group, with and without CMV
infection/reactivation, exhibits the strongest association
with oligoclonality. In this group, the reservoir of latent
CMYV of the recipient and donor can stimulate donor CMV-
specific T cells infused with the graft. Recipient CMV-
positive serostatus has been proposed as the main factor
determining CMV infection post-HSCT [52] and CMV-
specific cytotoxic T cells were observed more frequently in
D+/R+ grafts [53]. To validate these explanations, we
analysed the presence of CMV-specific T cells and con-
firmed that their frequencies were mirroring the change of
clonality observed in the different groups of our cohort
depending on infection/reactivation. Interestingly, all
patients have a good capacity to present CMV derived
peptides according to their HLA class I restriction. There-
fore, the presence of T cells able to respond broadly to
CMYV is expected in every individual. In agreement with our
data, T-cell response to CMV is substantial and directed
toward multiple antigens [54, 55]. CMV is the largest
among known human viruses against which up to 10% of
the CD4 and CD8 memory compartments are committed in
the blood of seropositive subjects [55-57]. By comparing
CMV-specific clones and non-CMV clones in our cohort,
we could also show that the repertoire overlap is sig-
nificantly driven by CMV but otherwise remains very lim-
ited before and after alloHSCT. Interestingly, in our cohort
the combined frequencies of CMV-specific clones were
well below 10% and none of them were found among
clones described as dominant (Fig. 4). Dominant clones
were observed more often in recipients with severe (i.e.,
>grade 2) acute GVHD (p=0.01) and were especially
overrepresented in the D+/R+ group (p<2.5e-10), but
were not significantly associated with CMV infection/
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reactivation. Some of these clones can be truly CMV spe-
cific and are not yet described in the current database.
Alternatively these clones could be the signature of con-
comitant viral infections, indeed we found a trend, although
not significant, of the impact of other infections on clon-
ality. Finally, the presence of oligoclonality due to the
presence of non-CMV dominant clones could be explained
by the homeostatic proliferation of nonspecific T cells
triggered by cytokines secreted during the symptomatic or
asymptomatic anti-CMV immune response, especially in
the D+/R+ group. We speculate that these nonspecific
clones could be recent thymic emigrant or mature naive
T cells which proliferate very efficiently [58], much more
than memory anti-CMV-specific T-cell clones. Moreover,
severe GVHD could also compound the reduction of
diversity alongside CMV by promoting the expansion of
alloreactive clones. A similar observation was made in a
recent study based on TCRa diversity where dominant
clones not observed before transplantation were found in
patients suffering from CMYV reactivation or extensive
chronic GVHD [29]. In our study, in noninfected patients
the repertoire is more diverse and a weak overlap is
observed before and after transplantation. This suggests that
at 1 year post-HSCT the repertoire is mainly composed of
new T cells emerging from thymic dependent or indepen-
dent pathways. This is also true but to a lesser degree in
patients with CMYV infection/reactivation as discussed
above. Unfortunately, we do not have information about the
naive or memory phenotype of these T cells, but previous
reports have already established that at one year the T-cell
populations are mainly naive (CD45RA+) [17, 18].

It is important to stress some limitations of our study.
One drawback is that we could not differentiate CD4 and
CDS8 subpopulations because we did not have enough cells
to perform cell sorting. For instance, a durable and sig-
nificant imprint of CMV on T-cell reconstitution specifi-
cally in shaping the CD8+ memory T-cell compartment has
been described [28, 59, 60].

The diversity of the T-cell repertoire at 1 year was
interestingly not predictive of any subsequent clinical event
such as infection (including CMV), GVHD, relapse, or
mortality. This strongly suggests that clinical management
remains the key factor to prevent and treat any event post
transplantation.

The analysis of the donor T-cell repertoire was also
instructive as it revealed that diversity was not significantly
associated with GVHD, relapse or any infection except
CMV infection/reactivation. This suggests that -either
grafts with reduced T cell diversity may lack CMV pro-
tective T cells and thus increase the risk of infection,
or more probably that CMV-positive donors (i.e., with a
more oligoclonal repertoire) are overrepresented in CMV-
positive recipients, the more at risk of developing an
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infection/reactivation. Our data also suggest that despite
being significantly shifted in some donors and in many
recipients, the repertoire infused with the graft, although
transient, was diverse enough to afford protection in the
early reconstitution phase and was then reconstituted to a
sufficient extent at 1 year.

In conclusion, our study demonstrates the weak reper-
toire overlap before and at 1 year after alloHSCT. Age of
the patient and the donor play a significant role. Reduced
diversity at 1 year is mainly associated with CMV ser-
ostatus and infection/reactivation. It is to note that although
CMV-specific clones are central to the observed shift of
clonality they never predominate in the repertoire.
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Risk of acute GVHD
after unrelated HSCT
is the highest when
single HLA-DPB1
mismatches in the
patient have a high cell
surface expression.

TCE nonpermissiveness
and predicted indirectly
recognizable HLA-II
epitopes (PIRCHE 1II)
are also predictive of
acute GVHD.

HLA compatibility is a key factor for survival after unrelated hematopoietic stem cell
transplantation (HSCT). HLA-A, -B, -C, -DRB1, and -DQB1 are usually matched between
donor and recipient. By contrast, HLA-DPB1 mismatches are frequent, although it is feasi-
ble to optimize donor selection and DPB1 matching with prospective typing. Because clas-
sical DPB1 allele mismatches are often unavoidable, however, several biological models
have been developed to predict the optimal DPB1 mismatch combination for less graft-
versus-host disease (GVHD) and better overall survival. In 909 recipient/donor pairs, we
analyzed the role of 3 biological models: T-cell epitopes (TCEs) based on the immunoge-
nicity of DPB1, cell surface expression of DPB1 molecules based on a single-nucleotide
polymorphism located in the 3" untranslated region, and the Predicted Indirectly ReCog-
nizable HLA Epitopes (PIRCHE) model based on the presentation of allogeneic peptides
derived from mismatched HLA, compared with the classical allele mismatch. Matching
for both DPB1 alleles remains the best option to prevent acute GVHD. In the situation of
one DPB1 allele mismatch, the donor associated with the lowest acute GVHD risks is mis-
matched for an allele with a low expression profile in the recipient, followed by a per-
missive TCE3/4 mismatch and/or the absence of PIRCHE II potential against the recipient.
In the context of 2 DPB1 mismatches, the same considerations apply for a permissive
TCE3/4 mismatch and no PIRCHE II. By combining the biological models, the most favor-
able DPB1 constellation can be defined. This approach will help optimize donor selection
and improve post-HSCT complications and patient prognosis.

Introduction

The significant role of HLA-DPB1 allele mismatches in hematopoietic stem cell transplantation (HSCT) has
been well described.” Historically, HLA-DPB1 matching was not considered in the selection of unrelated
donors, and mismatches were expected in up to 80% to 85% of otherwise matched unrelated transplant
pairs (ie, recipient transplanted with 10/10 matched unrelated donors [MUDs]).%# Nowadays, with the
introduction of routine HLA-DPB1 typing of patients and upfront typing at donor recruitment, it is feasible

ProMISe database. The data are not public but are searchable with a granted authori-
zation to access the database.

The full-text version of this article contains a data supplement.
© 2021 by The American Society of Hematology
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Figure 1. The biological models and their theoretical and relative contributions to T-cell alloreactivity against HLA-DPB1 incompatibilities. Schematic view
of HSCT involving a recipient and a 10/10 MUD carrying at least one HLA-DPB1 allele mismatch. Matched HLA class | and Il molecules are shown in green; the mis-
matched HLA-DPB1 molecules in donor and recipient are shown in red and blue, respectively. The donor and recipient differ genetically at genes encoding minor histocom-
patibility antigens that can be derived into antigenic peptides presented in the peptide-binding groove of HLA molecules (represented by different shades of gray). They can
also present some peptides in common (ie, shared peptidome shown in the same gray tone). The 3 biological models for predicting permissive HLA-DPB1 mismatches are
illustrated, each one differing in the type of T-cell allorecognition possibly involved (ie, direct and/or indirect) and in the vector of incompatibility (ie, in both directions for
TCEs or GvH for expression and PIRCHE). Furthermore, the expression model is limited to situations in which the donor and recipient differ by only one HLA-DPB1 mis-
match with an incompatibility in the GvH direction (ie, also including bidirectional mismatches). The expression model was not designed for double mismatches, which were
considered unacceptable given the high risk of severe grade 3 to 4 aGVHD. The TCE model is determined by immunogenic variations called TCEs that are located within
the peptide-binding region of HLA molecules. These epitopes can be directly recognized by alloreactive T cells. TCE permissiveness and differential immunopeptidome pre-
sentation have been proposed to be mediated by HLA-DM peptide editing, thus also potentially involving the indirect pathway of allorecognition in the TCE model. In the
expression model, high cell surface expression of the mismatched HLA-DPB1 molecule in the recipient can favor two types of allorecognition, either direct, notably through
the TCEs, or indirect, in cases of allopeptides derived from minor histocompatibility antigens and presented in the peptide-binding groove of the mismatched (but also of the
matched) HLA-DPB1 molecule. Finally, indirect allorecognition is also expected in cases of allopeptides derived from mismatched HLA-DPB1 molecule(s) that can be pre-

sented in the peptide-binding groove of shared HLA class | or Il molecules. This type of recognition is described by the PIRCHE model. D, donor; R, recipient.

to identify HLA 12/12 matched donors for many patients. However,
HLA 12/12 matched donors cannot be identified for a substantial
number of patients. In this context in which mismatches are often
unavoidable, several alternative matching strategies have been sought
to define some level of biological permissiveness and to improve clini-
cal outcomes.

The first biological model is based on the immunogenicity of HLA-
DPB1 molecules inferred from T-cell epitopes (TCEs) localized in the
peptide-binding region. Three (TCE3)® or four (TCE4)® functional
groups of alleles were defined, respectively, allowing classification of
mismatches as permissive or nonpermissive. More attention has
been given to TCE3 compared with TCE4,”® until recently.®

In a different conceptual model, the risks of acute graft-versus-host
disease (@GVHD) in transplants with a single HLA-DPB1 mismatch
were associated with a  single-nucleotide  polymorphism
(rs9277534) located in the 3" untranslated region of the HLA-
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DPB1 regulatory region shown to significantly influence the quantity
of cell surface expression of DPB1 molecules mediating allorecogni-
tion (ie, for proof-of-principle that expression is a functional determi-
nant).'"® The expression model was not designed for double
mismatches, which were considered unacceptable given the high
risk of severe grade 3 to 4 aGVHD. The presence of a high expres-
sion allele in HLA-DPB1-matched transplantations was also linked
to an increased risk of GVHD, probably because of enhanced donor
recognition of minor histocompatibility antigens presented by the
recipient. Interestingly, a strong correlation between the two
rs9277534 variants and TCE grouping has been observed, sug-
gesting that the immunogenicity of HLA-DPB1 molecules could be
related, at least to some extent, to their expression levels.' "2

A third model relies on the indirect component of allorecognition and
the presentation of allogeneic peptides derived from mismatched
HLA molecules to T cells by a shared HLA molecule between the
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Table 1. Patient, donor, and transplant characteristics

Characteristic Value Characteristic Value Characteristic Value
Age of patients EBMT risk score Source of stem cells
<20y 123 (14%) 1-2 56 (6%) Bone marrow 139 (15%)
20-40 y 153 (17%) 3-4 560 (62%) Peripheral blood stem cells 769 (85%)
40-60 y 357 (89%) 5 2983 (32%) Cord blood 1 (0.1%)
60-70 y 248 (27%) Comorbid conditions* Total body irradiation
>70y 28 (3%) No 342 (38%) No 628 (69%)
Year of treatment Yes 382 (42%) Yes 279 (31%)
2008 50 (5.5%) Missing 185 (20%) NA 2 (0.2%)
2009 58 (6%) Karnofsky performance scale index Conditioning
2010 51 (6%) 90-100 688 (76%) Myeloablative 465 (51%)
2011 76 (8.5%) =80 214 (23%) Reduced intensity 443 (49%)
2012 80 (9%) Missing 7 (1%) NA 1 (0.1%)
2013 77 (8%) No. of allograft Graft manipulation
2014 93 (10%) First 873 (96%) None 191 (21%)
2015 100 (11%) Not first 36 (4%) Serotherapy/other 641 (71%)
2016 96 (11%) Sex matching (D/R) In vitro T-cell depletion 77 (8%)
2017 115 (13%) Male/male 436 (48%) HLA-DRB3/4/5 matching
2018 113 (12%) Female/male 118 (13%) Matched 845 (93%)
Type of diagnosis Male/female 187 (21%) 1 mismatch DRB3 35 (4%)
Acute leukemia 506 (56%) Female/female 168 (18%) 1 mismatch DRB4 28 (3%)
MDS/MPN 181 (20%) CMV serostatus matching (D/R) 1 mismatch DRB3 and DRB4 1 (0.1%)
Lymphoid malignancyt 84 (9%) Negative/negative 338 (37%) Transplant center+
NMD 72 (8%) Positive/negative 95 (11%) 202 327 (836%)
PCD 42 (5%) Negative/positive 180 (20%) 208 237 (26%)
CML 23 (2%) Positive/positive 287 (32%) 261 263 (29%)
ST 1 (0.1%) Age of donors, y 334 82 (9%)
Status of disease Median 31.3
Early 445 (49%) IGR 25.2-40.0
Intermediate 279 (31%)
Late 185 (20%)

CML, chronic myeloid leukemia; CMV, cytomegalovirus; D, donor; IQR, interquartile range; MDS/MPN, myelodysplastic/myeloproliferative syndromes; NA, nonavailable; NMD, all

nonmalignant disorders; PCD, plasma cell disorders; R, recipient; ST, solid tumor.
*Based on the hematopoietic cell transplantation—specific comorbidity index.

tLymphoid malignancy regroups non-Hodgkin lymphoma, Hodgkin disease, and chronic lymphatic leukemia/prolymphocytic leukemia.
$The transplant center code according to European Society for Blood and Marrow Transplantation (EBMT) is listed for the 4 allogeneic centers of Switzerland. All covariables tested in

univariate analyses are shown here.

donor and recipient. An in silico approach was developed to predict
the number of such peptides labeled PIRCHE (Predicted Indirectly
ReCognizable HLA Epitopes).'® The presence of PIRCHE was
shown to correlate with clinical outcomes after HSCT.'*"® The bio-
logical models and their theoretical and relative contributions to
T-cell alloreactivity against HLA-DPB1 incompatibilities are schemati-
cally presented in Figure 1. Each biological model considers different
aspects of allorecognition (ie, direct and/or indirect), although some
information is shared across models. In addition, each model is not
applicable to every situation of matching (ie, transplants with 1 or 2
mismatches and vector of incompatibility, as shown in Figure 1).

Based on direct, indirect, or both pathways of antigen recognition, it
is unclear if the models can act synergistically or if each model is
independent. In the current study, we analyzed clinical outcome in
909 recipient/donor pairs with a focus on the DPB1 matched/

L blOOd advances 14 SEPTEMBER 2021 - VOLUME 5, NUMBER 17

mismatched allele(s) stratified according to the classical model com-
pared with the TCE, expression, or PIRCHE models.

Based on the results, we propose an algorithm for the selection of
unrelated donors with lowest aGVHD risks that includes every
model depending on the DPB1 matched/mismatched allele(s) con-
stellation. Our data could be relevant to further refine the donor
search and also to help in the strategy of exploiting the HLA-DPB1
mismatch permissiveness in cellular immunotherapy.'”

Materials and methods

Study design, patients, and HLA-DPB1 typing

The role of HLA-DPB1 matching in the Swiss cohort was analyzed
retrospectively by considering all 10/10 matched allografts per-
formed from 2008 to 2018. This comprised a total of 909 patients
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from 4 transplant centers. It mainly consisted of first allografts per-
formed with peripheral blood stem cells as treatment of hematologic
malignancies. GVHD prophylaxis was by drugs, mainly cyclosporine
with methotrexate or mycophenolate; 71% used serotherapy, mostly
antithymocyte globulin added to the drug regimen. Eight percent
used in vitro T-cell depletion by Alemtuzumab. No posttransplant
cyclophosphamide was used in these patients. Table 1 provides
details on patient, donor, and transplant characteristics.

In Switzerland, prospective HLA-DPB1 typing in transplant candi-
dates and selected unrelated donors was introduced at the end of
2016 with the development of high-throughput sequencing. Pro-
spective typing was also performed from 2012 onward for each
patient, with several potential 10/10 MUDs identified in the Bone
Marrow Donors Worldwide/World Marrow Donor Association data-
base. At the time of the search request, 7.8% of patients in the
cohort had only one potential 10/10 MUD identified in the Bone
Marrow Donors Worldwide/World Marrow Donor Association data-
base; 28.8% had between 1 and 5 MUDs; and 63.4% had >5
MUDs. For the purpose of the current study, retrospective typing
was performed for the donor/recipient pairs not yet fully character-
ized by using reverse polymerase chain reaction sequence-specific
oligonucleotide microbead arrays (One Lambda, Canoga Park, CA)
and polymerase chain reaction sequence—specific primers (Genovi-
sion, Milan Analytika AG, Rheinfelden, Switzerland). Complementary
matching at HLA-DRB3/4/5 was also available and was included as
a covariable in the analyses.

This study was approved by the ethical committee of the canton of
Geneva and the Geneva University Hospital (CER 06-208 and 08-
208R) and was conducted in accordance with the Declaration of
Helsinki.

HLA-DPB1 matching models

Several models were considered in this study. The classical approach
of counting the number of HLA-DPB1 allele mismatches was first
examined, either with or without taking into account the direction of
the vector of incompatibility in case of transplants mismatched for one
allele. In terms of models inferring biological permissiveness, permis-
sive and nonpermissive TCE mismatches were defined for each pair
in the cohort, as previously described for the TCE3 and TCE4 algo-
fithms using Linux/Bash scripts.>®'® The nonpermissive mismatches
were then split into 2 subgroups (e, graft-versus-host [GvH] and host-
versus-graft [HvG] incompatibilities) or kept together for the analyses.
The cell surface expression of HLA-DPB1 alleles in donors and recipi-
ents was inferred from the described linkage between exonic variation
and the 3 untranslated region rs9277534-G/A polymorphism.'®'®
This allowed the classification of the expression level (ie, respectively
high for G-linked alleles and low for A-linked alleles) of all single HLA-
DPB1 mismatches with a vector of incompatibility in the GvH direc-
tion. In this model, pairs defined by 2 mismatches or by 1 mismatch in
the HvG direction only could not be classified and were excluded
from the analyses (one-third of the cohort, n = 305). The numbers of
PIRCHE derived from the recipient's mismatched HLA-DPB1 allele(s)
and potentially presented in the GvH direction on shared HLA class |
(PIRCHE 1) or class Il (PIRCHE Il) molecules between donor and
recipient were identified by using the PIRCHE Web tool (www.pirche.
com, version 3.1.147) as described elsewhere.® Of note, only poten-
tial binders to HLA-DRB1/3/4/5 molecules were considered in this
study because typing for HLA-DOA1 and HLA-DPA1 was not
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available to predict peptide-binding affinities to HLA-DQ and HLA-DP
heterodimers. The distribution of HLA-DPB1 mismatches according to
the different biological models is detailed in supplemental Table 1 and
is presented for PIRCHE | and Il in supplemental Figure 1.

Statistical analysis

The clinical end points considered were overall survival, transplant-
related mortality (TRM), grade 2 to 4 aGVHD, grade 3 to 4 aGVHD,
chronic GVHD, and relapse/progression (Rel/prog). Initial explora-
tion of the data (ie, single and combined HLA-DPB1 matching mod-
els and all covariables listed in Table 1) was done by using
univariate analysis (ie, Kaplan-Meier, log-rank test, and cumulative
incidence with competing risks). The data were then fitted into Cox
multivariable regression models to compare the hazard ratios (HRs)
between appropriate HLA-DPB1 matching groups and for each out-
come adjusted for relevant covariables. A customary model-building
strategy was used in which all covariables somehow associated
with outcome and significant in univariate analysis were entered into
the model and nonsignificant covariables were eliminated in a back-
ward stepwise model-building procedure. A P value <.05 was con-
sidered as significant.

Each of the nine HLA-DPB1 matching models considered in this
study was analyzed individually for the different outcomes. The most
relevant biological models (ie, with a significant HR retrieved for at
least 1 subgroup of patients) were then combined two-by two into
5 models. The subgroups considered at this stage consisted of all
possible pairwise combinations from both selected models (eg,
TCE3.1 and expression) and were either the same as for the individ-
ual analyses (eg, permissive or nonpermissive for TCEs) or pooled
subgroups (eg, recipient with a highly expressed mismatch, thus not
accounting for the expression level of the mismatch in the donor in
contrast to the analyses performed for expression alone). The choice
of pooling categories was made firsthand on the basis of the results
obtained in the individual matching models (ie, keeping the relevant
information for further testing) but also to keep a meaningful number
of patients within each subgroup.

Results
HLA-DPB1 matching for predicting HSCT outcomes

Univariate analyses revealed higher risks of aGVHD and lower inci-
dence of relapse in several HLA-DPB1 mismatched groups com-
pared with fully matched allografts. The other clinical end points
were not associated with HLA-DPB1 (selected Kaplan-Meier plots
are shown for grade 2-4 aGVHD and relapse in supplemental Fig-
ures 2-5). Multivariable analyses confirmed this profile (Table 2; sup-
plemental Table 2). Compared with 12/12 transplants (or
alternatively to the absence of PIRCHE), the risks of grade 2 to 4
aGVHD were significantly increased: (1) with the presence of one
(if bidirectional) or two allele mismatches; (2) with the presence of
at least one PIRCHE II; (3) with the presence of a highly expressed
mismatched allele in recipient (not the donor); (4) with the presence
of nonpermissive TCE3/TCE4 mismatches; and (5) with the pres-
ence of permissive TCE3 mismatches, the latest group with a
P value of .05. The risks of grade 3 to 4 aGVHD were increased
significantly for expression (ie, in pairs with a highly expressed mis-
matched allele in both the recipient and donor; P = .01), and simi-
lar, although not significant, results to grade 2 to 4 aGVHD were
observed for most models. Interestingly, HLA-DRB3/4/5 matching
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Table 2. Multivariable analyses for aGVHD grade 2 to 4 and Rel/prog and association with each HLA-DPB1 matching model

aGVHD grade 2 to 4 (N = 860, events = 297)*

Rel/prog (N = 837, events = 302)*t

HLA-DPB1 matching Categories Events/n HR 95% ClI P Events/n HR 95% ClI P
Classical matching.1 Matched 67/250 1.00 = 96/237 1.00 =
1 mismatch 145/398 1.40 1.05 1.87 .02 145/393 0.81 0.62 1.05 A1
2 mismatch 85/212 1.52 1.10 2.10 .01 61/207 0.62 0.45 0.86 004
Classical matching.2 matched 67/250 1.00 - 96/237 1.00 -
1 mismatch bidirectional 101/254 1.60 117 2.19 .003 96/248 0.84 0.63 1.1 .22
1 mismatch GvH 23/79 1.01 0.63 1.63 .96 23/76 0.66 0.42 1.05 .08
1 mismatch HVG 21/65 1.20 0.73 1.95 .48 26/69 0.88 0.57 1.36 .56
2 mismatch 85/212 1.62 1.10 2.10 .01 61/207 0.62 0.45 0.86 .004
TCE3.1 Matched 67/250 1.00 = 96/237 1.00 =
Nonpermissive 115/288 1.54 1.13 2.09 ﬂ 91/284 0.68 0.51 0.91 .01
Permissive 115/322 1.36 1.00 1.84 .05 115/316 0.80 0.61 1.05 .10
TCE3.2 Matched 67/250 1.00 - 96/237 1.00 -
Nonpermissive GvH 71/165 1.76 1.25 2.46 .001 50/163 0.67 0.48 0.95 .02
Nonpermissive HVG 44/123 1.28 0.87 1.88 .21 41/121 0.70 0.48 1.01 .06
Permissive 115/322 1.36 1.00 1.84 .05 115/316 0.80 0.61 1.05 .10
TCE4.1 Matched 67/250 1.00 = 96/237 1.00 =
Nonpermissive 156/403 1.48 1.11 1.97 008 127/408 0.66 0.51 0.86 -002
Permissive 74/207 1.37 0.99 1.91 .06 79/197 0.92 0.68 1.24 .58
TCE4.2 Matched 67/250 1.00 - 96/237 1.00 -
Nonpermissive GvH 87/228 1.45 1.05 1.99 .02 69/230 0.63 0.46 0.86 003
Nonpermissive HVG 69/175 1.52 1.08 2.13 .02 58/173 0.71 0.51 0.98 .04
Permissive 74/207 1.37 0.99 1.91 .06 79/197 0.92 0.68 1.24 .58
Expression Matched 67/250 1.00 = 96/237 1.00 =
R-high, D-high 24/47 2.84 1.76 4.58 <001 13/44 0.74 0.41 1.33 .31
R-high, D-low 47/121 1.56 1.07 2.27 .02 31/116 0.61 0.41 0.92 .02
R-low, D-high 13/57 0.81 0.45 1.48 .50 33/59 1.11 0.75 1.66 .60
R-low, D-low 40/106 1.38 0.93 2.05 A1 39/102 0.76 0.52 1.10 .15
PIRCHE | 0 137/438 1.00 - 161/424 1.00 -
1-3 116/297 1.26 0.98 1.62 .07 99/284 0.83 0.64 1.06 13
>3 44/125 117 0.83 1.66 .37 42/129 0.84 0.60 1.18 .32
PIRCHE I 0 110/389 1.00 = 151/378 1.00 =
1-10 97/250 1.51 1.15 1.99 .003 83/236 0.76 0.58 0.99 .04
>10 90/221 1.46 1.09 1.95 .01 68/223 0.73 0.55 0.97 .03

.05 > P = .01 are shown in bold and italic; P < 0.01 are shown in bold, italic, and underlined. Significant covariables retained for aGVHD: HLA-DRB3/4/5 matching, graft

manipulation, and transplant center.

Significant covariables retained for relapse/progression (Rel/prog): European Society for Blood and Marrow Transplantation risk score, graft manipulation, and transplant center. Cl,
confidence interval; D, donor; Events, number of events in the risk category for the specified outcome; n, number of patients in the risk category for the specified outcome; R, recipient.
*The number of patients/events for the regressions with expression is N = 579/191 and 558/212 for aGVHD =2 and Rel/prog, respectively.

tPatients with nonmalignant disorder are excluded from analyses on relapse.

was also a risk factor for aGVHD, and the risks were mainly driven
by HLA-DRB3 mismatches. However, this observation relies on a
very small number of patients (n = 35 and 28 for DRB3 and DRB4
mismatches, respectively, results not shown).

Mirroring closely the increased risk of aGVHD, a lower incidence of
relapse/progression was observed for the same groups compared
with 12/12 allografts, except for one allele mismatches, R-high/D-
high mismatched pairs, and TCE3 permissive mismatches, which
were not statistically different (Table 2).
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Less convincing results were observed for the other outcomes,
as defined by P values very close to .05. These results are
presented in supplemental Table 2 and are not discussed
further here.

Combined biological models of permissiveness

The most relevant biological models analyzed in the previous section
(ie, PIRCHE |II, expression, TCE3.1 and TCE4.1) were combined
two-by-two to investigate potential additive or synergistic effects on
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Table 3. Multivariable analyses for acute GVHD grade 2 to 4 and Rel/prog and association with combined biological models

aGVHD grade 2 to 4 (N = 860, events = 297)*

Rel/prog (N = 837, events = 302)*t

HLA-DPB1 matching Categories Events/n HR 95% CI P Events/n HR 95% CI P
TCE3.1 and PIRCHE Il Matched 67/250 1.00 = 96/237 1.00 =
Nonpermissive, no PIRCHE I 13/51 0.85 0.47 1.58 .58 20/49 0.87 0.53 1.42 .57
Nonpermissive, PIRCHE I 102/237 1.73 1.27 2.37 <001 71/235 0.65 0.47 0.88 .005
Permissive, no PIRCHE Il 31/91 1.28 0.84 1.97 .25 36/95 0.88 0.59 1.29 .50
Permissive, PIRCHE I 84/231 1.40 1.01 1.983 .04 79/221 0.77 0.57 1.08 .08
TCE4.1 and PIRCHE Il Matched 67/250 1.00 - 96/237 1.00 -
Nonpermissive, no PIRCHE I 25/91 0.93 0.59 1.48 .77 33/92 0.75 0.50 1.12 .15
Nonpermissive, PIRCHE I 131/312 1.67 1.24 2.25 001 94/311 0.64 0.48 0.85 .002
Permissive, no PIRCHE I 19/51 1.48 0.89 2.48 13 23/52 1.15 0.72 1.82 .56
Permissive, PIRCHE Il 55/156 1.35 0.94 1.93 .10 56/145 0.85 0.61 1.19 .34
Expression and PIRCHE Il Matched 67/250 1.00 = 96/237 1.00 =
R-high, no PIRCHE II¥ 9/13 NI NI NI NI 4/11 NI NI NI NI
R-high, PIRCHE Il 62/155 .72 1.21 2.44 -002 40/149 0.61 0.42 0.88 008
R-low, no PIRCHE Il 10/42 0.86 0.44 1.67 .66 16/42 0.72 0.42 1.23 .23
R-low, PIRCHE Il 43/121 1.30 0.88 1.92 .19 56/119 0.95 0.68 1.32 .75
Expression and TCE3.1 Matched 67/250 1.00 - 96/237 1.00 -
R-high, nonpermissive 39/89 1.87 1.26 2.80 .002 26/86 0.73 0.47 1.13 15
R-high, permissive 32/79 1.79 117 2.73 ﬂ 18/74 0.55 0.33 0.92 .02
R-low, nonpermissive 11/36 1.10 0.58 2.10 .77 19/35 1.00 0.61 1.65 1.00
R-low, permissive 42/127 1.21 0.82 1.79 .34 53/126 0.85 0.61 1.20 .36
Expression and TCE4.1 Matched 67/250 1.00 = 96/237 1.00 =
R-high, nonpermissive 43/98 1.88 1.28 2.77 <.001 29/95 0.71 0.47 1.09 12
R-high, permissive 28/70 1.76 1.138 2.75 .01 15/65 0.54 0.31 0.93 .03
R-low, nonpermissive 27/89 1.11 0.71 1.74 .65 35/91 0.71 0.48 1.05 .08
R-low, permissive 26/74 1.28 0.81 2.02 .29 37/70 1.16 0.79 1.70 .45

.05 > P = .01 are shown in bold and italic; P < .01 are shown in bold, italic, and underlined. Significant covariables retained for relapse/progression (Rel/prog): European Society for
Blood and Marrow Transplantation risk score, graft manipulation, and transplant center. Significant covariables retained for aGVHD: HLA-DRB3/4/5 matching, graft manipulation, and
transplant center. Cl, confidence interval; D, donor; Events, number of events in the risk category for the specified outcome; n, number of patients in the risk category for the specified

outcome; R, recipient.

*The number of patients/events for the regressions with expression is N = 579/191 and 558/212 for aGVHD =2 and Rel/prog, respectively.

tPatients with nonmalignant disorder are excluded from analyses on relapse.
#Not interpretable (NI) because of the very small number of patients in this group.

the primary outcomes. Again, highly significant HRs were observed
for grade 2 to 4 aGVHD and relapse but not for the other outcomes
(Table 3; supplemental Table 3). Foremost, the presence of a highly
expressed mismatched allele in the recipient was associated with
an increased risk of aGVHD compared with 12/12 allografts,
whereas no difference was observed for lower expressed HLA-
DPB1 mismatches. This observation was consistent across all sub-
groups; that is, combined with permissive or nonpermissive TCE3/
TCE4 mismatches or with the absence or presence of PIRCHE II.
In other words, considering TCE or PIRCHE Il was not informative
for stratifying the risks of aGVHD within groups with different levels
of expression. By contrast, the results for TCEs and PIRCHE Il were
less straightforward. The presence of PIRCHE Il was associated
with a 67% or 73% risk increase of aGVHD compared with 12/12
transplants when combined with nonpermissive TCE4 or TCE3 mis-
matches, respectively, and a slightly less increase in combination
with TCE3 permissive mismatches (40%; P = .04) but not with
TCE4 (P = .1). Moreover, the absence of PIRCHE Il in the context
of either permissive or nonpermissive TCE3/TCE4 mismatches was
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not significantly different from 12/12 transplants (pairwise log-rank
tests, data not shown; supplemental Figure 4). Taken together, our
results suggest that PIRCHE Il could add information to the TCE
model, at least in case of nonpermissiveness. The results for grade
3 to 4 aGVHD were very similar to those for grade 2 to 4 aGVHD,
but significant differences were not retrieved because these events
were much rarer in our cohort (supplemental Table 3).

Regarding relapse/progression, the risks were decreased com-
pared with 12/12 transplants in the following 3 groups: nonpermis-
sive TCE3/TCE4 mismatches combined with the presence of
PIRCHE I, highly expressed mismatched allele in recipient and
presence of PIRCHE I, or when combined with permissive TCE3/
TCE4 mismatches.

Discussion

This retrospective study is in line with the growing amount of evi-
dence pointing to HLA-DPB1 matching and its related biological
models of permissiveness as important parameters to consider for
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Selection of donor with a permissive TCE3 or TCE4 mismatch and/or
selection of donor with no PIRCHE |l potential against the recipient

If several donors are identified:
HLA-DRB3 and/or HLA-DRB4 matching
Non-HLA criteria

HLA-DPB1 matching? —w 12/12 matched unrelated donor

Donor with one HLA-DPB1 mismatch?

If several donors are identified:
HLA-DRB3 and/or HLA-DRB4 matching
Non-HLA criteria

1. Selection of donor mismatched against the HLA-DPB1
allele with low expression in the recipient

2. Selection of donor with a permissive TCE3 or TCE4
mismatch and/or selection of donor with no PIRCHE Il
potential against the recipient

If several donors are identified:
- HLA-DRB3 and/or HLA-DRB4 matching
- Non-HLA criteria

Figure 2. Decision tree for optimizing donor selection for HSCT candidates based on the results of this study and developed to reduce aGVHD risks in

patients with a low risk of relapse. Classical HLA-DPB1 matching is the first parameter considered if a 10/10 donor can be identified. In case a 12/12 matched donor

is not identified, the feasibility of selecting a donor with one or two biological permissive mismatches is explored. In cases when one or several donors carrying only one

HLA-DPB1 allele mismatch are available, a low expression mismatched allele should be preferred in the recipient, followed by the feasibility to select a permissive TCE3 or

TCE4 mismatch and/or to avoid PIRCHE II. The prioritization of expression over the 2 other biological models is based on the combined analyses in Table 3 showing that

expression adds new information beyond TCEs and PIRCHE II. Of course, TCEs and PIRCHE Il in addition to expression or as an alternative strategy are also informative.

When allele matching cannot be achieved (ie, for selecting among unrelated donors with two HLA-DPB1 mismatches), the feasibility to select a permissive TCE3 or TCE4
mismatch and/or to avoid PIRCHE Il applies. According to our data, TCEs and PIRCHE Il should be considered equally during donor selection. The role of HLA-DRB3/4

matching and additional non-HLA factors should also be considered.

optimizing donor selection to improve prognosis. Among the several
primary clinical end points examined here, aGVHD and relapse were
shown to be significantly influenced by HLA-DPB1 matching. A bal-
ance between deleterious and protective effects (ie, higher risk of
aGVHD vs lower incidence of relapse) has been proposed to explain
why DPB1 allele mismatches have usually not been associated with
a significant difference in survival,®° with few exceptions.**°

Allowing for a more fine-tuned approach than just counting the num-
ber of mismatches, the biological models examined here were also
informative regarding the risks of aGVHD and relapse, except for
PIRCHE I. Interestingly, we found no significant differences for the
other outcomes (overall survival, TRM, and chronic GVHD). In
agreement with our results, a high cell surface expression of one
mismatched allele in recipient has previously been associated with
increased risks of aGVHD®'%2'22 and sometimes with a
decreased incidence of relapse.10 Furthermore, our results are con-
sistent with previous findings that the level of expression of the
patient's mismatched HLA-DPB1 allele correlates with outcome
more so than the expression level of the donor's mismatched allele
and follows a biological GvH recognition.?? Differences between
fully matched transplants, permissive and nonpermissive TCE mis-
matches were previously described, with some heterogeneity
across studies, for survival and TRM,*® aGVHD,>782223 gnd
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relapse.22>?* Some studies also did not observe any significant dif-
ferences for TCE3 or TCE4 for these outcomes.?®?® Our results
are thus consistent regarding aGVHD and relapse; we do not
retrieve a signal for the other clinical end points.

For the most part, our results on relapse accompanied the ones
observed for aGVHD, although with minor differences regarding
groups that were associated with a significant P value. We thus
focus on aGVHD to discuss in more detail the specific contributions
of each biological model. The concordance between expression
and TCEs (ie, at classifying high-risk vs low-risk mismatches) in our
cohort was 68%, a percentage similar to those already
reported.'??2 We detected more PIRCHE | and Il with TCE nonper-
missive GvH mismatches than with permissive and nonpermissive
HvG mismatches, similar to a previous report by Thus et al.'® In
addition, the number of PIRCHE | and Il was the largest in recipients
with a highly expressed mismatched allele, especially when the
donor-mismatched allele had a low expression (supplemental
Figure 1). It is thus possible that PIRCHE acts as a partial surrogate
for TCEs and expression regarding clinical outcomes. Our results
suggest that the presence of at least one PIRCHE Il was sufficient
to affect significantly the risks of GVHD and that this was not driven
by the number of potential binders (Tables 2 and 3); this theory
remains to be formally investigated. The study of Thus et al'®
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reported a significant correlation between the presence of PIRCHE
| and PIRCHE Il and the increased incidence of aGVHD. However,
this was observed in a much smaller group of patients (n = 88). Of
interest, we observed a trend toward increased incidence of
aGVHD with the presence of PIRCHE | early posttransplant, but the
differences were not significant globally and at later stages (results
not shown). The importance of PIRCHE | therefore warrants confir-
mation by independent studies and needs to be contrasted with the
influence of PIRCHE II.

Recent comparative analyses using expression and TCEs,>'22"22

on the one hand, or TCEs and PIRCHE,'® on the other hand, have
proposed that their combination provides more information than
either model alone and helps to better stratify the risks. This is
because each model emphasizes only part of the complex mecha-
nisms of T-cell alloreactivity against incompatible HLA-DPB1 mole-
cules. Indeed, the biological models are analyzing distinct
components of the alloreactive response but with some overlap
(Figure 1). For instance, recent evidence suggests that TCE permis-
sive mismatches present less divergent immunopeptidomes than
nonpermissive mismatches, with a role for HLA-DM mediating pep-
tide editing.?® Components of both direct and indirect allorecognition
are thus probably involved in the TCE model, similarly to the expres-
sion model, whereas PIRCHE is strictly restricted to the indirect
pathway of recognition. Moreover, the different models do not cover
the same breadth of information; for example, expression and
PIRCHE focus specifically on incompatibilities in the GvH direction,
and expression does not account for more than one HLA-DPB1 mis-
match. Actually, their relative contributions were not straightforward
to interpret when combined two-by-two in multivariable regressions.
Each model seemed to play a significant role but more on an individ-
ual basis rather than by acting in concert. Previous studies reported
similar complex relationships,'?? whereas others have suggested
that the biological models could be prioritized according to their per-
formance for different clinical outcomes (eg, expression with aGVHD
or TCE4 with survival, respectively).® A recent analysis observed
increased risks for GVHD/relapse-free survival, nonrelapse mortality,
and aGVHD and reduced risks for relapse in grafts with two DPB1
mismatches combined to TCE3 nonpermissiveness in GvH direc-
tion.>® An additive effect of expression combined with a TCE3
nonpermissive allotype was associated with aGVHD and relapse. In
contrast to our data, the risks were assessed by combining both
10/10 and 9/10 grafts. A synthetic look at aGVHD in Table 3 found
that expression adds new information beyond the information pro-
vided by PIRCHE Il or by the TCE status, whereas the reverse situa-
tion is not true (ie, the TCE status or presence of PIRCHE Il does
not add new information once the level of expression is determined).

Also, once the TCE status is defined, the presence of PIRCHE I
adds new information, whereas TCEs provide additional informa-
tion only in the presence of PIRCHE Il. This led us to propose a
tentative algorithm for selecting unrelated donors with lowest
aGVHD risks in Switzerland, as presented in Figure 2. Although
the decision tree is mainly devised for patients with a low risk of
relapse, adapting the selection to a donor carrying either two
DPB1 mismatches, a mismatch against a highly expressed allele in
the recipient, a nonpermissive TCE mismatch, or having a high
PIRCHE Il potential could also be beneficial in situations in which
the risk of relapse/progression in the patient is preponderant over
the risk of acute GVHD and should be minimized. For instance,
permissive mismatches have been proposed to be associated with
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a limited alloreactivity sufficient to elicit GVL, thus maintaining treat-
ment efficacy, without the deleterious effects of clinically uncontrol-
lable GVHD.'” However, we do not see any effect on overall
survival of the different models, but reduction of the risks of
aGVHD would be associated with less immunosuppression, better
immune reconstitution, lower risk of concomitant infections, and
other complications.”'30 Thus, a flexible and individualized
approach should always be considered along these general guide-
lines. Feasibility of TCE permissive matching for selecting prospec-
tively among unrelated donors who were equally matched has
previously been shown,®" and several donor algorithms (eg, Hap-
Logic,®® OptiMatch  [https://search.wmda.info/login])  already
include information about TCE permissiveness in their match
grade. Considerations about incorporating the other models in
these algorithms should arise given our results and other recent
studies addressing this issue.®2?

Our data also sustain a role of HLA-DRB3/4 matching for predicting
the risks of aGVHD as an independent factor and as a covariable in
the univariate and multivariable analyses, respectively.

Our study has some limitations despite the large size of the cohort.
For instance, a few groups were relatively small for the analyses that
combined the biological models two-by-two. We performed power
and sample size calculations (not shown), and we used 2 different
groupings for the TCE model with distinct sample sizes, which make
us confident that our results are robust. For the same reason, we
could not perform analyses combining the 3 models together. Also,
grade 3 to 4 aGVHD is of main clinical importance due to its poten-
tial for severe sequelae, including death. However, this concerns
rather rare events and because of this, we could not retrieve signifi-
cant signals in our data, although the results resembled the signifi-
cant observations made on grade 2 to 4 aGVHD. In addition, the
tool for PIRCHE Il is based on peptides derived from the mis-
matched DPB1 alleles presented on DRB1, DRB3, DRB4, and
DRB5 and not on DOB1 or DPB1 because DRA is monomorphic
and the polymorphic DQA1 and DPA1 genes were not typed to
allow the software to make binding predictions for DQ and DP heter-
odimers. A transplant center effect was detected with several clinical
outcomes. Although the centers share common practices (eg, donor
selection process, HLA compatibility), clinical protocols can differ
among them. The multivariable analyses were adjusted for this effect.

Although several studies have already compared the TCEs and the
expression model®'??'2® or PIRCHE and TCEs,'® the current
study, to the best of our knowledge, is the first to include the 3
models. In summary, HLA-DPB1 matching for both alleles (ie,12/12)
remains the best option to prevent aGVHD. In the context of one
HLA-DPB1 allele match, the donor with the lowest aGVHD risk
would be mismatched to an allele with low cell surface expression
in the recipient, followed by a permissive TCE3 or TCE4 mismatch
and/or by the absence of PIRCHE Il potential against the recipient.
In the context of 2 DPB1 allele mismatches, the donor with the low-
est aGVHD risk would have a permissive TCE3 or TCE4 mismatch
and/or no PIRCHE Il potential against the recipient. Because the 3
models are significant and exhibit complex relationships, this should
be confirmed by independent studies, at least for the PIRCHE
model, which has not been extensively tested in large cohorts.
Donor selection includes immunogenetic and other factors, and the
more we know, the more we will be able to personalize the choice
for the best outcome. It would also be interesting to see if those
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findings will still be observed with the growing use of cyclophospha-
mide posttransplantation as GVHD prophylaxis. Finally, T cells from
a donor with a DPB1 mismatch could be an interesting tool in the
future for cellular immunotherapy after HSCT."'”*® The initial choice
of such a donor could be part of a global strategy, including preven-
tion of complications and potential for post-HSCT therapy to inter-
vene in case of relapse.
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In transplantation, direct allorecognition is a complex interplay between T-cell receptors
(TCR) and HLA molecules and their bound peptides expressed on antigen-presenting
cells. In analogy to HLA mismatched hematopoietic stem cell transplantation (HSCT), the
TCR CDR3 repertoires of alloreactive cytotoxic CD8* responder T cells, defined by the
cell surface expression of CD137 and triggered in vitro by HLA mismatched stimulating
cells, were analyzed in different HLA class | mismatched combinations. The same HLA
mismatched stimulatory cells induced very different repertoires in distinct but HLA identical
responders. Likewise, stimulator cells derived from HLA identical donors activated CD8*
cells expressing very different repertoires in the same mismatched responder. To mimic in
vivo inflammation, expression of HLA class | antigens was upregulated in vitro on
stimulating cells by the inflammatory cytokines TNFa and IFNB. The repertoires differed
whether the same responder cells were stimulated with cells treated or not with both
cytokines. In conclusion, the selection and expansion of alloreactive cytotoxic T-cell
clonotypes expressing a very diverse repertoire is observed repeatedly despite controlling
for HLA disparities and is significantly influenced by the inflammatory status. This makes
prediction of alloreactive T-cell repertoires a major challenge in HLA mismatched HSCT.

Keywords: T-cell alloreactivity, human leukocyte antigen (HLA), T-cell repertoire, T-cell receptor, hematopoietic
stem cell transplantation (HSCT)

INTRODUCTION

Solid-organ and hematopoietic stem cell transplantations (HSCT) are characterized by an immune
response mediated by direct, indirect and semi-direct T-cell allorecognition (1-5). In the context of
HSCT, HLA compatibility between the donor and recipient is critical to prevent severe
complications such as graft versus host disease (GVHD). The current standard of HLA
compatibility includes the loci HLA-A, B, C, DRB1, and DQBI1, with HLA-DPB1 matching
considered additionally according to the number of potential compatible donors. Although HLA
compatibility (i.e., the so-called 10/10 matching) is the best option, a mismatched situation can also
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be considered, usually involving one mismatch at a single HLA
class I or class II locus (i.e., 9/10) (6-12).

HLA class I molecules have extremely high allelic polymorphism
(ebi.ac.uk/ipd/imgt/hla/stats.html) (13), potentially influencing
direct alloreactivity in HLA mismatched situations. Indeed, we
and others (14-16) have previously shown that HLA alloantigens
can induce variable strengths of alloreactive T-cell response in
cellular in vitro assays and in vivo, emphasizing the potential role of
the TCR repertoire of the alloreactive responder T-cell population.

The T-cell repertoire is initially shaped in the thymus by
positive and negative selection of maturing T cells on self-
peptide-HLA complexes and then modulated overtime at the
periphery by the cumulative history of foreign antigenic
exposures (2-5). Cross-reactivity and flexibility of the T-cell
receptor (TCR) allow each TCR to potentially interact with
many HLA-peptide complexes (5, 17). While the CDR1 and
CDR2 loops of the TCR interact primarily with cognate HLA
molecules, the most variable region of the TCR, encoded by the
third complementary region (CDR3) of o and B chains, is
specifically involved in antigenic peptide recognition. Its
nucleotide sequence, generated by somatic rearrangements of
V(D)] gene segments and the random insertion/deletion of
nucleotides, allows to characterize unique T-cell clonotypes.
Powerful high-throughput T-cell receptor sequencing
technology has been proposed as an approach to study T-cell
response at the clonal level (18).

In HLA mismatched HSCT, TCRs of the donor’s T cells can
cross-react with non-self-HLA-peptide complexes expressed on
the recipient’s cells and thereby elicit a direct alloreactive
immune response, which can induce a strong clinical
complication called GVHD (19).

In the context of semi or fully HLA mismatched situations,
quantitative analyses of in vitro induced alloimmune responses
have revealed that up to one-tenth of circulating CD4" and CD8"
T-cell clones are potentially alloreactive, accounting thus for the
large diversity of the alloresponse (20, 21). In a single HLA-DPB1
mismatched situation, Arrieta-Bolanos et al. (22) demonstrated
that alloreactive CD4" T-cell repertoires had virtually no
overlapping TCR rearrangements in three different HLA-
DPB1*04:02 individuals when stimulated by two different
HeLa cells (i.e., expressing either HLA-DPB1*02:01 or
DPB1%09:01). The clonal diversity was independent of the
level of alloreactivity and was not based on HLA-DPBI
alloantigen structure and dissimilarity between responder and
stimulator cells.

In this study, we have investigated the specificity of the
alloreactive cytotoxic CD8" T-cell repertoire by using as an in
vitro model a one-way mixed lymphocyte reaction (MLR) assay.
We have performed the analyses on specific HLA class I
incompatibilities according to two scenarios. In the first one, T
cells derived from a given anonymous blood donor (responder
cells) were stimulated with cells from distinct blood donors
(stimulator cells) mismatched for the same HLA. In the second
one, responder T cells of different HLA-matched anonymous
blood donors were stimulated with HLA-mismatched cells from
the same given blood donor. This experimental approach

investigates the specific cytotoxic CD8" T-cell response in a
more physiological environment involving other leukocytes like
helper T cells and monocytes, representing an approximation of
events occurring during the in vivo direct alloreactive immune
response. In addition, to mimic the effect of inflammation
induced by a clinical event such as infection or conditioning
regimen, HLA molecules expressed by stimulator cells were
upregulated by transiently incubating cells with the
inflammatory cytokines, namely tumor necrosis factor alpha
(TNFa) and interferon beta (IFNJ) (23).

MATERIALS AND METHODS

Cells

Peripheral blood mononuclear cells (PBMCs) were purified
using standard Ficoll procedure from blood collected from
anonymous donors who have been HLA genotyped at loci A,
B, C, DRB1, DRB3/4/5, DQB1 and DPBI at high resolution by
the Swiss National Reference Laboratory for Histocompatibility
(LNRH), while searching potential unrelated HSC donors. Cells
were cryopreserved in RPMI 1640 medium (Gibco, Life
Technologies, Oslo Norway) supplemented with 10 mM
L-glutamine, 100 units/ml, penicillin/streptomycin (Gibco),
10% heat-inactivated human AB serum (own preparation) and
10% DMSO (Merk, Darmstadt, Germany). HLA typing was
performed by reverse PCR-sequence-specific oligonucleotide
microbeads arrays and high throughput sequencing
(One Lambda, Canoga Park, USA). Unstimulated total CD8" T
cells (average purity of 95.8%) were isolated from PBMCs by
negative selection using a CD8 cell magnetic microbeads
isolation kit (No. 130-096-495) (Miltenyi Biotec, Bergisch
Gladbach, Germany).

Mixed Lymphocyte Reactions

One way MLRs were performed as previously described (14, 24).
Briefly, responder PBMC cells (2x10°) were stimulated at a ratio
of 1:1 with 30Gy irradiated stimulator PBMC cells in RPMI 1640
medium (Gibco) supplemented with 10 mM r-glutamine, 100
units/ml penicillin/streptomycin (Gibco) and 10% human AB
serum (own preparation). Twenty units per milliliter rIL-2
(Peprotech, London, UK) were added at days 3, 7, and 11.
After 13 days of culture, responding T cells were restimulated
overnight at a ratio of 1:1 with irradiated PKH-2 (Sigma-Aldrich,
Buchs, Switzerland)-labeled PHA blasts obtained by activation of
non-irradiated stimulatory PBMCs with one pg/ml PHA
(Gibco). As a control, part of the cells was also restimulated
with autologous PHA blasts. The percentage of CD137-positive
PKH-2 negative CD8-positive CD56-negative viable T cells was
quantified by flow cytometry. The level of alloreactivity was
measured as % CD137°CD8" cells. It corresponds to the delta
between the % CD137'CD8" cells measured at day 14, after
restimulation on day 13 with allogeneic cells, minus %
CD137"CD8" measured at day 14, after restimulation with
autologous cells (14, 24). To upregulate the HLA expression of
stimulator cells, stimulator cells were incubated in culture
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medium overnight with or without 50 ng/ml TNFo and 100 ng/ml
IFNB (PrepoTech, London, UK) prior irradiation and mixing with
the responder cells.

Immunofluorescence

To label activated cytotoxic CD8 cells, APC-labeled anti-human
CD8a, (clone HT8a) PerCP/Cy5.5-labeled anti-human CD56
(clone HCD56) (BioLegend, Fell, Germany) and FITC-labeled
anti-human CD137 (clone 4B4-1) (Milteny Biotec) antibodies, as
well as APC- and FITC-labeled murine IgG1 isotype controls
(clone MOPC) (BD Bioscience, Switzerland) were used.

HLA class I surface expression was determined on CD3" T
cells using the monoclonal antibodies APC-labeled anti-human
CD3 and FITC-labeled anti-HLA-ABC (Miltenyi Biotec) and
their corresponding isotype control. HLA- C surface expression
was determined on CD3" T cells using the monoclonal
antibodies APC-labeled anti-human CD3 and anti-HLA-C
(clone DT9) (Milliport, Darmstadt Germany) and FITC-
labeled anti-mouse IgG2b and their corresponding isotype
controls (Lucernachem, Luzern, Switzerland). Data acquisition
was performed on gated mononuclear cells, using the ACCURI-
C6 cytometer (BD) and the CFLOWPLUS analysis software (BD
Bioscience, Allschwil, Switzerland).

Cell Sorting

Activated CD8" CD137" T cells were sorted after staining with
anti-CD137-FITC and anti-CD8-PEVio770 (clone BW135/80)
(Miltenyi Biotec), as CD137-positive CD8-positive PKH negative
cells on a BioRad s3 cell sorter (BioRad, Hercules, USA). The
gating strategy is presented in Supplementary Figure 1. A mean
of 6937 + 5757 CD137+CD8 cells were isolated, depending on
the strength of the alloresponse (average purity was 96.1 + 1.5%).

DNA Extraction of Sorted Cell

Genomic DNA was extracted using the Genomic DNA
extraction kit NucleoSpin (Machery-Nagel, Diiren, Germany)

T-Cell Receptor Immunosequencing

High throughput sequencing of the TCR CDR3 region was
carried out at survey resolution on the Illumina HiSeq system
(Illumina, San Diego, USA) following a multiplex PCR
(ImmunoSEQ® assay, Adaptive Biotechnologies, Seattle, USA).
We used 400 ng of DNA from unstimulated isolated CD8+ cells
and the total amount of extracted DNA from sorted alloreactive
CD137+CD8" cells (see Supplementary Table 1). Sequencing
results were sent to Adaptive Biotechnologies for analysis and
datasets were downloaded from the Adaptive Biotechnologies
platform for further investigations. Sample overview indicating
number of productive templates, rearrangements, maximal
productive frequencies and clonalities is provided in
Supplementary Table 1. T-cell repertoire diversity was
estimated by Shannon clonality, defining maximum diversity
(i.e., polyclonal samples) at 0 and minimum diversity (i.e.,
monoclonal samples) at one. Analyses were performed using
the online ImmunoSEQ Analyzer 3.0 software provided by
Adaptive Biotechnologies. TCR overlap analyses were based on

the amino acid sequences of the CDR3 region. Repertoire overlap
between two samples (S1 and S2) was calculated with the
following formulas: % TCR overlap is the number of shared
clonotypes between S1 and S2 divided by the total number of
clonotypes in S1 and S2. This formula is similar to the Jaccard
index. Respective % overlap was calculated as the number of
shared clonotypes between S1 and S2 divided by the number of
clonotypes in S1 or S2, respectively. In addition, the Morisita’s
index (25) was estimated with ImmunoSEQ Analyzer 3.0
software. This index measures the overlap based on the
statistical dispersion of clonotypes in the samples and is
expected to vary between 0 (no similarity) and 1 (complete
similarity). To compare rearrangements (i.e., unique CDR3[
amino acid sequences) with significantly increased or
decreased frequencies between two samples or experimental
conditions, binomial differential abundance analysis was
performed with the ImmunoSEQ Analyzer 3.0 software and as
specified in (26). Respective cumulative frequencies of shared
clonotypes in different experiment conditions were calculated
based on abundance scatter files. Scatterplots, barplots, and
boxplots were generated using R version 3.5.1.

Statistics

Paired t-tests were performed with GraphPad prism software
version 8.01 (GraphPad, San Diego, CA, USA) A threshold of 5%
was considered for statistical significance. Clonotypes with p-
values lower than 0.01 were identified as being differentially
abundant between two samples or experimental conditions
according to the differential abundance tool.

RESULTS

To investigate alloreactive T-cell repertoires, peripheral blood
mononuclear cells (PBMC) of HLA genotyped anonymous blood
donors were cultured in vitro in a classical one-way MLR assay.
After specific restimulation, CD8" responder T cells expressing
the activation antigen CD137 were isolated by flow cytometry
and their repertoire determined by high throughput sequencing
of the TCR CDR3} region.

Clonotype Frequency Distribution of
Alloreactive CD137+CD8+ T Cells

Alloreactive repertoires were determined in nine different MLR
cultures and compared between responder cells, which were
either activated with allogeneic stimulator cells harboring one
or two HLA class I mismatches or with fully HLA mismatched
stimulator cells (Figures 1 and 2 and Supplementary Tables 1
and 2). In Figures 1A, B, representative of two prototypical MLR
cultures, we observe the presence of a majority of low frequency
(<0.1%) clonotypes in the unstimulated CD8" population of the
responder isolated before the MLR cultures. By contrast, after
allogeneic stimulation, most clonotypes were retrieved at much
higher frequencies (up to 74.6%) in the alloreactive
CD137"CD8" responder population. Furthermore, some
clonotypes with specific TCR rearrangements, although not
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FIGURE 1 | Comparison of T-cell clonotype frequency distributions between unstimulated CD8* T cells and activated CD137*CD8* T cells. Clonotype frequency
scatterplots of CD8" T cells isolated from unstimulated PBMC of the responder blood donor before culture and CD137*CD8" T cells isolated at day 14 from MLR
cultures between responder and stimulator cells harboring: (A) two HLA class | mismatches A*11:01/24:02 and C*01:01/04:01(i.e., 8/10 HLA matched, 2 MM) and
(B) full HLA mismatch (i.e., 0/10 HLA matched, full MM). In (A) 4.68% and in (B) 31.97% of the CD137*CD8" clonotypes are shared with the unstimulated CD8* T-
cells clonotypes. The cumulative frequencies of the shared CD137*CD8" clonotypes observed in the unstimulated population are in (A) 0.61 and in (B) 0.88. The
differential abundance tool of ImmunoSEQ Analyzer 3.0 was used to analyze clonotype frequencies (26). Red dots represent clonotypes that are observed with a
statistically significant greater frequency in sample A compared to sample (B) Grey dots represent clonotypes that are not found to be differentially abundant. Black
dots represent clonotypes that are excluded from the analyses. (C) Barplots showing the % clonal frequency distribution of the 50 most frequent clonotypes in
unstimulated CD8" T cells versus CD137*CD8" activated cells of MLR with two HLA class | mismatches and full HLA mismatch. Same colors represent same
clonotypes. (D) Cumulative frequency of the top 50 rearrangements (cyan-blue bars) from unstimulated CD8* T cells (1.2%), CD137*CD8* activated cells in 2 HLA
class | MM MLR (89.5%) and full MM MLR (78.4%), respectively. TCR clonalities are 0.006, 0.55, and 0.31 for the unstimulated CD8* T cells, the CD137*CD8* T

cells in the 2 HLA class | MM, and full MM MLR, respectively. Morisita indices among the three samples are <0.0015.

detected in the unstimulated CD8" population, were isolated
after stimulation representing the expansion of very low-
frequency (< 0.001%) clonotypes. Conversely, some other
clonotypes were observed only in the unstimulated population
but not after stimulation. Overall, repertoire overlap between
unstimulated and activated cells was very low, with Morisita
indices below 0.0015. Compared to unstimulated cells, activated
CD137°CD8" T-cell repertoires showed a substantial increase in
clonality: from 0.006 to 0.55 (Figure 1A) and from 0.006 to 0.31
(Figure 1B), respectively. The clonal distribution of
unstimulated cells was even with clonotype frequencies varying
between 0.001% and 0.1%, while a few dominant clonotypes were

observed at much higher frequencies in activated cells (Figure
1C). The cumulative frequencies of the clonotypes retrieved after
allogeneic stimulation and observed in the unstimulated
population are of 61% and 88% in the two MLR, respectively.
This is characteristic of the strong alloreactive expansion to high
frequencies of a few clonotypes among a broad repertoire of low
frequency clonotypes in the unstimulated T-cell population.
Accordingly, while the 50 most frequent clonotypes in
unstimulated CD8 cells represent 1.2% of all the clonotypes,
they represent more than 78% of the clonotypes retrieved from
activated CD137"CD8" cells (Figure 1D). The proportion of
specifically activated cells was not significantly (p>0.05) different
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whether the responder cells were stimulated with cells harboring
one or two (mean, 18.39 + 8.1) HLA mismatched alleles or cells
fully (mean, 22.43 + 5.1) HLA mismatched (Figure 2A). By
contrast, the clonality was significantly lower in cells activated
with fully mismatched stimulator cells (mean, 0.22 + 0.16) than
stimulator cells with one or two HLA class I mismatches (mean,
0.46 £ 0.18, p = 0.01, Figure 2B). Note: the CDR3f amino acid
identity, referred to in this study as “% TCR overlap” (also
named Jaccard index), represents the percentage of clonotypes
shared among the total number of clonotypes observed in two
repertoires under comparison. Figure 2C shows that the % TCR
overlap between the activated CD137"CD8" T cells in one to two
HLA class I mismatched or fully mismatched MLR was low in all
MLR pairs (mean, 1.28 + 0.4%).

We investigated in a few MLR cultures whether CMV-specific
T cell clonotypes could be enriched after the in vitro stimulation.
However, based on a set of 18,855 potentially public CMV-
specific T-cell clonotypes gathered from two resources (27, 28),
we did not observed over representation of such clonotypes (data
not shown).

Reproducibility of Clonal Stimulation

To evaluate whether the low TCR overlap observed in different
MLR conditions is genuinely a consistent result, we monitored
our experiments’ reproducibility. Interestingly, MLR repeats
showed heterogeneous CDR3 clonal distributions, although
similar ranges of T-cell activation and clonality were retrieved
(Supplementary Table 1A and 3 and Supplementary Figure 2).
Nevertheless, up to 10% of shared CD137+CD8+ T-cell
clonotypes were detected in triplicate MLRs. In pairwise
comparisons, TCR overlap as high as 23.6% was observed, also
reflected by Morisita’s index up to 0.45 and respective cumulative
frequencies of shared clonotypes up to 83% and above 50% in all
but one replicate. Shared and non-shared clonotypes among the
replicates were present across all ranges of frequencies.

A T cell activation B TCRp clonality c % TCR overlap
35- ns 0.8- K 25-
30- 5B
25- 5 '
8 3 o
5 = £
= el g 04 2
8 15 5 < 1.0- _l_
= o
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FIGURE 2 | TCR analyses of sorted CD137*CD8" T cells. The same responder cells are stimulated with allogeneic cells mismatched for either one or two HLA
alleles (orange box, i.e., 8-9/10 HLA matched, 1-2 MM) or for all HLA alleles (blue box, i.e., 0/10 HLA matched, full MM) in nine different MLR cultures (see
Supplementary Table 2 for HLA genotyping of the cells used for the experiments and Supplementary Table 1 for TCR sequencing sample overview).

(A) Percentage of CD1377CD8" cells measured after specific minus autologous restimulation. Mean + SD: 1-2 MM 18.39 + 8.1, full MM 22.43 + 5.1, ns, not
significant paired t test p>0.05. (B) TCR clonality mean + SD: 1-2 MM 0.46 + 0.18, full MM 0.22 + 0.16, **significant paired t test p = 0.01 and (C) percentage of
CD137*CD8" T cell clonotypes shared between the two culture conditions (mean, 1.28 + 0.4).

T-Cell Receptor Repertoires of
Alloreactive T-cell Clonotypes in Mixed
Lymphocyte Reaction Cultures

To further investigate the allogeneic repertoire specificity,
different combinations of HLA mismatched responder/
stimulator cells were tested in distinct MLR cultures. The TCR
repertoires of purified activated CD137"CD8" cells were
sequenced and analyzed (Figure 3 and Table 1).

First, responder T cells isolated from two distinct HLA
identical blood donors (i.e., HLA-A, B, C, DRB1, DRB3/4/5,
and DQB1 matched at high resolution) were stimulated in
parallel cultures by cells isolated from a third HLA
mismatched donor (see the illustrative chart in Figure 3A and
the top half of Table 1). Second, cells isolated from one donor
were stimulated in parallel cultures with HLA mismatched
stimulator cells isolated from two HLA identical donors (see
the illustrative chart in Figure 3B and bottom part of Table 1).

As shown in Table 1, the clonality and percentage of activated
CD137'CD8" T cells were constrained within close ranges of
values for each pair of MLRs. Interestingly, the percentage of
activated clonotypes sharing a CDR3[ amino acid sequence (i.e.,
% TCR overlap) was low when comparing pairs of MLR culture
performed at the same time in parallel, ranging between 0 and
1.9%. In addition, the percentage of activated clonotypes shared
in one MLR culture compared to the other culture ranged
between 0 and 5.8% (i.e., respective % TCR overlap). Along
this line, very low cumulative frequencies of shared clonotypes
were measured between pairs of MLR. Accordingly, the
Morisita’s indices were very low and varied from 107° to 0.044.
The clonal distribution of the 50 most frequent clonotypes
revealed dominant clonotypes in each MLR condition (Figure
3, right panel), but these clonotypes did not share the same
CDR3PB amino acid sequence. Of note, the CD8" T-cell
repertoires of the two HLA matched responders’ pairs
(responders 1 and 2 or responders 3 and 4, respectively) were
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FIGURE 3 | TCR analysis of paired MLRs. CD137*CD8* T-cell clonotype frequency scatterplot comparisons between paired MLRs and clonal distribution of the top
50 most frequent clonotypes retrieved from each culture (illustrative examples of results taken from Table 1). (A) Two MLR cultures of different HLA 10/10 matched
responder cells (R1 or R2) stimulated by the same mismatched stimulator cells (Sa). R1/R2 cells are HLA-A*11:01 versus 24:02 and HLA-C*04:01 versus 01:02
mismatched with Sa cells. (B) Two MLR cultures of the same responder cells (R1) stimulated with cells from two distinct stimulators (Sa and Sb). Sa and Sb are 10/
10 HLA matched. R1 cells are HLA-C*07:02 versus 16:01 mismatched with Sa/Sb cells. The top 50 clonotypes represent 89.5% in R1/Sa and 82.3% in R2/Sa (top

clonotypes.

experiments shown in panel A), and 91.9% in R1/Sa and 90.5% in R1/Sb (bottom experiments shown in panel B) of the respective repertoires. Colored dots in
scatterplots represent clonotypes with frequencies differing significantly between paired MLRs. Cyan-blue dots represent clonotypes observed with a statistically
significant greater frequency in sample A compared to sample B, red and purple dots clonotypes have a statistically significant greater frequency in sample B
compared to sample A, while gray dots represent clonotypes not differing significantly in frequency. Black dots clonotypes are excluded from the analyses.
Frequency analysis was performed with the differential abundance tool in ImmunoSEQAnalyzer 3.0. Barplots represent the clonal distribution of the 50 most frequent

very distinct sharing only 0.1% to 1.1% of TCR rearrangements
(results not shown).

Effect of Human Leukocyte Antigen
Upregulation on the T-Cell Receptor
Repertoire of the Alloreactive T-cell
Response

Under in vivo conditions, HLA expression, which has previously
been shown to influence the allogeneic immune response (14-16),
might be affected by inflammation driven by infection or GVHD.
The HLA expression of stimulator cells was upregulated in vitro by
overnight incubation with TNFo alpha and IFNP to mimic
inflammation. RNA sequencing (results not shown) and
cytofluorometric analysis (Supplementary Figure 3) revealed
that, although expressed at variable levels, all HLA class I alleles,
including HLA-C alleles, were upregulated after TNFo/IFNJ
induction to similar extent. This was confirmed by correlation
coefficients of r = 0.84 and r = 0.92 between unstimulated and
upregulated HLA-ABC and HLA-C expression, respectively. The
mean fold cell surface expression upregulation measured on
PBMGs, isolated from 56 different blood donors, was 1.62 for

total HLA class antigens and 1.9 for HLA-C antigens on PBMCs
from 32 of these 56 blood donors. Compared to untreated
stimulator cells, cytokine TNFa/IENP treated stimulator cells,
induced similar percentages of activated CD137"'CD8" T cells in
20 parallel MLR cultures (Supplementary Figure 4). The mean
percentage of CD137"CD8" T cells were 18.5 £ 9.8 and 14.6 + 11.2
(p=0.051) in MLR cultures of untreated versus TNFo/IFN treated
stimulator cells, although the cell surface expression was
significantly increased in treated stimulator cells (p<0.0001).

The clonal analysis of alloreactive CD137°CD8" T cells
induced by the same mismatched HLA stimulator cells with
basal or elevated HLA antigen expression is shown for one
representative experiment in the upper panels of Figure 4. The
percentage of shared clonotypes was only 1.5% (Morisita index
of 0.011). Cumulative frequencies of clonotypes shared was of
33% in the MLR culture toward cells with upregulated HLA
expression compared with clonotypes of the paired MLR toward
cells of basal HLA class I expression. Of note, four shared
clonotypes were present at frequencies above 0.01 in one or
the other cultures. The clonal distribution of the 50 most
frequent clonotypes is represented in Figure 4 (upper right
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TABLE 1 | Paired alloreactive T-cell response.

MLR? HLA MM % TCR %TCR Morisita Respective% TCR Cumulative freq. of shared
CD137*CD8 clonality  overlap® index overlap® clonotypes
HLA-A*11:01 vs
24:02
Responder 1 HLA-C*04:01 vs 12.0 0.55 0.3 0.0002
01:02
. —6
Stimulator a HLA-A*11:01 vs 0.2 10
24:02
Responder 2 HLA-C*04:01 vs 8.8 0.64 1.6 0.004
01:02
Responder 3 HLA-C*07:01 vs 12.9 0.31 - -
12:03
Responder 4 | SIMUIBIOTD T ) 5e07:01 vs 13.1 0.30 0 - - -
12:03
Stimulator ¢c| HLA-C*07:02 vs 25.6 0.51 3.1 0.0099
16:01
e) 1.9 0.0002
Responder 57 qimulator d| HLA-C*07:02 vs 18.8 0.49 46 0.054
16:01
Stimulator ¢| HLA-C*07:02 vs 22.2 0.38 4.6 0.10
) 16:01
Responder 5
Stimulator d| HLA-C*07:02 vs 1.3 0.41 19 0.044 3.1 0.08
16:01
Stimulator b| HLA-C*07:01 vs 12.9 0.31 5.8 0.10
12:03
Responder 3 1.7 0.022
Stimulator e| HLA-C*07:01 vs 135 0.31 2.3 0.05
12:03

@Responder 1 cells are 10/10 HLA matched with responder 2 cells, dito responder 3 with responder 4, stimulator ¢ with stimulator d and stimulator b with stimulator e cells.

Ymismatched HLA class | alleles between responder and stimulator cells.
total % shared T cell clonotypes.

9% shared T cell clonotypes in one MLR compared to the other MLR.
®MLRs performed in duplicate.

Responder 1and responder 2 TCR clonalities of unstimulated CD8+ T cells are 0.006 and 0.023 respectively with 0.1% overlapping T-cell clonotypes and responder 3 and responder 4
TCR clonalities are 0.04 and 0.06, respectively, with 1,1% overlapping T-cell clonotypes. TCR clonality of responder 5 cells is 0.026.

panel) and shows a few unshared dominant clonotypes in both
culture conditions. The results of five different MLR cultures
with basal or elevated HLA antigen expression are shown in
Figure 4 (lower panels). The mean percentage and clonality of
activated CD137°CD8" T cells did not significantly differ when
induced by stimulating cells treated or not with the cytokines.
The % TCR overlap of activated CD37"CD8" cells in untreated
and treated conditions was low and ranged between 1.4% and
2.9% in three out of the five cultures. However, a slightly higher
proportion (3.3% to 6.3%) of the TCR rearrangements was
observed in the CD137°CD8" T cells induced by the TNFa/
IFNP treated stimulator compared to the cells detected in the
parallel MLR induced by untreated stimulator cells (Figure 4,
lower, right panel). The cumulative frequencies of the shared
clonotypes between cultures stimulated with TNFo/IFN treated
stimulator versus untreated stimulator cells was 0.18 + 0.15. It is
important to note that in two out of the five cultures (Figure 4,
dots circled in red), the repertoires were not analyzed based on
activated CD137"CD8" cells but on the total of CD8" sorted
responder T cells, as the number of CD137"CD8" cells was to
low to be sorted. This explains the greater overlap ranging
between 10.4% and 22.9% in these two experiments.

DISCUSSION

The data of this study suggest that in donor/recipient HLA
mismatched situations (like it might occur in HSCT), the same
mismatched stimulatory cells (in the case of HSCT: recipient
antigen-presenting cells) induce the proliferation of different
responder T-cell clonotypes (donor T-cell clonotypes) with a
little percentage of shared TCRs in distinct HLA identical
(i.e., 10/10 matched) responder cells. Similarly, distinct HLA
identical (i.e., 10/10 matched) stimulators cells (recipient
antigen-presenting cells) induce the proliferation of different
responders TCR clonotypes (donor T-cell clonotypes) and
repertoire in the same HLA mismatched responder/stimulator
configuration. Random selection and expansion of alloreactive
T-cell clonotypes were also observed in MLR repeats and
triplicates, although at a lesser extent Moreover, the level of
mismatched HLA cytokine-modulated expression on the cell
surface does not influence the strength of the T-cell response, but
it affects the repertoire of the alloreactive CD137°CD8" T cells
retrieved after culture. Our results are in line with previous
reports (3-5, 17) indicating the very high flexibility of
alloreactive TCRs in the alloimmune response, as well as the
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FIGURE 4 | Modulation of allogeneic T cell response by HLA class | upregulation. (A) Chart of MLR stimulations: responder cells (R) derived from the same blood
donor are stimulated in parallel cultures with allogeneic stimulator cells, with basal (Sa) or upregulated HLA surface expression after overnight TNFow and IFNB
cytokine treatment (Sa: TNFaINFp). Scatterplot and barplot are a representative example of one of the five parallel MLRs shown in (B). Frequency scatterplot
showing 1.5% (8/531) of shared clonotypes between the two conditions. Colored dots in scatterplots represent clonotypes with frequencies differing significantly
between paired MLRs (i.e., cyan-blue dots represent clonotypes that have a statistically significant greater frequency in sample A compared to sample B, red dots
clonotypes have a statistically significant greater frequency in sample B compared to sample A), while gray dots represent clonotypes not differing significantly in
frequency. The frequency analysis was performed with the differential abundance tool in ImmunoSEQAnalyzer 3.0). The cumulative frequency of the shared
clonotypes in MLR stimulation with Sa : TNFaINF is 0.33 and with untreated Sa is 0.75, respectively. (Right panel) Clonal distribution of the top 50 most frequent

clonotypes in each culture (i.e., with basal (R/Sa) or upregulated (R/SaTNFaINF) HLA cell surface expression of stimulator cells). Responder and stimulator cells are
mismatched for HLA-A*03:01 versus 24:02. The top 50 clonotypes represent: 91.3% in R/Sa and 87.4% in R/Sa+TNFalINFp of the respective repertoires. (B) HLA
cell surface upregulation, T-cell activation, TCR clonality and % TCR overlap determined in five pairs of MLRs performed with stimulator cells treated with TNFo and
IFNB (cyan-blue boxes) or not treated before stimulation (orange boxes). The light and dark gray boxes in the last panel represent total and respective TCR overlap
(in %), respectively. The mean value of Morisita’s indices for TCR overlap is 0.024. Of note, among the five pairs of MLR, two pairs were performed with fully HLA
mismatched stimulator cells, while the other stimulator cells were mismatched for one HLA-C (07:02 versus 16:01) or one HLA-A (03:01 versus 24:02) allele. TCR
overlap was determined based on CD137"CD8" T cells except in two out of the five MLR cultures where total CD8" T cells were isolated. This is shown by the red
circled dots on the lower right panel. No statistical differences (ns) in T-cell activation or TCR clonality is observed between MLRs with basal or upregulated HLA

expression (paired t-tests). ***

) HLA induced upregulation was statistically significant (paired t test, p = 0.0053).

random selection and expansion of alloreactive cytotoxic T-cell
clones, which is influenced by the complex interplay between the
TCRs and mismatched-HLA-peptide complexes, alongside
additional factors such as the fitness of clones, cytokines and
inflammatory events.

To monitor the cytotoxic T-cell response in transplantation, T
cells were isolated from defined HLA genotyped healthy donors
and stimulated with specific HLA-mismatched allogeneic cells in
vitro. We are aware that this study’s in vitro model might represent
only a snapshot of the possible in vivo alloimmune response.
Indeed, the observed expansion of dominant clonotypes can be
affected by the clones’ microenvironment and fitness. In this study,
the starting PBMC number was 2 million and might not always
include the total number of cells with alloreactive potential. This is
especially true when considering that the clonotypes observed with
increased frequencies in the responding cell population were not
necessarily detected in the starting population because of their

supposed too low frequencies. Only an increased number of
cultures performed in parallel would probably clarify this matter
and minimize technical limitations (29-31). However, working
with a higher number of cells from two individuals with a single
HLA mismatch would be cumbersome and require higher blood
withdrawals, which is not ethically acceptable. Emerson et al. (32)
distinguished low (i.e., not seen before stimulation and
representing 84% of the reacting clonotypes) and high
abundance clonotypes (i.e., seen before and after stimulation) in
the alloresponse of the total T-cell population. They reported
repetitive detection of the high abundance clonotypes only.
Similarly to others (33), we observed shared and non-shared
clonotypes at various frequencies in activated CD137°CD8" cells
of MLR triplicates (Supplementary Figure 2). Conscious of the
technical restrictions, we expected that the very abundant
alloreactive clones would be repeatedly detected, and we have
reduced the possible randomization of the results by testing
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multiple alloresponses toward different single HLA antigens.
With these precautions in mind, we are confident that the
results obtained in this study stand to estimate events
occurring during the alloimmune response. To avoid inter-
individual variability and to better define the diversity of the
TCR repertoire of alloreactive cells, distinct stimulations of the
same cells were examined. Furthermore, alloreactive activated
CD137°CD8" T cells were sorted after being specifically
restimulated to minimize bystander stimulation of non-specific
clones. We can however not exclude that, while sorting activated
cells, we also sorted some auto-specific cells. Note that when
measuring T cell activation, we did stimulate the cultures with
autologous cells to monitor specificity. Accordingly, the referred
activation represents % CD137"CD8" in specifically restimulated
cultures minus % CD137°CD8" T cells in the same culture after
autologous restimulation. The % after autologous stimulation
never exceeded 10% of CD137*CD8" (data not shown).

Using such assays and similar to others (21, 22, 33), we
identified highly frequent clonotypes among alloreactive CD8" T
cells previously not detected in unstimulated cells. This confirms
the highly efficient expansion of reactive T-cell clones in the
allogeneic immune response. The increased clonality observed in
Figures 1 and 2 for T cells stimulated with a single or a few
alloantigens compared to T cells stimulated with a large number
of alloantigens is concordant with the results of de Wolf et al.
(21). These authors reported a reduced diversity and thus
increased clonality of the alloresponsive CD4" and CD8" T
cells stimulated by haploidentical cells (i.e., half-matched for
HLA) as compared to cells stimulated with fully HLA mismatched
cells. This supports the belief that a higher number of HLA
mismatches correspond to a higher number of potential
alloantigens, thus inducing a more diverse alloreactive repertoire
at fault for a stronger immune response in transplantation.
Nevertheless, it has to be kept in mind that a single mismatched
HLA molecule might bind a large variety of peptides and may
represent many different alloantigens, possibly interacting with
different TCRs. On the other side of this multifaceted ligand/
receptor cognate interaction, one given TCR was reported to react
with more than 100 different peptides (17, 34). Other authors
reported up to 1 million peptides being potentially recognized by
each TCR. This TCR’s particularity probably also influences the
specificity of the alloresponse. In an HLA class II mismatched
situation, Arrieta-Bolanos et al. (22) reported that although higher
levels of alloresponse were detected in the same HLA-DPB1*04:02
individual after stimulation with Hela cells expressing HLA-
DPB1%*09:01 rather than HLA-DPB1*02:01, very different
clonotypes of similar TCR clonality were measured among the
responding CD4+ T cells. Their results suggest that the number of
amino acid mismatches between the HLA of the responder and
stimulator cell does not influence the clonality of the responding T
cells, leading to the same conclusion as we do regarding the
pleiotropy of the TCR repertoire when stimulated under similar
controlled conditions.

Furthermore, in this study, we have described that the very
same HLA mismatched stimulatory cells (thus expressing the
same HLA-peptide alloantigens) induce the proliferation of

clonotypes with a very low percentage of shared TCR in
distinct but HLA 10/10 matched responder cells. This was also
the case when the alloresponse was restricted to a single allelic
mismatch. These results suggest an individual selection of these
clonotypes, which could be influenced by environmental factors
and/or immunological memory of the responding cells’ past
immune responses, similar to the phenomenon described in
twins (35). The preferential thymic selection of different
repertoires as well as the distinctive memory versus naive
CD8" T-cell repertoires could also influence the results (36,
37). Likewise to us, Arrieta-Bolanos et al. (22) reported that
the same HLA-DP mismatched expressing cells induce CD4" T
cells with different TCR rearrangements in different individuals.
We have also shown that HLA identical (10/10 matched)
stimulatory cells isolated from distinct healthy donors induced
the proliferation of different T-cell clonotypes in the same HLA
mismatched responder cells. Such diversity stands for the
“peptide-centric model” described by Cole and al (38). as it
probably reflects the T-cell response toward heterogeneous
peptidomes bound by the same HLA alleles of different
individuals. A refined peptidome analysis would be required to
investigate this hypothesis further. Along this line, Koyama et al.
(39) reported that different T-cell clonotypes were detected in
patients undergoing GVHD in the skin, colon, or blood of the
very same patient, suggesting that HLA molecules present
distinct peptides in various organs. In contrast, Michalek et al.
(40) reported the expansion of a unique specific CD4" T-cell
clone in the blood of an HSCT patient undergoing GVHD.
Since additional factors such as concomitant infection or any
ongoing inflammatory processes could play a role in the in vivo
allogeneic response, we have monitored inflammatory cytokines’
effect on the alloresponse. To do so, the levels of HLA expression
of stimulatory cells were boosted in vitro with a combination of
TNFo and IFNB. We could observe that all HLA class I alleles’
transcription (results not shown) and translation were increased
with the same order of magnitude. Whether increased HLA
expression alters the peptidome presented, has not yet been
investigated. Nevertheless, comparing the alloresponses of the
same CD8" T cells induced by stimulating cells with or without
upregulated HLA surface expression revealed no significant
change in the response’s strength and clonality. Some TCR
rearrangements were shared, revealing mean cumulative
frequencies of 0.38 + 0.32 and 0.18 + 0.15 for shared
clonotypes of the same CD8+ T cells induced by stimulating
cells without or with upregulated HLA surface expression. The
overlap of activated CD8" cells in these two conditions was
however weak, with a maximum of 6.3% of shared clonotypes.
Although the low overlap might be influenced by the
randomness observed in culture repeats, it supports a random
selection and expansion of responding T cells with high TCR
flexibility to bind foreign peptide-HLA complexes in alloimmune
processes. Additionally, the results suggest that inflammation,
occurring for example, after a bystander viral infection in
transplantation, might also alter the allogeneic immune
response as it might induce the activation of new responding
alloreactive T cells. Potential effect of allele-specific expression
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which is a topic of debate (41-43) has not been investigated in
this study.

Our study focused on specific HLA class I incompatibilities,
mainly at the HLA-C locus. This could be considered a limitation
of the study, however as HLA mismatched transplantations at
the HLA-C locus have been privileged for many years in our
institution, while HLA-B mismatches avoided, we did not have
cells to perform HLA-B mismatch experiments and only a few
experiments could involve HLA-A incompatibilities. In addition,
it was not possible to assess every HLA-C mismatch combination
due to the extensive HLA polymorphism. In HSCT, it is well
known that particular mismatch combinations are so-called
“permissive” and are leading to different transplantation
outcomes (10, 14, 44). In our previous study (14), permissive
HLA mismatched combinations did not induce CD137°CD8"
positive T cells suggesting any TCR repertoire bias before or
after stimulation.

In conclusion, our data demonstrated the vast diversity of the
alloimmune response regarding the expansion of T-cell clones.
However, we are aware of the limitation of in vitro studies not
allowing to fully extrapolate to in vivo situations. Factors that
influence this expansion such as infection, immunosuppression
and GVHD are under investigation (45-47). Interestingly, we
recently presumed about such factors when we reported that the
expansion of TCR clones in reconstructing the repertoire after
HSCT was correlated to CMV reactivation in patients one-year
post-HSCT, without being CMV specific (45). Another recent
publication also demonstrates the difficulties to clearly associate
the TCR repertoire and clinical events (46). Thus, the prediction
of alloreactive T-cell response based on the TCR repertoire
before and after transplantation remains a major challenge in
HLA mismatched situations. Clinical protocols or
pharmacological agents targeting specifically alloreactive T cells
to control clinical complications such as GVHD or the graft-
versus-leukemia effect (GVL) could be very challenging
to establish.
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Regulation of HLA class | expression by non-
coding gene variations
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Abstract

The Human Leukocyte Antigen (HLA) is a critical genetic system for different outcomes
after solid organ and hematopoietic cell transplantation. Its polymorphism is usually deter-
mined by molecular technologies at the DNA level. A potential role of HLA allelic expression
remains under investigation in the context of the allogenic immune response between
donors and recipients. In this study, we quantified the allelic expression of all three HLA
class | loci (HLA-A, B and C) by RNA sequencing and conducted an analysis of expression
quantitative traits loci (eQTL) to investigate whether HLA expression regulation could be
associated with non-coding gene variations. HLA-B alleles exhibited the highest expression
levels followed by HLA-C and HLA-A alleles. The max fold expression variation was
observed for HLA-C alleles. The expression of HLA class | loci of distinct individuals demon-
strated a coordinated and paired expression of both alleles of the same locus. Expression of
conserved HLA-A~B~C haplotypes differed in distinct PBMC’s suggesting an individual reg-
ulated expression of both HLA class | alleles and haplotypes. Cytokines TNFa /IFN, which
induced a very similar upregulation of HLA class | RNA and cell surface expression across
alleles did not modify the individually coordinated expression at the three HLA class | loci.
By identifying cis eQTLs for the HLA class | genes, we show that the non-coding eQTLs
explain 29%, 13%, and 31% of the respective HLA-A, B, C expression variance in unstimu-
lated cells, and 9%, 23%, and 50% of the variance in cytokine-stimulated cells. The eQTLs
have significantly higher effect sizes in stimulated cells compared to unstimulated cells for
HLA-B and HLA-C genes expression. Our data also suggest that the identified eQTLs are
independent from the coding variation which defines HLA alleles and thus may be influential
on intra-allele expression variability although they might not represent the causal eQTLs.

Author summary

In transplantation, the allogenic immune response is linked to the HLA compatibility
between donor and recipient, HLA genes being highly polymorphic. The impact of this
allelic polymorphism on MHC cell surface expression and the potential role of expression
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in the T cell activation and on clinical outcomes remains poorly investigated. In this
study, we documented the individual variability of allelic HLA class I expression in
PBMCs by RNA sequencing. To mimic the inflammatory clinical situation after trans-
plantation, we performed a similar analysis following cytokine (TNFo/IFN) stimulation
of PBMCs. The results demonstrated a coordinated and paired expression of both alleles
of the same locus in all individuals. The levels of expression of matched HLA-A~B~C hap-
lotypes differed in distinct PBMCs suggesting that expression of both HLA class I alleles
and haplotypes is regulated individually. To identify cis regulatory elements of expression
we performed an eQTL analysis on unstimulated and stimulated PBMCs. These eQTLs
accounted for up to 9%, 23% and 50% of the respective HLA-A, B and C expression vari-
ance in stimulated PBMCs. Of interest, we could show that they are independent from the
SNPs encoding allelic variation, meaning that they could explain a different portion of the
variance in HLA expression.

Introduction

HLA class I molecules are expressed constitutively on nucleated cells and function as antigen
presenting molecules to cytotoxic T cells in immune responses to pathogens, cancer cells and
autoantigens [1]. They also regulate the innate immune response by influencing NK cell activa-
tion [2]. HLA disparities between donors and patients induce allogenic immune responses,
leading to rejection or graft versus host disease (GVHD) in different transplantation settings
[3]. HLA class I molecules are characterized by an extremely high polymorphism and variable
levels of expression [4-7], which potentially influence their function(s). For instance, tumor
cells downregulate HLA expression to escape immune-surveillance by T cells [8,9]. In vitro
allogenic immune responses were previously shown by us and others [10-12] to be partially
dependent on HLA-C expression. Intra- and inter-individual variation of HLA cell surface
expression on T and B cells was also described to impact antibody dependent cytotoxic
immune response [13]. More recently, HLA-expression was also shown to impact crossmatch
outcomes in transplantation diagnostic [14]. Two retrospective clinical studies tested the
impact of HLA expression on clinical outcome in the setting of HLA-C mismatched unrelated
hematopoietic stem cell transplantation (HSCT). Both studies used as proxy of HLA-C expres-
sion the mean cell surface expression reported by Apps et al. [4]. While Petersdorf et al [15]
found an association between highly expressed HLA-C*03 or C*14 allotypes and increased
mortality, Morishima et al [16] did not. In other clinical settings, a high HLA-C expression
was correlated to more efficient recognition of HIV by cytotoxic cells and lower viremia in
patients [4,17], while lower levels of HLA-C expression had a protective effect from Crohn’s
disease [7]. Similarly, higher HLA-B*27 expression levels were reported in patients with anky-
losing spondylitis compared to healthy donors [18].

HLA expression regulation underlies complex mechanisms, involving genetic polymor-
phisms as well as transcriptional and translational factors [19-23]. To date, no consensus
explanation exists for the variable levels of HLA expression that are observed [24].

Initial reports on HLA class I expression were based on cell surface and gene expression
and relied on allotypes, without the possibility to discriminate between the two alleles carried
by heterozygous donors at a given locus. [4,7,17,25,26]. The advent of more recent technolo-
gies using RNA sequencing has allowed qualitative, quantitative and equivalent inter-allelic
expression analyses [14,27-30].
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An extended analysis of single nucleotide polymorphisms (SNPs) in the non-coding regions
of HLA genes, which tag transcript abundance (expression quantitative traits loci, eQTLs) was
performed by Aguiar et al. in lymphoblastic cells of the GEUVADIS consortium [28]. They
identified HLA-C associated eQTL’s in strong linkage disequilibrium with the previously
described genetic variants rs9264942 and rs2395471 and deletion (263del/ins) [17,31,32]. Van-
diedonck et al. 2011 [33] analyzed the specific transcriptional variation of haplotypes associ-
ated with autoimmune diseases in three known homozygous cell lines PGF, COX and QBL.

In the present study, HLA class I allelic RNA expression, analyzed in peripheral blood
mononuclear cells (PBMCs) of healthy blood donors, was quantified using RNA sequencing.
To mimic clinical situations with inflammation driven by events such as alloreactivity, auto-
immunity or infection, the analyses were performed on PBMCs before and after stimulation
with the pro-inflammatory cytokines Tumor Necrosis Factor alpha (TNFo) and Interferon
beta (IFNB). Furthermore, we investigated whether variations in the non-coding genome
(eQTLs) affect HLA class I expression. The eQTLs were first analyzed on T cells (169 samples)
from the Blueprint consortium and then compared to the ones retrieved in PBMCs of the cur-
rent study (54 samples), before and after stimulation.

Results

HLA class I expression at the allelic and individual levels

To evaluate and compare the expression of HLA class I genes, RNA from 63 healthy blood
donors was isolated from PBMCs and sequenced. Expression levels for the alleles detected in
our cohort are provided in Fig 1A. The highest mean expression was measured for HLA-B
alleles (1870+541 transcripts per million, tpm) followed by HLA-C (1238+532 tpm) and
HLA-A (866+224 tpm) alleles. Variation in expression was also the highest among HLA-B
alleles with a maximum fold variation ratio of 7.86 between HLA-B*18:01 and B*56:01 which
comprise the highest and lowest tpm values, respectively. The expression of HLA-A alleles was
more even with a ratio of 3.2 between the highest (A*01:01) and lowest (A*31:01) tpm values.
HLA-C was intermediate with a ratio of 5.2 between the highest (C*04:01) and lowest
(C*01:02) tpm values. A more conservative comparison of expression between alleles using
median values showed the highest fold ratio for HLA-C (2.7) between C*14:02 and C*03:03,
followed by HLA-B (2.0) between B*13:02 and B*56:01 and HLA-A (1.8) between A* 33:03
and A*31:01. Expression according to HLA antigens is shown in S1 Fig.

HLA expression per locus and per donor is represented in Fig 1B. A coordinated expression
of both alleles is clearly visible in each heterozygous donor for the three HLA class I genes. The
intra-individual variation of expression was the lowest at HLA-A and the highest at HLA-C.
The intra-individual variation at HLA-B was also low except in two donors. Along this line, a
high correlation between pairs of alleles in heterozygotes at HLA-A, and B and a slightly lower
correlations at HLA-C was measured (HLA-A: spearman p = 0.66 p = 3.6x10”7, HLA-B: p =
0.67 p = 1.0x10”° and HLA-C: p = 0.51 p = 1.7x107) (S2 Fig). Calculation of allele specific
expression (ASE) as the ratio of the lowest expressed allele towards the total expression of both
alleles at a given locus in each individual revealed a very balanced pattern of expression with
median values of 0.47, 0.47 and 0.44 for HLA-A, B and C, respectively (Fig 2A). For one indi-
vidual, the ASE was exceptionally low (i.e., 0.1) due to the low expression of one HLA-B*56:01
allele. Furthermore, in order to test whether the balanced pattern of expression of HLA class I
alleles was different from what could be expected by chance, we applied a resampling proce-
dure. The empirical distributions of the simulated ASE obtained after 1000 permutation repli-
cates are shown in Fig 2B (see the figure legend for more details). The observed ASE at
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Fig 1. Gradient HLA class I expression at the allelic level. Panel (A) HLA class I RNA expression measured in samples of PBMCs obtained from 63
individuals is plotted as tpm (transcript per million) per allele (indicated on the horizontal axis) for HLA-A, B and C. Nine-teen HLA-A, 31 HLA-B and 19
HLA-C unique alleles are detected. Mean expressions are 866+224, 1870+541and 1238+532 tpm for HLA-A, B and C, respectively. Each dot represents the
expression of an allele in one individual. Note that the HLA typing inferred from RNA sequencing corresponded to the available high-resolution typing

performed on DNA. Panel (B) Allelic expression is plotted per locus (horizontal axis) and per individual. Each facet represents one individual and each dot one
allele.

https://doi.org/10.1371/journal.pgen.1010212.g001

HLA-A, B and C are significantly closer to the maximum possible balance of expression (i.e.,
0.5) than any of the replicates (p-values < 0.001).

Upregulated HLA expression

To further investigate the influence of pro-inflammatory cytokines on HLA expression,
PBMC:s of 56 blood donors were stimulated overnight without or with the cytokines TNFo.
and IFNP. Their respective expression was determined and is shown in Fig 3. Mean expression
of HLA-A, B and C alleles was upregulated to a similar extent (Fig 3A). Mean fold upregulation
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https://doi.org/10.1371/journal.pgen.1010212.g002

was 2.5, 2.04 and 2.11 for the tested HLA-A, B and C alleles, respectively, with spearman o
coefficient of 0.4, 0.31 and 0.58 and p-values of 2.9x10™, 1.0x10 and 2.2x10™'°. The detailed
analysis of the upregulation per allele is shown in S3 Fig and revealed only a few possible outli-
ers. Namely, HLA-A*29:02, 30:01, 32:01 and HLA-C*16:01 had higher fold expression of 4.1,
3.4, 3.5 and 2.7, respectively, while HLA-B* 15:01 had a lower fold expression of 1.3 following
stimulation. Otherwise, although the results were gathered from 56 different PBMC cultures
performed at different times, a very homogenous and conserved upregulation of expression
was observed among alleles. In accordance with RNA expression, cell surface expression of the
corresponding HLA-class I molecules was upregulated to a similar extent with a ratio of mean
fold upregulation of 1.6, as determined by flow cytometry (Figs 3B and S4). The Spearman cor-
relation for HLA cell surface expression between cells stimulated or non-stimulated with
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allele. The dots are colored according to the same code as in Panel (A). Panel (D) Allele specific expression (ASE) at the three HLA class I genes is plotted
according to both stimulation conditions.

https://doi.org/10.1371/journal.pgen.1010212.9003

cytokines was 0.84 with a p-value of 1.0x10' The coordinated expression of alleles in hetero-
zygous donors persisted after induced upregulation (Figs 3C and S5). Moreover, the balance of
expression among alleles within individuals, as measured by ASE, was similar to the data previ-
ously shown in Fig 2 for the uncultured PBMCs, with median ASE comprised between 0.45
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and 0.48 in unstimulated and stimulated PBMCs (Fig 3D). Upregulation through overnight
cytokines stimulation did not change the much conserved balance of expression for HLA-B
and C or even slightly reinforced it as observed for HLA-A (paired Wilcoxon rank sum test, p-
value < 0.001, median ASE for unstimulated PBMCs = 0.467, median ASE for stimulated
PBMCs = 0.483).

Allelic expression in HLA-A~B~C~DRB1 haplotypes

The RNA expression measured at the allelic level in PBMCs was grouped according to the
expected segregation of alleles on three common HLA haplotypes (i.e. inferred at least five times
in our cohort and estimated with a frequency above 1% in a large Swiss cohort [34]. The three
common haplotypes considered were HLA-A*01:01~B*08:01~C*07:01~DRB1*03:01, HLA-A
*03:01~B*07:02~C*07:02~DRB1*15:01 and HLA-A*02:01~B*07:02~C*07:02~DRB1*15:01.
The RNA expression of alleles within the common haplotypes in freshly isolated PBMCs or in
cells kept in culture without stimulation overnight are shown in the upper panels of Fig 4. A
stacked expression was seen across loci for alleles belonging to the same haplotype. In contrast,

HLA-A*01:01~B*08:01~C*07:01~DRB1*03:01
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Fig 4. Allelic expression in PBMC carrying common HLA haplotypes. The upper panels represent the RNA expression (in tpm) of alleles segregating on
three common HLA haplotypes as indicated. In the lower panels, the RNA expression (in tpm) of the alleles belonging to the second haplotype is shown. Each
individual carrying a given haplotype is shown with a different color code. Straight and dotted lines correspond to RNAs of cells kept in culture without
stimulation overnight or of freshly isolated PBMCs, respectively. The HLA-typing of the second haplotype differ between samples sharing a common
haplotype. Small facets represent the pairwise linear regression of expression between loci. The standard error of the regression is indicated as grey shedding.

https://doi.org/10.1371/journal.pgen.1010212.9004
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the corresponding expression of alleles on the second carried haplotype was less concordant as
these haplotypes differed among individuals sharing the same common haplotype (Fig 4 lower
panels). This is also suggested by the broader standard errors of regression between pairs of loci
for the second carried haplotype when compared to the common one (Fig 4, small facets).

Expression quantitative loci analysis of the HLA class I region

Since the PBMC dataset generated in this study has a small sample size, eQTL analyses were
carried out also on an external, larger, dataset comprising T cells from the Blueprint consor-
tium (www.blueprint-epigenome.eu).

Genome-wide significant eQTLs (FDR = 5%, Table 1) were identified in 294, 428, and 7502
genes in unstimulated PBMCs, stimulated PBMCs, and Blueprint T cells, respectively.

There are no genome-wide significant eQTLs for any of the HLA class I genes in unstimu-
lated PBMCs. Stimulated PBMCs have a genome-wide significant eQTL for HLA-B
(6:31370329:C:A, p = 2.6e-7) and HLA-C (6:31243785:G:T, p = 4.1e-9) genes. In Blueprint T
cells, 2, 3, and 2 independent eQTLs for HLA-A, B, and C, were identified respectively
(Table 2 and Fig 5). The nominal p-values of the T-cell eQTLs in PBMCs for the best eQTL
variant per independent signal are shown in Fig 6A. The p-values of the best eQTL variant in
PBMC:s that correspond to one of the significant variants in T cell independent signals are
shown in Fig 6B. Two SNPs seen as significant in T cells were also seen in unstimulated
PBMC:s as significant (Fig 6A) and the best SNP’s seen in unstimulated and stimulated PBMCs
are also seen in T cells (Fig 6B). We tested how well all T-cell eQTLs are replicated in the
PBMC:s using the 7 estimates ([35]) and estimated that of the T-cell eQTLs, 34% are active in
unstimulated PBMCs, and 38% are active in stimulated PBMCs. To perform the aforemen-
tioned m; statistic the best eQTL found in stimulated PBMC which corresponds to one of the
most significant eQTLs of the Blueprint T-cell were chosen.

The eQTLs identified account for 29%, 13%, and 31% of the variance in HLA-A, B, C
expression in unstimulated cells, respectively, and 9%, 23%, and 50% of the variance in stimu-
lated cells. Note that as described in Table 2, there are no significant eQTLs for the unstimu-
lated cells and HLA-A is not significant for the stimulated cells. In order to test whether this
variance is mostly independent of the variance of the coding variants that determine an indi-
vidual’s HLA allele, the pairwise correlation was calculated between the eQTL variant and the
coding variants for the HLA alleles found in 1000 European genomes of this study. The corre-
lation between the eQTLs and the coding variants that dictate HLA-alleles are low (56 Fig)
indicating that the intra-HLA allele expression variance may be explained by the non-coding
variants involved in the regulation of HLA class I gene expression.

Lastly, significant difference in the effect sizes of HLA class I eQTLs between unstimulated
and stimulated PBMCs was assessed. We used a linear mixed model to check the interaction
between genotype and stimulation status of the samples. We observed that one, two and two
eQTLs for HLA-A, B and C, respectively, show significantly higher effect sizes in stimulated
cells vs. unstimulated cells (Fig 7). For one signal in HLA-B and all signals in HLA-C signifi-
cant interaction p-values were observed, indicating that there is a significant difference
between the effect sizes of these variant in unstimulated vs. stimulated cells.

Table 1. Cis eQTL.

Cell Type No of Samples No of Genes eQTLs FDR 5%
PBMC unstimulated 55 19117 294
PBMC stimulated 55 18737 428
Blueprint T Cells 169 15488 7202

https://doi.org/10.1371/journal.pgen.1010212.t001
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Table 2. Best eQTL SNPs shared between T cells and PBMCs.

Gene HLA-A HLA-B HLA-C
Independent Signal HLA-A-1 HLA-A-2 HLA-B-1 HLA-B-2 HLA-B-3 HLA-C-1 HLA-C-2

T cell SNP 6:29917673:G:A | 6: 29923522:C:T | 6:31327723:G:A | 6:31331829:C:T | 6:31378510:G:A | 6:31236051:G:A | 6:31241002:A:G
T cell p-value 9.42E-14 4.31E-07 3.46E-09 8.81E-07 1.26E-05 5.53E-19 1.87E-08
Unstimulated PBMC p-value 0.1828 0.0316 0.8610 0.8904 0.0239 0.8416 NA

Stimulated PBMC p-value 0.4846 0.6724 0.6432 0.9589 0.6924 0.4203 NA
Independent Signal HLA-A-0 HLA-A-1 HLA-B-0 HLA-B-1 HLA-B-2 HLA-C-0 HLA-C-1

Best SNP in unstimulated PBMCs V 6:29920713:T:C | 6:29918841:G:A | 6:31328795:A:T | 6:31347798:G:A | 6:31381533:C:T | 6:31240712:A:C | 6:31243785:G:T
Best SNP unstimulated PBMCs p- 0.0001 0.0097 0.0197 0.1194 0.0239 0.0002 1.90E-05

value

Best SNP in stimulated PBMCs " 6:29910801:C:A | 6:29892854:T:G | 6:31334945:T:C | 6:31347798:G:A | 6:31378510:G:A | 6:31274027:C:T | 6:31243785:G:T
Best SNP stimulated PBMCs p-value 0.0243 0.1540 0.0034 0.0046 0.6924 2.93E-06 4.11E-09

Y the best eQTL in unstimulated or stimulated PBMCs that correspond to T cell eQTL’s

https://doi.org/10.1371/journal.pgen.1010212.t002

Discussion

HLA expression at the cell surface might influence the alloreactivity induced in transplantation
when T cells recognize non-self HLA. Indeed, Petersdorf et al [15] found an association
between highly expressed HLA-C allotypes and increased mortality, while Morishima [16]

et al did not. Likewise, high expression of HLA class II (HLA-DPB1) antigens is reported to be
risk factor for developing acute graft versus host disease in HSCT [36-38].

In this study, we quantified allelic expression of the three HLA class I genes on an individual
basis by RNA sequencing and analyzed whether non-coding genome variations like cis eQTL’s
could explain the observed levels of expression in PBMCs. HLA expression in T cells of the
Blueprint Consortium was additionally investigated to increase sample size and the upregu-
lated expression in cytokine-stimulated PBMCs was measured to allow a better balance of the
results towards expression. We focused on HLA class I alleles only, as they are constitutively
expressed in all PBMCs in contrast to HLA class II alleles, which are only constitutively
expressed in specific cell types such as B cells and professional antigen presenting cells. HLA
class II allele expression might thus be dependent on subpopulation distribution and cell acti-
vation status in PBMCs. Note that Yamamoto et al [29] as well as Johansson et al [30] did not
consider this caveat when they analyzed HLA class II expression by RNA-Seq capture method-
ology in PBMC samples. Cis regulating elements associated to HLA-DQB1 allele-specific
expression variability after autoimmune T-cell activation were reported by Gutierrrez et al
[39]. In contrast to their publication, we were not able to define dynamic ASE (dynASE),
which can be associated with HLA expression. We speculate that the power to detect these
dynASE sites could be due, on one side, to the difference between HLA class I and HLA class
IT expression specificity and, on the other side, to the time course experiment they performed
with 8 time points, which we do not have in our cohort.

Our results confirm the variability of expression among HLA class I alleles as previously
reported [5,14,28,30,40-42]. Nevertheless, considering the mean expression of alleles at the
locus level, our data are not in agreement with other publications classifying HLA-C mRNA
expression as the lowest [30,43]. Furthermore, the levels of expression that we observe across
distinct alleles differ from the values reported in some publications [5,30,40,42], while they
concord, with the results published by Garcia-Romano et al [44] and Yamamoto et al [29],
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Fig 5. The genomic locations of the eQTLs. The genomic locations of the eQTL associations in the cis regions (+ 1
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Blueprint T cells.
https://doi.org/10.1371/journal.pgen.1010212.g005
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https://doi.org/10.1371/journal.pgen.1010212.9006

who suggest like us that HLA-B alleles possesses the highest and HLA-A alleles the lowest
mean expression, respectively. Due to the limited numbers of samples analyzed, the study was
not designed to evaluate the specific expression of alleles at each locus. Lee et al [42] reported
expression of allele with more than 10 individuals per allele in the GEUVADIS cohort. Never-
theless, if we classify the alleles as high or low expressers, we obtain similar subgroups to the
ones reported by others [4,29,42]. For example, the highest/lowest mean expression among
HLA-C alleles was seen for HLA-C*04 and 14 and C*03 (Fig 1), respectively. While the lowest
HLA-B expression was seen for the HLA-B*56 allele. This steadiness of expression at the allelic
level suggests that allele-specific regulation might exist alongside the individual-dependent
regulation of expression discussed in the next paragraph. Indeed, concerning HLA-C alleles,
Aguiar et al [28] showed that the rs 41561715-T SNP was associated to the HLA-C*04 lineage
in lymphoblastoid cells. In our study, this SNP has a p-value of 3.1175e-06 and 0.0382403 for
HLA-C in stimulated and unstimulated PBMCs, respectively. Unfortunately, we cannot com-
ment further on lineage specific effects, as we do not have great enough sample size.

In all three cell cohorts used in this study (i.e., freshly isolated PBMCs, PBMCs kept over-
night in culture medium with or without TNFa and IFN), we observed a coordinated HLA
class I expression at the individual level rather than an allele-specific regulation. Indeed, calcu-
lation of allele-specific expression (ASE), measured as the proportion of the lowest expressed
allele per locus per individual, revealed a very balanced and conserved expression of both
alleles in heterozygotes with ratio close to 0.5 in uncultured cells as well as in cells cultured
overnight with or without pro-inflammatory cytokines. The suggested individual regulated
expression is sustained by high correlation and a very low variance of expression between
paired alleles of the same PBMC sample. A random assignment of allelic pairs by permutations
(even when constraining the permutations to keep the same HLA typing within each individ-
ual) showed that the observed ASE is significantly closer to the maximum of 0.5 (i.e., repre-
senting a fully balanced expression of both alleles) than any of the permutation replicates. The
coordinated expression of alleles from distinct HLA class I loci in a given individual was best
seen in Fig 3 when alleles belonging to the same haplotype were compared. This confirms our
previous observation suggesting an association between HLA-C expression and extended HLA
haplotypes [6]. The low number of samples that share the same haplotype(s) did not allow ana-
lyzing whether haplotype-specific regulating non-coding elements (eQTL’s) exists. Moreover,
independently from haplotype segregation, eQTL analysis did not reveal variants affecting the
bulk expression of the three HLA class I genes together. Each locus seemed thus to have his
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and the p-values in stimulated and unstimulated cells are provided in the titles of the boxplots.

https://doi.org/10.1371/journal.pgen.1010212.9007

own regulatory transcription elements. The coordinated expression at the individual level
observed in this study is also in agreement with previous studies of Vandidonck et al [33] and
Lam et al. [45], who reported HLA haplotype-specific regulation of gene expression in distinct
blastoid cell lines. Gene clustering and cis regulatory domains were proposed to explain the
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allelic co-expression. [45,46]. However, no higher co-expression of alleles within the same hap-
lotypes compared to alleles on different haplotypes were reported by Aguiar et al [28]. Never-
theless, when they considered allele-specific expression (ASE), as we do in Figs 2 and 3, they
observed a rather balanced expression profile for HLA-A, B and C alleles. This sustains our
results suggesting the paired expression of HLA class I alleles in most individuals.

We are aware that analysis on different cohorts, namely T cells from the Blueprint consor-
tium and PBMC’s represent different cell type composition and might not be directly compa-
rable. Indeed, eQTLs were shown to be possibly related to differences in cell type composition
across individuals [47]. Nevertheless, the eQTL association patterns we observed in T cells are
similar to the eQTL association patterns in stimulated PMBCs for HLA-B and HLA-C genes.
In addition, as seen in Fig 7, two SNPs (6:31274027 and 6: 31243785) were best predictor of
HLA C expression. Overall, stimulated cells show stronger effect sizes when compared to
unstimulated cells, suggesting that the effect of eQTLs on expression would be magnified in an
active immune system.

In conclusion, our data showed that non-coding variations regulating HLA class I genes
could be independent of the coding variations that define alleles. As the eQTLs identified in
PBMCs mostly have low effect sizes, they may only imperfectly capture the true signals. Thus,
confirmatory data on a larger cohort are warranted. More importantly, however, our results
demonstrated a coordinated and paired expression of both alleles of the same locus in each
individual, which is maintained under conditions of inflammation. Although our study was
not designed to answer to this question, the poor correlation between eQTL and distinct HLA
allelic expression could suggest that allelic regulation is mediated by sequences, which have
not been preferentially selected during evolution. Only a larger sample size may allow the
assignment of specific non-coding variants, which would be directly responsible for the intra-
allelic variation in expression.

Methodology
Ethic statement

The studies involving human participants were reviewed and approved by Ethical committee
of University Hospitals of Geneva (CER 06-208 and 08-208R). Written informed consent for
participation was not required for this study in accordance with the national legislation and
the institutional requirements.

Cells

Peripheral blood mononuclear cells (PBMCs) were purified using standard Ficoll procedure
from blood collected from healthy donors who were genotyped at loci HLA-A, B, C, DRBI,
DRB3/4/5, DQB1 and DPBI at high resolution by the Swiss National Reference Laboratory for
Histocompatibility (LNRH), while searching for potential unrelated HSC donors.

To upregulate HLA expression, PBMCs were incubated in RPMI 1640 culture medium
(Gibco) supplemented with 10mM L-glutamine 100 units/ml penicillin /streptomycin (Gibco)
and 10% human AB serum (own preparation) overnight with 50 ng/ml TNFo and 100 ng/ml
IFNB (PrepoTech, London, UK) prior to RNA extraction.

Immunofluorescence

HLA cell surface expression was determined on CD3™ T cells using the monoclonal antibodies
APC-labeled anti-human CD3 (clone BW264/56) and FITC-labeled anti-HLA-ABC (clone
REA230) (Milteny Biotec) and their corresponding isotype controls. Data acquisition was
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performed on gated mononuclear cells, using the ACCURI-C6 cytometer (BD) and the
CFLOWPLUS analysis software (BD Bioscience, Allschwil, Switzerland).

DNA extraction and high-resolution HLA typing

DNA was extracted on an automatic system (QIAGEN GmbH, Hilden, Germany) from Ficoll
purified peripheral blood mononuclear cells (PBMCs). HLA typing was performed by reverse
PCR-sequence-specific oligonucleotide microbeads arrays and high throughput sequencing
(One Lambda, Canoga Park, USA).

RNA extraction

Total RNA was extracted using the RNeasy Micro kit (Qiagen, Valencia, CA, USA) according
to manufacturer’s instructions.

Genotyping and imputation

The genotyping of the samples was conducted with the Illumina Infinium Global Screening
Array v2.0. The genotype calls were done using Illumina GenomeStudio 2.0. We filtered vari-
ants with minor allele frequency (MAF) less than 1%, genotype missingness greater than 2.5%,
and Hardy-Weinberg equilibrium (HWE) p-value less than le-5. This resulted in 484886 vari-
ants which were imputed using the Michigan Imputation Server with the HRC (Version r1.1
2016) reference panel. Post-imputation filters, r* less than 0.3, MAF less than 1%, and HWE p-
value less than le-6 were applied, resulting in 7924221 variants. Principle component analysis
of the samples, together with 1000 genomes samples [48] revealed that 2 samples have non-
European ancestry, thus were excluded from further analyses. The human reference genome
build used was GRCh37.

RNA-sequencing and quality control

RNA-sequencing was conducted on Illumina HiSeq 4000, according to manufacturer’s
instructions. The RNA-seq QC was conducted according to Lappalainen T [49]. We also
assessed the matching between the genotypes and the RNA-seq experiments using QTL tools
mbv [50]. We observed low concordance at heterozygous sites (< 80%) for 6 samples, which
were excluded from downstream analyses.

HLA- allele-specific mRNA expression

The RNA sequencing method has previously extensively been discussed by Aguiar et al [28].
Briefly we used HLApers to create a personalized genome based on HLA alleles, mapped the
RNA-seq reads against these genomes using STAR [51], and then quantified gene expression
using Salmon [52] including allele specific HLA transcripts. The human reference genome
build used was GRCh37, and gene annotation used was GENCODE v33 lifted over to
b37GENCODE reference annotation for the human and mouse genomes [53]. We excluded
genes that were not quantified in more than half of the samples.

e¢QTL analyses

All analyses were conducted with QTLtools [46]. We calculated population principal compo-
nents (PCs) from genotypes and technical RNA-seq covariate PCs, using QTLtools pca, and all
PCs were centered and scaled. The number of RNA-seq was chosen such that they maximized
the number of cis eQTLs genome-wide. We used 5 RNA-seq PCs and 3 population PCs, as
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technical covariates in PBMCs, and 30 RNA-seq PCs and 3 population PCs in T cells. Cis
eQTL analysis was conducted using QTLtools cis with 1000 permutations.

Graphs

Graphs were generated using R version 4.0.2.

Statistics

Statistical paired ¢ tests were performed with R version 4.0.2 and GraphPad prism version 8.0.

Supporting information

S1 Fig. Gradient expression of HLA antigens. HLA class I RNA expression measured in sam-
ples of PBMC:s obtained from 63 individuals is plotted as tpm (transcript per million). Alleles
are grouped according to their serological specificity (i.e., HLA-A, B and C antigens, as indi-
cated on the horizontal axis). Each dot represents the expression of a given allele/antigen in
one individual.

(TIF)

S2 Fig. Correlation of expression between pairs of HLA alleles. The RNA expression of pairs
of HLA -A, B and C alleles measured in 63 different PBMC samples are plotted as transcript
per million (tpm) against each other. The Spearman coefficient p and associated p-value are
indicated.

(TIF)

$3 Fig. TNFa/IFNp induced HLA class I upregulation per allele. HLA class I RNA expres-
sion measured in 56 different PBMC samples stimulated with or without TNFo+IFNf over-
night is plotted for each HLA-A, B and C allele taken individually. The numbers in the plots
represent median fold upregulation ratios. Alleles are given on the top of each plot.

(TIF)

S4 Fig. Cytofluorometric gating strategy of TNFo/IFNp induced HLA class I upregulation.
HLA cell surface expression on gated CD3™ lymphocytes (upper panels) from PBMC stimu-
lated over night without (grey histograms) or with TNFo/IFNf (light blue histograms). HLA
class I typing of the corresponding PBMC’s are: HLA-A*03:01,32:01 HLA*B 08:01,44:03
HLA*C 04:01,07:01 (left lower panel), HLA-A*03:01,24:02 HLA*B 07:02,38:01 HLA*C
07:02,12:03 (middle lower panel), HLA-A*02:01,24:02 HLA*B 39:06,44:02 HLA*C 05:01,07:02
(right lower panel). Corresponding mean fluorescence intensities (MFI) are indicated.

(TIF)

S5 Fig. Correlation of expression between pairs of HLA alleles. The RNA expression of pairs
of HLA -A, B and C alleles measured in 56 different PBMC samples stimulated with or without
TNFo+IFNP overnight are plotted against each other. The Spearman coefficient ¢ is indicated.
(TTF)

S6 Fig. The correlation between the non-coding eQTL variants and the coding variants
defining alleles. The correlation (r?, calculated from 1000 genomes European samples)
between the best PBMC variants (indicated on the top of the panels) corresponding to a T-cell
independent eQTL signal and all the coding variants responsible for an individual’s allele type
of HLA-A, HLA-B, and HLA-C.

(TIF)
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